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Abstract

Rust is a new systems programming language designed with a focus on bare metal perfor-
mance, safe concurrency and memory safety. It features a robust abstraction mechanism in
the form of traits, which provide static overloading and dynamic dispatch. In this thesis, we
present MiniRust—a formal model of a subset of Rust. The model focuses on the trait system
and includes some advanced features of traits such as associated types and trait objects. In
particular, we discuss the notion of object safety—the suitability of a particular trait for cre-
ating trait objects—and we formally determine very general conditions under which it can
be guaranteed. To represent the runtime semantics of MiniRust programs, we develop an
explicitly-typed internal language RustlIn, for which we prove type safety, and we show that
well-typed MiniRust programs can be translated to well-typed RustIn programs. Finally, we
adapt the informally-described Rust trait coherence rules to our model and we show that
they are sufficient to ensure that overloads are always well-determined, even in the presence

of library extensions.
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Chapter 1

Introduction

Modern programming languages present a high degree of complexity, incorporating advanced
constructs and type system features. As such, reasoning about properties of a language,
such as its static and dynamic semantics, is often quite challenging. Moreover, details of the
language implementation, containing numerous optimizations driven by pragmatic concerns,
can make it more difficult to understand what the intended semantics are.

A formal model of a programming language can abstract away its implementation details
and allow us to focus our attention on its core. It can facilitate an in-depth study of specific
aspects of the language and of the way in which they interact with one another. It can also
be used to present complex—difficult to grasp—language features in terms of constructs and
ideas that are already well understood. Moreover, a formal model can serve as a base for
prototyping future extensions and exploring how they would interact with the rest of the
language. Perhaps more importantly, the rigorous formal treatment and the availability of
various mathematical tools let us obtain formal proofs of certain properties of the language—
in a language that strives to provide certain guarantees to the programmer, it is particularly
desirable to be able to prove that those guarantees do indeed hold. As such, a formalization
may provide a justification for the decisions made by the language designers but it may also
expose gaps in the design that were overlooked.

One important and commonly studied aspect of a given programming language is its type
system. A type system can serve multiple purposes [27]. One obvious goal is to statically
detect and report errors caused by code that would inevitably produce an undesired result
at runtime. However, the range of errors caught by the type-checker—an implementation of
the type system—varies greatly from language to language. Another goal of a type system
is to provide the ability to create abstractions, which enable the developer to write code that
is clearer, more concise and reusable. Such abstractions may include for instance the ability

to define new datatypes and to employ generics, which allow us to write code that may be



used with values of different types. The type system can also protect such abstractions by
ensuring that they behave as intended.

In commonly-used programming languages, the rules of the type system are seldom speci-
fied formally. In an effort to gain a good understanding of the type system, users of a language
may refer to its documentation, which often provides a rather broad view of the system. For
more detailed information, one would then have to refer to the implementation of the type-
checker, where the various optimizations present in the code can make reasoning about the
type system very difficult. A formal definition of the type system can strip those imple-
mentation details away and thus it facilitates reasoning about what constitutes a well-typed
program. Combined with a model of the runtime semantics of the system, it allows us to
understand how such programs evolve at runtime and it can be used to formally prove prop-
erties such as type safety—that the type system prevents the type errors that it is designed
to prevent at runtime. More generally, we may use the formal model of the type system to
prove that the abstractions provided by the language act as intended.

In this thesis we focus on the type system of the Rust programming language [6]. Rust
is an open-source community project headed by Mozilla Research. It is also new, with ver-
sion 1.0 released in May 2015, and many of its aspects have not yet been studied formally.
Being a systems language, Rust is designed to be suitable for low-level programming requir-
ing control, performance and predictability—properties desired in domains such as operating
systems, embedded systems and browser engines (the browser engine Servo [8], written in
Rust, is its primary real-world test case). As such, its primary areas of focus are mem-
ory safety, speed and concurrency. Many languages employ a runtime garbage collector to
guarantee memory safety. Rust, however, does not have garbage collection, which gives the
programmer low-level control over the memory stack and predictable runtime performance.
The language relies instead on type system abstractions to ensure memory safety at compile-
time without introducing runtime overhead. The relevant features of the type system include
lifetimes, corresponding to regions in region-based memory management [39] [19], and the
concept of ownership [13] with move semantics, having ties to affine type systems [29]. Finally,
those type system features, along with other abstractions in the language enable language
developers to add data structures and functions to the standard library that allow us to write
concurrent programs guaranteed to avoid data races.

Despite being labeled a systems language, Rust includes a number of language abstrac-
tions similar to those found in other higher-level languages, including algebraic data types
(called enums in Rust) and pattern matching. The language also supports type inference,
which lets the programmer omit some type annotations that can be inferred statically. Last,
but not least, the type system provides abstractions in the form of generics and traits that

enable the programmer to write modular, reusable code. These abstractions introduce type



polymorphism in the language, where a single piece of code can be used with values of mul-
tiple types [36]. While generics are associated with parametric polymorphism (where a piece
of polymorphic code behaves the same way regardless of the concrete type instantiation),
traits, similar to type classes in Haskell [40], introduce another form of polymorphism called
ad-hoc polymorphism or overloading, where the runtime semantics of polymorphic code vary
depending on the concrete type(s) used.

In a nutshell, a trait is a way to abstract over types that share the same property. The
property can be defined implicitly in a marker trait (a trait that does not provide any function-
ality) or explicitly through method signatures. Each type that wishes to implement a trait
must implement that trait’s declared interface. Traits also include associated items, includ-
ing associated types—type-level functions similar to associated types in Haskell [12]—and
they provide the ability to create trait objects. Trait-based overloads are normally resolved
statically, so successful overload resolution is guaranteed at compile-time, which also enables
the language implementers to avoid introducing runtime overhead through the use of traits.
However, trait objects also allow dynamic dispatch of overloads and they provide a heteroge-
neous view on values implementing the same trait, regardless of those values’ concrete types.
All in all, traits are a powerful part of Rust’s type system: they inform the design of closures
(anonymous functions that enclose their surrounding environment), they are the mechanism
that enables operator overloading and they form an integral part of Rust’s safety story.

The main contribution of this thesis is a formalization of Rust’s trait system. Specifically,
we develop MiniRust: a formal model of a small subset of Rust’s type system including traits.
For compactness, we do not model the type system features related to memory safety but we
include more advanced features of the trait ecosystem such as supertraits, associated types
and trait objects, which allows us to gain insights into how those features interact with one
another. To demonstrate the runtime semantics of programs with traits, we also develop
an internal language, RustIn, which doesn’t have traits. We present operational semantics
for RustIn, we show how MiniRust programs can be translated to RustIn and we prove that
well-typed MiniRust programs are type-safe. Finally, we adapt the Rust trait coherence rules,
meant to prevent ambiguity of trait resolution in the presence of library dependencies. We
prove that the rules are sufficient to satisfy the desired guarantees, which in turn brings us
a step closer to ensuring full type system coherence—that a program will behave the same
way regardless of the way it was typed.

The rest of this thesis is organized as follows: in the next chapter we provide a more
detailed introduction to traits and how are they used in Rust, including the features that
are part of the formalization. Then, in chapter 3 we delve into the formalization, starting
with NanoRust: a formal model of a subset of the Rust type system including traits but omit-

ting some of their more advanced features. We then present MicroRust in chapter 4, which



introduces associated types to NanoRust and finally MiniRust in chapter 5, which adds dy-
namically sized types and trait objects. In chapter 6 we present RustIn, the internal language
for MiniRust. The presentation includes the language’s type system, operational semantics
and a proof of type safety. Chapter 7 ties MiniRust and RustIn together by presenting type-
directed translation rules from MiniRust to RustIn along with a proof that the translation
preserves well-typedness of programs. Then, in chapter 8 we discuss the notion of trait co-
herence along with a proof of certain properties of the coherence rules. Finally, in chapter 9
we discuss limitations of our work and possible extensions to the formalization, in chapter

10 we present related work, and in chapter 11 we conclude the thesis.



Chapter 2

Traits in Rust

This chapter presents an introduction to traits in Rust. Most of the material in this chapter

is adapted from the official Rust book [7], where we refer the reader for more details.

2.1 Functions

We first present some basics of the Rust language that are relevant to our formalization.

A Rust program consists of a collection of items. Among others, items may include func-
tion declarations, datatype declarations, traits and impls. We first introduce function decla-
rations.

Below is a simple Rust program:

fn square(x: f64) -> f64 {

X * X
}
fn main() {

let y = 1.2;

let y_squared = square(y);

println! ("The square of {} is {}.", y, y_squared);
}

The program computes the square of 1.2 and prints it to standard output. At the top
of the program is a declaration of the function square. Function declarations are explicitly
typed in Rust: the types of a function’s arguments and return value must be provided by the
programmer. The function signature fn square(x: f64) -> {64 contains the name of the
function, the name and type of its argument x: f64 and the function’s return type on the
right side of the arrow (-> f64). 64 is one of the primitive types in Rust—it ranges over

64-bit floating point numbers. Other primitive types include signed and unsigned integers of



different sizes (i8, ul16, etc.), characters char, booleans bool and the unit type (), which is
associated with the unit expression (). The body of square is just a single expression. The
return value of the function is the result of evaluating that expression, which in this case is
the square of x.

The starting point of a Rust program is the main function. Its function signature is equiv-
alent to fn main() -> (), since the last statement in the function’s body can be considered
as an expression that returns the unit value (the absence of a return type in the function
signature is syntactic sugar for -> ()).

The let keyword is used to declare new local variables. Local variable declarations do
not require explicit type annotations in most cases, as long as the compiler has enough infor-

mation to infer their types.

2.2 Structs and pointers

Rust also allows creating user-defined datatypes. For instance, a struct is a composite data
type with named fields. A struct declaration declares the name of a struct along with its fields

and their respective types:

struct Point {

x: 132,
y: 132

}

fn get_x(p: &Point) -> i32 {
p.X

}

fn main() {
let my_point = Point { x: 4, y: 6 };
let my_x = get_x(&my_point);
assert_eq! (my_x, 4);

}

In the above program, we first define a new struct Point, which consists of two 32-bit
integer fields x and y. Having defined the struct, we can use Point as a type. In the function
signature of get_x, the type annotation &Point signals that the argument p is a reference (the
basic kind of pointer in Rust) to a Point. In the function’s body, the dot operator in p.x is
used to access the field x of p. The dot operator also automatically dereferences the receiver
as necessary. Therefore, since p is a pointer to a Point, p.x is equivalent to (*p).x, where

the * operator first dereferences p before its x field is accessed.



In the main function in the example above we create a new instance of Point and we
assign it to the local variable my_point. We then pass a reference to my_point (denoted by
the reference operator &) to get_x and we use the assert_eq! macro to assert that the call to

get_x returns the expected result of 4 (the symbol ! denotes macros in Rust).

2.3 Traits

In its simplest form, a trait is a collection of method interfaces parameterized by an implicit
Self type variable. An impl contains implementations of all of the trait’s methods for some

specific type instantiation of Self.

struct Point {

x: 132,

y: 132
}
trait Eq {

fn eq(&self, &Self) -> bool;
}

impl Eq for Point {
fn eq(&self, other: &Point) -> bool {
self.x == other.x && self.y == other.y

In the above example, we define the trait Eq !, whose body consists of the type signature of
method eq, which checks for equality between two values of type Self (note that the method
receives pointers to those values and not the values themselves). Since eq is a method, the
first argument in its type signature, &self, stands for the receiver of the method and it has
type &Self (self is a special keyword used for the method receiver of type Self). Then, we
have an impl of Eq for our new type Point, where we must provide an implementation of
eq, with all instances of the type variable Self replaced with Point (&self in the function
signature is equivalent to self: &Point).

The trait declaration allows us to call eq with values of any type that implements Eq,

which includes Point:

let (p1, p2) = (Point {x: 3, y: 43}, Point {x: 4, y: 5});
let are_equal = pl1.eq(&p2);

LOur Eq trait is a simplified version of the equivalence relation traits in the standard library, which are used
to overload the == operator: https://doc.rust-lang.org/stable/std/cmp/


https://doc.rust-lang.org/stable/std/cmp/

The dot operator in the above example is used to call the method eq on the receiver p1.
When using the method call notation, the receiver is automatically referenced when needed,

so the last line is equivalent to

let are_equal = (&pl1).eq(&p2);

Note that the call to eq is dispatched statically: the concrete implementation of eq used
in the above call is determined at compile-time.

We can also constrain type parameters of generic functions by traits:
fn triple_equal<T>(first: &T, second: &T, third: &T) -> bool

where T: Eq {
first.eq(second) && second.eq(third)

b

In the first line of the function signature of triple_equal we learn that the function is generic
over type variable T. The where-clause on the second line contains a constraint T: Eq, which
means “T implements Eq” and restricts the types allowed to instantiate T to only those that
implement Eq. In consequence, we are able to use this additional information about T in the
body of the function. Concretely, we gain access to the functionality provided by Eq and we
can call the trait’s eq method on a reference to a value of type T.
Impls themselves can also be generic and constrained as in the following example:

struct Pair<T> {

first: T,

second: T

impl<T> Eq for Pair<T> where T: Eq {
fn equals(&self, other: &Pair<T>) -> bool {
self.first.equals(other.first) &&
self.second.equals(other.second)

3

In the above example, Pair is a generic struct used to create pairs of values of any type (as
long as the type is the same for both values). The corresponding impl is generic over the type
T of the values in the pair. The where-clause restricts T to be instantiable only with a type
that implements Eq. The constraint in the where-clause is then available to the functions in

the impl’s body.

2.4 Associated functions & UFCS

In Rust, the body of a trait may also include associated functions, which do not require self

(or a pointer to self) to appear as the first argument in their type signature. In consequence,

8



associated functions cannot be invoked using method syntax. A call to an associated function
must be prefixed by the name of the trait, using the so-called universal function call syntax
(UFCS). For example, the Rust standard library contains a trait Default, used for types that

have a default value:

trait Default {
fn default() -> Self;

3

The type signature of default does not include self as its first argument. Thus, default is
an associated function and it can only be called using UFCS. The concrete type, whose impl

of Default we would like to use, can appear in the function call prefix:

let x = <i32 as Default>::default();

or it can be omitted as long as the surrounding context contains enough type information:

let y: 132 = Default::default();

Trait methods can also be called using UFCS. The receiver of the method is then simply

passed as the first argument to the function call.

2.5 Supertraits

Traits in Rust allow a form of interface inheritance through supertraits:

trait Ord: Eq {
fn 1t(&self, &Self) -> bool;
fn le(&self, &Self) -> bool;

impl Ord for Point {
fn 1t(&self, other: &Point) -> bool {
self.x < other.x ||
(self.x == other.x && self.y < other.y)

}
fn le(&self, other: &Point) -> bool {

self.lt(other) || self.eq(other)

In the above example, the header of the Ord trait declaration contains a bound : Eq,
which asserts that Eq is a supertrait of Ord (the trait header is equivalent to trait Ord where
Self: Eq). The supertrait constraint acts as an obligation for impls of Ord: only types that
already implement Eq can implement Ord (the obligation is enforced by the compiler). At the

9



same time, the constraint acts as a guarantee to users of Ord (generic functions constrained
by Ord) that any type that implements Ord also implements Eq. The functionality provided by
Eq then becomes available for values of any type implementing Ord. This allows us to write

functions like the following:

fn eqg_and_le<T>(first: &T, second: &T, third: &T) -> bool
where T: Ord {
first.eq(second) && first.le(third)

3

where we call eq (a method of the trait Eq) on first, even though the where-clause in the

function signature does not explicitly contain the constraint T: Eq.

2.6 Multi-parameter traits & associated types

So far we have only seen single-parameter traits, parameterized by the implicit Self type
variable. Traits, however, can have an arbitrary number of additional type parameters. We

can, for example, define the trait WeightedGraph using multiple type parameters:

trait WeightedGraph<N, E> where E: HasWeight {
fn edges(&self) -> &Vec<E>;

b

WeightedGraph is parameterized by Self, corresponding to the graph itself, and by type vari-
ables N and E, corresponding to the node and edge types respectively.
We can then use the trait in a generic function as in the example below:
fn graph_size<G, N, E>(graph: &G) -> usize
where G: WeightedGraph<N, E> {

graph.edges().len()
}

where we must also explicitly parameterize the function by the node and edge types.
However, if the concrete instantiations of N and E are always uniquely determined by the
concrete type instantiation of G, we can declare the types of nodes and edges as associated

types instead:
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struct MyNode { ... }
struct MyWeightedEdge { ... }

trait WeightedGraph2 {
type Node;
type Edge: HasWeight;
fn edges(&self) -> &Vec<Self::Edge>;

impl WeightedGraph2 for MyGraph {
type Node = MyNode;
type Edge = MyWeightedEdge;
fn edges(&self) -> &Vec<MyWeightedEdge> {

fn graph_size<G>(graph: &G) -> u32 where G: WeightedGraph2 {
graph.edges().len()

An associated type acts as a named output parameter of a trait. Only Self and the other
input parameters declared in the trait header are used to determine the specific impl used to
resolve a call to an overloaded method or function. The concrete associated type instantiation
is uniquely determined by those parameters (assuming no overlap in impl declarations). An
associated type can thus be interpreted as a type-level function: its arguments are the name
of the trait and its input parameters, and its return value is the associated type’s instantia-
tion provided in the impl.

We declare a new associated type in the body of a trait declaration using the type key-
word. For example, in the code above, the trait WeightedGraph2 declares two associated
types: Node and Edge. An impl must also “implement” all associated types defined in its
implemented trait by providing their instantiations. To use an associated type of a trait,
we specify the name of the trait along with its type parameters, e.g. we use the syntax
<T as WeightedGraph2>::Node to denote the associated type Node instantiated in the impl of
WeightedGraph?2 for type T. In the case where there is no ambiguity as to which trait is being
referenced, Rust lets us omit the trait name, e.g. T: :Node.

Associated types defined in trait declarations can also be constrained. For example, the
associated type Edge in WeightedGraph2 is bounded by the HasWeight trait. Like super-
trait bounds, associated type bounds serve as obligations for all impls of a trait to make
sure that the types that instantiate the associated type satisfy the constraints. Those con-

straints are propagated similarly to supertrait constraints, meaning that a satisfied trait
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constraint is sufficient to automatically infer that the constraints on that trait’s associated
types (and the trait’s supertrait constraints) are satisfied as well. Therefore, the constraint
Edge: HasWeight is available to users of WeightedGraph2:

trait HasWeight {
fn weight(&self) -> u32;

fn weighted_graph_size<G>(graph: &G) -> u32 where G: WeightedGraph2 {
graph.edges()
.iter()
.fold(Qu32, |acc: u32, item: &G::Edge| acc + item.weight())

In the body of weighted_graph_size we use fold: a method of the Iterator trait. The
method performs the reduce or combine operation on the elements of the iterator that is
passed to it as the receiver. The arguments to fold are the initial value of the accumulator
(Qu32 in this case) and a function that specifies the combine operation. In the above example,
the combine operation is specified by the closure (an anonymous function)
lacc: u32, item: &G::Edge| acc + item.weight(). The closure takes two arguments:
an accumulator acc and an edge item (the type annotations in the example are not actu-
ally necessary as they can be inferred by the compiler), and returns the result of evaluating
acc + item.weight(). We know that item’s type, &<G as WeightedGraph2>: :Edge, is a ref-
erence to an associated type of the trait WeightedGraph2. Meanwhile, the method weight ()
belongs to the trait HasWeight, and so can only be called on a reference to a value whose
type implements HasWeight. We can, however, call the method weight() on item without
explicitly including the constraint <G as WeightedGraph2>::Edge: HasWeight in the where-
clause of the function because the constraint Edge: HasWeight in the trait declaration of
WeightedGraph? is propagated.

Finally, the programmer can write generic functions constrained by associated types. For
example, the Iterator trait in the Rust standard library  has an associated type that corre-
sponds to the type of the values of the iterator:

trait Iterator {
type Item;

3

If we want to write a function that can be used with any iterator of 32-bit integers, we can
simply specify the requirement in the where-clause by extending the trait constraint with an

associated type equality:

2https://doc.rust-lang.org/std /iter /trait.lterator.html
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fn iterate<T>(iterator: &T) where T: Iterator<Item=i32>{ ... }

2.7 Trait objects

Abstraction without overhead is an important design principle in Rust: abstractions in the
language should not incur any performance penalties. To avoid generating run-time overhead
from the use of generics and traits, the Rust compiler monomorphizes its generic functions
and methods. The process consists of turning each generic function into multiple monomor-
phic functions: one for each instantiation of the function’s type variables that occurs in the
program. In addition to avoiding indirection and overhead caused by handling generics, the
process allows the compiler to apply the function inlining optimization, which can make the
resulting code more efficient. This way of translating generics can however lead to code bloat,
which can result in large binaries. As an alternative to monomorphization, Rust provides the
ability to dispatch trait methods dynamically through trait objects.

In Rust’s type system, a trait declaration creates a related type of the same name. Such
a type, which we call a trait type, describes values whose concrete types implement the trait
(i.e., the concrete types are the Self parameters of the trait). The trait type is effectively an
existential type [28]: the concrete type of its value is existentially quantified—hidden from
the type system’s field of view.

In Rust’s memory model, where program values are allocated directly on the stack, the
type of a value informs the compiler of the value’s size and alignment requirements. However,
in the case of a trait type, since the concrete type of the value is unknown, the size and
alignment of the value are not known either, as a trait type may classify values of varying
sizes. The trait type is thus an instance of a dynamically sized type (DST)—a type whose
values do not have a statically known size. As such, DST values must appear behind some
kind of pointer.®

A trait object is thus an object that contains a pointer to some value whose concrete type
implements the trait, as well as a pointer to a viable that contains pointers to the concrete
trait methods that may be invoked on the object. The notation for the type of a trait object
looks like a pointer to a trait type. For example, a trait object of the trait HasWeight can have
type &HasWeight (in Rust documentation, the implementation of a trait object is referred to
as a fat pointer).

To illustrate how trait objects work in Rust, consider the following example:

3 Another instance of a DST is the type of an unknown size array of 32-bit integers [132]. The type &[i32]
denotes a slice, which is an object that contains a pointer to the array as well as metadata including the array’s
length.
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struct Ball {

radius: f64,
weight: f64
3
struct Cube {
width: f64,
weight: f64

trait HasWeight {
fn weight(&self) -> f64;

impl HasWeight for Ball {
fn weight(&self) -> f64 { self.weight }

}
impl HasWeight for Cube {

fn weight(&self) -> f64 { self.weight }

fn obj_weight(obj: &HasWeight) -> f64 { obj.weight() }

The function obj_weight does not have to be monomorphized at compile-time because it
is already monomorphic. The concrete implementation of the weight method that is used in
the body of obj_weight is the one referenced in the trait object obj’s vtable.

To create a trait object we can explicitly cast a reference to a value whose type implements

the trait (as its Self type) to a trait object:

let ball = Ball { radius: 6.2, weight: 2.7 };
let ball_object = &ball as &HasWeight;
let ball_weight = obj_weight(ball_object);

We can also implicitly coerce a reference to an object by passing it to a piece of code that

expects a trait object:

let ball = Ball { radius: 6.2, weight: 2.7 };
let ball_weight = obj_weight(&ball);

The ‘existential type’ nature of trait objects also allows us to have a heterogeneous view
of values that have different types but share a common trait. This is particularly useful in

creating collections of such values:
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let ball = Ball { radius: 6.2, weight: 2.7 };
let cube = Cube { width: 2.5, weight: 9.9 };
let object_vector: Vec<&HasWeight> = vec!(&ball, &cube);
for item in object_vector {
println! ("I weigh {} kg.", item.weight());

3

Since all trait objects of HasWeight have the same type, we can create a vector of all objects
of HasWeight, regardless of their concrete underlying types.

To conclude discussion of trait objects, we must note that not all traits can be used to
create an object—only traits that are deemed object-safe can be used to do so. Roughly speak-
ing, a trait is object-safe if all of its methods are object-safe. A method is object-safe if it is
not generic and if in its type signature Self only appears behind a pointer as the receiver
of the method (the restriction is necessary to prevent runtime type errors in operations on
trait objects). However, the requirements for object safety get more complex in the presence
of supertraits and associated types. We discuss those requirements in more detail when we

introduce trait objects to MiniRust in chapter 5.
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Chapter 3

NanoRust: a language with traits

In this chapter we begin the formal development of a subset of Rust with a focus on traits.
Our goal is to have the formal model include some of the more advanced features of the
trait system, namely associated types and trait objects. However, in an attempt to keep the
presentation accessible to the reader, we defer including those features until later chapters.
Therefore, in this chapter we introduce NanoRust: a simple language with traits but without
associated types and trait objects, both of which will be introduced in subsequent chapters as

part of MicroRust and MiniRust respectively.

3.1 Some syntactic conventions

We first set up some syntactic conventions, which we use throughout the remainder of this
thesis.

We use the overline, e.g. T, to denote sequences of zero or more elements. We use low-
ercase subscripts to distinguish between different sequences. For example, 7; and 7; rep-
resent different sequences. We reuse the same subscript to denote sequences of the same
length: 7; has the same length as T;. If an overline is extended over both subscripted and
non-subscripted items, the non-subscripted items remain constant. For example, I Fyg 7;
represents repetition of I' Fwp 7 for each 7 € 7;. In the case where we want to specify that a
sequence forms an unordered set, we use curly braces: {7;}.

In type schemes of the form V7.7 = 7, we can omit the for-all quantifier V if the sequence
of type variables T is empty. Similarly, we can remove the qualification symbol = if the
sequence of constraints 7 is empty as well. Therefore, assuming that () denotes an empty
sequence, we consider V().() = 7 equivalent to 7. The same convention applies to constraint
schemes VT.7 = 7.

We use [7/T'] to denote a substitution. For instance, [7/T']7 represents the result of sub-

stituting all free occurrences of the type variable T in 7 with the type 7.
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e€ TERM, T,Selfe TVAR, S e€SCONS, teTYPE
x,f € VAR, D eTRAIT, o0e€TSCHEME, 6¢cCSCHEME

psm = item (programs)
item = struct S(T){x:1} (items)
fun

|
| trait D (T)for Selfwhere T{f :0}
| impl(T)D (T)for T where 7 { fun }

fun == fnf (TY(x=T) — Twhere T{e} (functions)

e = letx=einel|lvi=ele;e|&lv]|*e (terms)
| e(@)lx|()least|S{xe}lex

lv = x|x*xe|lvx (Ivalues)

T 2= O0|T|fIn@)—-1|&T|S @) (types)

o = VIa=71 (type schemes)

0 = VITa=>n (constraint schemes)

T o= T1:f (trait constraints)

B == D) (trait bounds)

r = ¢|ILx:0|I,T|T,S (TY{x=7} (typing environments)
| T,(D(T)where 7,Self: B, f)

O == ¢|06,0 (constraint environments)

Figure 3.1: NanoRust: syntax

3.2 Syntax

Figure 3.1 presents the syntax of NanoRust. The syntax gives us a glimpse of the features
of Rust modeled in this thesis. Note that, to keep our formalization relatively lightweight,
we only model a small subset of the language. As a general rule, we include features that
are relevant to traits and some features that—we believe—capture the essence of Rust. For
instance, imperative features, such as references and assignment expressions, demonstrate
the systems language nature of Rust. References also form an integral part of our formaliza-
tion of trait objects in chapter 5. We also include structs, which let us create new types. We
use structs in the translation of MiniRust to its internal language in chapter 7. We notably
omit the features of Rust’s type system that focus on memory safety. For instance, lifetimes
play a significant role in Rust’s trait system, however they are omitted from the model due to
the complexity that they bring to the language. We do believe, however, that they would be

an interesting addition to the formalization, worth exploring in future work.

3.2.1 Items

Programs in NanoRust consist of a collection of items. The items we model in NanoRust

include struct declarations, functions, traits, and impls.
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A struct declaration defines a new composite data type along with its structure: the names

of its fields and their respective types. Struct declarations may also be polymorphic. A dec-

laration struct S (Tj) {x; 7 7;} defines the polymorphic type V?j.S (Tj). We can interpret the
polymorphic type as a family of types S(7;). The types 7; of the struct fields x; are then
parametric over the instantiations 7; of TJ

Every function declaration is explicitly typed and, like structs, can be polymorphic. In
the function signature fn f (?j) (x;:7;) — T where T, f is the name of the function, TJ are
the type variables over which the function is parameterized, x; : 7; are the names and types
of the function arguments, and 7 is the return type. The where-clause where 7 contains
constraints on the function’s type parameters, which must be satisfied by any instantiation
of the function. The return value of the function is the result of evaluating its body e, which
is a single expression. We require programs to have a function fyary, corresponding to Rust’s
main function, which serves as the starting point of a NanoRust program.

A trait declaration consists of two parts: the header and the body. The header
trait D (T;) for Self where 7; declares the name of the trait D, the name of its Self parame-
ter Self and non-Self parameters T; (note that in contrast to Rust, trait headers in NanoRust
explicitly declare the Self type variable in anticipation of kinds in chapter 5). The where-
clause where 7 contains supertrait constraints Self : § and any other constraints 7 : 8 that
must be satisfied by every impl that implements the trait.

In Rust, the body of a trait may include both trait methods, where self (or a reference
to it) appears as the first argument in the method signature and acts as a receiver, and
associated functions, which do not have the restriction on self but in consequence can only
be called using UFCS, described in the previous chapter. To keep the syntax of terms in
NanoRust as concise as possible, we do not support method call syntax. This lets us unify
trait methods and associated functions in the form of ¢rait functions. To call a trait function,
we use standard function syntax (without a trait name prefix), following the lead of class
methods in Haskell [40]. To avoid ambiguities related to multiple traits declaring functions
of the same name, we simply require that all functions in a program, including trait functions,
have unique names.

The body of a trait declaration in NanoRust consists of a single trait function. Specifically,
it contains the function’s name and its type signature in the form of a type scheme. The
restriction on the number of functions in a given trait is purely motivated by the clarity of
presentation of the model. It should be fairly straightforward to add support for an arbitrary
number of trait functions; we believe that doing so, however, would increase the complexity
of the formal model without shedding new conceptual light on the language.

An impl declaration provides an implementation of a trait. The impl header

impl <T_j)D (T;) for T where 7, provides an instantiation of the trait parameters for which the
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implementation is written: 7 is an instantiation of Self and 7; are instantiations of the non-
Self trait parameters. The impl, along with its type instantiations, is parameterized by type
variables Tj, which are constrained by constraints 7, in the where-clause. The body of the
impl provides a concrete implementation of the trait function.

Rust also allows declaring nested items, which effectively restricts where such items are
visible. However, semantics of nested items are the same as the semantics of top-level items.
In particular, an inner function nested inside an outer function does not capture the local
variables from the outer function in its scope (Rust does provide however the ability to write
closures—anonymous functions that enclose their surrounding environment, which are not
part of this formalization). For simplicity, in NanoRust we only permit items declared at the

top level of the program.

3.2.2 Terms

e ranges over terms (or expressions) in NanoRust. Terms include:
* let x = e in eg: a local variable declaration equivalent to let x = e; e in Rust,

* [v :=e: an assignment expression (equivalent to 1v = e in Rust), which assigns the

result of evaluating the expression e to the location represented by the lvalue lv 1,

® ¢;e: which permits chaining expressions and can be used to emulate statements, since

the result of evaluating the first term is discarded,

e &lv: the reference operation, which returns a reference to the value stored at the mem-

ory location represented by the lvalue v (all references in NanoRust are mutable),

* xe: the dereference operation, which returns the value stored at the memory location

represented by e,
¢ ¢(e): a function call,
¢ x: an identifier ranging over term variable names (local variables, functions, etc.),
* (): the unit expression associated with no computation,
e S{x:e}: a struct instance,

* e.x: a struct field access expression and

1 Local variables are immutable by default in Rust. However, since the NanoRust type system does not keep
track of mutability of individual variables and we want to have a notion of mutable state in the model, local
variables in NanoRust are always mutable.
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® ¢ as 7: a type ascription. Type ascriptions in Rust are used to cast the type of a term
to another type. In NanoRust, they are used to simulate programmer-supplied type
annotations since the syntax does not include explicitly annotated let-expressions (e.g.
let x: 132 = 4; can be written as let x =4 asi32in ...), or explicitly parameter-
ized struct instantiations and function calls (e.g. <i32>::print(4) can be written as
(print as fn (i32) — ()(4)).

The metavariable [v ranges over lvalues: terms that represent memory locations. As such,
they can be assigned to and they can be referenced. They include identifiers x, dereference

operations *x and field accesses [v.x.

3.2.3 Types

Every term that occurs in a NanoRust program has a type represented by the metavariable

7. Types include:

* unit type (): the type of the unit expression (),
¢ type variable T', which we can interpret as a type placeholder, used to depict generics,

e function type fn(7;) — 7, which ranges over functions that take arguments of types 7;

and return a value of type 1,
* reference type &7, and

¢ struct type S (7;): type of instances of struct S whose type parameters are instantiated

to types T;.

We omit primitive machine types such as integers and booleans. We believe that their in-
clusion would not bring any useful insight into the semantics of the NanoRust. Adding prim-
itive types with their corresponding terms and operations should however be fairly straight-

forward.

3.2.4 Polymorphic types

The types we have seen so far are monomorphic: they correspond to a single ‘concrete’ type
representation. In order to reason about generic language constructs, we also include the
notion of a polymorphic type (a type that may take on multiple concrete representations)
through type schemes. In a system without traits (or similar constructs) and constraints, a
type scheme o is generally of the form V7;.7. We can understand it to mean that a value
that is assigned a type scheme o can have type [7;/T;]t for any choice of types 7;. This form
of type scheme is sufficient to support parametric polymorphism, which is expressed in Rust

through generics.
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To enable ad-hoc polymorphism through traits, we need to be able to constrain the type
variables occurring in a type scheme. Thus, type schemes in NanoRust are qualified: they
include predicates (which we also call constraints) that must be satisfied before the type
scheme’s type variables can be instantiated. A qualified type scheme [20] has form Vﬁn_] =T
The type scheme is qualified by constraints (or predicates) 7;. As such, a value with a type
scheme VTln_J = 7 can have type [1;/T;]r for any choice of types 7; such that the predi-
cates [m]n_j are satisfied. In NanoRust, those predicates are trait constraints of the form
1:D (73), which we read as “type T implements trait D with parameters 7;”. From this point
on, we simply refer to qualified type schemes as type schemes.

To express generic constraints, we also include constraint schemes, which also can be
qualified. Similar to type schemes, they have form form VTLT[_J = 7 which we can read as:
“for any type instantiation T; of types T; such that the predicates [m]n_j are all satisfied,
[7;/T;1n is satisfied as well”. In a constraint scheme VTLJI_J = m, we refer to 7; as the quali-

fyving constraints, and we refer to 7 as the principal constraint of the constraint scheme.

3.2.5 Environments

In order to type expressions, we carry two environments containing our current assumptions
about what is in scope. The typing environment I is a set that contains variable typings x : o,
type variables that are in scope, available struct definitions, and tuples that contain informa-
tion about traits that have been declared. A trait information tuple (D (T)where 7, Self : E, )
is implicitly quantified by the type variables Self and T. It consists of the trait header
D (T)where 7, supertrait bounds Self: §, and an identifier / corresponding to the name of the
trait function. We also have a constraint environment © that is a set of constraint schemes

corresponding to impls that we can assume to be in scope.

3.2.6 Example

To show how a Rust program may be represented in NanoRust, consider the following exam-

ple from chapter 2:
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struct Point {

X: 132,

y: 132
}
trait Eq {

fn eq(&self, &Self) -> bool;
}

impl Eq for Point {
fn eq(&self, other: &Point) -> bool {
self.x == other.x && self.y == other.y

3

}

fn main() {
let (p1, p2) = (Point {x: 3, y: 4}, Point {x: 4, y: 5});
let are_equal = pl.eq(&p2)

}

An equivalent representation of the above program in NanoRust would look as follows:

struct Point{x:132,y:132}
trait Eq for Self { eq: fn(&Self, &Self) — bool }
impl Eq for Point{
fn eq(self: &Point, other: &Point) — bool {
&&(==((xself).x, (xother).x), ==((xself).y, (xother).y))

}
fnmain() — O {
let p1 =Point{x:3, y:4}in
let p2 =Point{x:4, y:5}in
let are_equal = eq(&p1, &p2) in ()
}
where && and == are some two-argument functions in scope. Note that NanoRust does not

include automatic referencing and dereferencing—such operations must be made explicit.

3.3 Well-formedness and constraint entailment

Figure 3.2 contains the well-formedness and constraint entailment judgments.
At the top of the figure we have an auxiliary relation I' - 7 : D (7;), which ensures that

the trait D is in scope and is provided the right number of parameters. The single rule of the
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Figure 3.2: NanoRust: well-formedness and constraint entailment

relation uses the trait tuple in the typing environment I" to obtain the relevant information.
Note that the tuple is implicitly quantified by the type variables T;. Throughout this thesis
we maintain a convention that bound variables can be renamed, so the choice of names of the
variables T; does not matter (e.g. (D (T1),Self, f) is equivalent to (D (T%),Self, £)).

The well-formed type schemes judgment I' Fwpr 0 can be interpreted as: “type scheme
o is well-formed with respect to I'”. Intuitively, a type or type scheme is well-formed if it
can plausibly be assigned to some expression or item under the current set of assumptions.
Specifically, the well-formedness judgment ensures that the type variables (in rule (wf-tvar))
and structs (in rule (wf-struct)) used in the type are in the current set of assumptions in I'.
In rule (wf-tscheme), the type variables over which the type scheme is universally quantified
are added into the set of assumptions in the premises, which verify well-formedness of the

type scheme’s components. This enables the body of the type scheme to mention those type
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variables.

The judgment is principally used to verify that type annotations provided by the pro-
grammer “make sense”. Strictly speaking, the well-formedness checks are not necessary to
ensure type safety in NanoRust. However, a term with an ill-formed type will not be very
useful as the typing rules prevent it from being used in any practical manner. Checking for
well-formedness can however help weed out ill-formed type annotations in item declarations
and thus reduce the amount of dead code in well-typed programs. It also allows us to rea-
son about well-formed environments, which will be important when we discuss the dynamic
semantics of our language and trait coherence in chapters 7 and 8.

The well-formed constraint schemes judgment I' g 6 verifies well formedness of con-
straints and constraint schemes. In particular, the rule (wf-trcons) verifies that a trait con-
straint refers to a trait that has actually been declared in the program and that the number
of type parameters in the constraint matches the trait declaration.

The constraint entailment judgment I' | © I & verifies that the constraint 7 is satisfied
under the set of constraint assumptions ® and typing environment I'. The judgment consists
of a single rule (c-entail), which looks up the relevant constraint scheme in the constraint
environment © and verifies that the qualifying predicates 7; are satisfied, under the appro-
priate instantiation of the type variables T;, over which the constraint scheme is quantified.
Note that due to our syntactic convention that lets us remove unneeded quantifiers V and

qualifiers =, the rule
TEB

rern

is just a special case of (c-entail).

3.4 Well-typed terms

Figure 3.3 presents the typing rules for terms in NanoRust. The typing judgment
' ®F e: 1 can be read as: “term e has type T under sets of assumptions I' and ©”. One
thing to note about this judgment is that, while the variable bindings in I' may be assigned
polymorphic types (or type schemes), the typing judgment assigns a monomorphic type 7 to
each term. This is due to the fact that the use of generics in Rust is limited: only top-level
items may declare new polymorphic constructs and all type parameters of a generic item
have to be instantiated with some monomorphic types before the item can be used.

The rule (var), used for typing term variables, reflects this principle. If the variable is
bound to a type scheme in T, then the type variables T in the type scheme must be instan-
tiated to some types 7;. If the type scheme is also qualified, we must also check that the
constraints [m]ﬂ_j are satisfied.

Note that the rule does not tell us which specific types 7; to use for the type variable
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Figure 3.3: NanoRust: well-typed terms

instantiations. NanoRust’s type system can thus allow multiple typings of the same program.
An implementation of the type system would have to perform some type inference in order to
choose type instantiations appropriate in the given context.

Finally, note that our syntactic conventions make the rule

(x:1)el
I'kx:7T

a special case of an application of (var).

3.5 Well-typed items & programs

Figure 3.4 presents the typing rules for items and programs.

The purpose of the well-typed items judgment is to populate the top-level typing and
constraint environments with relevant assumptions obtained from program items. The judg-
ment 'y | Oy Fitem :To | ©¢p takes as input environments ['7,®; and it produces output envi-
ronments I'p,®¢. In the well-typed programs judgment p pgm : T' | © we see that the output

environments of each item are in fact subsets of the input environments. As such, the input
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Figure 3.4: NanoRust: well-typed items and programs

environments to program items are unions of the output environments of each item (we use

the notation I'; as syntactic sugar for U{T;}). This allows us to declare mutually dependent

items, such as mutually recursive functions.

The typing rule for structs is straightforward: it checks that the types of the struct fields

are well-formed and it adds the struct definition to the typing environment. The typing

rule for functions, (fun), generates a type scheme o from the function signature and it uses

the well-typed terms judgment to ensure that the body of the function is well-typed while

extending the sets of assumptions with the type parameters of the function, the function

arguments, and the constraints 7; from the function’s where-clause.
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3.5.1 Well-typed traits

The typing rule for traits, (trait), produces three results:

* a tuple that represents the obligations that impls of the trait must fulfill,
¢ a binding of the trait function name to its type signature, and

¢ propagated constraint schemes corresponding to the trait’s supertraits, which imply
that, given a satisfied trait constraint, its corresponding supertrait constraints are also
satisfied.

Supertrait constraints are part of the trait declaration’s where-clause. As of version 1.3
of the compiler, Rust restricts supertrait constraints to be of the form Self : 8. In consequence,
any additional constraints in the where-clause (in the form of bounds on a non-Self type) are
not propagated: the user of the trait is not able to assume that non-supertrait constraints

from the where-clause are satisfied. For example, given the following traits:

struct Wrapper<T> { ... }

trait Copy {
fn copy(self) -> Self;

trait Wrappable where Wrapper<Self>: Copy {
fn wrap(self) -> Wrapper<Self>;
3

the following function would not type-check:

fn wrap_and_copy<T>(arg: T) -> Wrapper<T> where T: Wrappable {

arg.wrap().copy()
3

For wrap_and_copy to be well-typed, the constraint Wrapper<T>: Copy has to be explicitly
included in its where-clause. The restriction seems to be a side effect of the history of devel-
opment of traits and where-clauses in Rust as supertrait constraints (in the form of bounds
on Self) predate where-clauses.

In NanoRust, we inherit the same restriction on supertraits and we do not propagate non-
supertrait constraints. In the first side condition of the rule, {7} = {SeT:ﬁs,n_h}, we separate
supertrait constraints SeT:,BS from the other constraints. We then verify that the constraints
in the where-clause are well-formed.

To verify well-formedness of the programmer-provided trait function type signature o,
we first build a generalized type scheme o’. To do so, we quantify o by the trait param-

eters and we qualify the resulting type scheme with the trait constraint. We then verify
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that ¢’ is well-formed. Note that the notation VT_p.(SeIf :D(T;)) = o is syntactic sugar for
VT_p,T_k.(Self:D (T;), ;)= 1 where 0 = VT, = 1.

3.5.2 Well-typed impls

The rule (impl) ensures that the impl declaration fulfills the obligations set out by the trait
that it is implementing and it adds the appropriate constraint scheme to the set of assumed
constraints. The impl itself can be universally quantified by type variables T and con-
strained by predicates 7; in the impl’s where-clause.

In the side condition TkTV(T_p), we use a function F'V that returns the set of free type
variables in a given type or sequence of types. The side condition ensures that the type
variables, over which the impl is quantified are all part of the impl’s trait parameter instan-
tiations.

When verifying entailment of constraints in the implemented trait’s where-clause and
when typing the trait function implementation, we use a modified constraint environment
©*, which omits the propagated supertrait constraint schemes of the implemented trait from
0. Doing so prevents trivial entailment of the supertrait constraints: since the output con-
straint scheme of the impl is also part of the input constraint environment ©, we could use
it in conjunction with the supertrait constraint scheme from the trait typing rule to conclude

that the supertrait constraint is satisfied. For example, consider the following program:
trait Bar { ... }

trait Foo: Bar { ... }
impl Foo for i32 { ... }

The top-level constraint environment ® generated for the program would be
{VSelf.Self: Foo = Self :Bar, i32:Foo}.
We would then be able to obtain a derivation of I' | ® I 132 : Bar and falsely assume that the

supertrait constraint is satisfied.
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Chapter 4

MicroRust: NanoRust with
associated types

In this chapter we extend NanoRust with associated types and equality constraints, creating
a new language, which we call MicroRust. Our formal treatment of associated types and
type equality constraints presented in this chapter is largely inspired by work on Haskell

associated type synonyms [12].

4.1 Syntax

Figure 4.1 contains the syntax of MicroRust. The highlighted parts represent new additions
to the language.

4.1.1 Associated types

The bodies of trait and impl declarations in MicroRust include associated types. As with trait
functions, we require each trait to have exactly one associated type. It should however be
fairly straightforward to add support for an arbitrary number of associated types in a trait.
A trait declaration declares an associated type constructor A in its body using the syntax
type A : B, where f are bounds on the associated type. In an impl, the associated type A is
instantiated to some type 7 using the declaration type A — 7. The impl must also ensure that
7 satisfies the bounds f on A that occur in the trait declaration.

The syntax of types is extended with an associated type Ap (r,7;), where, in addition to
the associated type constructor A, we include the name of the trait D that A is associated
with, the trait’s Self parameter 7 and the additional trait parameters 7;. In particular, an
associated type Aroo(T'1,T2,T3) is equivalent to <T1 as Foo<T2, T3>>::A in Rust. All of
the components of the associated type application are necessary to ensure that the type is
matched to the appropriate trait and impl in the general case—to simplify our type system,

we do not allow omitting the trait name or the trait parameters, even if they could, in princi-
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ec€ TERM, T,Selfe TVAR, S e€SCONS, teTYPE
Ae€ACONS, x,fe€VAR, DeTRAIT, o0€TSCHEME, 6¢cCSCHEME

pgm = item (programs)
item = struct S(T){x:7} (items)
fun

|
| trait D(T)for Selfwhere T {type A: B; f:0}
| impl(T)D (7)for  where 7 { type A — 7; fun}

fun == fInf (T)(x=T) — T where 7 {e} (functions)

e = letx=einel|lvi=el|e;e|&lv|x*e (terms)
| e(@)|x|()least|S{xellex

v == x|*el|lvx (Ivalues)

T OIT fn@)—71|&7|S@) | Ap(7,7) (types)

o = VT.a=>71 (type schemes)
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T o= T1:f (trait constraints)

B = DT, A—1)|D({T, A— %) (trait bounds)

r == ¢|l'x:0|I,T|T,S (T {x=7} (typing environments)
|  T,(D(T)where7,Self: B, A:B, f)

® = ¢|06,0 (constraint environments)

Figure 4.1: MicroRust: syntax

ple, be inferred.

Note that the syntax does not prevent impl declarations from instantiating an associated
type with another associated type. This is also allowed by our typing rules, however, to
prevent circularity in associated type instantiations, we externally require that each concrete
associated type (without unsolved type variables) can be normalized, i.e., converted to an
equivalent concrete type expression without associated types. For instance, in an impl of
trait Dy, it is possible to have an associated type instantiation type A — Ap, (bool) as long

as Ap, (bool) normalizes to some concrete type (such as i32 for example).

4.1.2 Type equality constraints

With the addition of associated types to the language we also need a notion of type equality

or equivalence of type expressions. For example, given an impl

impl Foo for i32 {type A — bool;}
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we want to be able to conclude that the type expression Ary, {(132) is equivalent to bool. To
reflect this idea, we introduce type equality constraints of the form 71 ~ 79, which we use to
convert between equivalent type expressions (such as in the type of a term).

We also extend the syntax of trait bounds to allow parameterizing trait constraints by
their associated type: the extended trait constraint 1 :D (T;,A — T4) tells us that type 7 im-
plements trait D with additional type parameters 7;, and the corresponding associated type
Ap (1,7;) is instantiated with the type expression 74. A MicroRust trait bound D (T'{,A — T9)
is equivalent to the bound D<T1, A=T2>in Rust.! The extended trait constraint lets us con-
strain functions by an associated type as in the following function that is parametric over

iterators of 32-bit integers:

fn iterate<T>(iterator: T) where T: Iterator<Item=i32> { ... }

Rust does not require trait constraints to include their associated type instantiations.
To account for such cases, where the associated type instantiation is not known and/or not
needed, we include constraints of the form 7 : D (7;,A — %) where * denotes an identity as-
sociated type instantiation—an instantiaton of an associated type with itself. In the typing

rules we will often use the notation 7 : D (7;) as syntactic sugar for 7:D (7;,A — *).
4.2 Typing rules

4.2.1 Well-formedness judgments

The well-formedness judgments in MicroRust are presented in figure 4.2. At the top of the
figure we define a new auxiliary relation I' H Ap, which verifies that the associated type
constructor A is associated with trait D.

In a departure from NanoRust, the well-formedness judgments include the constraint
environment ©. The environment is needed in the new rule (wf-atype) of the well-formed
types judgment, which verifies that an associated type Ap (7,7;) is well-formed. All associ-
ated types are related to a trait constraint and an associated type only has meaning if its
corresponding trait constraint is satisfied. As such, the rule (wf-type) invokes the constraint
entailment judgment to verify that its corresponding constraint 7 : D (T;,A — %) is entailed.
Note that the dependence on the constraint entailment relation in the rule effectively makes
the well-formed types and constraint entailment judgments mutually dependent on one an-
other.

Rule (wf-tscheme), used to verify well-formedness of type schemes, extends the constraint

environment in its premises with the qualifying constraints of the type scheme. Doing so

L A trait constraint in Rust may also include instantiations of associated types of supertraits of the constraint’s
trait. We do not allow this in our model, however it is a feature we would consider in future work.
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Figure 4.2: MicroRust: well-formedness judgments
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allows us to have type schemes that include associated types that are associated with traits

by which the type scheme is constrained. For example, in the type scheme
VT .(T :Foo, Areo(T) :Bar)=1

the associated type Apoo (T is well-formed because the trait constraint 7T : Foo is added
to the set of impl assumptions in rule (wf-tscheme) and it is in the scope of the rule in-
stance of (wf-atype) that verifies well-formedness of Aryo (T). The rule (wf-cscheme), used
to verify well-formedness of constraint schemes, extends © similarly in its premises. Rules
(wf-treqcons) and (wf-trcons) verify well-formedness of constraints. If a constraint is of the
form 7:D (T;,A — 14) then we also verify that the associated type instantiation 74 is well-

formed.

4.2.2 Constraint entailment

Figure 4.3 presents rules used to prove constraint satisfaction. The rules are part of two
mutually inductive judgments: the trait constraint entailment judgment I' | ® IF 7 and the
equality constraint entailment judgment I' | ® IF 7 ~ 7.

The trait constraint entailment judgment contains new rules (c-treql) and (c-treq2), which
prove entailment of a trait constraint, whose type parameters and associated type instantia-
tion (if present) are equivalent to some type expressions, for which the constraint is satisfied.
The rule (c-astar) also lets us infer entailment of a trait constraint with an identity asso-
ciated type instantiation (A — %) from a corresponding satisfied trait constraint with any
associated type instantiation 7 4.

The equality constraint entailment judgment I' | © I 71 ~ 79 asserts that type expression
71 is equivalent to 79 under assumptions in I' and ®. Rule (eq-sep) infers a type equality
from an associated type instantiation A — 74 in a trait constraint. Rules (eq-refl), (eq-trans)
and (eq-sym) respectively reflect the reflexivity, transitivity and symmetry properties of the
type equality relation. The remaining rules in the judgment are used to prove equivalence of

inductively defined type expressions.

4.2.3 Well-typed terms

Figure 4.4 presents the well-typed terms judgment in MicroRust. The only addition to the
judgment is the rule (sub), which allows converting the type expression of a term e to another
equivalent type expression. Note that, unlike other rules in the well-typed terms judgment,
rule (sub) does not depend on the structure of the term e and thus it can be used at any point
in a typing derivation. It would be up to an implementation or a corresponding type inference

algorithm to decide when to convert the type of a term.
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Figure 4.3: MicroRust: constraint entailment

4.2.4 Well-typed items

In the well-typed items judgment in figure 4.5, rules (trait) and (impl) contain additions
necessary to accommodate the inclusion of associated types (those additions are highlighted
in the figure).

In the trait typing rule, (trait), the bounds on the associated type A : f, are propagated
much like supertrait bounds and thus are treated similarly. The trait information tuple
output by the rule also includes the name of the trait’s associated type constructor and its

bounds.

The impl typing rule, (impl), verifies that the associated type instantiation provided in
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Figure 4.4: MicroRust: well-typed terms

the body of an impl satisfies the bounds on the associated type specified in the implemented
trait declaration. To prevent trivial resolution of those constraints through use of the propa-
gated associated type constraint schemes produced by the trait typing rule, we use a trimmed
constraint environment @*, where the propagated associated type constraint schemes (along
with supertrait constraint schemes) are omitted. Finally, the rule produces a trait constraint

that contains the associated type instantiation defined in the impl.
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Figure 4.5: MicroRust: well-typed items and programs
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Chapter 5

MiniRust: MicroRust with trait
objects

In this chapter we present MiniRust: an extension of MicroRust where we include trait ob-

jects: trait-based existential objects that introduce dynamic dispatch to the language.

5.1 Syntax

Figure 5.1 presents the syntax of MiniRust.

5.1.1 Trait objects

A trait object is an existential object that encapsulates the functionality provided by its trait.
The Self type of the object’s trait is existentially quantified (hidden from the type system’s
field of view) [28]. The type of a trait object, &(3T : D (u_j,m)), is composed of
the reference operator & and the trait object descriptor 3T : D (u_j,my The use
of the reference operator & follows from the trait object often being called a fat pointer in
Rust. However, a trait object is not really a pointer—it is really an object that contains
additional information about its encapsulated value—thus we consider the reference type
operator & as overloaded in MiniRust. The trait object descriptor (or just descriptor for short)
looks like a trait constraint. This is intended to emphasize that the existentially quantified
type T implements the trait D. Since only Self is existentially quantified, the additional
parameters of the trait appear in the trait object type as u (v ranges over types in MiniRust).
Finally, since associated type instantiations are determined by the trait parameters, they are
also specified in the type of the trait object as m They include not only types
associated with the trait of the descriptor, but also associated types of all supertraits in the
trait’s supertrait hierarchy (in Rust, an object’s supertrait associated types must also be
explicitly declared in the object’s type). This allows us, for example, to call trait functions

that return a value whose type is an associated type of a supertrait of the object’s trait—the
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e € TERM, Self,X € XVAR, Selft,T € TVAR, Selfy,U e UVAR, S e SCONS,
7€ STYPE, ueTYPE, AT e TACONS, AY € UACONS, A € ACONS, x,f € VAR,
D € TRAIT, o € TSCHEME, 6 € CSCHEME, obj € {obj-safe,obj-unsafe}
pgm = item (programs)
item = struct S(X){x:7} (items)
| fun
| trait D (X)for Selfwhere T {type A:f, f:0}
| impl(X)D (@) for u where 7 {type A — u, fun}
fun == fnf (X)(x:7) — 7 where 7 {e} (functions)
e u= letx=einellvi=elee|&lv]|*e (terms)
| e(@)|x|()least|S{xe}lex
lv = x|=*xe|lvx (Ivalues)
T o= OITIfn@ —11&u|S@) | AJ (u,w) (s-types)
u == t1|U|3IT:Du,Ap{T,u)~u) | Ag (u,u) (types)
X === T|U (type variables)
Self == Selft | Selfy (self type variables)
A == AT | AY (associated type constructors)
1o VXT=>1 (type schemes)
0 = VXT=>n (constraint schemes)
T o= u:f (constraints)
B = D@AT—1) | D@,AY —u) |D@,A— %) (trait bounds)
r = ¢|ILx:0|ILX|T,S X {x: 1) (typing environments)
| T,(D(X)where 7,Self:B,A:B,f, obj)
® = ¢|06,0 (constraint environments)

Figure 5.1: MiniRust: syntax

type equality in the type of the trait object can be used to convert the associated type to its
concrete representation. Note that two trait objects of the same trait must have the same
associated type instantiations to have the same type.

The syntax of the descriptor in MiniRust differs from its equivalent representation in
Rust in that we explicitly introduce a type variable T that represents the hidden Self type.
For example, given a trait Graph that has two associated types Node and Edge, its trait object
in Rust has type &Graph<Node=MyNode, Edge=MyEdge>. Its equivalent MiniRust represen-
tation is &@3AT : Graph(Node;;"raph (T ~ MyNode, Edgegraph (T) ~MyEdge)). While this notation
is heavier, it makes certain typing rules simpler, since they don’t need to rely on the typing

environment to know the exact type parameters of a supertrait’s associated type.

38



5.1.2 S-types

One purpose of types in Rust is to assist the compilation process by providing the size of
program values, so that they can be properly allocated on the stack. In some cases, however,
the type of a value does not provide that information. Such a type is said to be dynamically
sized. A notable instance of a dynamically sized type (DST) is the trait type: it describes
values whose concrete types implement a given trait. Such values may have different sizes,
however their type is ignorant of them. As such, a trait type, and a DST in general, may not
be assigned directly to a value.

In MiniRust we introduce a similar distinction between directly storable s-types 7, which
model Rust’s statically sized types, and indirectly storable types u, which model possibly-
dynamically sized types. An s-type classifies values that can be stored directly in memory
(specifically, in the store, as we will see in chapter 6). The trait object descriptor, which models
Rust’s trait type, is part of the set of types but it is not an s-type. However, a ‘reference to a
descriptor'—a trait object—is an s-type.

To allow generic items to be parameterized by types and s-types, we distinguish between
type and s-type variables: U and T respectively. In Rust, the distinction between dynamically
and statically sized types is expressed as a bound on a type variable: T: Sized represents a
statically sized type variable, while T: ?Sized represents a possibly-dynamically sized type
variable. In cases where the bound is omitted, a default is assumed (the default is usually
Sized, except for the Self type of a trait, whose default bound is ?Sized).

The syntactic approach to distinguishing between the two kinds of type variables in
MiniRust is slightly more restrictive. In particular, Rust trait declarations may contain meth-
ods that restrict Self to be Sized even if at the trait level, Self is ?Sized. In MiniRust there
is no direct way to restrict the sizedness of a trait parameter on a per-function basis (although
it’s not really relevant, since each MiniRust trait only contains one function). However, by
reducing the notational burden associated with sizedness bounds we obtain a more concise
syntax.

For the cases where we do not know (or care about) the kind of a type variable—whether
it is a type or s-type variable—we include a metavariable X that ranges over both kinds of
variables. Similarly, the special variable Self is now a metavariable that ranges over Selft
and Selfy, which represent an s-type and type variable respectively.

Associated types can also be instantiated with trait object descriptors in MiniRust (in
Rust they can be instantiated with any DST). For that reason, similarly to type variables,
we distinguish syntactically between associated type and s-type constructors as AY and AT
respectively. A is then a metavariable that ranges over both kinds of associated type con-
structors. If an associated type represents an s-type (A]-S (...)), it can only be instantiated

with an s-type. We define the following predicate, which we use in our typing rules to protect
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(D (X;ywhere _,Self:_,_,_, )el

[u/Selfllu;/X;] defined (D Owhere _, ,A:_,_,)eTl
I'u:D ;) I'-Ap
(D (_ywhere _,_,_,_,obj-safe)e T’ SXi (... el  [ui/X;]defined
I' =D obj-safe 'S ;)

Figure 5.2: MiniRust: auxiliary relations

that requirement:

[AT — 1] defined [AY — u] defined

With the distinction of type and s-type variables, we must also revisit our definition of
type substitution to prevent an s-type variable from being instantiated with a type that is
not an s-type (recall that all s-types are types). A substitution [©/X] is only defined when the
predicate [u/X]defined holds. The predicate is defined as follows:

[u/U] defined [t/T1] defined

For example, a substitution [u/T'] where u ¢ STYPE is undefined.

5.1.3 Object-safe traits

Not all traits can be used to create trait objects. Rust (and MiniRust) has a notion of object
safety that restricts which traits can be used to create trait objects. If a trait satisfies the
object safety requirements then its resulting trait information tuple will reflect that in its
last field, being obj-safe. Otherwise, a trait that’s not object-safe will have obj-unsafe as the

last field of its information tuple. We discuss object safety in detail in section 5.3.

5.2 Type system

5.2.1 Auxiliary relations

Figure 5.2 presents auxiliary relations that extract information from trait information tuples
in the typing environment I'. The relation I' - u : D (u;) is extended to verify that the trait
parameter instantiations in the constraints u : D (u;) have kinds that are compatible with
the trait declaration.

The relation I' - Ap asserts that the type constructor A is associated with trait D. Since
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Ap is a metavariable ranging over A}; and Ag, the relation informs us of the associated
type’s kind.

In the same figure we also find the relation I' - D obj-safe, which asserts that a trait D is
object-safe. Finally, the relation I' - S (u;) verifies that S is a struct in the typing environment

I', and that its type parameter instantiations u; have the right kinds.

5.2.2 Well-formed types

Figure 5.3 presents the MiniRust well-formedness judgments. A major difference from the
corresponding judgments in MicroRust is that generic constructs are now parameterized by
variables X, which can be either type (U) or s-type (T') variables. In rules (wf-struct) and
(wf-trcons) we use the auxiliary relations I' - S (u) and I' - u : D (u) respectively to ensure
that the type variables are instantiated with types of appropriate kind.

As the language of types in MiniRust is extended with trait objects, the well-formed types

judgment contains a new rule (wf-desc), used to verify that a trait object descriptor is well-

formed. Inits premise ', T |©,T : D (u;) Fwr A D; (T,u_sj>J we add the existential type variable
T and the constraint T : D (u;) to the sets of assumptions. Since supertrait constraints are
propagated, having a constraint T : D (u;) in the set of assumptions allows us to infer that the
corresponding supertrait constraints of the form T': D (u) are satisfied, with an appropriate
choice of u. As the associated types on the left-hand side of the type equalities in the descrip-
tor are associated with the descriptor’s trait and its supertraits, this enables us to prove their
well-formedness, based on rule (wf-type). When verifying well-formedness of the right-hand
sides of the type equalities u;, we do not extend the sets of assumptions. By excluding T from
the well-formed type judgment for u;, we specifically do not let T occur in %} in the interest
of preserving type safety. If some type u € u; is part of the return type of a trait function call

and it contains 7', then the existential variable T escapes its scope [28].

5.2.3 Constraint entailment

The constraint entailment judgments are presented in figure 5.4. The trait constraint entail-
ment judgment is the same as in MicroRust, with the exception of using u instead of 7 for
trait parameters. In rule (c-ext), instead of using the predicate [u;/X;]defined we directly ap-
ply the substitution, as it’s only defined when the substitution’s components have compatible
kinds. The equality constraint entailment judgment includes a new rule, (eq-obj), that proves
equivalence of two trait object descriptors by verifying that their respective components are

equal.
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I['OFwru| (Well-formed types)
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Figure 5.3: MiniRust: well-formedness judgments

42




I''®lFn| (Trait constraint entailment)
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Figure 5.4: MiniRust: constraint entailment
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I''Oke:t| (Well-typed terms)
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Figure 5.5: MiniRust: well-typed terms

5.2.4 Well-typed terms

The well-typed terms judgment, presented in figure 5.5, is extended with the rule
(obj-cast) used to type coercions to a trait object. Note that the rule does not depend on
the structure of the term e. This allows us to coerce pointers to trait objects implicitly when
needed, without using the as keyword.

The purpose of the first premise I' | © - e : &7 in the rule (obj-cast) is to obtain the type of
the reference that is to be coerced to a trait object. The premise I'| @ IF-7:D (u;,A — %) ver-

ifies that the referenced type 7, obtained in the preceding premise, implements the object’s

trait, along with the other type parameters specified. The premise I' | @ I [7/T]u1; ~ us J-J en-
sures that the type equalities in the trait object type are satisfied when instantiating the
existential type variable T with the concrete type 7. Finally, to ensure that the trait op-

erations are available on the object, the premise I' | © IF (3T : D (uj,u1; ~ug;)) : D (u;,A — *)
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verifies that the trait object descriptor implements its trait (we elaborate on this point in

section 5.3).

5.2.5 Well-typed items

The well-typed items judgment in figure 5.6 contains the same rules as the corresponding
judgment in MicroRust. The main difference between the judgments is that in MicroRust we
use variables X and types u as type parameters instead of s-type variables T and s-types 7,
which allows us to parameterize items by types or s-types, as desired. Rule (trait) is used
to type non-object-safe traits. The trait information tuple in its output typing environment
contains the flag obj-unsafe, which represents that the trait is not object-safe. Also, in rule
(impl), we include the side condition [A — u 4] defined that ensures that the associated type
instantiation in the impl has the correct kind. The judgment also has a new rule (obj-trt) for
typing object-safe traits, presented in figure 5.7. We discuss the new rule in detail in the next

section.

5.3 Object-safe traits

A trait object lets us reason about its encapsulated value in terms of the functionality pro-
vided by its trait. In fact, since the concrete type of the value is hidden from the type system’s
field of view, the only operations allowed on a trait object are those defined by its trait (and
its supertraits). To permit these operations on trait objects, the trait object descriptor effec-
tively implements its trait—hence the premise I' | © I- 3T : D (u;,u1; ~uz;)) : D (w;) in the
rule (obj-cast) in figure 5.5.

However, some operations that may be defined in a trait are not feasible with a trait

object. For example, recall the trait Eq from chapter 2:

trait Eq {
fn eq(&self, &Self) -> bool;
}

Suppose that we have the following implementations:

impl Eq for i32 { ... }
impl Eq for char { ... }

and a hypothetical impl for Eq’s trait type (using Rust syntax):

impl Eq for Eq {
fn eq(&self, &q) -> bool {
// unpack objects and call the appropriate version of eq
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’ I'Otritem:T'|O ‘ (Well-typed items)
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Figure 5.6: MiniRust: well-typed items and programs
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Then, suppose that we call eq with a trait object:

fn object_eq(obj: &Eq, other_obj: &Eq) -> bool {
obj.eq(other)
}

If the concrete type behind obj is 132 and the one behind other_obj is char, then there is no
appropriate concrete version of eq that we can call. !

To prevent such cases, Rust has a set of requirements for object-safe traits: traits that can
be used as bases to create trait objects. According to the documentation of the language [5], a
trait is object-safe if its Self parameter is not marked as Sized and if each of its methods is
object-safe. A method is object-safe only if Self does not appear in the types of its arguments
and its return value. Also, an object-safe method may not be generic—a restriction due to
monomorphization that is part of Rust’s compilation model (we explore this in more detail in
chapter 7). Moreover, since supertrait and associated type constraints are propagated, the
allowed occurrences of Self inside them are restricted as well. However, the documentation
does not currently address them and it is unclear what the rules are in that respect [5].

The restrictions on the occurrences of Self must be relaxed somewhat when it comes to
associated types, since an associated type parameterized by Self may be instantiated with
a concrete type that does not mention Self. In particular, since a trait object descriptor
includes instantiations of the associated types of the object’s trait and all of its supertraits,
it appears reasonable to allow such associated types, parameterized by Self, to occur in the
the body of the trait.

For instance, suppose that we have a trait Iterator implemented for a user-defined type
MyIterator (using Rust syntax):
trait Iterator {

type Item;
fn next(&self) -> Self::Item;

impl Iterator for MyIterator {

type Item = MyItem;

fn next(&self) -> Self::Item { ... }
}

let my_iter: MyIterator = ...
let iter_obj = &my_iter as &Iterator<Item=MyItem>;
let my_item = my_iter.next();

It is clear from the type of the trait object iter_obj that the call to my_item.next() returns a
value of type MyItem. As such, next() is considered object-safe and my_item has type MyItem.

IIn fact, this is an instance of the binary method problem [11].
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5.3.1 Typing object-safe traits

The rule (obj-trt), used for typing object-safe traits, is presented in figure 5.7. Note that the
type system does not prevent an object-safe trait from being typed using rule (trait) instead.
As long as the trait is not used to create trait objects in the program, using (trait) to type its
declaration will result in a valid typing.

The main differences between (obj-trt) and (trait) are highlighted in the rule (obj-trt).
One notable difference is that in (obj-trt), the Self variable is restricted to be a type variable
Selfy. This restriction is necessary because we consider object-safe traits to be implemented
for their trait object descriptors, which are not s-types. Also, to mirror the restriction in Rust
that prevents declaring generic methods in an object-safe trait, we require the type of the
trait function f to be monomorphic.

The primary results of the (obj-trt) rule for a trait D are the trait object constraint schemes
d

VX, Xq. g, = ng . Each constraint 7y corresponds to some trait Dy in D’s supertrait
hierarchy (including D itself) and it signals that u,;—the trait descriptor of D—implements
D,. Each constraint scheme is universally quantified by the non-Self type parameters of the
trait (X;), and the instantiations of the associated types of D and all of its supertraits (X ).
It is also qualified by the constraints 74,,, representing D ;’s supertrait and associated type
constraints. Recall that, using rule (obj-cast), when we create an instance of a trait object
of D, we must prove that its descriptor implements its trait. To do that, we use the trait
object constraint scheme that corresponds to the descriptor’s trait D. In particular, when we
create a trait object of D, we must ensure that the qualifying constraints in D’s trait object
constraint scheme are satisfied, under appropriate instantiations of the constraint scheme’s
type variables. Specifically, we verify that the associated type constraints are satisfied by
the concrete associated type instantiations declared in the descriptor and that the descriptor
also implements D’s supertraits (since the trait object constraint schemes output by (obj-trt)
correspond to all traits in D’s supertrait hierarchy, we use them to prove that the descriptor

implements D’s supertraits).

Building the trait object descriptor

Recall that the descriptor of the trait D is of the form 37T : D (u_i,m) where u;
are the non-Self parameters of the described trait, W are the associated types of D
and all its supertraits, and w4 are their respective instantiations. In the rule (obj-trt) we
use the relation T F D (w;) } {B;} to obtain all supertrait bounds in the supertrait hierarchy
of the trait D (including the bound on D itself).? From the resulting supertrait bounds we

can infer the associated types that are part of the trait descriptor u,p; used in the output

2Note that to obtain a derivation of T - D U {Bs} for any u; and Bs we must ensure that there are no cycles
in D’s supertrait relationship graph.
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’ I''OkFitem:T|O ‘ (Well-typed items continued)
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Figure 5.7: MiniRust: well-typed object-safe traits
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trait object constraint schemes. We use type variables X to stand in for the associated
type instantiations (they’re instantiated when a trait object instance is created). The side
condition A :: X ensures that A and X have the same kind. We define the relation A :: X as

follows:

AT:..T AV U

Fulfilling trait obligations

A nice advantage of having a trait object descriptor implement its trait is that we can write
a generic function constrained by a trait and apply it not only to a concrete value that im-
plements the trait but also to a trait object. For example, consider the following function (in

Rust syntax):

fn area<T>(shape: &T) -> f64
where T: ?Sized + HasArea { ... }

Since T does not have to be a statically sized type, we can pass to area a reference to some
value that implements the HasArea trait or a HasArea trait object.

With this added flexibility, we must take additional care to ensure that each trait object
behaves like a value that implements the object’s trait—specifically, it must support the same
operations. To achieve that, we must make sure that if a trait object descriptor implements
a trait then it fulfills the obligations set out by the trait, since most of them are propagated.
Intuitively, the concrete type encapsulated in the trait object already fulfills those obligations
since it implements the object’s trait. As long as the obligations don’t concern Self, then we
can assume that an implementation of the trait for its descriptor parameterized by the same
non-Self parameters and associated types fulfills them as well. However, if Self is men-
tioned in a trait’s obligations then we must take care to make sure that the trait’s obligations
are fulfilled with Self instantiated with the descriptor.

The primary obligation that an impl of a trait must fulfill is that the impl must provide
an implementation of the trait function. As such, we must also make sure that we can always
apply a trait function to a trait object whose descriptor implements the trait.

Moreover, the trait obligations include three kinds of constraints that must be satisfied:

* Supertrait constraints (m)i These constraints are propagated and they al-
low supertrait functions to be called on trait objects. Therefore, we must ensure that
the trait descriptor implements each supertrait in the descriptor’s supertrait hierarchy.
Thus, when an instance of a trait object is created, we verify that the object’s descrip-
tor implements its trait and that it implements its supertraits, using the trait object

constraint schemes output by rule (obj-trt).
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* Associated type constraints (A : §,): These constraints are also propagated. In this
case, however, the bounds are on an associated type, whose concrete instantiation is
determined when a trait object is created. As such, we defer checking whether those

constraints are satisfied until then.

¢ Other constraints (7;,): These are additional constraints that impls of a trait must
satisfy. The bounds in these constraints are applied on types other than the trait’s Self
type or its associated type. However, they are not propagated—they do not increase the

power or expressiveness of a trait object. As such, we do no extra work related to them.

Building the trait object constraint schemes

d
In the side conditions 74 = ugpj : Dg ([uobj/SelfU]udnw, Ag— Xg) in rule (obj-trt) we obtain

the constraints corresponding to traits in D’s supertrait hierarchy, which are used as the
principal constraints of the rule’s output constraint schemes. The associated type in each

constraint is instantiated with variable X, mirroring the associated type instantiations in

the object descriptor u,p;. In the side condition [,X:,X710104 Fos g ~ Tq, We use the trait
object auxiliary relation to obtain the qualifying constraints of each trait object constraint
scheme output by the rule. The side condition also includes constraint schemes 6,4, which
are the aformentioned trait object constraint schemes with their qualifying constraints 74,
removed: intuitively, to obtain the constraints 7,,,, we temporarily assume that the trait
descriptor already implements the traits in its supertrait hierarchy.

The auxiliary relation I' | © | @ Fos Uobj : D (i, A — X) ~ Ts, T, is defined at the bottom of
figure 5.7 (we will also refer to the relation as the relation o5 for brevity). It relates the
constraint uqp; : D (u;,A — X), where the trait D is part of the descriptor up;’s supertrait
hierarchy, with constraints 7; and 7, that are type parameter-wise equivalent to the D’s

supertrait and associated type constraints. The side conditions

T1010g F tob; : [1opy/Selfullui/X; 18, = s

[0 10g F Ap (1ot 7 : [rasy/Selfu i X o = 7
use a helper relation, defined earlier in the figure, that transforms the constraint on the
left-hand side of the arrow to some equivalent constraint that is well-formed with respect
to the environments I' and © (if the constraint on the left-hand side of the arrow is already
well-formed with respect to I',® then the relation may output the same constraint on the
right-hand side of the arrow). The constraint schemes 6, can be used in the proof of type
equality but not in the proof of well-formedness of the resulting constraints. The above side

conditions thus help ensure that the trait object constraint schemes output by (obj-trt) are
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well-formed. For example, consider the following trait:
trait D1 for Selfy {type AT :D2<AD-1'- (Selfy)); ...}

Its corresponding descriptor would be wop; = 3T : D1(A DI (T) ~ Ty ) parameterized by the
type variable T'4. If we build a corresponding trait object constraint scheme using the trait’s
associated type constraint directly without using the helper relation - |- |-+ - = - then we

obtain the constraint scheme
VTA(AD] (Uobj) : Da{ADT (Uobj))) = Uobj : D1(AT — Ty).

The constraint is not well-formed because A D'l" (Uobj), which appears in the associated type
constraint, is only well-formed if the constraint ugp; : D1(AT — %) is satisfied (by rule
(wf-atype)). To prove that, we need to use that same constraint scheme. Therefore, in the

relation o5 we can use the side condition
I,T4|© VT A uobj: D1 (AT — Ta) - Ap{ (Uopj) : Da{ApT (Uopj)) = Ta :Da(T4),

which gives us an associated type constraint T4 : Do(T4 ) that is well-formed with respect
to I' and © (note that the constraint scheme VT 5.up; :D1(AT<uobj) — T4) lets us prove
A DI(uobj> ~ Ty for all instantiations of the type variable T'4). Intuitively, to obtain the
qualifying constraints 7,7, of the trait object constraint schemes, we temporarily assume

that the trait descriptor already implements the traits in its supertrait hierarchy.

Object-safe trait functions

The relation ¢ also verifies that the trait function of the trait D, implemented for the de-
scriptor uqpj, is object-safe—that any application of the function to the descriptor’s object

preserves type safety. The side conditions

I,710,04,T:DgUng,A~Xa)lF [T/Selfyllu!/X;ltg ~ [uopi/Selfullui/X;1tr,

n

T,T10,00,T:Dg nag, A ~ Xa) - [ton/Selfullwi/X; 17m ~ [T/selful[u;/Xi]Tm'

help ensure this, as we will see in chapter 7. They verify that the trait function’s argument
and return types, where Selfy is instantiated with the existential type variable T', are respec-
tively equivalent to the argument and return types where Selfy is instantiated with the trait
descriptor uop;. The environments I' and © are extended to ensure well-formedness of the
type expressions.

To illustrate how these equality constraints can be satisfied when the function’s type sig-

nature mentions an associated type contained in the trait object descriptor (forcibly param-
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eterized by Selfy), consider the trait Iterator from page 47. The type scheme of its method

next in MiniRust notation is
VSelfy.(Selfy : Tterator (Item' — %)) = fn(&Selfy) — Ttem,. ..o (Selfu)
and its trait object descriptor is
uopj =T : Iterator (Ttem!yorator () ~ T1),

parametric over type variable T';. To satisfy the side conditions in the auxiliary relation, we
need to show that

e Item-lrterator (T) ~ Item-Irterator (wobj)
where I'' and @' are as follows:

I'=r,T,T
0'=0,T: Iterator(ItemT ~T1),VT1.(uogpy: I’cerator(ItemT ~T1)

Using (c-ext) with constraint T : Iterator (Item ~ T1) and (eq-sep) we can prove
T
IO IFItemyraior (T ~ Th.

Using (c-ext) again with constraint uqp; : Iterator (Item' ~ T, and (eq-sep) with (eq-sym),
we can prove
T/ 1©'IF Ty ~ Ttem e aror (Lobj)

Then, we can compose the two equalities using (eq-trans) to obtain the desired result. In
fact, as long as there are no overlapping impl declarations, the type equality constraints in
the auxiliary relation are satisfiable only when Selfy is a parameter to an associated type or

when Selfy is in neither of the related types.

5.3.2 Discussion

In our formalization of object safety in MiniRust, we refrain from setting syntactic restric-
tions on the appearances of the type variable Self in an object-safe declaration. Instead,
we use the existing constraint mechanism of MiniRust’s type system to constrain object-safe
traits in an attempt to allow as many object-safe traits as possible, without compromising
type safety. As a result of this approach, the concept of object safety is two-tiered in MiniRust:
the ability to create an instance of a trait object hinges on the trait declaration being object-
safe (as decided by the rule (obj-trt)), and on the qualifying constraints in the corresponding

trait object constraint scheme being satisfied at object creation. Therefore, an object-safe
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trait does not guarantee that all pointers to values that implement the trait can be safely
cast to a trait object.

For example, consider the following traits (the trait functions are omitted):

trait D for Selfy {type AT : Dq (Selfy); ...}
trait Do (U) for Selfy{...}

The object trait constraint scheme generated by the (obj-trt) rule for the trait D; would be:
VT AT A :Do(ob;)) = tobj : D1 (AT — Th)

where uop; = 3T :D1{Ap] (T) ~ Ta).
Now suppose that D has the following impl:

impl D1 for 132 {type AT — bool}

and that the constraint bool : Dy (i32) is satisfied. If we want to cast an 132 pointer to a trait
object of D1 (with descriptor up; = 3T :D1<ADI (T) ~ bool)) then we must ensure that the
constraint bool : Do (up1) is satisfied. To be able to create the trait object, the programmer
would also need to provide an impl corresponding to that constraint (unless the impl is auto-
generated by the system, which we believe to be difficult, if at all possible).

We conjecture that if in an object-safe trait we only let Self appear in associated types
that normalize to concrete types that do not mention Self, then we should always be able to
create an object of the trait (of course, instances of Self in the receiver position of the trait
method signature would still be allowed and required). We can make the restriction more
strict by only allowing Self to appear as a parameter to an associated type that is in the
trait’s descriptor. Since such a restriction is defined at the syntactic level, it might be easier

for programmers to understand.
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Chapter 6

RustIn: an internal language for
MiniRust

Our formal study of Rust’s traits has so far only concerned its static semantics. Specifically,
we have examined what constitutes a well-typed MiniRust program. To show how such a
program behaves at run-time, we must develop its operational semantics. Designing opera-
tional semantics for MiniRust directly is challenging in the presence of trait-based overload-
ing. One way to solve this challenge is to translate MiniRust programs to another language
where trait constraints have been resolved. In this chapter, we present such a language—
RustIn—for which we present a type system as well as operational semantics and we prove
that Rustln is type-safe: that well-typed programs don’t exhibit undefined behavior. In chap-
ter 7, we show how well-typed MiniRust programs can be translated to RustIn and we prove

that the resulting RustIn programs are also well-typed.

6.1 Rustln at a glance

Our approach to designing the internal language for MiniRust is similar to Haskell’s internal
language, System FC [38]. System FC, based on System F, is designed to be explicitly-typed
in the way that terms encode their typing derivations. System FC’s novel feature is support
for non-syntactic type equality, in the form of coercions. In Haskell, coercions are used as the
result of translation of type equality constraints generated from associated type synonyms.

Like System FC, Rustln is also explicitly typed. Our intention is to leave the bulk of the
typechecking to MiniRust. This leaves us with straightforward, syntax-directed typechecking
in RustIn and it lets us develop clear operational semantics that do not depend on the type
of a term.

As MiniRust also includes the notion of equivalence of type expressions, we introduce co-
ercions in RustIn. A coercion has a type that consists of the two equivalent type expressions

that the coercion relates. For example, a coercion y of type A (i32) ~ bool relates the types
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A (i32) and bool. We can also abstract over coercions as we do with terms in function dec-
larations and with types in type abstractions. For example, the term A(c: A(i32) ~ bool).e
abstracts over some coercion variable ¢ that has type A (i32) ~ bool. Note, however, that
unlike most terms, coercions have no computation associated with them so they can, in prin-
ciple, be erased at runtime.

Coercions are used to convert the type of a term. For instance, if term e has type A (i32)
and coercion y has type A (i32) ~bool then we can apply the coercion y to term e to obtain a
term e » y of type bool.

Just as terms encode their typing derivations, coercions encode proofs of type expression
equivalence. Therefore, a coercion can be used to unambiguously reconstruct the proof of

equivalence of two type expressions.

6.2 Syntax

Figure 6.1 presents the syntax of RustIn.

6.2.1 Items

As in MiniRust, programs are collections of items. There are four kinds of items in RustIn.

Type declarations type A (X) are used to declare new abstract types or type aliases. The
type constructor A is parameterized by zero or more types X.

Axiom declarations are used to declare top-level type equivalence axioms, which can be
used in coercions. Specifically, an axiom axiom c : VX.A @) — u declares a new coercion
constant ¢ and specifies its type. The axiom acts similarly to an axiom in proof theory—it
is used to build proofs of type equivalence. Note that we restrict the left-hand side of the
arrow — in the axiom declaration to be an application of an abstract type declared in a type
declaration. The universal quantifier VX is bound over both sides of the coercion type.

Struct declarations define new structs as in MiniRust. RustIn structs are also used to rep-
resent trait dictionaries, whose fields may include polymorphic functions. Therefore, unlike
their MiniRust counterparts, RustIn structs may include polymorphic fields.

Term declarations are a generalization of top-level function declarations: they are used to
declare (possibly polymorphic) terms at the top level of the program. Similarly to MiniRust’s
function declarations, the semantics of top-level terms are not affected by the order in which
they are declared, as all top-level terms are visible at all points of the program. Thus, we
restrict the top-level terms to be values, which do not reduce at runtime. The operational
semantics, which we present later in the chapter, require one of the top-level variables to be

called main and have type fn() — ().
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(polymorphic coercion types)

Figure 6.1: RustIn: syntax
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6.2.2 Terms

The syntax of terms in RustIn overlaps significantly with its counterpart in MiniRust. A

notable difference between the two is that RustIn terms are explicitly typed. For example,

a let-expression let x : 7 = e in e explicitly includes the type 7 of the declared variable x. The

instantiations of type parameters of a struct instance S (u) {x e} are also explicitly included

in the term.

New terms, not included in MiniRust, include:

anonymous functions fn (x:7){e}, which are similar to Rust’s closures: they capture the

variables that are in their surrounding scope,

location I, which denote store locations that we use in our operational semantics (lo-
cations are not, however, part of RustIn source programs—they are only introduced at

runtime),

packing terms pack (7,e,y) as 7, which ‘pack’ the contents of the tuple (7,e,y) into an

existential object, where the type 7 is existentially quantified,

unpacking terms let (T',x,¢) = unpack e in eg, which bind the unpacked contents of the

existential object e; to the variables of the tuple (T',x,¢) in eg,
type abstractions AX.e, which abstract types X out of term e,

type applications e[w], which instantiate the type variables of a type abstraction with

types u in term e,
coercion abstractions Ac:w.e, which abstract coercions ¢ of types w out of term e, and

coercion applications e[y], which instantiate the coercion variables of a coercion ab-

straction with coercions ¥ in term e.

term coercions e v, which convert the type of term e using the coercion y.

Lvalues include c-locations, which in turn include store locations I, or coerced store lo-

cations [ » y: locations that we want to use at a different type, specified by the coercion y.

Just like locations, c-locations are only introduced at runtime—they do not appear in source

programs.

We also introduce values v, which range over terms that can be the final result of evalu-

ation. They include plain values pv and coerced plain values pv » y.

Plain values include location references (&!), the unit expression (()), function declara-

tions (fn (x:7){e}), struct instances with value fields (S () {x:v}), value-saturated packing

terms (pack (7,7,7) as 1), type abstractions AX.e, and coercion abstractions A¢: @.e.
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Store values w and plain store values pw range over values that can be stored directly in
the store. They are mostly the same as values and plain values with the exception of struct
instances, where fields are store location labels instead values. Storing each struct instance

field in its own location allows us to directly reference it.

6.2.3 Types

S-types 7 and types u are for the most part the same as their MiniRust counterparts. The
only exception is that the MiniRust trait descriptor 37 : D (w,7n™~) is replaced in RustIn with
the more general existential object descriptor (3T, T,w). We refer to a reference to a descriptor
&(3AT,7,w) as an existential object (like a trait object in MiniRust, a RustIn existential object
is not exactly a pointer—the reference operator is thus overloaded). In the existential object
descriptor, AT introduces the existentially quantified type variable T bound to the descriptor,
T are the types of terms encapsulated in the existential object and w are the types of coercions
encapsulated in the object.

As in MiniRust, X is a metavariable ranging over s-type variables T and type variables
U. A is a metavariable ranging over s-type constructors AT and type constructors AY that
are used to declare abstract types used in coercions.

Type schemes in RustIn are not qualified, unlike their MiniRust counterparts. A RustIn
s-type scheme can be quantified over types vX;.o (classifying type abstractions) and over
coercions Vw.o (classifying coercion abstractions). We also include type scheme 1, which is
quantified over types that are not necessarily s-types. Note that the set of type schemes
USCHEME is a superset of the set of type schemes TSCHEME. Type substitutions are defined

in the same way as in MiniRust—a substitution [©/T'] is defined only if u € STYPE.

6.2.4 Coercions

Y ranges over coercions. We can separate them into the following categories:

® ¢: a coercion variable introduced either in a top-level axiom (as a constant) or in a

coercion abstraction,

* sym y and y oy, which reflect respectively the symmetry and transitivity properties of

the equivalence relation,

e constructing coercions (S (y),&y,fn ) — v,0,X,AF),AT, 7,7 ~7),VX.y,Vy ~7.y),
which are constructed following a type expression structure (they can also represent

reflexivity of the equivalence relation), and

* deconstructing coercions, where the above coercions are decomposed (v, spar (n,y),

farg (n,y), frety, objf(r,n,y), objcl(z,n,y), objc-r(z,n,y), coery, coer-l(n,y),
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coer-r (n,y), ylwl).

9 is a polymorphic coercion type, which relates two equivalent type schemes 7. We also

include a simple coercion type, which relates two equivalent types u.

6.2.5 Environments

To type terms, we carry around three distinct environments. The coercion and struct envi-
ronment ) contains coercion variable typings and defined structs. The typing environment I'
contains term variable typings and free type variables in scope. The store typing environment
2 is a partial function mapping store locations to their types.

We distinguish between environments () and I" as the evaluation rules, which we discuss
in section 6.4, rely on the struct declarations and coercion typings that are contained in
the top-level environment (). Variable typings and the set of free type variables in scope,

contained in the typing environment I', are not needed at runtime.

6.3 Type system

6.3.1 Well-typed coercions

Figures 6.2 and 6.3 present the well-typed coercions judgment. The judgment, Q F y: 9,
reads: “coercion y has type 9 under environment Q”. An important insight into the judgment
is that every member of the set TYPE is also a member of the set COER. Specifically, a type u
is also an identity coercion u of type u ~ u.

Rule (co-var) simply looks up the type of a coercion variable (or constant) ¢ in the envi-
ronment (2. Rules (co-sym) and (co-trans) apply the symmetry and transitivity properties
of the equivalence relation respectively. (co-unit) and (co-tvar) are identity coercions of the
unit type and type variables respectively. Rules (co-tabs), (co-cabs), (co-atype), (co-struct),
(co-ref), (co-obj) and (co-fun) are used to type constructing coercions by induction on each of
the respective coercion’s components. In each of those rules, if the coercions in the premises
are types, then the coercion in the conclusion of the rule is an identity coercion (relating a
type to itself). Rule (co-tapp) is used for typing type applications y[u;] where the type of y
relates two type schemes 77 and 72 quantified by some types X;.

The typing rules in figure 6.3 are used to type deconstructing coercions. Such coercions
are parametric over some coercion y that has a type that follows some specific structure. For
instance, in rule (co-deref) used to type coercions of form 7y, the coercion y relates reference
types. In rule (co-spar), the coercion spar (n,y) relates the n?* type arguments of the structs
related by the coercion y. The coercions typed in rule (co-farg) and (co-fret) relate respectively

the n?* arguments and return types of the functions related by y. Rules (co-objf), (co-objc-1)
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QFy:9] (Well-typed coercions)

(c:9)eQ QbFy:ini~n2
(co-var) ————MM™™ (co-sym)
QbFc:9 QFsymy:ngs~n1
QFyiini~n3 QFys:inz3~ne QFy:ini~n2
(co-trans) (co-tabs) — — —
QFyioye:ny~ne QFVX;.y:VX;n1 ~ VX, .02

QFy:VX;n1~VYX;n2
QFylu;l: [u/X;In1 ~[u/X;Ine

(co-tapp)

QFyini~n2  QFyiiu;~ug;  QFye; iug; ~uy;

(co-cabs)

QFVy1; ~7ve;.y : (VYuy; ~ug;.n1) ~ (Yusz; ~ ug;.n2)

(co-unit) (co-tvar)

QF0:0~0 QFX:X~X

QFy;iiuy;~ug; QFyiiuy;~ug;
(co-atype) (co-struct)

QFA G Aury) ~Alug) QFS G S ;) ~S (ua;)

QFy:ui~u2
QF&y: &uy ~&us

(co-ref)

i J J
Ql—’)’iZTli~T2i Ql—)flj:u1j~u3j Q|—72j1u2j~u4j

(co-obj) — — —
QFQ@T,yi,v1, ~72,): AT, 71, ur; ~usj) ~ AT, Ta;,ug; ~ us;)

QFy;it1;~179; QF7y:i11~719

(co-fun)

QFfn(y;) = y:fn(T1;) — 11 ~ In(Tg;) — 72

Figure 6.2: RustIn: well-typed coercions

and (co-objc-r) are used to type coercions that relate components of some pair of existential

object descriptors. The coercions in the conclusion of these rules also include a type 7, which

instantiates the type variable T' over which the descriptor is existentially quantified. Finally,

rules (co-coer), (co-coer-1) and (co-coer-r) are used to type coercions that relate components of

a type scheme quantified over a coercion.

6.3.2 Well-typed terms

The well-typed terms judgment is presented in figure 6.4. The judgment, Q |T |XF e: 0,

reads: “under environments Q, I' and Z, term e has type scheme o”. As opposed to the typing

judgments in MiniRust, the types of terms in RustIn may be polymorphic, which brings more
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QFy:9] (Well-typed coercions)

QFy:S @) ~S (ugy)

QFy:&uy ~&us ur=nt@1;)  us=n'(uz)
(co-deref) (co-spar)
QF *y:ug~ug QFspar (n,y):ui ~ug
QFy:fn(T1;) — tR1 ~ n(T2;) — TRY
11 = nth(71;) 79 = nt'(73;) QFy:fn(Ty;) — 11 ~fn(T3;) — 12
(co-farg) (co-fret)
Qrfarg (n,y): 71~ 19 QFfret (y):11 ~ T2
Ccoabif QFy:AT,75,01) ~ AT, 73;,03)  11=[0/TIn""@1) 12 =[1/TIn'"(3;)
co-obj B
QFobjf (1,n,y): 71 ~ T2
Qry:@T,71;,u1, ~us;) ~ AT, T9;,uz; ~ ta;)
ur=[0TIn" @) ue =[0/TIh'(az;))
(co-obje-1) -
Qtobjc-l (7,n,7) 1 u1 ~ ug
QFy:@T,71;,u1j ~us3j) ~Q3T,72;,uz; ~ug;)
u1 = [0/TIn""(uz;) uz = [0/TIn" (ug;)
(co-objc-r) -
QtFobjc-r (z,n,y) :u1 ~ ug
QFy: Vo0 ~ Vo0
(co-coer)
QFcoer (y):n1~n2
( ) Qb y:(Vug; ~ug;.n1) ~ (Vug; ~Ggzn2)  u1=n"@5) uz=n"(uz)
CO-coer-
QF coer-l (n,y):u1 ~us
QFy:(Vuy; ~ug;.n1) ~NVusz; ~uq;.n2) ui= nth(ug)  ug=ntt(ug)
(co-coer-r)

QF coer-r (n,y):u1 ~ug

Figure 6.3: Rustln: well-typed coercions continued

flexibility as to where type and coercion abstractions are permitted. Note that we work with
terms and types up to alpha-conversion (up to bound variable renaming). In particular, this
means that [u/X]1VX.o is equivalent to [u/X]1VX:.[X1/X]o (which in turn is equivalent to
vX1.[X1/X]o).

Many of the rules are similar to their counterparts in MiniRust. Some notable differ-
ences include (t-var), where the bound variables in the type scheme of x are not instantiated
right away. Type and coercion instantiations are explicit—the instantiations are part of the
term—and their corresponding typing rules are (t-tapp) and (t-capp) respectively. The coer-

cion instantiation rule is similar to the function application rule (t-fapp), which demonstrates
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QIT|ZFe:0| (Well-typed terms)

QIT|ZFeq:11 QITIZ+Hlv:T
QITx:111ZFeg:19 QT ZFe:T
(t-let) - (t-upd)
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QIT|ZFe:fn(T))—1
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QIT|ZFe(e;): T QIT|ZHfn & tde}:fn(T) — 7
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QITIZF&v: &t QIT|Z+=*e:T QIT|ZFx:0

SEpGEoneQ QITIZke;:[uiX,lo;
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QITIZF():0 QITIZFS @) {x;7e;}:Su;)
_ QITIzFe:S@) QIT|Zker:n
SXjpx;7o01eQ (x:0)ex;:0; QIT|ZFeg: 19

(t-proj) (t-seq) - -
QITZFex:[uj/X lo QIT'|ZFe;ex:T2
QIT|X¢Fe1:&AET,7,0;) Qc;:0;|T,T,x;:1;12eg:1  TEFV(1)
(t-unpack) p—— ;
QIT|ZFlet (T,x;,c;)=unpack ej ineg:7
QIT ke :[/Th;  QFy;:[1/Tlw;
(t-pack) — — —
pac Q|T' | Z+ pack (1,e;,7;) as &3T,7;,0;) : &3T,7;,0;
QIT|Zte:VX;.0 QINX;|ZFe:0

(t-tapp) —— (t-tabs) — —
QT Z¢Felu;]: [ui/X;lo QITIZFAX .e:VX;.0

QIT|ZFe:Vw;.0 QFvy;:w; Qci wi|T|ZFe:0

(t-capp) — (t-cabs) —
QIT|ZFefyi]: o QIT|2ZFAc; tw;.e:Vw;.0
(l:0)eX QIT'2Fe:01 QFy:01~02
(t-loc) (t-coerce)
QI Z+1:0 QT ZFewy:09

Figure 6.4: RustIn: well-typed terms

63




|QITFitem:Q|T| (Well-typed items)

(t-type) — —
Q|T Ftype A(X;): [type A(X ;)] @

(type A XiNeQ [ui/Xildefined [A— uldefined
Q|TFaxiom ¢:VX; A @) —u:lc:VX; AW ~VX;ullo

(t-axiom)

(t-struct)

Q|T Fstruct S(E){szaj}:[SQTi){xj:Uj}] | @

QIT|gorv:o
QITFx:o=v;:9|[x:0]

Fpgm:Q|T'| (Well-typed programs)

Q|Tkitem; :Q; |IT; Q=Q; TI'=T;
Fitem; . Q|T

(t-decl)

(t-pgm)

Figure 6.5: RustIn: well-typed items and programs

the likeness between coercions and terms.

Rule (t-proj) is used for typing struct field projections, which can be polymorphic. Note
that rule (t-ref) only lets us have references to values that have a monomorphic s-type 7,
so polymorphic struct fields cannot be referenced in RustIn (the restriction follows from the
semantics of Rust, where only monomorphic items can be referenced).

Rule (t-pack) is used to type object packing terms, which create an instance of an exis-
tential object. The rule (t-unpack) is used to type object unpacking terms. The side condition
T ¢ FV (1) ensures that the existential variable T does not escape its scope, delimited by the
term es.

Rule (t-loc), used for typing store locations, is the only rule that uses of the store typing
environment X. There are no terms or items in the language that extend the store typing
environment—the environment is a tool for proving type safety of Rustln in section 6.5.

Finally, the rule (t-coerce) is used to type coerced terms, whose types are converted from

type 01 to 02 as dictated by the type of the coercion y.

6.3.3 Well-typed items and programs

Figure 6.5 presents the well-typed items and well-typed programs judgments. The judgments
are similar to the analogous judgments in MiniRust. Of interest are (t-type) and (t-axiom),

which are used for typing type and axiom declarations respectively. (t-type) simply populates
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the environment QQ with the name of the abstract type constructor, along with its parameters.
In the side conditions of (t-axiom) we verify that the abstract type constructor A has been
declared and that the abstract type’s parameters are instantiated with types of appropriate
kind. The predicates [u/X]defined and [A — u] defined are the same as in MiniRust. The

rule populates the environment Q with the resulting coercion.

6.4 Operational semantics

We present the operational semantics of RustIn in the small-step (structural) style. We have
two mutually dependent evaluation relations: one for evaluating terms, and another for eval-

uating lvalues. We treat Ivalues in a similar way as the Cyclone operational semantics [19].

6.4.1 Evaluating terms

The relation {u,e) 2 {u,e), presented in figures 6.6 and 6.7, represents a single step of
computation in evaluating terms. The relation is parameterized by the top-level environment
Q, which contains coercion typings and struct definitions. Throughout the evaluation rules
we carry the store y, which is a mapping from locations to store values.

In RustIn, every term variable has a corresponding location in the store (this follows
from Rust’s memory model where the data assigned to a local variable is stored directly on
the stack). For every variable declaration, we assign a location to the variable and in the
declaration’s scope we substitute all instances of the variable with the location (the substitu-
tion allows us to directly reference store locations). For instance, in rule (e-letl), in the side
condition (u',l) = alloc(u,v) we store the value v at location / (alloe is defined in figure 6.10).
Then, in eg, we substitute all instances of the variable x with /. Similarly, for function calls
in rule (e-fapp1), we allocate the values of the function arguments in locations /; and we sub-
stitute the formal parameters x; with their respective locations in the body of the function.
As such, locations ! evaluate to the values to which they are mapped in the store, as shown
in rule (e-loc). However, note that a reference to a location, &/ is a value itself and cannot be
reduced.

In the evaluation relation we take special care when coercions are involved. In particular,
we want to make sure that the evaluated term has the same type after every computation
step, as it is an important part of our type safety proof. For instance, we use rule (e-fapp2) to
evaluate function applications where the function’s type is coerced by the coercion y. We want
to get rid of the coercion y so that we can apply the function to the arguments e;. However,
we then need to coerce the types of the arguments e; so that they match with the argument
types T; that the function fn (x;:7;){e} expects. Therefore, we apply the coercions ¥;, which

we create based on 7y, to the arguments e;. Similarly, as we need the function application
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(u,e) £, (4,e)| (Evaluation of terms)

(W', 1y = alloe(u,v) (u,lv) LU (W', vy
(e-letl) 5 (e-updl) o
(u,let x:7=v in eg) — (', [I/x]es) (u,lv :=e) — (', lv' :=e)
(e-upd2) o
(,1:=v) — (updateq(u,,0),())
(e-upd3) o (e-loc) o
(W, y):=e) —(u,l:=(e»sym y)) (u,ly — {u,getValue(y,1))
(e-derefl) o (e-deref2) o
(p, * &1y — (u,1) (, *(&Lwy)) == (, 1 > +y)
we) , ;5
vy —= ()1
(e-refl) <'u v o <IJ v (e-ref2) o
(,&lvy — (i, &Iv") (1, &> ) — (1, &I > &y)

po=p iy =alloc(u_1,v7)
(u,fn GITTle) @) — (s, [Ti/xile)

(e-fappl)

Yi =sym (farg (i,7))  yr =fret (y)

(e-fapp2) o
(u,(fn G zTle} » y)(e)) — (u,fn (& iT)ede; »yvi) » Yr)
(x:v)ex;: v;
(e-seql) 5 (e-projl) o
(u,v;e2) — (U, ez) (u,S (W) {x; Tv;t.x) — (U, v)

SX)EitoeQ QrFy:S@i)~Smz) yj=spar(,y)

(e-proj2)

(, (S (uy ) {xi Tvi} > y).x) 2 S (ug;) {x; v; » [yj/ X ]o;}.x)

po=p  {ui,l;)=alloe(u;—1,v;)

(e-unpackl)
(u,let (T',x;,c;) = unpack (pack (71,7;,7;) as 72) in e) SN (i, [Li/x;l[T1/T1e)

Qt y: &@ET, 715,01 ~ &3T, 727, 02)) |
Yi = objf (11,5,%1) 72, = (sym (objc-I (11,J, *1)))oy1; 0 0bjer (11,7, %7)

(e-unpack2)
(u,let (T',x;,c;) = unpack ((pack (Tl,U_i,}/Tj) as &(EIT,T_U,w_lj)) »7y)ine)

£, (u,let (T, x;,¢;) = unpack (pack (r1,v; » yi,yTj) as &(EIT,T_gi,w_gj)) ine)

... continued in figure 6.7

Figure 6.6: RustIn: evaluation of terms
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(u,e) £, (U,e)| (Evaluation of terms)

(1, e) —= (', e’y

(e-let2) (u,letx:t=eineg) — (U, letx:7=¢"iney)

(e-updd) (u,l :=e) L, W,l:=e"

(e-deref3) (xe) =, xey

(e-fapp3) (ne@) = @)

(e-fappd) Wi E D@6, ) — W, fn @Die)@r,ee))

(e-seq2) (eses) — (i e'ses)

(e-proj3) (ex) —= (e .x)

(e-struct) (W, S (W) {x; vj,x:e,xj:e;}) £ (W,S @) fx;vg,x:e',x; e}

(e-tapp3) el@wh > (ue'lEr)

(e-capp3) wel7) —= (uwe[F])

(epac)  {(u,pack (T1,77,e,87,7) as T2) — (', pack (11,07,€',25,7) as Tz)
(e-unpack3) (i, let (T',x) = unpack e in eg) £, (W, let (T, x) = unpack e’ in eg)
(e-coerce2) (L, e »y) 2, (W',e' »y)

(e-tappl)
(W, (AX 7)) 2 (. [ui/Xle)
(e-tapp2)

(1, (AXG.e) » LTl —= (u, (/X le » yI@i])

(e-cappl) Q _
(1, (Ac;Tw.e)[yi]) — (w[yilci]e)

Y' = coer (y) y; = coer-l (i,y) oy; osym (coer-r (i,y))b

(e-capp2) 5
(1, (Ac;Twi.e)»Nyi]) — (w[yi/cife » v

(e-coercel)

(1, (pU > Y1) B Y2) —= (, pv » (71 072))

Figure 6.7: Rustln: evaluation of terms continued
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(u,lv) @), (t,lvy | (Evaluation of lvalues)

(e) == (e’

(el-derefl) " (el-deref2) "
(, &) L2 (il xe'y (, # &y 2,1y
A (u,lvy 22 1y
(el-deref3) ) (el-proj1) 1)
(1, # (&L w )y === (1,1 B %) (W, vy === (', 10" x)

w)=8S@jix;:l;}  (x:l)ex;:l;

(,1.x) 2L g, 1y

(el-proj2)

pD =S @ptxi:liywy  SXpEioeQ
(x:7)ex;to;  yj=spar (j,y) (x:1)ex;:1;

(el-proj3) o)
(,l.x) == (u,l" » [y/X ;]
pl) =8 @) (x; : 1) S X {Ei o} e
(x:1)ex;:0; yj=spar(j,y) (x:l)ex;:l;
(el-proj4)

b, ) X2 1 [/

p@) =S @) {x; :1;}» y2 SXj{xioiteQ

(x:1)eXx;0; yj=spar (j,y2oy1) (x:l)ex;:l;

(el-proj5) 10(Q) N
(, 4w y1).x) = (" » [y /X ]

Figure 6.8: RustIn: evaluation of lvalues

terms on both sides of the relation to have the same types, we need to coerce the entire term

using yg, which we again obtain from deconstructing vy.

6.4.2 Evaluating lvalues

Some rules of the term evaluation relation use in their premises the lvalue evaluation rela-
tion (u,lv) @), (W',lv"y. Every step of this relation reduces an lvalue towards a c-location.
We use the relation in the term evaluation rules (e-updl) and (e-refl). In rule (e-updl) we
use the lvalue relation to reduce the left-hand side of the term [v := e to a c-location, so that
we can update the resulting location with the value of e. In rule (e-refl), where we evaluate
a reference, we also use the lvalue relation to reduce the referenced lvalue to a location.

The lvalue evaluation relation is presented in figure 6.8. Note that in rule (el-derefl) we
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(pgm) 2, (u,ey| (Evaluation of programs)

{item } = {type,axiom,struct,x; :0; =v;} Ho=9 (i, l;) = alloc(u;_1,v;)

(iterm) 2 ([Ty/x: s, [1/x; Imain()

Figure 6.9: RustIn: evaluation of programs

use the term evaluation relation in its premise to reduce the term e. Rules (el-proj*) evaluate
field access lvalues lv.x. An lvalue [v.x intuitively reduces to the location of the field x of the
struct instance that is stored at the location represented by [v. In rules (el-proj3), (el-proj4)
and (el-proj5) we add coercions to the resulting lvalues to ensure that their types match the
types of the lvalues on the left-hand side of the relation. In the applied coercions [[m}]r
the double brackets [ and | denote coercion substitutions: Z and 7 are identity coercions in
this context. We use a similar substitution in the term evaluation relation in figure 6.6 in
rule (e-proj2). Also note that only monomorphic fields are evaluated as lvalues. This is due
to the restriction in RustIn’s type system where we can only have references to monomorphic

values and the update operation [v := e can only apply to monomorphic terms.

6.4.3 Evaluating programs

Figure 6.9 presents the program evaluation relation. The relation is defined by a single rule.
As type, axiom and struct declarations don’t have any computation associated with them, we
only use top-level term declarations. In the rule’s side conditions we allocate the declared
values in the store and we substitute all top-level variable names with their corresponding
locations in the resulting store. Then we apply the main function, which we assume to be a
member of the top-level variables x;.

Note that the top-level terms need to already be values so that we can store them directly
in the store. Otherwise, as the top-level terms may be mutually dependent, we would need to
do more work to determine their evaluation order, and reduce them to values before storing
them.

6.4.4 Evaluation metafunctions

In figure 6.10 we present metafunctions that we use throughout the evaluation rules for
Rustln.
The function alloc(u,v) takes as inputs a store y and a value v, and it outputs a tuple

(¢/,1y that contains a new location [ where the value v is allocated and the updated store
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alloc(u,w)

alloc(ug, S (u) {x; 1 v;})

alloc(ug, S (W) {x; Tvi} » v)

(ull — w, 1) |
(will — S @) {x; : 1;}1,1) where (u;,l;) = alloe(u;—1,v;)

where [ ¢gdom(u)

L gddom(u;)

(uill = S @y {x; : 1;}» y1,1) where (u;,1;) =alloc(ui—1,v;)

L gddom(u;)

updateq(p,l,w) = ull —wl

updateq(uo,!,S (u;) {x; v}

updateq(uo,/,S (u;) {x; v;})

updateq(uo,?,S (w;) {x; v} » )

updateq(uo,!,S (w;) {x; v} » )

Hi

Hi

i

K

undefined otherwise

where

where

where

where

po(D) = S @) {x; 1}

u; =updateq(u;-1,1;,v;)
o) =8 W) fx; : L}y
QFy:Sw)) ~8 ;)

S X)) EiToeQ

y; =spar (j,sym y)

pi =updateq(y;-1,1;,v; »» [{WHUJ
po@) =S ) i : ;)

QFy:S @) ~S W)
S(X){xiTo,}eQ

yj =spar (j,7)

p; = updateq(u;—1,1;,v; » [y;/X]o:)
po@) =S W) i1y wy'
QFy:Su)~1

Qky':S@)~1

SX)Eiio}eQ

yj =spar (j,yosym y’)

pi =updateq(u;_1,1;,v; » [y;/X]o;)

getValue(u,l) = S (u){x;:getValue(u,l;)} where u(l) =S (W) {x; : 1;}
getValue(y,l) = S(u){x;:getValue(y,/;)}»y wherepul)=S @) {x;:[;}»y
getValue(y,l) = u(l) otherwise

(pv»y )y = pum(yoy)

pvp»y = puvpy

Figure 6.10: RustIn: metafunctions
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(. If the allocated value is a store value w then the allocation is simple: a new location is
selected from the outside of the domain of u, the value w is stored at that location, and the
updated store that includes the new mapping is output by the function.

When alloc is applied to a struct instance, then more work is required because a struct
instance value is not a store value. In that case we recursively store the fields of the struct in-
stance in new locations and we allocate the struct instance value—with the fields v; replaced
with their respective locations /;—in the resulting store. We proceed similarly with coerced
struct instances.

Note that, strictly speaking, alloe is not a function, as it can choose any location [/ from
the outside of the domain of the store, and there is nothing that prevents it from choosing
a different location each time the function is applied to the same arguments. In fact, alloc
defines a family of functions that are equivalent up to the choice of location labels. We use
the function in rules (e-letl), (e-fappl) and (e-unpackl) in the evaluation relation in figure
6.6, and in the program evaluation relation in figure 6.9.

The function updateq(u,l,v) is parameterized by the environment Q. It takes as inputs
a store p, a location label / and a value v to be stored at I. We use the function update when
the location [ is already in the domain of i and its type is the same as the type of the value
v (specifically, we use it in rule (e-upd2) in the evaluation relation in figure 6.6). The output
of the function is an updated store ', where the value at location [ is modified accordingly.
When the input value is a store value w, then the update operation is straightforward. When
the input value is a struct instance, then the exact store value chosen to update the store at
location ! depends on what is the existing store value at that location. To preserve the types
of the affected locations, we may have to apply coercions to the stored values. Note that the
update function also reuses the same locations for struct fields.

In the definition of update we use the binary helper function »» defined at the bottom
of the figure. We can interpret the helper function as a “value-preserving coercion”. The
function takes as inputs a value and a coercion, and it outputs the application of the coercion
on the input value. If the input value is a coerced plain value pv » ¥’ then when we apply y
to it, we obtain (pv » y') » ¥, which is not a value. The function (pv » y') P» y thus takes an
evaluation step, composing the coercions ¥’ and y so that its result pv » (y'o7y) is a value. We
use the helper function in recursive calls to the update function to ensure that we apply the
function to a value in accordance with its domain.

The function getValue takes as inputs a store u and a location /, and it outputs a value
v corresponding to the store value stored at location / in u. If the stored value is a struct
instance, then its fields are locations (and not values), so we recursively apply getValue on
the struct’s fields’ locations to obtain the appropriate values. We use the function in rule

(e-loc) of the evaluation relation in figure 6.6 to obtain the value stored at location /.
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6.5 Type safety

Having defined the operational semantics for RustIn, we can reason about the type safety of
well-typed programs. Before we present the relevant theorems, we first set up some defini-
tions.

We first define a relation parametric on the store u. The relation defines an ordering on

store values related by struct instances that occur in p.

Definition 6.1. Let A, ={w |3l.u(l) =w}. In other words, A, is the image of p.
Define C; < A, x Ay as follows:

o u)Cp S lam i ln,x: 1,2, : 15}

* p) TS W) xm ln,x:Lxnln}py
Then we introduce the notion of a well-typed store.

Definition 6.2 (Well-typed store). We say that Q| I' | X+ u, meaning that the store p is well
typed with respect to the environments Q,I" and the store typing X if

1. dom(u)=dom(Z) and
2. QIT|ZFu):Z(1) for every l e dom(u)

3. Cy is a well-founded relation on the set A, = {w | 3l.u(l) = w}, i.e, it has no infinite
descending chains.

Note that the definition requires the relation C, to be well-founded. Intuitively, this
means that the store should not contain circular struct instances where, for example, a field
of a struct instance is that particular struct instance itself. In particular, this is required to
ensure that the metafunctions getValue and update are terminating.’

The concept of type equality axiom consistency, is another important piece of type safety
of RustIn. Its definition is adapted from System FC [38] whose type safety proof also relies
on axiom consistency. The definition uses a notion of constructed types (called value types in
System FC), defined below.

Definition 6.3 (Constructed type)._A constructed type is a type 1 that is of the form
0,8 @, fn(%) — 7, &u, (AT, 7,), YX;.0 or Va;.1.

Roughly speaking, a constructed type is a type whose outermost type constructor is some

concrete type, i.e., a constructed type is neither an abstract type nor a type variable.

INote that a struct instance may still contain a pointer to itself. For example, the assignment: x0 := S{x : &xq},
where S is a struct type constructor, is allowed.
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Definition 6.4 (Consistency of coercion environment Q). We say that ) is consistent if the
following hold:

~

. IfQFy:S @) ~nand 1 is a constructed type then 11 =S (u'y for some u'.

No

. IfQFy:fn(T;) — 1 ~nand 1 is a constructed type then n = fn(r_;) — 1/ for some T_;, 7',

o

. IfQFy:&uy ~nand nis a constructed type then 1= &u'| for some u/.

IfQFy:Q@T,7;,0;) ~n and n is a constructed type then n = (ET,T_;,QT}) for some T_;,w_}

LN

5. IfQFy:VX;.0 ~1 wheren' is any type, then ' =VX;.0' for some o’
6. If QFy:Vw;.0 ~n where n' is any type, then n' = Vw_;.(f’ for some w_;,a’.

A consistent environment QQ prevents us from being able to conclude inconsistent type
equalities such as 132 ~ bool.
We can now state the theorems that together demonstrate type safety of RustIn. We first

prove that if a well-typed term steps to another term then both terms have the same type.
Theorem 6.1 (Preservation). Suppose Q) is a consistent environment.

1 IfQIT|ZFe:0and QT |ZF pand (ue) —= (i, e')
then, there is some store typing X' 2 X such that
QIT|ZFe :0and QIT|Z' .

2. IfQIT|Z+lw:tand Q|T|ZF pand (u,lv)w(,u',lv’>

then, there is some store typing X' 2 X such that
QITIZFW :tand QT |2 F .

The second part of the type safety proof is the proof of progress, which roughly says that
a well-typed term is either a value or it can be reduced. In other words, a well-typed term

doesn’t get ‘stuck’.
Theorem 6.2 (Progress). Suppose Q) is a consistent environment.

1 IfQ| @ | ZF e: o then either e € VAL or, for any store i such that Q| @ | 2+ u, there is
some term e’ and store ' with {u,e) £, (W,ey

2. If Q| @ | Z+lv: 1 then either lv € CLOC or, for any store p such that Q| @ | Z + y, there is

some lvalue lv" and store ' with {u,lv) LICON W', lv"y

The previous two theorems together paint the type safety picture of MiniRust, stating
that, unless evaluation diverges, every well-typed term reduces to a value with all types

preserved.
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The last theorem we present concerns the program evaluation rule. It roughly states
that if a program is well-typed, produces a consistent environment {2 and contains the main

function, then we can successfully take a type-preserving evaluation step.

Theorem 6.3. Suppose -pgm : Q| I’ where Q is consistent and I ={x; 1 7;}.
If (main:fn() — O) € T, then there are some , e, X for which
(pgm) = (u,e), and Q| @ | Z+ p, and Q| S| ZFe: ().

The proofs of the above theorems and all helper lemmas are found in appendix A.
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Chapter 7

Translating MiniRust programs to
Rustin

Rust traits introduce type-based overloading to the language, where the runtime semantics
of overloaded terms depend on the types at which the terms are used. As mentioned in the
previous chapter, defining the operational semantics directly in languages with type-based
overloading is challenging. For instance, to define them directly in MiniRust, we would need
to somehow encode impl lookup in the semantics to resolve constraints. A simpler way to
do this, which is how Haskell type classes are implemented [16], is through translation to
an internal language where the trait constraints have already been resolved. As such, in
the previous chapter, we developed an internal language, RustIn, which doesn’t have traits,
and we provided operational semantics and a proof of type safety for it. In this chapter we
show how MiniRust programs can be translated to RustIn programs. The translation that
we present here is type-directed: the translation of a term is decided in part by its type.
As such, we present the translation rules by extending the MiniRust typing rules presented
in chapter 5. We then prove that the translation preserves well-typedness, which brings us

closer to proving that MiniRust is type-safe.

7.1 Translation at a glance

The salient part of the type-directed translation from MiniRust to RustIn is the way in which
constraints are translated. Satisfied MiniRust constraints translate to some expressions
that provide evidence of constraint entailment [20]. In MiniRust, terms with qualified types
can only be used if their qualifying constraints are entailed by the constraint environment.
In turn, the RustIn translations of such terms are abstracted over the evidence that their
qualifying constraints are satisfied. Having the evidence in the translation of a qualified term

aligns with the explicit nature of expressions in our target language, RustIln, where terms
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encode their typing derivation and coercions encode proof of equivalence of type expressions.

Recall that MiniRust trait constraints have form u : D (u;,A— ua). For the purpose
of translation we consider such constraints as combinations of a simple trait constraint
u :D (u;) and an equality constraint Ap (u,u;) ~u . As such, the translation of an extended
constraint produces two pieces of evidence.

The evidence of trait constraint entailment in RustIn takes the form of a dictionary
that contains the trait function and the dictionaries corresponding to the trait’s supertraits
and associated type constraints. The dictionary is implemented using a RustIn struct. A
MiniRust function that is qualified by one or more trait constraints is then translated to a
higher-order function that takes as additional inputs the dictionaries corresponding to the
qualifying constraints. Similarly, a MiniRust trait function is translated to a higher-order
function that takes as input the dictionary corresponding to an impl of the trait. In the body
of the function we take the appropriate concrete function from the input dictionary and apply
it.

The evidence of equality constraint entailment in RustIn takes the form of a coercion.
Recall that a RustIn coercion already encodes in it the proof of type equivalence of the two
type expressions that it relates. An equality constraint entailment derivation then constructs
the corresponding coercion. A MiniRust term qualified by an equality constraint (or rather
by an extended constraint that contains an associated type instantiation) is translated to a
coercion abstraction. To use the resulting RustIn term, we apply it to the concrete coercion
that represents a proof of type equality.

We use RustIn abstract types to serve as translation targets of associated types. As such,
an associated type declaration in a trait declaration is translated to an abstract type decla-

ration and an associated type instantiation in an impl is translated to a type equality axiom.

7.2 Syntax

The formalization in this chapter relates two languages: MiniRust and RustIn. We use the
syntax of both, presented in figures 5.1 and 6.1 respectively. Since the syntactic constructs in
the two languages overlap, we add a superscript ¢ to RustIn constructs.

To aid with the translation, we modify the MiniRust typing and constraint environments.

The modified environments are defined below (new parts are highlighted):

r = ¢|ILx:0|ILX|T,S Xy {x 1) (typing environments)
| T,(D(X)where 7,Self: p~x ,A:f ~x ,f,obj)
O = ¢]0,0 ~~{x,c) (constraint environments)

The trait information tuple in the typing environment I’ is extended with the names of
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the dictionary fields that correspond to the trait’s supertrait and associated type constraints.

Specifically, in a trait information tuple (D (X;) where 7, Self: Bs ~ x5, A : Bg ~~ Xa, f,0bj), the
variables x;,x, are field names of the RustIn struct that represents the dictionary of the
trait D. Specifically, x5 correspond to fields that contain its supertrait dictionaries and x,
correspond to fields that contain dictionaries that represent D’s associated type constraints.

The constraint environment O is extended to bind constraint schemes to RustIn term and
coercion variables. The variables correspond to the translations of the constraint schemes in

the resulting RustIn program.

7.3 Translating types

We extend the MiniRust well-formedness judgments to translate MiniRust types (and type
schemes) as well as constraints (and constraint schemes) to RustIn types. Figure 7.1 presents
the judgments. We read the well-formed types relation, I' | © Fyp u ~ u!, as “under environ-
ments I and 0, a well-formed MiniRust type u translates to RustIn type u!”. Most of the
translation rules are straightforward. The most interesting rule in the relation is (wf-desc),
used to translate trait object descriptors. MiniRust trait object descriptors translate to the
more general RustIn existential object descriptors. The translation makes evident that a
trait object encapsulates a reference to the concrete value that implements the object’s trait
and the dictionary Sp <T,u_§) corresponding to the object’s underlying concrete impl. The ex-
istential object also encapsulates coercions that correspond to the associated type equalities
in the descriptor.

Note that in the premises of rule (wf-desc) and (wf-tscheme) we extend the dictionary en-
vironment © with some constraints without providing their corresponding translation vari-
ables. The translation variables are not used in the well-formedness judgments so we simply
omit them to simplify the presentation. Similarly, in the premise I' | ® IF u : D (u;, A — %) of
rule (wf-atype) we omit the translation of the constraint since we do not use it.

The well-formed constraint schemes judgment I' | © Fyp 0 ~ (o%,9) is used to obtain the
types of the evidence produced by the constraint scheme 6. The resulting translation is a
tuple that consists of the type scheme o’ of the trait constraint portion of the constraint
scheme and a polymorphic coercion type 9 corresponding to the coercion that represents
the equality constraint. Note that the identity associated type instantiation A — % in rule

(wf-trcons) translates to an identity coercion.

7.4 Translating constraints

Figure 7.2 presents the constraint entailment judgments with translation. In the trait con-

straint entailment judgment, I' | © I ~ (e!,y), a satisfied trait constraint 7 is translated to
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[OFyru~ut| (Well-formed types)

Xel .
(wf-var) (wf-unit)
r|®|_WF'l'i“">TIif [0 kw1~ 1! I'ObFwpu~ut
(wf-fun) — (wf-ref) ;
T10 by (@) — 7~ fn(zh) — 7 L0 Fwr &u~ &u
I'=S @;) I'®lFu:D{u;,A— %)
(wf-struct) — (wf-atype) —
[0 FwrS @)~ S ul) [0 Fwr Ap (u,u;) ~ Ap (W', ul)
I' - D obj-safe I'+ Selfy : D ;) ['Okwpu; ~ uf

—J
(wf-desc)

T'|©bwe 3T :D(u;, Ap (T, us;) ~u;)~ (3T, &T,Sp <T,u_§> JApj <T,u_§j> ~ uﬁ-)

['O®kwpo~ ol ‘ (Well-formed type schemes)

— J —
F7Xi |®97T_J|_WF ”JW<T;7w]> F7Xi |®77I_j}_WFTWTt

(wf-tscheme)

IO bwe VX, 7T, =7~ VE.Va)—j.fn(T_;) —1t

[Okwrb~(c',0)| (Well-formed constraint schemes)

— j —
IXi 10,7 bwpmj~ (tho)  T,Xi 10,7 bwem~ (1h,ul ~up)

(wf-cscheme)

[0 by YX; 775 = 1~ (VX V) fn(rh) — 18, VX 1l ~ VX ub)

I'Fu:D ;) I'-Ap

I'OFyru~ul FIG)I—WFuiwui FIG)I—WFquui‘

(wf-treqcons) — p—
I'OFwpu:D @i, A—up)~(Sp W ul), Ap W', ul) ~u'))

I'tu:D@;) TrHAp T|Okwyru~u’ T|OFypu;~ul

(wf-trcons)

T1©bweu:D (@5, A— %)~ (Sp (', ul), Ap (u',ul) ~ Ap (ut,ub))

Figure 7.1: MiniRust: well-formedness judgments with translation
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['|®IF 7~ (e’,y)| (Trait constraint entailment)

VX, Tj=om~ (x,e)€® T[Okyru;~ul T|OIF[ui/X;lm;~ e’y

(c-ext) — p— —
T 1O1F [wi/X1m ~ (luf1[y;](e"), cluil)
['OIFuy:D@y;,A— usg)~ e,y . I'ug:D (ug;)
[OFu;~ug~7ys TIOlFuy;~ugi~y; T|OFuz~us~7ys
(c-treql) —
I'1OlFug:D (ug;,A— ug)~ (" »Sp(ys,¥:i),Ap (sym (y2),sym (y;)) oy10y3)
I10lFuy:D @y, A= %)~ (e',y1) Thrug:Duz) TIOu;~uz~ye
TOFuy;~ugi~yi [0 bwpug~ub [10OFypug; ~ uj,
(c-treq2) —
[ 1Ol ug:D (ug;, A — %)~ (e' » Sp (y2,7i),Ap (uh,ub))
IOlFu:D@;,A—up)~ <y TIOFypu~u’ T[OFywpu;~ul
(c-astar)

TOIFu:D (@, A—*) ~ (e, Ap (', ul))

I''®OlFu~u~»y| (Equality constraint entailment)

TOIFu:D@;,A—up)~ e,y I'|OFypu~ul
(eq-sep) — (eq-refl)
TOIFAp (u,u;) ~uas~y CIOIFu~u~ul

FIG)H—u1~u3wy1

F|@H—u3~LL2W)/2 FI@H—u2~u1W}/
(eqg-trans) (eq-sym)
['OkFu;~ug~yioys I'OFu; ~ug~sym(y)
'S @) FI—S(uzﬁ
FI@H—uli~u2i->}/ib FI@H—u1~u2->)f
(eqg-struct) — — — (eq-ref)
F|@)”—S<u1i>~S(u2i>WS()fi> FI@ll—&u1~&u2->&y

F|®”—T1i~‘[2iw)/i; FOIFti~19~Y

(eq-fun) — p— —
['10IFfn(TT) — 71~ n(T3;) — 12~ (7)) — v

I'tu1:D{uy;) Thug:D(ug;y TIOlFui~ug~y TI0Ouy;~ug;~y;

(eq-atype) — — p—
['OIFAp ui,ur;) ~Apug,uz;) ~ Apy,Yi)

J

T+Selfy:D @)  THSelfy:D@s)  TFT:D;@is,)  TFT:D;@as,")

FolFuy; ~ug; ~vy; F,T|®,T:D(u1i)“‘ulsj~u23jwj/sj Feku;~ugj~y;j

(eq-obj)

LIOIF3T:D (uy;,Ap (T, utsj) ~u1j) ~ 3T : D (ug;, Ap j (T, uzgsj) ~ ugj)

Figure 7.2: MiniRust: constraint entailment with translation
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a term e’ and a coercion y, representing the constraint’s trait and equality parts respectively.

In rule (c-ext), the side condition (V)Ti.n_j = 1 ~~ {(x,c)) € O gives us the variables x and ¢
that correspond to the translation of the constraint scheme VZJT_J = 7. The term variable
x represents a higher-order function quantified by type variables X; and abstracted over
the evidence expressions corresponding to the constraints 7;. In the conclusion of the rule,

the translation dictionary term, x[u_’if] Tyl (e_;.), instantiates x with types u_f and applies the

result to the evidence of entailment of constraints [u;/X; 17 j (in the form of coercions y; and
dictionary terms e_j.). The resulting coercion in the conclusion of the rule is the constraint
scheme’s coercion variable ¢ instantiated with types u_’;—qualifying constraints 7; are not
part of the translation of the equality part of the constraint. In rule (c-treq2), the identity
associated type instantiation A — % simply translates to an identity coercion Ap (ug,u_gl)
(recall that the representations of RustIn types also represent identity coercions).

In the equality constraint entailment relation, I' | © I- u ~ u ~» ¥, we translate equality
constraints to coercions. The language of coercions in RustIn lets us encode the proof of

equivalence of type expressions directly in the resulting coercion.

7.5 Translating terms

Figure 7.3 presents the well-typed terms judgment with translation. The translation of terms
is fairly straightforward. Note that, since terms in the target language are explicitly typed,
translations of MiniRust terms contain additional information from their types (such as in
rules (let-un), (var) and (new-struct)).

In rule (var), if the term variable x has a qualified type scheme in the typing environment
I, then its type scheme’s type variables must be instantiated and its qualifying constraints
satisfied before we can use x. As such, the translation of x includes explicit application of the
type scheme’s type variables and of the evidence expressions that correspond to the qualifying
constraints 7.

In rule (obj-cast) we translate trait object instantiations to existential object packing
terms. In the premise I' | © IF (3T : D (u;,u1; ~ug;)) : D (u;) we omit the translation of the

constraint because we do not need it.

7.6 Translating items

Figure 7.4 presents the well-typed items judgment with translation. In the judgment,
I'|®Fitem:T|®~ pgm!, an item translates to a partial program (a collection of items). The
translation of struct declarations in rule (struct) is straightforward. Function declarations
in (fun) translate to top-level term declarations. If a MiniRust function is qualified by con-

straints 7; in its where-clause, then the resulting function in RustIn is abstracted over the
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['|OFe:T~e'| (Well-typed terms)

[|OFe:ti~el T|OIF1i~T3~7y I'OFe:T~el
(sub) (as)

[OFe:tg~elpy I'OFeast:T~et

FOFer:Ti~ e}
[x:71|OFeg:tg~el, T|Obypri~1!

(unit) (let-un) - -
TOF():0~() [|OFletx=ejineg:tg~letx:rl=e inel

(x:VX; T =>1)el
FIG)I—elz‘rlwe’i v

— j
(seq) P (var) — —
['|OFer;ez:Ta~el; e F|G)I—x:[ui/Xi]Twx[uﬁ]ﬂ)f_j]](eﬁ)
I'OFe:fn@;)—1~ ¢!
FI@I—ei:Tiweﬁ IFNOFIv:T~ vt
(app) — (ref) 7
T|OF e@): 7~ e'(el) IOk &lv: &t~ &lv
TIOFIv:T~ vt
F|OFe: &t~ el I['OFe:T~et
(dered (asgn)
T|OF xe:7~ xel TFOFIlv:i=e:()~Ilvt:=¢l

SXpEiTitel TOFe;:[up/Xplti~el  T1OFwpup~ul
(new-struct)

1O+ SiEres}: S @) ~ S @) x; : e}

FI@I—e:S(u_j)wet S()Tjﬂxmzrm,x:r,xnzrn}er

(proj) —
FI@I—e.x:[uj/Xj]Twet.x
F'OFe:&t~et [OkwpT~1)
TOIF7:D @)~ el TOIF[T/Tluy, ~ugj~y;

I'el-@T:Dw;,ur; ~uz;)):D(u; FI@I—WFEIT:D(u_i,u1J-~u2j)WT§
(obj-cast)

IOk e:&ET:Du;,ut;j ~ug;)) ~ pack (t4,e',et), 7)) as 7}

Figure 7.3: MiniRust: well-typed terms with translation
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I'|OFitem:T|©~spgm'| (Well-typed items)

TX,|®Fypr; vt
(struct)

T|©F struct S (X ) {773} : [S (X;) (5773311 @ ~~ struct S (X ;) {x; : 78)

o=VX, 7 => @) -1 I'®kwpo~of

) 0t=V)Tk.Vw_j.fn(r_;.)—>fn(‘r_§)—>‘rt F,)Tk,xi:ri|®,nj~»>(xj,cj-)l—e:'r->et
un

rerfn f(X_k)(xi:Ti)—>rwhere7r_j{e}:[f:a]I(ZSWf:at:AX_k.ch-:wj.fn (xj:r§){fn (xisri){et}}

(T} = {(Self: Bs). ) Xp=Self,X; T|0©rwpVX,.(Self:D(X;))= ”hh
o=VX, A =>m@m)—1p o' = VX_p.(Self:D XN=>0 T|0 I—VEU' ~s gt
[,Xp 10,Self:D(X;) Fwr o~ o' ol =X} Vay.fn(rh) — fn(th,) — 74
T 1O bwr VX p.(Self: D (X;)) = Self: fs ~ (VX fn(Sp (Xp)) — 74, 05)
T1© by VX, (Self:D (X;) = Ap (Xp) : fa ~ (VX (SD (Xp) — 4, 0a)

(trait)

trait D<_Yi> for Self (D (X;)where 77, Self: Bs ~ x5, A : Bg ~= xq, Obj-unsafe), f : 0'1|
wtl;eez;j fE; ; [v§.(Self:D (XE)) = Self: fs = (&D.s:CDs) » )

fion) VXp.(Self:D(X;)) = Ap (Xp): Pa~> (D4 CDa) ]
type Ap (X_p); axiom cp g :ﬂaa; axiom cp ¢ 95 ; struct Sp ()Tp) {f: ot,m,M}
f:o"=AXp,Xp.Aep07.fn (xp :Sp Xp) 2 : T Gep X[ ]GD );
XDyt VX ,.fn(Sp (Xp)) — 1 = AXp.fn (xp : Sp <}(_p>){xD.xs};D
xp.q VX p.fn(Sp Xp)) — 14, = AXp.fn (xp : Sp <-X_p>){xD.xa};w

rer

(D (X;ywhere 7y, Self: Bs ~ x5 , A: g~ xa » [, )eT Up =u,u; X, =Self, X;
X, €FV(@,) 0% =0\{VX,.Self:D (X;))= Self: fs~_ ,YXp.(Self: D (X)) = Ap Xp) : fo ~ !

> |

S

T, X, 10%,7; = (&, 0 IF [up/X pI(Self: fis) ~ (el ys) T,Xp, 10%,7; — (@), |- lup/Xplny,
[, X, 0%~ (xj ey Fwrug ~uly  T,Xp 0%, (xj,0,) - (Ap @p) : [up/Xplfa) ~ (eh, va)

(f :VXp.(Self:D(X;)) > o)l [, X, 0%, 7~ (xj,c;) - fun:lf :0'1| @~ f:0" =€,

o' =lup/Xplo T'1©bwp VX7 = u:D (up) ~ ol ol = v;?k.Vw—j.fn(r;.) —Sp (ul)

(impl)

impl (X3) D (@;) for u where 75 {

rer type A=uyu; fun}

@IV T = u:D @, A= up) ~ Xyp @y Cun )]
" axiom ¢y.p (@) VX, Ap (uﬁ,) — ug

Xy:D (@) :0}) = A)Tk.ch:wj.fn (ijT;.){SD (uﬁ,){f:e%,xs : eé,xa :efz 3R

...continued in figure 7.5

Figure 7.4: MiniRust: well-typed items with translation
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trait dictionaries and coercions that correspond to the constraints 7;.

7.6.1 Translating traits

Rule (trait) is used to type non-object-safe trait declarations and it provides their transla-
tions. The translation of a trait consists of multiple RustIn items. One of the resulting items
is a struct declaration that defines the type of the trait’s dictionary. The struct’s fields in-
clude the trait function f, the dictionaries of the trait’s supertraits x; and the dictionaries of
the trait’s associated type constraints x,. Since supertrait and associated type constraints
of a trait D are propagated, a satisfied constraint on D lets us infer that D’s supertrait and
associated type constraints are also satisfied. The fields x5 and x, in D’s dictionary are used
as evidence of that. The Rustln functions xp ¢ and xp , correspond to the propagated con-
straint schemes. They take as input a dictionary of D and they output their corresponding
propagated dictionaries obtained from the input dictionary.

The translation of the declaration of a trait D also contains a top-level function f cor-
responding to D’s trait function. It is a higher-order function that simply takes as input a
dictionary of D and applies the concrete version of the trait function that is in the dictionary.

The associated type declared in the trait is translated to a corresponding abstract type
declaration. Since the associated type instantiations in supertrait and associated type bounds
are also propagated, they are translated to type equality axioms that declare the coercion

constants cp , and cp .

7.6.2 Translating impls

The translation of an impl declaration in rule (impl) consists of two RustIn items that cor-
respond to the rule’s output constraint scheme. The first item is an axiom that declares the
abstract type instantiation corresponding to the instantiation of the trait’s associated type in
the impl’s body. The second item is a generic function that produces an instance of the struct
declared by the implemented trait, representing the trait dictionary. If the impl is universally
quantified by some variables X}, in its header, then its dictionary is also universally quanti-
fied by the type variables X;. Similarly, if the impl is qualified by some constraints 7; in its
where-clause, then the dictionary is accordingly abstracted over coercions and dictionaries
that represent those constraints. The supertrait and associated type constraint dictionaries
el and e! are obtained in the rule’s side conditions that verify that that those constraints are

satisfied by the impl.
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['|OFitem:T|O~>pgm’| (Well-typed items)

h
n

{7} = {(Selfy : Bs), 7n} X, =Selfy,X; [0 Fye VX, Selfy : D(X;) = mp ~ _
7 =fn(&Selfy,7m) — TR o= VX_p.(Self:D XN)=>1 I'Obtywro ~ o'

[,X,10,Selfy :D(X;) Fyr 1~ 0t
T10 by VX, .(Selfy : D (X)) = Selfy : fs ~ (VX,.fn(Sp (X)) — 74, 85)
T 1O by VX, (Selfy : D (X)) = Ap (Xp) : fa ~ (WXp.(Sp X)) — 14, 0a)
[,X, D X)) {Dgq @q,",Aq— *>d} A Xy

. _ ;
Uobj = 3T : D(X;,Apg(T,[T/Selfylug,") ~Xq )
d
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I,X;,Xq|0|VX;,Xq.mq ~ (Xd,¢q) Fos Td ~ (€', Tam ~ Xdm)

d
TObwr VX, X7, " = Tg ~ <VXi,Xd.dem.fn(Tfim) — TZI’ VXi.Xd.ufi ~ VXi.Xd.Xd>

(obj-trt) —
L [(D (X;)where 7y, Selfy : Bs ~ x5, A : g ~ x4, f,0bj-safe),
trait D (X;)for Selfy  f:0'1l
rier where H_A{_ . [v}Tp.(SeIfU :D (X;)) = Selfy : fs ~ (xD,S,cD,sf, 3
;y:pTe; | P VX ,.(Selfy : D(X;)) = Ap ()Tpéli Ba~ (XDa,CDa) »
VX, X3 Tgm " = 7g ~ (xg,cq) 1
type Ap ()Tp>; axiom cp g :ﬁaa; axiom ¢p ¢ : 9, ; struct Sp (X_p) {f: Ut,xs_:rfg,M}
f:0""=AXp,.fn(xp:Sp Xp)ap.f};
xp.s : VX ,.fn(Sp (X)) — 74 = AX,.fn (xp : Sp X p))ixp .xs};a
™ xpa VX, f(Sp (X,p)) — 14 = AX,.fn (xp : Sp (Xp)xp2ak; .
% VX7, X Oy @, ) - Tt = AX;, Xq. ACayy @0 (e 15, ) feh);
axiom cq : VX;,Xgq.ul — Xg;
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I+ D @) 1 {B;,, D @i, A — %)}

Figure 7.5: MiniRust: well-typed object-safe traits with translation
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re|orFr=a~~y
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I'O110s+uy:Dui;,A— *)=ug:D(ug;,A— x)~>Sp(y1,7i)
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T'[©160g ~ ( cp) b Ap (Uobj, Ui : [wobj/Selfullui/Xilfa = a ~ Ya
(f : VSelfy,X;.(Selfy : D (X;)) = fn(&Selfy,7,) — tr) €T
['| O byr VSelfy, X;.(Selfy : D (X)) = fn(&Selfy,7m) — Tr
~ ¥Selfy, X;.fn(Sp (Selfy, X;)) = fn(&Selfy, rt,) — %
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T ©' IF [T/Selfylu/X;1tg ~ [uopy/Selfullu/X g ~y
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Figure 7.6: MiniRust: auxiliary object-safe trait relations with translation
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7.6.3 Translating object-safe traits

Figure 7.5 presents the object-safe trait typing rule, (obj-trt). In addition to the RustIn items
produced by non-object-safe traits in rule (trait), translation of object-safe traits contains
items that correspond to the trait object constraint schemes output by the rule. The items
include top-level term declarations x; and type equality axioms ¢4. The terms assigned to x4
are polymorphic functions. They take as input the coercions and dictionaries corresponding
to the supertrait and associated type constraints 7,,,, which we obtain using the auxiliary
relation os. The functions’ return values are dictionaries efi, also obtained from the relation
s, that serve as evidence that the trait’s descriptor implements the traits D4 in the descrip-
tor’s supertrait hierarchy. The type equality axioms ¢4 are translations of the associated type

instantiations in the trait object constraint schemes.

The auxiliary relation I' | © | Hdw—(_,c('i) Fos Uobj : D (Wi, A — X)) ~ ek, g ~ x5, g ~ xg,)
is presented in figure 7.6. The relation is extended to include in its outputs the dictionary eg
corresponding to constraint uqp; : D (w;,A — X). The relation also includes variable names
x_g,E for the dictionaries corresponding to the supertrait constraints s and associated type
constraints 7,. The variables are used in the construction of the trait object dictionary e?,
since in (obj-trt)’s output, the dictionary is abstracted over them.

The side conditions

L1004~ (¢l Fuobj: [uopy/Selfullui/X;1Bs = ms ~ vs

T'10[0g ~ (_,cl) - Ap (Uopj, U7 : [wobi/Selfullui/X1fa = mq ~ Yo
give us the constraints 7, and 7., which are type parameter-wise equivalent to the supertrait
and associated type constraints of the trait D instantiated with types uopj,%;. The coercions
Ys and Y, relate the dictionaries of the constraints from the left-hand side of the arrow =
with the dictionaries of their equivalent constraints from the right-hand side of the arrow.

To construct the dictionary eﬁ) we use the coercions from the helper relation as well as the
coercions v, Y, that result from the type equality constraints on the trait function’s argument
and return types. The coercions help ensure that the the struct’s fields are well-typed.

We also introduce a helper relation I' - 7 — 8 ~ e!, which provides a path e’ from the
dictionary of 7 to the trait function of the dictionary corresponding to the bound of 8. The
relation is defined for bounds f that are in the supertrait hierarchy of the constraint .

In the body of eﬁ), the function f, representing D’s trait function, unpacks the trait object
Xobj and applies the function contained in the dictionary xgi; encapsulated in the object. We
apply the coercions ¥, and y to ensure that the body of f is well-typed.

The fields x5 and x, in ei) correspond to D’s supertrait and associated type constraint dic-
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Fppgm:T|©~spgm’| (Well-typed programs)

Fl@l—itemi:l"i|®iwpgm§ I'=I; =06

(pgm)

tpitem; :T'| © ~> pgm!

Figure 7.7: MiniRust: well-typed programs with translation

tionaries respectively. We assign to them the term variables x_;, E, corresponding to trans-

lations of 74,74, coerced with sym y; and sym y, respectively to ensure that the fields’ types
match the definition of the struct Sp.

7.6.4 Translating programs

The program typing and translation rule is presented in figure 7.7. The rule is straight-
forward. A well-typed program simply translates to a concatenation of the partial RustIn

programs generated from its items.

7.7 Type preservation of translation

Before we present the theorems of type preservation, we need to be able to reason about
what constitutes a well-formed environment. The well-formed environments judgment is
presented in figure 7.8. Intuitively, in a well-formed environment, all of its members are
well-formed. A well-formed trait information tuple in a typing environment means that the
trait satisfies the side conditions as prescribed by the (trait) or (obj-trt) rule. The rules in the
figure also include translations to corresponding RustIn environments.

We first show that well-typed MiniRust terms translate to well-typed RustIn terms and

the types of both terms are also related by translation.

Theorem 7.1 (Translation of terms preserves well-typedness). If:
e I'|OFe:T~eland
e T'|Okyr1~1land
* ([,0) ~ (Q4T,

then QU | Tt | @ bpet:Tl

The subscript T in Qf | T | @ -1 e? : 7! signals that we are referring to a RustIn judgment
(specifically the well-typed terms judgment in figure 6.4).
We then show that well-typed MiniRust items translate to well-typed RustIn items:
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I'OFT~ QT | (Well-formed typing environments)

TOFT ~ (QF,TY
(T'y) (rx)
'Ok @~ (p,9) ['OFT,X ~ (QF(T, X))

TIOFT ~(QI T T |OFypo~ot
T'OFT, x:0~(QF, It x:0%)

(I'var)

TIOFT ~(Q, T T,X;|0kFyp1;i~1!

T1OFI,S (X)) {7}~ (QF,8 (X)) {x; : 7D, TY))

(I'sct)

T1OF T ~ (Q!,T?) X, = Self,X; T,X, |0,8elf: D (X;) yr Self: fs ~ (t,05)
I,X,10,8elf:D(X;) Fwe Ap Xp) : fa~ (thowa)  (F:YXp, Xp.(Self:D(X;), 7)) =>1)eT
(VX ,.(Self: D (X;)) = Self : fs ~ _ ) €O (VX ,.(Self:D(X;)) = Ap(Xp):Ba~_ )EO
I,X,10,8elf:D(X;) bwe VX =>T~0" Q' =0, SpXp)f :0%,x5 :78,%0 : 74}, Ap (Xp)

(T'trt)

I'|OFT’,(D(X;)where 7, Self : Bs ~ x5,A : P ~= Xa, f,0bj) ~ (QF, T?)

I'OFO~ QLT | (Well-formed constraint environments)

©2) ©0) F|®|—®’W(Qt,rt> F|®FWF0W(Ut,19)
0]
ok g, TOFO,6~ (x,c))~ {(Q,c:9),(IT,x: ob))

(T,0) ~ (QF, 0| (Well-formed environments)

T[OFT~(QL,TY)  TOF 0~ (QL,Th)
Q' =040} r‘=T¢,T}

(T,0) ~(Q',0")

(tr-envs)

Figure 7.8: MiniRust: well-formed environments with translation

Theorem 7.2 (Translation of items preserves well-typedness). Suppose I T and ®' < ©.
IfT|@Fitem :T" | © ~ item! and (T,0) ~ (QF,T*)

then there are some Qtl,Qg,Ftl,Fg,Q_ﬁ,F_f such that :

T1OF T~ (QL,TY),

IO+ 6 ~ (Qh,0),

QT I—Titemf : QE | Ff,
. Q_§= Q4,0% and

t_1t 1
It =T¢,T%,
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Finally, we show that well-typed MiniRust programs translate to well-typed RustIn pro-
grams and that their resulting environments are related by the translation rules in figure
7.8.

Theorem 7.3 (Translation of programs preserves well-typedness). If -p pgm ~ pgm! :T' | ©
and then there are some Q! Tt such that (I',0) ~ (Q! Ty and F7 pgm! : Q! | T

Proofs of the above theorems can be found in appendix B.

7.8 Discussion

7.8.1 Type safety of MiniRust

To prove that well-typed MiniRust programs are type-safe, we must show that their RustIn
translations satisfy the requirements for type safety, as defined in theorem 6.3. One of those
requirements is that the top-level items must include a function main of type fn() — (), which
we already enforce in MiniRust. Another requirement is that the top-level environment Q’
produced in F7 pgm! : Q! | T must be consistent, as specified in definition 6.4. One necessary
condition for consistency is that source programs should not have overlapping impls. We

discuss impl overlap and how it may affect consistency in the next chapter.

7.8.2 Monomorphization

As mentioned in chapter 2, to prevent traits and generics-based abstractions from introduc-
ing runtime overhead in Rust, generic items are monomorphized at compile-time, i.e., the
compiler performs a translation pass on the program where generic items are translated to
their monomorphic versions based on types with which they are used in the program. Our
formalization of the runtime semantics of MiniRust, through a translation to an internal
language where dictionaries corresponding to traits are passed around at runtime, is quite
different from the Rust compilation model. While our specification of the operational seman-
tics of MiniRust programs does not reflect Rust’s runtime cost model, through evidence-based
translation we are able to reason more clearly about the modular qualities of traits and about
type safety of programs with traits. In particular, the trait dictionary structure gives us a
clear insight into what is required for a type to implement a trait. We conjecture, however,
that trait dictionaries in RustIn programs can still be compiled away and that RustIn generic
items can be monomorphized similarly to the monomorphization process in Rust. As such,
RustIn can serve as an intermediate language between MiniRust and some other monomor-

phic target language.
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Chapter 8

Coherence

As we discussed in the previous chapter, in languages with type-based overloading, such as
Rust, the operational meaning of a term may depend on its type. It is common to define
the operational semantics of such languages in terms of a type-based translation to a target
language where the overloads have already been resolved, as we have done in this thesis.
However, if the type system is non-deterministic, in the sense that it allows a term to have
different types, then such a term may produce different translations.

Coherence is a property of a type system where the meaning of a term does not depend on
the way it was type-checked [10]. Therefore, in a coherent type system, a program with two
different typing derivations, once evaluated, should produce the same observable result. It is
a desirable property, especially in a system focused on predictability.

The type system of MiniRust, in the absence of restrictions, is in fact incoherent. For in-
stance, an ambiguous trait function call, where the arguments provided to the trait function
do not provide enough information to determine the trait parameter instantiations used in
the call, can result in not knowing which impl to use to resolve it. For example, consider the

following two traits (using Rust syntax):

trait FromString {
fn from_str(String) -> Self

trait ToString {
fn to_str(self) -> String

Suppose that both FromString and ToString have implementations for floats f64 and

integers i32. Then, in the variable declaration

let x = to_str(from_str(”5"));
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we know that x has type String but there is no way to know which implementations of
from_str and to_str are to be used.

Ambiguity problems like the above can be solved by simply requiring the programmer to
provide type annotations (in Rust, from_str has to be called using the explicit UFCS, since it
is not a method). However, if there is ambiguity in impl matching that is due to overlapping
impl declarations, type annotations cannot solve the problem. Consider the following two

impls of FromString:

impl<T> FromString for T { ... }
impl FromString for f64 { ... }

The first impl is a blanket impl: it implements FromString for all types. Thus, the following
call to from_str:

let y: String = ...
let x: f64 = from_str(y);

is ambiguous as both implementations of from_str can be used to resolve it. Therefore,
Rust includes rules that ensure trait coherence: that for every concrete instantiation of trait
parameters there is at most one matching impl.

In the context of the subset of Rust formalized in MiniRust, where programs do not in-
clude external library dependencies, this simply means that we must not allow overlap in
impl declarations. Specifically, for any given two impls that produce constraint schemes
= V)Tln_J = 71 and Oy = V)Tk.n_z = 79 we must ensure that there is no type substitution
¢ = [u/X] that maps type variables to types such that ¢(r1) = Pp(me) and T' | O I () for all
n € {n;,m;}, where I' and © are the top-level typing and constraint environments respectively.

However, in the presence of library dependencies, traits and impls from external crates—
Rust compilation units, which can be libraries—come into scope. If we want library writers to
safely extend their crates without introducing incoherence in their user crates, while allowing
users to implement external traits, more care must be taken to ensure trait coherence. In
this chapter, we consider the current rules that are meant to ensure trait coherence in Rust
in the presence of external crate dependencies. We extend the type system of NanoRust,
presented in chapter 3, with crates and we adapt the Rust trait coherence rules to our model.
We then show that the rules satisfy the guarantees that they are set to satisfy. Finally,
we briefly discuss the pieces needed to extend our theorems and proofs to MiniRust and we
discuss the role of trait coherence in proving type safety of MiniRust. Note that in our formal
development in this chapter we disregard supertrait constraint schemes generated by trait

declarations. We discuss their implications on trait coherence in section 8.4.
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8.1 Crates and trait coherence

Crates are the compilation units in Rust. A crate is usually either a library crate or an
executable crate that is compiled to a binary. The programmer can declare a dependency on

an external crate by declaring

extern crate my_lib;

at the top of the program, where my_lib is the name of the crate used.
To access an item of an external crate, we specify the path to the item that includes the

crate name. For example, we write

let x = my_lib::1ib_function();

to call the function 1ib_function declared in the my_1lib crate.

When we declare a dependency on an external crate, all traits and impls from that crate
come into scope. This means that, even though the imported crate does not contain over-
lapping impls, the impls declared in that crate could overlap with impls from other crates
that are in scope. Suppose the trait ToString is declared in the standard library crate but it
doesn’t have any impls. Then suppose that we have two library crates 1ib1 and 1ib2, both

dependent on the standard library:

lib1 lib2
fn lib1_function() { ... } fn 1lib2_function() { ... }
impl ToString for i32 { ... } | impl ToString for i32 { ... }

If we want to use both 1ib1_function and 1ib2_function in our code, we have to import
both 1ib1 and 1ib2 and thus we would have two conflicting implementations of ToString for
i32.

As such, Rust enforces trait coherence rules, in the form of an overlap check and an or-
phan rule. The orphan rule effectively restricts the impls that can be declared in a crate. The
general idea behind the rule is that an orphan impl—an impl that implements an external
trait—can only be implemented for some local type (a type declared in the impl’s local crate).
The goal of the orphan rule, along with the overlap check, is to make sure that crate de-
pendencies can be added safely, without causing impl overlap. Moreover, the trait coherence
rules are designed in a way that is meant to give library writers the freedom to add non-
blanket impls without breaking any downstream crates—crates that depend on the library.

The trait coherence rules in Rust, including the orphan rule, are documented in [2].
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8.2 NanoRust with crates

We now introduce crates to the type system of NanoRust. K € CRATE ranges over crate

names. We introduce a new crate environment I1 defined as follows:
Mu=ILK: ({K;},I,0) | ¢

The tuple ({K;},T,©) represents the contents of a crate. Specifically, it includes a set of crate
identifiers K; that are imported by the crate, and it includes local environments I',© repre-
senting the impls and typings of the items declared in the crate. The crate environment IT is
then a set of bindings of crate identifiers to their tuples.

To facilitate reasoning about typing and constraint environments that span multiple

crates we will use the following metafunctions:

tenv (I, K) = tenv (IL K;) , T where TI(K) = (K;},T, ©)
cenv (I, K) = cenv (IL K;) ,© where [I(K) = (K;},T, ©)
Itenv(ILLK)=T where I1(K) = ({E},F,@)
lcenv (I,K) =0 where II(K) = ({K;},T,0)

The functions tenv (I1,K) and cenv (I1, K) respectively output the typing and constraint
environments that are in scope in crate K, including the environments of K’s ancestor crates.
The functions ltenv (I, K) and lIecenv (I1,K), on the other hand, respectively output the typing
and constraint environments local to the trait K—environments that describe items declared
directly in the crate K.

Note that the metafunctions tenv (I1,K) and cenv (I1,K) are recursive. To ensure that
they are well-founded or terminating, we restrict I to not have any circular crate dependen-
cies. We will maintain this restriction on crate environments throughout this chapter.

To help us reason about crate dependencies, we introduce a crate dependency relation
1+ K, E K9, which we read as “crate K7 is dependent on crate K9 under crate environment

I1T”. We define the relation formally as follows:

(Ky: <{I_{7K2}7ra®>)€r[ K € dom(II) [IFK{=K;3 [NFK3= Koy
[FKi=Ky [IFKCZK INFKi=Ky

The restriction on circular crate dependencies can then be stated formally as follows: “if
[MIFK{= Ky and IT- K9 E K7 then K1 = K5”.

We can extend the syntax of programs in NanoRust to include crate importing statements:

pgm ::=extern K; item
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Figure 8.1: Helper relations

A program, which is also a crate, then consists of extern statements, which declare dependen-
cies on some external crates K, and a collection of items. To reflect the change in the program
syntax, we adapt the NanoRust program typing relation - pgm : T | ©® to use the crate envi-
ronment II. We can read the new relation, IT - K> pgm : I, as “under crate environment
I, the crate K corresponding to program pgm produces a crate environment IT"””. We use a

single rule to define the relation:

T[OFitem;:1;10; T'=tenv(IL,K,)',T; ©=cenv(LK,),0;

(pgm)

1+ K> extern K;; item; : [K : ({K},T;,0;)]

The rule is similar to the original NanoRust program typing rule in figure 3.4. The typing
and constraint environments I',®, used in the item typing premises, include the environ-
ments from the imported crates ITJ . The output of the (pgm) rule is a binding of the current
crate identifier K to its tuple, which contains the identifiers of the imported crates and the
local environments corresponding to the items in K.

Our extension to NanoRust does not include paths that qualify references to items from
external crates (e.g. crate_name: :function()). We simply assume that all items in all crates

in IT have unique identifiers.

8.3 Trait coherence in NanoRust with crates

The mechanism that ensures trait coherence in Rust consists of two parts: the orphan rule
and the overlap check. Roughly speaking, the orphan rule ensures that an impl doesn’t
implement a non-local trait for a non-local type.

We first define a local type as a type of a struct declared in the local crate or a reference
to a local type. We present the definition in the relation Il K> 7, which we read as “under

crate environment I1, the type 7 is local to crate K”. The relation is defined as follows:

Itenv(ILK)+ S N K>t
(I-struct) — (I-ref)
e K>S (T;) M K> &1

The rule (I-struct) uses in its premise the helper relation I' - S, defined in figure 8.1, which
proves that the struct S is in scope of the typing environment I'.

We can now state the orphan rule for NanoRust with crates:
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Definition 8.1 (Orphan rule). Under crate environment I, a constraint 79 : D(11,...,Tpn)

obeys the orphan rule with respect to crate K if either:

e trait D is local to crate K, or

® thereisatype 1y, inl19,71,...,Tylsuch that Il Fyr K> 11 and, for all types T; that precede

T in the above sequence, FV(T;) = ¢.
We can restate the above definition as a relation I1 o K> 7 defined below:

ltenv(I1,K)-D K>t
(orphl) — (orph2) —
MMtorg K>1:D(T5) IMkor K>1:D<(T3)

HFLTKDT FV(T07T_i):¢
Mtor K>710:D(74,7,7;)

(orph3)

The side condition in rule (orphl) uses a helper relation, defined in figure 8.1, that ensures
that the trait D is in scope of the local typing environment of crate K.

We say that a constraint scheme V7;.7; = 7 obeys the orphan rule with respect to some
crate K if and only if its end constraint 7= obeys the orphan rule with respect to K. It is also
worth noting that we are not keeping track of free type variables in scope—we simply don’t
need to.

The other component of the trait coherence system in Rust is the overlap check, which
ensures that two impls don’t overlap. In Rust, whenever an impl is declared in some crate
K, the overlap check verifies that the impl doesn’t overlap with any other impls that are in
scope. When checking for overlap, if there is a trait parameter instantiation that unifies the
two impls, we must verify the constraints in both impls’ where-clauses to ensure that at least
one of them is not satisfied. The constraint satisfaction check used to do so is strictly more
permissive than the one used for resolving trait method calls (whose corresponding constraint
entailment relation in NanoRust is presented in figure 3.2). In particular, we assume that
constraints that do not satisfy the orphan rule for the current crate are satisfied, because the
crate in which the constraint satisfies the orphan rule, could add a corresponding impl in the
future. Similarly, blanket constraints—which are, roughly speaking, trait constraints where
at least one trait parameter is a type variable—are considered satisfied as well. Consider the
following pair of impls:

impl<T> MyTrait for T where T: Foo { ... }
impl<T> MyTrait for T where T: Bar { ... }

To conclude that the above two impls don’t overlap, we would have to prove that the traits
Foo and Bar are mutually exclusive—that there is no type 7 such that both 7:Foo and 7 :Bar
are satisfied. There is no way to guarantee that no external crate will implement both Foo

and Bar for the same type, so the above two impls are considered overlapping.
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We formalize constraint satisfaction in the context of an overlap check in a new crate-
aware constraint entailment relation. Before we present the new constraint entailment rules,

we introduce a new syntactic set B € BLANKETTYPE defined as follows:
B:=T|&B

A blanket type is thus a type variable or a reference to a blanket type. We then define the

new crate-aware constraint entailment relation IT| © |- K > 7 below:

_ —j
VT, 7 =>n€® T|OIFK>[7,/T;n;

(cons) (blanket1) —
M0 K>[7,/T;1n M|OIFK>B:D )
I1 VOR K>n
(blanket2) ——— (orphan)
INe+-Ker:D(T;,B,7;) [NoerKesnx

The relation is parameterized by the local crate K. In rule (orphan), t#or denotes the
complement of For. Note that the set of constraints entailed in this relation, with respect to
some constraint environment O, is a strict superset of the set of constraints entailed in the

NanoRust constraint entailment relation from figure 3.2:
Theorem 8.1. If ' | O 1 then I1| O I K> 7 for any crate environment Il and crate K.

Proof. Straightforward induction on derivations I' | ® IF- 7. O
We can now formally state the definition of non-overlapping impls:

Definition 8.2 (Non-overlapping impls).
Given two impls with corresponding constraint schemes:
01 = Vﬁn_J = 11 €lecenv (I1, K1) and
09 =VT},. 7] = 72 € leenv (I1, Ks),
we say that 01 and 02 don’t overlap under 11,0 iff for each type substitution ¢ = [/T1 such that
P(1) = Pp(m2), there is a constraint n € {w;,7;} such that 11| © ¥ K> ¢() where
K, if I K1 Ko
K={K, if I Ko =Ky

any K € dom(Il) otherwise
and W is the complement of II-.

The above definition of non-overlapping impls aims to capture what the overlap check
in Rust is doing. Of particular note is that the overlap check in Rust only considers pairs
of impls declared in crates that are related to one another: the overlap check compares an
impl in crate K with impls that are in crates that K depends on. Our definition, however,

also lets us reason about impls declared in unrelated crates (crates that do not depend on
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one another). In such cases, there is no clear ‘local’ crate K to consider when invoking the
constraint entailment relation I1 | ® IF K> . It turns out, as we will show in the proof
of theorem 8.2, that we do not need to decide which K to use as if impls represented by
Vﬁn_J = 711 and VT}.7] = mg come from unrelated crates then there is no substitution 0]
such that ¢(1) = ¢(2).

Finally, we define a consistent crate below.

Definition 8.3 (Consistent crates). Suppose (K : UK}, Tk, 0x) € IL
Let © =cenv (II,K) and I' = tenv (I1,K). Crate K is consistent in the crate environment I1 iff

1. each crate K' € Iz is consistent in I1,
2. (I',0) are well-formed,

3. every impl in O obeys the orphan rule with respect to crate K,
ie,if VT.T = n) €Ok then o K> 7, and

4. for all pairs of impl constraint schemes in O, there is no overlap under 1,0 according to
definition 8.2,

By saying that (I',®) are well-formed, we mean that each member of the environments
is well-formed with respect to I' (similarly to the well-formed environments judgment in
MiniRust presented in chapter 7). An important insight from the above definition is that
there are no overlapping impls in the scope of a consistent crate.

One purpose of the trait coherence rules is to ensure that importing one or more crate

will not cause overlapping impls. The following theorem formalizes that guarantee:
Theorem 8.2 (Trait coherence). Suppose:

e (K:({K,},Tk,0k)) €Tl

each crate K' € K, is consistent in I1,

(tenv (I1,K),cenv (I1, K)) well-formed,
* cvery impl in Og obeys the orphan rule w.rt. crate K, and

* for every pair of impl constraints schemes 61 € Og and 6 € cenv (I, K),
61 and 02 don’t overlap under Il and cenv (I1,K).

Then K is consistent in II.
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The above theorem tells us that, given a crate K that depends on crates K, if each crate in
K, is consistent and if the impls in K don’t overlap with any impls in K, then K is consistent.
Specifically, the theorem guarantees that linking to consistent crates from a consistent crate
maintains trait coherence.

Another purpose of the trait coherence rules is to give some flexibility for library crates to
add impls without introducing overlap in their user crates. The only additional restriction on
the new impls (in addition to not causing overlap in the scope of K and satisfying the orphan
rule) is that they cannot be blanket impls, that is, none of their trait parameter instantiations

can be blanket types. The following theorem states that guarantee formally:

Theorem 8.3 (Crate extensibility). Let K be a consistent crate under I1 where

I=1"U{K : {K;},Tk,Ox)}. Then let II' = [K'/KIIT" U{K" : ({K,},Tk,0x U{01})} where K' is
consistent in I1' and 0 = VT_kﬂ'_J = 11 :D(T1,) with T ¢ BLANKETTYPE for each T € {11,T1,}-
Then, for each crate K1 such that II' - K1 € K', if K1 is consistent under Il, then it is also

consistent under I1'.

The proofs of both of the above theorems can be found in the appendix.

8.4 Coherence and type safety of MiniRust

Our development of the trait coherence system in this chapter is based on a fairly simple type
system. In particular, the system does not include associated types, trait objects or propa-
gated trait constraints (supertrait constraints and associated type constraints). To ensure
that the properties proven in this chapter hold in MiniRust, the work should be extended to
account for those additional features. In this section we present a brief discussion of what

such extensions might entail.

Associated types

One way to handle associated types in an impl header is to treat them as type variables. An
associated type, whose type parameters do not provide sufficient information so that it can
be matched to a specific impl, could potentially be normalized to any type, local or otherwise.
That is also the approach taken in the current Rust implementation. However, one could
consider ways to relax the coherence rules in relation to associated types. For instance, it

would seem reasonable to allow the following two impls to coexist:

impl<T> IteratorWrapper for T where T: Iterator<Item
impl<T> IteratorWrapper for T where T: Iterator<Item

i3> { ... }
char> { ... }

The current coherence rules do not allow these impls to coexist as they are both constrained

by blanket impls, so they are deemed to overlap. However, as long as Iterator does not
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have overlapping impls, then there is no type 7 such that both 7:Iterator<Item = i32>and
7:Iterator<Item = char> are true.

Also, the formalization would need to account for type equalities introduced in MicroRust.
For example, in determining whether two constraints 71,79 are unifiable, i.e., that there
exists a substitution ¢ such that ¢(r1) = ¢p(r2), we would rather have to use type equality
of the two constraints. Concretely, we would state that the two constraints 7; and m9 are
unifiable if and only if there is some substitution ¢ such that ¢(r1) is type parameter-wise

equivalent to ¢(m2).

Trait objects

Adding support for trait objects should be relatively straightforward. A trait descriptor
3T.D (u,u1; ~ug;) would simply be considered a local type in the crate in which the trait
D is declared (as is the case in Rust [2]). The trait object constraint schemes generated by
the object-safe trait declarations should also be included in the overlap check to ensure that

the programmer doesn’t implement an object-safe trait for its trait descriptor type manually.

Coherence in MiniRust

So far, in our presentation in this chapter, we have assumed that the top-level environment ©
only contains constraint schemes generated by impl declarations. We have effectively ignored
propagated constraint schemes—which represent supertrait constraints and associated type
constraints—generated by trait declarations. Clearly, if we take such constraints into con-
sideration, we get overlapping constraints. For example, consider the following traits and
impls:

trait Eq { ... }
trait Ord: Eq { ... }

impl Eq for i32 { ... }
impl Ord for i32 { ... }

We have two traits: Eq and Ord, where Eq is a supertrait of Ord. We also have implementations
of both traits for the type i32. Typing the above items in NanoRust would populate the

constraint environment © with the following constraint schemes:
e VT.T:0rd= T :Eq from the trait declaration of Ord,
® i32:Eqfrom the impl of Eq for 132, and

® 132:0rd from the impl of Ord for i32.
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It is clear that the constraint scheme VT.T :0rd = T : Eq overlaps with 132 :Eq when T is
instantiated with i32. When we consider the dictionary translation of those constraints to
RustIn, we realize that the supertrait constraint scheme V7.7 : Ord = T :Eq is a function that
takes a dictionary of Ord and returns the dictionary of Eq contained within. The dictionary of
Eq is however the same as the dictionary corresponding to the constraint i32 :Eq. Therefore,
even though there are two ways to solve the constraint 132 :Eq, both ways result in the same
runtime semantics.

Thus, to prove trait coherence in MiniRust in the presence of supertrait and associated
type constraints, we would have to show that different translations of any given constraint
7 produce the same result at runtime. In general, to prove type system coherence, we would
prove that all possible translations of a well-typed MiniRust term e to RustIn produce the
same result at runtime. Note, however, that in the presence of coercions, it is not sufficient
to show that both translations evaluate to the same value. For example, given a constraint
translation environment © that contains the entry i32 :MyTrait (A — bool) ~» (x,c), even a
very simple term like true can be translated to true or true » sym coc. The only difference
between the two resulting terms is the coercion sym co ¢ in the second term, however, as we
established in the presentation of RustIn in chapter 6, coercions do not have any computation
associated with them. Therefore, to assess equivalence of runtime semantics of two terms,

we would have to ‘erase’ coercions from their resulting values.

Type safety of MiniRust

Recall that the proof of type safety of RustIn in chapter 6 relies on the consistency of top-level
type equality axioms—meaning that no nonsensical type equalities such as 132 ~ bool can be
derived from them. We believe that ensuring trait coherence in a MiniRust program would be
sufficient to conclude that the equality axioms, resulting from the translation of the program,
are used consistently in the resulting RustIn program, i.e., even if the axioms are inconsistent
by themselves, their corresponding coercion constants are only instantiated in a way that
does not introduce inconsistency (so we would never actually use an equality like 132 ~ bool
in the program). We motivate our intuition by the fact that associated type instantiations,
which are the source of RustIn type equality axioms, come from impl declarations, which we
can prove beforehand to be non-overlapping. To complete the proof of type safety of MiniRust
we would need to prove that claim.

For instance, consider the two non-overlapping impls below:

impl Foo for bool { type A = char; }
impl<T> Foo for T where MyStruct<T>: Bar { type A = i32; }
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Their translation produces the following type equality axioms in RustIn:

axiom ¢1 : A (bool) — char;
axiom cg:VT.A(T)— i32;

we would need to show that, in the RustIn program, the coercion constant cg is never instan-
tiated with bool and that this is sufficient to maintain type safety in RustIn. We leave such

development for future work.
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Chapter 9

Limitations & future work

In this chapter we discuss limitations of the work presented in this thesis and possible future

work.

9.1 Limitations

9.1.1 Trait features

As discussed in sections 3.2.1 and 4.1.1, each MiniRust trait has exactly one trait function
and one associated type, while Rust allows an arbitrary number of trait methods and associ-
ated types. We also do not allow trait constraints to include instantiations of supertrait asso-
ciated types (as mentioned in section 4.1.2). As discussed in section 5.1.2, in a MiniRust trait
parameterized by Selfy, a trait function cannot constrain its Self type variable to be an s-type
(or Sized). Compared to Rust, this restricts the set of traits that MiniRust accepts as object-
safe. In fact, Rust allows object-safe traits to include methods whose receiver is self (and not
a pointer to self). Such methods are implicitly qualified by the constraint Self: Sized and
they cannot be called on trait types, since trait types (descriptors in MiniRust) are dynami-
cally sized and don’t satisfy the constraint (the constraint Self: Sized may also be explicitly

added by the programmer to a trait method).

9.1.2 Type safety

There is more work to be done to fully ensure type safety of MiniRust. Specifically, we need to
show that well-typed MiniRust programs translate to RustIn programs that have consistent
top-level type equality axioms, as we discussed in section 8.4. Moreover, our type safety
proof relies on a translation to a hypothetical internal language, where trait constraints are
translated to dictionaries, while in the Rust compilation model, trait constraints are compiled

away through monomorphization. We believe that MiniRust programs translated to RustIn
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can still be monomorphized while maintaining their runtime semantics, as the dictionaries

can be optimized away [21]. As future work we would formally verify this claim.

9.1.3 Constraint entailment

Furthermore, constraints are resolved differently in Rust than in MiniRust. For instance,

given an impl:
impl<T> MyTrait for T where T: MyTrait { ... }

if we try to solve the constraint i32: MyTrait in MiniRust, we would end up with an infinite
derivation tree and type-checking would not terminate. On the other hand, Rust accepts this
constraint (and any other constraint T: MyTrait for any type T) because the compiler can de-
termine that the constraint i32: MyTrait is “self-supporting”. A coinductive definition of the
constraint entailment judgment would permit such cyclic derivation trees, which can prove
satisfaction of the constraint. As future work we can explore the implications of resolving
constraints coinductively on the semantics of MiniRust and on the metatheory presented in
this thesis.

9.2 Towards an implementation of MiniRust

The type system of MiniRust presented in this thesis is a formal declaration of what consti-
tutes a well-typed term or program. As we’ve discussed in the preceding chapter, it may allow
multiple ways to type a program: there may be more than one valid type for a given term and
there may be multiple typing derivations for a particular type assignment. The typing rules
also involve a fair amount of guesswork, where types and type parameter instantiations have
to be ‘guessed’ at certain points.

To implement the type system, we need an algorithm that provides a decidable and com-
plete procedure for typing MiniRust programs. Such an algorithmic specification of the type
system must be able to infer the correct types in the case of missing type annotations. For
instance, we might adapt the type inference algorithm developed by Jones [20], which ex-
tends Algorithm W—a unification-based type inference procedure for the Hindley-Milner type
system [14]—with predicates. To infer types of terms, the algorithm generates and solves
type equality constraints involving new type variables that stand in for unknown types.
Chakravarty et al. [12] extend the algorithm to incorporate type equality constraints arising
from associated type synonyms in Haskell. Additionally, we can incorporate bidirectional
type-checking to make use of the type annotations in programs and combine type-checking
with inference [30]. In bidirectional type systems, typing rules are stratified into checking

and synthesizing rules: checking rules verify that a term can be given a particular type and
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synthesizing rules infer the type of a term. As such they provide a direction that a type-
checker can take in typing a program. Bidirectional type systems have also been shown to be
easy to implement and provide better error messages than purely synthesis-based algorithms
[26].

An algorithmic specification of the type system should ideally be sound with respect to the
declarative system, meaning that the type assignments determined by the algorithm should
also correspond to valid typings in the declarative type system. Another desirable property
of a type-checking or inference algorithm is its completeness with respect to the type system,
meaning that if a term has a valid type under the type system, then the algorithm infers
it. However, this property is more difficult to achieve in cases where the type system allows
different types for a term. If the type system is coherent, it might be possible to set some
restrictions on source programs (e.g. require type annotations on certain terms), for which a
complete type-checking algorithm would be possible.!

A sound, complete and decidable algorithm can thus be used to implement the type sys-
tem. A major advantage of an implementation is that, while the type system of MiniRust and
the related formalization presented in this thesis help us reason about well-typed programs,
an implementation of the type system enables us to empirically investigate whether the type

system accepts the programs that the language designers intended to accept.

9.3 Possible extensions

There are a number of extensions that we can include in MiniRust to bring it closer to the

actual Rust language.

More trait features

Our presentation of traits does not cover the entire feature set of Rust traits. In particular,
we do not model default trait methods and associated constants.

A default trait method provides an implementation of a trait method inside a trait decla-
ration. Impls of the trait can use that default implementation unless they explicitly override
it. To add support for default methods to our formalization, we can simply copy the default
method’s implementation from the trait declaration to an impl that does not override it.

Associated constants should be straightforward to include as well: they would simply in-
volve including a typed variable declaration in the trait declaration, which would be assigned

to some value in an impl.

LCompleteness of a type inference algorithm may also mean that the algorithm infers a principal type for each
term: a type that generalizes all possible types that a term can be given under the declaration of the type system
[14, 201.
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Lifetimes

The subset of Rust examined in this thesis does not include any of the type system features
that help ensure memory safety. For instance, we do not have mutability qualifiers for vari-
ables and references, and we do not adapt the ownership model. Our model also does not
include lifetimes, based on research in region-based memory-management [19, 39]. Lifetimes
are of particular interest in the study of traits because in Rust, traits and impls can also be
parameterized by lifetimes.

In Rust, every piece of data on the stack has a lifetime. Also, the type of a reference to a

value is parameterized by that value’s lifetime. Consider the following expression:
y = &x;

Suppose that x has lifetime 'a and y has lifetime 'b. For y to be well-typed, the lifetime
'b must be at least as long as 'a. If x is an 132, then the type of y is parameterized by its
lifetime: &'a i32.

In Rust, all items that can be generic—parameterized over types—can also be parame-
terized over lifetimes. For example, the following struct is parameterized by the lifetime 'a

of its enclosed reference:

struct IntPointer<'a> {
x: &'a i32

We can then have impls parameterized by lifetimes:

impl<'a> Eq for IntPointer<'a> {
fn eq(&self, &IntPointer<'a>) { ... }

To add lifetimes to MiniRust, we can extend the meta-variable X, which ranges over type
variables, to also range over lifetime variables R, as done in the work on Cyclone [19]. In
that sense, lifetimes are treated similarly to types. Rust also includes lifetime bounds in
where-clauses. They take the form 'a: 'b, which we can read as “the lifetime 'a is at least
as long as the lifetime 'b”. This gives rise to a subtyping relation on types. For example, if
'a outlives 'b then we can say that &'a 132 is a subtype of &'b i32.

We expect interesting questions to arise from the formalization of the lifetime system, es-
pecially with regards to associated types, trait objects and higher-rank trait bounds [3]—trait
bounds universally quantified over lifetimes. Moreover, we can explore how our development
of traits can be combined with other existing work on the Rust type system focusing on the

memory safety features [31].
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Closures

A closure in Rust is an anonymous function that captures variables from its surrounding
environment. Closures are implemented in the Rust compiler as structs that contain the
variables from the enclosing scope. Each such closure implements one or more traits from the
Fn family of traits: Fn, FnMut or FnOnce, depending on whether a closure has mutable access
to its environment and if it can be called more than once. Each closure has a singleton type:
a type that classifies only a single term. The name of the type of a closure is not available to
the programmer—the only thing we know about such a type is that it implements some Fn*
trait(s). As such, generics and traits are a fundamental part of programming with closures.

Consider the following example:

fn apply<T, F>(x: T, f: F) > T
where F: Fn(T) > T {
f(x)

In the above example, F is a type variable representing the type of the closure F. The trait
bound Fn(T) -> T tells us that the closure takes a value of type T and returns a value of
type T. In the body of the function, the call f(x) is actually syntactic sugar for a trait method
call, f.call(x). Explicitly named functions, which we have seen throughout the thesis, also
implement the Fn trait and can be used in place of closures in a generic function.

As closures are implemented using traits, they can also take advantage of dynamic dis-

patch through trait objects. In particular, trait objects allow functions to return closures:

fn add_closure(x: i32) -> Box<Fn(i32) -> i32> {
Box::new(move |y| x + y)

3

In the above example, the function add_closure takes an argument x and returns a closure
that takes an argument y and returns the sum of x and y. The return value of add_closure
is a trait object (Box is a heap pointer in Rust and can also be used to create trait objects,
whose enclosed values are stored on the heap). The keyword move in the body of the function
states that the closure |y| x + y moves the variables from its surrounding environment into

the closure, instead of borrowing them (capturing the surrounding variables by reference).

9.4 Rust language extensions

Rust is a language under constant development. The designers of the language are continu-
ously looking to improve the language and to add new features that can increase expressive-

ness.
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For instance, a proposed feature related to traits is impl specialization [4]. Impl special-
ization would allow users to declare overlapping impls, as long as one impl is more specific
than another, given some definition of a ‘more specific than’ relation on constraints. Imple-
menting such a feature in MiniRust would require a significant change to the constraint en-
tailment relation: in the rules that define the constraint entailment relation we would need
to reason about constraints that are not entailed. For example, to show that a constraint = is
satisfied by an impl A, we must prove that there is no impl B that also satisfies 7 and is more
specific than A. This means that, to prove that A satisfies 7, we must enumerate all ways to
satisfy 7. In consequence, while defining the constraint entailment relation, we would need
to reason about all the members of that same relation that we are defining. Unfortunately,
such a relation is not well-defined. One way to resolve this could be to use iterated inductive
definitions [23], which let us stratify the constraint entailment relation into multiple levels
corresponding to the level of specialization of the impl used to resolve the constraint. This
way, in the definition of a relation at level n, we only need to know about members of relations

at levels m where m < n.
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Chapter 10

Related work

There has already been work on formalizing a subset of the type system of Rust’s type system
focusing on the features that ensure memory safety, such as lifetimes, and the ownership
and borrowing system [31]. The formalization, however, does not include traits. It would be
interesting to combine the two models, particularly to examine the relationship between the
memory safety-related features and traits.

The term trait has generally been used in object-oriented programming languages such
as Smalltalk [32] and Scala [25]. In those cases, a trait is a composable unit of behavior that
provides and requires functionality for/from classes that implement the trait. Rust traits are
similar in nature, however, they are not associated with objects or classes and they can be
implemented for any type. As such, Rust traits are more closely related to fype classes in
Haskell [40].

The formal presentation of Rust’s type system in this thesis is also based on work on
Haskell, particularly on the qualified types framework developed by Jones [20]. In [24],
Odersky et al. provide another framework for Hindley-Milner type systems with constraints,
called HM(X), along with a type inference algorithm. Stuckey and Sulzmann [37] combine
HM(X) with constraint-handling rules [17] to provide a formal basis for type systems with
ad-hoc polymorphism (or overloading).

Associated types in Rust are also similar to associated type synonyms in Haskell, first
proposed by Chakravarty et al. in [12]. Both represent type-level functions and introduce a
notion of type equality to their respective language. In one notable difference, Haskell func-
tions can be constrained by equality constraints, while such constraints have to be expressed
in extended trait bounds in Rust. Rust associated types are often viewed as output param-
eters of a trait and in that sense they bear similarities to Haskell’s functional dependencies
[22], which let the programmer declare dependency relationships between parameters of a
type class.

In our formalization, we also follow the Haskell implementation model for type classes.
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In particular, we use the dictionary-passing style for translating trait constraints. Our trans-
lation of associated types and equality constraints also mirrors the Haskell implementation,
based on System FC [38, 41]. This is in contrast with the Rust language implementation
where all type schemes are monomorphised. However, work by Jones [21] illustrates how
type class constraint dictionaries in the internal language can be optimized away, thus re-
moving the runtime overhead due to passing dictionaries around.

C++ templates bear some similarities to Rust generics. In particular, Rust’s way of
monomorphizing generics is inspired by the C++ implementation of templates, which are also
monomorphised. Unlike Rust generic functions, C++ function templates are not type-checked
before they are used—only the result of their instantiation is type-checked. Also, templates
rely on documentation and special encodings [1] to be constrained. There have been propos-
als to include concepts in C++ [18], which would serve as a type system for templates and
provide better error messages, bringing them closer to Rust’s trait system.

The Swift programming language [9] features protocols, which are also somewhat similar
to traits. A protocol specifies an interface for user-defined types (structs) and classes. The
interface can be implemented directly in the definition of the struct or class, or in an exten-
sion, which then acts similarly to a Rust impl. Protocols can be used to constrain generic
type variables, and they can be used as types, similarly to existential types and Rust’s trait
objects.

To ensure coherence and decidability of type inference, Haskell imposes more restrictions
than Rust on its type class instance declarations. However, the Haskell standard does not
prevent declaring orphan instances, which can cause coherence errors when linking to other
modules. There has been work that proposes to let the programmer explicitly determine the
scope of type class instances to ensure coherence, such as work by Dreyer et al. [15], which
attempts to unify ML modules with Haskell type classes.

In [35], Siek and Lumsdaine present a new language called G, focused on generic pro-
gramming. G features concepts, which are similar to Haskell type classes (and Rust traits),
and models, similar to type class instances (and Rust impls). G concepts also include asso-
ciated types. Models in G are lexically scoped, so two overlapping models can coexist in the
same program as long as their scopes don’t overlap. The core of the language, called FC,
which extends System F, is formalized in [34]. The work on G and F@ is also featured in
Siek’s PhD thesis [33].
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Chapter 11

Conclusion

In this thesis, we studied a subset of Rust’s type system, focusing on traits, which are the
cornerstone of Rust’s abstraction mechanism. Specifically, we developed a formal language,
MiniRust, which models a subset of Rust including features relevant to traits. The features
modeled include some advanced features of the trait mechanism such as supertraits, associ-
ated types and trait objects. Through the formalization process we have discovered corner
cases in the design of the language with regards to object safety of traits (the ability to cre-
ate trait objects). The formal model allowed us to determine very general conditions under
which object safety can be guaranteed. We also developed runtime semantics for MiniRust
through type-directed translation to an internal language, RustIn, which we proved type-
safe. We proved that the translation of MiniRust programs to RustIn preserves types, which
motivates our confidence in type safety of MiniRust. We also tackled the question of trait
coherence on a subset of MiniRust, proving that the coherence rules in Rust guarantee safe
linking to external libraries without breaking coherence and that they give programmers the
ability to safely extend their libraries without inducing impl overlap in user code.

We hope that our work proves useful in shining new light on Rust and in providing a
better understanding of Rust’s trait system. In particular, our model can be a useful tool for
reasoning about advanced features of traits (such as associated types and trait objects) as it
abstracts away the implementation details of the language and it elides other features not
covered in this thesis, both of which increase the language’s complexity. In particular, our for-
malization of trait objects and object safety can help language designers to clarify the object
safety requirements in Rust. As such, our work can inform the design and implementation
of the language. Moreover, the declarative specification of MiniRust developed in this thesis
can give rise to a corresponding type-checking algorithm. The algorithm, along with its pro-
totype implementation, focusing on the core parts of the language, can serve as a reference
point for the implementation of the Rust compiler.

Our model of Rust traits can also serve as a framework for exploring additional fea-
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tures, whether they are already present in the Rust (like closures and lifetimes) or they are
proposed future extensions (like higher-kinded types and impl specialization). We can thus
explore how those features interact with the trait system in the context of MiniRust. More-
over, the proofs presented in this thesis provide some confidence in the guarantees that Rust
strives to provide, such as type safety and trait coherence. Extending our model can thus
help us determine if those guarantees can also be satisfied in the presence of the proposed

extensions.
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Appendix A

Proof of type safety of Rustin

Definition 6.1. Let A, = {w |3l.u(l) =w}. In other words, A, is the image of p.
Define C, c A, x Ay as follows:

o u)Cp S lam i ln,x: 1,2, : 15}

e u) EﬂS W) lxm :ln,x:lxp L}y

Definition 6.2 (Well-typed store). We say that Q| I' | X+ u, meaning that the store pu is well
typed with respect to the environments Q,I" and the store typing X if

1. dom(u)=dom(Z) and
2. QIT|ZFu):Z(1) for every l € dom(u)

3. Cy is a well-founded relation on the set A, = {w | 3l.u(l) = w}, i.e, it has no infinite

descending chains.

Definition 6.3 (Constructed type). A constructed type is a type 1 that is of the form
0,8 @), fn(@) — 7,&u, AT,7,w), ¥X;.n or Yo;.1.

Definition 6.4 (Consistency of coercion environment Q). We say that Q is consistent if the
following hold.:

1. IfQFvy:S{u)y~nandnis a constructed type then n==S (E) for some u'.

2. If Qv : fn(T;) — T ~nand n is a constructed type then n = fn(T_;) — 1! for some T_;,T’ .
3. If QFy:&uq1 ~nand 1 is a constructed type then 1= &u'l for some u’1

4. If QFvy:@3T,7;,0;) ~n and n is a constructed type then n = (EIT,T_;,w_}) for some T_;,w_;

5. IfQFy:VX;.0 ~n where ) is any type, then ' =VX;.0' for some o'
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!

6. If QFy:Vw;.o ~n wheren is any type, then n' = Vw_;.a’ for some w_;,a .
Corollary A.1. Suppose consistent Q. If Qv :1 ~ 0 then o € STYPE.
Lemma A.1 (Inversion lemma for typing terms). The following are all true:

1. IfQ|T|ZFletx:T=eq ineg: 0 then there is some type Ty such that o = Tg
and QT |ZFer:t1and Q| T,x:7|ZFeg:Ts.

2. IfQITZFUv:=e):otheno=0and Q|T|ZF1v:v"and Q|T |ZFe: 1’ for some 7.

3. IfQIT|ZFe(e;):0then QT |ZFe:fn(T;))—>Tand Q|| ZFe; :7; and 0 =71 for some

Tand T;.

4. IfQIT|ZFfn(x;t1)e}:o then Q|T,x; 1, | ZFe: 1T and o = fn(T;) — T for some T.
5 IfQ|I'|ZFx:0 then (x:0)€el.

6. IfQIT'|ZF1:0then (l:0)€Z.

7. If Q|T |2+ &lv : 0, then there is some type T such that 0 =&t and Q|T |ZF1v:T.
8 IfQ|T |+ *e:o then there is some type T such that c =T and Q| |Z+e: &T.

9. If QT |ZFex:0 then Q|T|ZFe:S(uj) for some S and uj and

S ()Tj) {x;:0;,x:0", %, 01} €Q for some )Tj,x_i,@,a_i,a’,a_k and 0 =[u;/X;lo’.

10. IfQIT |2+ S {xitei}: 0 then S(X)) {xi o7} eQ,
QITl'Zke;:[uj/Xjlo; and o =S (uj) for some fj,a_i.

11. If QT |Z+ewy:0 then QFy:0' ~0 for some o' and QT |Z+e: 0.

12. If Q| T | X+ ey;eq : 0 then there are some types 11,Tg such that Q|I'|ZF e : 11, and
QIT|Z¢+eq:19, and 0 =Ts.

13. If Q|T |2+ let (T,x;) = unpack e1 in eg : 0 then there are some T,7;, such that
QIT|ZFe1:&3T,7;,0)and Q|I,x;:1; | ZFes:Tand o =1 with T¢ FV (7).

14. If QIT | 2+ pack (t,e5,y;) as &3T,7;,0;) : 0 then Q|T | 2+ e; : [t/T]t;,
and QFvy;:[1/Tlwj, and o = &3T,7;,0;).

15. If Q| T | Z + e[u;l: o then there are some X;,0' such that Q| T |2+ e:VX,.0' and

o=[u;/X;10'.

16. IfQ|T |2+ AX;.e: o then there is some ¢’ such that Q|T,X; |2+ e:0' and 0 =VX;.0'.
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17. If Q|T | Z+ e[yi] : o then there are some w; such that Q|T |Z+ e:Vw;.0 and QtFy; : w;.

18. If Q|T | 2+ Ac; tw;.e : 0 then there is some o' such that Q,¢;:w; |T'|ZFe:0o’ and

o=Vo,.0.

19. If QIT|ZF():0 then o0 =().

Proof. Immediate from the typing relation Q|I'|ZFe: 0. O
Corollary A.2. If Q|T'| 2+ pv: o then o is a constructed type.
Corollary A3. If Q|I'| 2+ pw : 0 then o is a constructed type.
Lemma A.2 (Canonical forms). Assume consistent Q.
1 IfQ|T | ZFv: &t then either:
* v=24&I for some l, or
* v=&Iwy for somel and y where Q& y: &1’ ~ &7 for some type 1.
2. If QIT | ZFv:S(u;) then either:
* v=S{(u; {x;:v;} for some x; and v, or
e v==S (u_;.) {x; “v;} » v for some y,u_;.,x_i and v; where QFy: S (u_;.) ~S{uj
3. If QT | ZFv:fn(T;) — T then either:
* v="n(x;:1;){e} for some x;,e

e v="1n(x; :T;){e} » y for some x;,e,y where Q+ vy : fn(T_;) — 1" ~ n(T;) — 1 for some

7.

4. If QIT | Z+v: &3T,7;,w;) then either:

* v =pack (1,v;,Y;) as &3T,7;,w;) for some v,v;,y; or
* v =(pack (z,0;,7) as &AT,7;,0)) » y where Q -y : &AT,7,0))) ~ &ET,T;,0;)

for some v,7,0;,77;, w},rg.
5 IfQIT'ZFv: V)Ti.a then either:

* v=AXj.e for some e, or

e v=(AX;.e)» y where QF y:VX;.0' ~VX,.0 for some e,y,o0’.

6. If Q|T'|ZFv:Vw;.o then either:
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* v=Ac;:w;.e for somecj,e, or

e v=(Ac;: 0 .e)»y where O+ y: Yo' .0/ ~Vo,.0 for some ¢;,e,7,0.,0".
i Y Y i Y,w;

Proof. If Q|T'| Z+ v : o then the following rules of the judgment Q |I' | Z F e : 0 could have
been used as the last rule in the derivation where the structure of e can match some value v:
(t-fabs), (t-ref), (t-unit), (t-newstruct), (t-pack), (t-tabs), (t-cabs), (t-coerce).

1. The only rules matching are (t-ref) for v = &/ and (t-coerce) for v = pv » y. By lemma
A.1 there is some ¢ such that QFy:0 ~&7and Q|T'|ZF pv:o. By corollary A.2 and
consistency of 2, 0 must be of the form &7’ for some 7’. Then the last rule used to get
Q|T|ZF pv: &1’ can only be (t-ref) and pv = &I.

2. Analogous to case 1. with rules (t-newstruct) and (t-coerce).
3. Analogous to case 1. with rules (t-fabs) and (t-coerce).
4. Analogous to case 1. with rules (t-pack) and (t-coerce).
5. Analogous to case 1. with rules (t-tabs) and (t-coerce).

6. Analogous to case 1. with rules (t-cabs) and (t-coerce).

Lemma A.3 (Canonical forms for store values). Assume consistent Q.

1 IfQIT|ZFw:S{u;) and S ()Tj) {x;:0;} € Q then either:

* w=Su;x; :li}forsomel_ior

° w= S(u_;.) {x; : 1;} » 7y for some y,l_i,u_;. where Q I—)f:S(u_;.) ~ 8 (uj).

2. IfQIT|ZFw:Tand QFy:1~S ;) with S(X,){x; 107} € Q then either:
. w=S(u_;.){xi:li}andT=S(u_}), or

. sz(u_}){xi:li}by’ whereQI—y':S(u_;.)~r

Proof.

1. The last typing rule used in the derivation Q |I' | Z Fw : S (&) must be either
(t-newstruct) or (t-coerce). If the last rule used is (t-newstruct) then w must have form
Su;j) {m} as required.

If the last rule used is (t-coerce), then w = pw » y for some pw and y.

Furthermore, there is some o such that
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QFy:0~S@u;) and Q|T'|Z+pw:o.
By corollary A.3 and consistency of 2, 0 must be of the form S (u_;.) for some u_; Then
the last rule used in the derivation Q |I'|ZFpv: S (u_;.) must be (t-newstruct) and pw

must have form S (u_;.) {oc; o L;).

2. Either 7 is a constructed type or not. If it is a constructed type then by consistency of
Q it is of the form S (u_;.) and point 1 of this lemma applies.
If 7 is not a constructed type, then from examining all the typing rules only rule (t-
coerce) can apply as the last rule used in the derivation Q |T' | ZFw: 1.
In consequence, there are some pw,o’,y’ such that
w=pwry,and QFy :0'~1,and QT | Z+pw:0’.
By (co-trans), Q+Fy'oy:0’ ~S(u;)
and by corollary A.3 and consistency, o’/ =S (u_;.) for some ..

J
We can then use point 1 of this lemma to get pw =S (u;.) {x; : 1;} for some [;.

O

Lemma A.4 (Weakening for coercing typing). If QF vy :w then Q,Q' F vy :w for any Q' such
that the domains of Q and Q' don’t overlap.

Proof. Straightforward by inductions on derivations QF vy : w. O

Lemma A.5 (Weakening for term typing). If Q| T |ZFe:0 then Q,Q' |, T | 2,2 Fe: 0o for
any Q' T, 2" with no overlapping domains with Q,T',X respectively.

Proof. By straightforward rule induction on Q |I'| Z e : ¢ using lemma A.4 when required.
O

Lemma A.6 (Term substitution). If Q | T |ZFe' :0' and Q| T,x' : 0’ | ZFe" : 0" then
QIT|ZF[e/x'le" : 0"

Proof. By induction on derivations Q| I',x":¢0' | ZFe" :0":

¢ Case (t-let): e =letx:71=e1 ineg and 0" =73.
By bound variable renaming convention, we assume x Z x' and x ¢ FV (e'),

Then Q|T,x":0'|ZFe1:11and Q|T,x" :0',x:71 | Z+ea: To.
Byind. hyp. Q|T|ZF[e'/x'le1:71and Q|T,x:71 |2+ [e'/x']es : To.
By (t-let) QT |ZFlet x: 71 =[e'/x']e1 in [e/x']es : T9 where by definition of substitution

(let x: 71 =1[e'/x'leq in [e'/x']eg) = [e'/x']e" as required.

¢ Case (t-upd): Straightforward use of ind. hyp.
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Case (t-fapp): Straightforward use of ind. hyp.

Case (t-fabs): e” =fn (x; :7;){e} and 0" =fn(7;) — 7.
By bound variable renaming convention, we assume x’' ¢ x; and x; ¢ FV (e').

Then Q|T,x" :0",%;:7; | ZFe:T.

By ind. hyp. Q|T,x;:7; | Z F [e'/x']e : T which lets us prove Q |T' | Z  [e//x'le” : 0" as

required.
Case (t-ref): Straightforward use of ind. hyp.
Case (t-deref): Straightforward use of ind. hyp.

Case (t-var): Q|I,x':0'Fx:0 with (x:0) e (Q|T,x": 0’).
If x #x' then Q|+ x: 0 is immediate.
Ifx=x"theno=0"as(x:0)e(Q|T,x":7)and Q|T | ZF [e'/x']x : ¢’ from the lemma’s

assumption.
Case (t-unit): Vacuous.

Case (t-newstruct): Straightforward use of ind. hyp on e; with the fact
[e'/x'1(S (u;) {x; Te;}) = S (uj) {x; : [e/x']e;}

Case (t-proj): Straightforward use of ind. hyp on e with the fact

[e'/x"1(e.x) = ([e'/x']e).x
Case (t-seq): Straightforward use of ind. hyp.
Case (t-unpack): Similar to (t-let) assuming x’ ¢%; and x; ¢ FV (e’).

Case (t-pack): e’ = pack (1,€i,7;) as &@3T,7;,w;) and 7" = &(3T,7;,w;)
QIT|ZF[e/x'e; : [v/Tr; by ind. hyp.
QT |Z+[e'/x']e" :¢" by (t-pack).

Case (t-tapp): Straightforward use of ind. hyp.
Case (t-tabs): Straightforward use of ind. hyp.
Case (t-capp): Straightforward use of ind. hyp.
Case (t-cabs): Straightforward use of ind. hyp.
Case (t-coerce): Straightforward use of ind. hyp.

Case (t-loc): Trivial.
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Lemma A.7 (Types are coercions). Q+n:n~n for any n and Q.
Proof. By structural induction on 7:

e Casen=0():
QF0:0~0 by (co-unit).
e Casen=X:
QF X :X ~X by (co-tvar).
e Casenn=A(u;):
By ind. hyp. QF u; :u; ~ u; for any Q.

Then Q+ A (u;) ~ A (u;) by (co-atype).

e Casen=QT,7;,0;): Letw;=u; ~ u;

By ind. hyp. QF7;~7, and Qluj:uj~u; andQl—u;.:u;wu;.foranyQ.
Then Q+QT,7;,0;):3T,7;,0;) ~3T,7;,0;) by (co-obj).
e Casen=fn(r;))—1
By ind. hyp. QF17;:7; ~7; and QF 7:7 ~ 7 for any Q.
Then by (co-fun) Q- (@) —7: @) - 1~IT) > 71
e Casen=2~&u':
Byind. hyp. QFu':u' ~u'.
Then by (co-ref) Q - &u': &u' ~ &u'.
e Casen=S(u;):
By ind. hyp. QF u; :u; ~ u;.
Then by (co-struct) Q + S (w;) : S (u;) ~ S (u;).
e Casen=VYX;.n.
By ind. hyp. QFn:n~n.
Then by (co-tabs) Q+ VX;.n: X;.n ~X;.n.
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* Casen=Vw;.n.
Letw;=u; ~ u;
By ind. hyp. QFn:n~n,and QFu; :u; ~u;, and Q- u)u) ~u;.
Then by (co-cabs) Q F Yw;.n: (Vw;.n) ~ (Vo;.n).

Lemma A.8 (Type substitution in coercions). If QF y:9 then [w/X1Q F [w/X1y : [1w/X]19.
Proof. By induction on derivations QFy:9:

e Case (co-var): QFc:9.
Then (¢ : [u/X]19) € [u/X]Q.
and [u/X]QF ¢ : [u/X]0 as required.

¢ Case (co-sym): Straightforward use of ind. hyp.
¢ (Case (co-trans): Straightforward use of ind. hyp.
¢ (Case (co-tapp): Straightforward use of ind. hyp.
¢ (Case (co-tabs): Straightforward use of ind. hyp.
¢ Case (co-cabs): Straightforward use of ind. hyp.

¢ Case (co-unit): Q- 0:0~0.
Then [w/X1Q F [w/X]10) : [u/X]1(0) ~ [u/X]() as required since [u/X]1() = ().

e Case (co-tvar): QFHX": X'~ X',
If X = X' then [u/X]1QF u:u ~u by lemma A.7.
Otherwise [X/u]X' = X' and by (co-tvar) [u/X]QF X': X' ~ X' as required.

* Case (co-atype): QOFA () :A{u;) ~A (u_;>.
By ind. hyp. [w/X1Q & [w/X]y; : [w/Xu; ~ [w/X1u!.
Then by (co-atype) and def. of substitution
[w/X1QF[u/X]A ;) : [u/X1A (uy) ~ [u/X1A (u_;> as required.

¢ (Case (co-struct): Straightforward use of ind. hyp.
¢ (Case (co-ref): Straightforward use of ind. hyp.

¢ Case (co-obj): Straightforward use of ind. hyp. assuming X # T by the bound variable

renaming convention.
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Case (co-fun): Straightforward use of ind. hyp.
Case (co-deref): Straightforward use of ind. hyp.
Case (co-spar): Straightforward use of ind. hyp.
Case (co-farg): Straightforward use of ind. hyp.
Case (co-fret): Straightforward use of ind. hyp.

Case (co-objf): Straightforward use of ind. hyp. assuming 7' # X by the bound variable

renaming assumption.

Case (co-objc-1): Straightforward use of ind. hyp. assuming 7' # X.
Case (co-objc-r): Straightforward use of ind. hyp. assuming T # X.
Case (co-coer): Straightforward use of ind. hyp.

Case (co-coer-1): Straightforward use of ind. hyp.

Case (co-coer-r): Straightforward use of ind. hyp.

Lemma A.9 (Type substitution). If Q |I',X | ZF e : 0 then
[w/X]1Q | [w/X]1T | [w/X]Z F[u/X]e : [u/X]o.

Proof. By induction on derivations Q |I',X |ZFe:0.

Case (t-let): Q|T, X |ZFletx:T1=e71ineg:Ta.

By ind. hyp. [w/X]1Q | [w/X]1T | [u/X]1Z F [u/X]eq : [u/X]1r1 and
[w/X]1Q | [w/X]IT,x: [w/X]r1 | [u/X]1Zx 11 F [w/X]eg : [u/X]rs.

Then by rule (t-let) and the definition of substitution,
[w/X1Q | [w/X]IT | [w/X]1ZF [u/X](let x: 71 =e1 in ea:T3) : [u/X]Tg

Case (t-upd): Straightforward use of ind. hyp. as above.
Case (t-fapp): Straightforward use of ind. hyp.

Case (t-fabs): Straightforward use of ind. hyp.

Case (t-ref): Straightforward use of ind. hyp.

Case (t-deref): Straightforward use of ind. hyp.
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Case (t-var): Q| I, X |Z+x:0.
Then (x : [u/X]0o) € [u/X T which lets us prove [w/X]Q | [w/X]1T' | [u/X]1ZF x: [u/X]o.

Case (t-unit): Vacuous.

Case (t-newstruct): Straightforward use of ind. hyp.
Case (t-proj): Straightforward use of ind. hyp.

Case (t-seq): Straightforward use of ind. hyp.

Case (t-unpack): Q|I', X | Z Flet (T,x;) =unpack ey in ey : 7.

By bound variable renaming convention, assume T # X.

By ind. hyp. [w/X]1Q | [u/X]1T | [w/X1Z F [u/X]e : [u/X1(&@3T,7;,w;)) and

[w/X1Q | [w/XIT, T, x; : [w/X17; | [w/X]1Z - [u/Xeg : [u/X]r.

[w/X1&A3T,7;,0;)) = &AET,[u/X]1r;,[u/X]w;) by definition of substitution.

[w/X1Q | [w/X]T | [w/X]1Z + let (T,%x;) = unpack [u/X]ey in [u/X]eg : [u/X]r by (t-unpack)

as required.

Case (t-pack): Q|I',X | Z+ pack (7,e;,7;) as &Q3T,7;,7;) : &3T,73,7;).

Assume T # X by bound variable renaming convention.

[w/X]1Q | [w/X]IT | [w/X]1Z - [u/X]e; : [u/X]1[t/T1r; by ind. hyp.

[w/X1QF [u/X]y;) : [w/X1[t/Tlw; by lemma A.8.

[w/Xt/T]r; = [[w/X]1t/Tu/X]r; and

[w/X1[1/Tlw; =[[u/X17/Tlu/X]w; by definition of substitution.

Then

[w/X1Q | [w/X]T | [w/X]Z + pack ([w/X ], [u/X]e;,[u/X]1y;) as &AT,[u/X]r;,[u/X]w;)
:&@AT, [w/X]r;, [u/X]w;)

by (t-pack) as required.

Case (t-tapp): Q| I, X | ZFelu;]: [M]O.

Assume X QJTL-.

By ind. hyp. [w/X1Q | [w/X]T | [w/X1ZF [w/X]e : [u/XIVX;.0.

[w/X1Q | [w/X 1T | [w/X1Z F[u/Xel[w/X1u;] : [[uw/X1u;/X;[u/X ]t by (t-tapp) as required.

Case (t-tabs): Q|T,X |2+ AX;.e: VX;.T.

Assume X ¢ X;.

By ind. hyp. [w/X1Q | [w/X 1T, X; | [u/X1Z F [u/X e : [u/X]r.

By (t-tabs) [w/X1Q | [w/X]1T | [u/X]1Z + AX; [w/Xle:VX;.[u/X]r.

AX;.[u/X]e = [u/X1(AX;.e) and VX;.[u/X]o = [w/X1(VX;.7) by def. of substitution as

required.
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* Case (t-capp): QI X | ZFe[yi] : 0.
QIT,[w/XIT | 2+ [u/X]e : [u/X1(Vw;.0) by ind. hyp.
QF[u/X]y; : [u/X]lw; by lemma A.8.
[u/X]1(Vw;.0) = Vm.[u/X lo by def. of substitution.
QIT,[w/XIT | 2+ [w/Xe[[u/X1y;] by (t-capp).
[w/Xle[[u/X1y;] = [u/X1(e[y:]) by def. of substitution as required.

e Case (t-cabs): Q|I,X |2+ Ac; :w;.e:Vw;.0.
Q,c; : [w/X]w; | T,[w/XIT" | Z+ [u/X]e : [u/X]o by ind. hyp.
QT [w/XI | ZF Ac; : [u/X]w;.[u/X]e : Y[u/X1w;.[u/X]o by (t-cabs) as required.

¢ Case (t-coerce): Q| T, X |ZFew y:09.
[w/X]Q | [w/X]IT | [w/X]1E F[u/X]e : [u/X]o1 by ind. hyp.
[w/X1QF[u/X]y : [u/X]1o1 ~[u/X]o2 by lemma A.8.
[w/X1Q | [w/X]T | [w/X]1ZF [u/X]e » [u/X ]y : [u/X]og by (t-coerce) as required.

¢ Case (t-loc): Q| X |ZF1:0.
Then (I : [u/X]o) € [u/X]1Q
and [u/X]1Q | [w/X]1T | [u/X]1Z F 1 :[u/X]o by (t-loc) as required.

Lemma A.10 (Coercion substitution). If Q,c:9'Fy:9 and QFy' : 9 then QF[y'/cly: 9.
Proof. Straightforward by induction on derivations Q,c: o'y : 9. O

Lemma A.11 (Coercion substitution in terms). If Q,c:w |['|ZFe:0 and QF y:w then
QIT | ZF[y/cle:o.

Proof. By induction on derivations Q,c:w|I'|ZFe:0 assuming QF y:w in all cases.

Mostly straightforward use of induction hypothesis except in the following cases:

* Case (t-pack): Q,c:w|T'| X+ pack (r,e;,y;) as &(3T,7;,0;) : &@3T,7;,0;) and Q7 : .
Q|T|ZF[y/ele; :[7/T1r; by ind. hyp.
QFIlylcly;:[7/Tly; by lemma A.10.
Q|T| X+ pack (7,[y/cle;,[y/cly;) as &Q3T,7;,0;) : &3T,7;,0;)
by (t-pack) as required.

* Case (t-capp): Q,c:w|T|ZFe[yj]:0 and QFy:w.
QIT|ZF[ylcle: Vw;.o by ind. hyp.
QFlylely;: [m]wjj by lemma A.10.
QT | Z+[ylele[ly/cly;] : o by (t-capp) as required.
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* Case (t-cabs): Q,c:w|T'|ZF Ac; w;.e:Vo,.0.
Q,cj w;|T'|ZF[y/cle: o by ind. hyp.

We can assume c ¢ ¢; because of the bound variable renaming convention.

Then Q|T'|ZF Ac;wj.[y/cle:Vw;.0 as required.

e Case (t-coerce): Q,c:w|T|ZFepy :09.
Q|T'|ZF[y/cle: o1 by ind. hyp.
QF[ylely' :01 ~ 02 by lemma A.10.
Then Q[T | 2+ [y/cle » [y/cly’ : a2 by (t-coerce) as required.

Lemma A.12 (Type soundness of alloc). Suppose Q[T |Z+v:0and Q|T|ZF .
If alloc(u,v) = (u',1) then there is some X' 2 X such that
lgdom(uw)and QT |2 Fy and QIT |2 +1:0.

Proof. By structural induction on v:

e Case v € STOREVAL:
Suppose Q|'|Z+v:0and Q|T | ZF p.
By definition of alloc, alloc(u,v) = {(ull — vl,l) where [ ¢ dom(u).
LetX'=2%,l:0. Then Q|T|Z'F1:0 by (t-loc) and QT | X'+ ' as

there is no w such that w C v.

* Casev =S, {x;:v;}:
Suppose Q| T'|ZFS @) {x;:v;}:0and Q[T | Z+ po.

By lemma A.1, there are some )Tj,a_i such that
QIT|ZFv;:[u;/X;lo; and S(X,) {x; 70} € Qand 0 =S (@;).

By definition, alloc(uo, S (u;) {x; T v;}) = W',

where (u;,1;) = alloc(yi_l,vi)b
and p' = p;[l — S (@) {x; :1;}1 and I ¢ dom(y;).

Lemma A.5 gives us Q| I'| ' Fv; :[u /X ]o; for any o>,
This allows us to use the induction hypothesis i times to get

I; ¢ dom(u;_) and QT Z; F pt; and QT % 1 : [u;/X 1oy
for some 3, 2%;_1 . Let &' = 5;.

By lemma A.5, Q|T' |2 +1;:[u;/X lo;.

Then by (t-newstruct) Q| T' | X'+ S (@) {x; : 1;}: S (u;).
Let X" =%',1:S(u;). Then Q|T' | Z"+1:S (u;) by (t-loc).
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W) T S @) (i 1) by def. of Ty
Since / is not mentioned in y; and C, is well-founded,
we conclude that C is well-founded and Q| T' | X"+ /.

* Casev=Supi{x;v;i»y:
Suppose QT |ZFS@){x;cv;}»y:0and QT | ZF po.
By lemma A.1, there are some ‘[,}Tj,O'_i such that:
QFy:S(u;)~7and
QITZFv;:[uj/X;lo; and
S(Xj){x;7o;}€Q and

O=T.

By definition, alloc(uo, S (u;) {xi 0 yY) =l = S@pix; (i w ylD)

where (u;,1;) = alloe(u;_1,v;) and I ¢ dom(ug).

Lemma A.5 gives us Q| I'| ' Fv; :[u /X ]o; for any o>,
This allows us to use the induction hypothesis i times to get

liddom(u;—1) and QT 15 F 1 and Q|T | Z; F1; 1 [u,/X lo;
for some 3, 22,1 . Let &' = 5;.

By lemma A5, Q|| X'+ 1; :[M]m.

Then by (t-newstruct) Q | T'| =/ + S @) {x; : 1;} : S (@)
and by (t-coerce) Q|| X'+ S idixi L} y:S<u;).
LetX" =% 1:7. Then Q|T|Z" 1 :7 by (t-loc)

and Q[T | Z"F [l — S @j) {x; : ;3w y]

by the same argument as in the previous case.

Lemma A.13 (Lifting). If QF y; :u; ~ u, then QF [y:/X;In: [wi/X;In ~ [w/X:1n.
Proof. By structural induction on u supposing in all cases that m
e Casen=0():
QF(0:0~0 by (co-unit).
e Casen=2X:
IfX¢ )TL then the case holds by (co-tvar).
Otherwise, [y/X] € [m] and QFvy:uj ~ug for some y,uq,us.
Then Q [m]y : [M]ul ~ [W]ug as required.
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* Casen=Au;):

J

By ind. hyp. QF[y;/X;luj: [u;/X;lu; ~ [ug/Xi]uj .

Then by (co-atype) and def. of substitution

QFlyi/X;1A ;) :lyi/X;1A (u;) ~ lyi/X;1A (u;) as required.
* Casen=QAT,7,0)):

Straightforward use of the induction hypothesis as in the previous case.
* Casen=fn(1;)—1

Straightforward use of the induction hypothesis as in the previous case.
e Casen=2&u':

Straightforward use of the induction hypothesis as in the previous case.
¢ Casen =S (u;:

Straightforward use of the induction hypothesis as in the previous case.
¢ Casen= V)Tj.n:

Straightforward use of the induction hypothesis as in the previous case.
* Casen=Vo;.n:

Straightforward use of the induction hypothesis as in the previous case.

Lemma A.14 (Value-preserving coercion). If Q[T |ZFv»y:0o
then v »» y =0’ for some v’ where QT |ZF0v' 0.

Proof. By cases on v:

e Case v = pu:
Then by def. pv »» y =pv >y and pv >y € VAL.

* Casev=pup»y"
Then by def. pv » Y »»y = pv > (' oy).
and pv » (y' oy) € VAL.
From lemma A.1we get QFy:0'~cand QFy :0"~0" and Q|T |2+ pv:a”.
Then by (co-trans) Q+y' oy:0” ~ 0o
and by (t-coerce) Q| T |Z+ pv » (Y oy): 0 as required.
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Lemma A.15 (Type soundness of update). Suppose Q|I'|ZFv:0cand Q|T'|Z+1:0 and
QIT|ZFpu
Then updateq(u,l,v) = ¢ where Q|T|ZF .

Proof. By structural induction on v:

* Casev=Su){x;7v;}

Suppose Q| T'|ZFS @) {x;:vi}:0and Q[T |ZF1:0and Q|| Z+ po.

By lemma A.1, there are some )Tj,a_i such that
QITZFv;:[uj/X;lo; andS()Tj){xi i0;yeQand o =S8 ;).

From Q|T|ZF ppand QT |2+ 1:S(@;) we can deduce Q[T |ZF po(l): S (w;).

From lemma A.3 we know that either
po(l) =S (uj){x; : I;} for some [; or
wol)=8 (u_;.) {x; : 1;} » y for some y,l_i,u_} where QFy:S (u_;.) ~8S<uj).

We must consider both cases separately:

- Case po(l) =S ) {x; : 1;}:
Then by definition of update,

update(uo,/,S (w;) {x; 7v;}) = y; where y; =updateq(u;-1,7;,v;).
Bylemma A1, Q[T |ZF1;:[u;/X;lo;
and by ind. hyp. Q|T' | 2+ y; as required.

— Case uo(l)=8 (u_;.> {x;:L;}w»y:
Then, by definition of update,

updateq(uo,!,S (w;) {x; v} = p;

where y; =updateq(u;_1,7;,v; » [y;/X;lo;)

and y; = spar (j,sym y).
By lemma A.1, Q|T | ZI—S(u_;.){xi :li}:S(u_;.)
and Q|| ZF; :[u;./Xj]Ui.

By (co-sym) and (co-spar), QFvy;:u; ~ u;

By lemma A.13, Q[T |Z+Fuv; » [)fj/Xj]Ui : [u;-/Xj]O'i

and by lemma A.14, Q| T' | ZFv; »» [y;/X;]o; : [u}/Xj]Ui where v; > [y;/X;]lo; € VAL.
Then, by the induction hypothesis, Q|I' | X F u; as required.

e Casev=Supi{x;tv;}»y:

Suppose Q| T'|ZFS @) {x;vi}»y:cand Q|T'|ZF1:0 and QT |2+ po.
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From lemma A.1 we get QFy:S(u;) ~ o as well as
QITZFv;:[uj/Xjlo; andS()Tj){xi 10,10

for some X ;,07;.

From Q|T'|ZF+pgand Q|T'|2F1:0 we can deduce Q| T'|ZF po(l): 0.

By lemma A.3, since Q- sym y:0 ~ S (u;) by (co-sym), either
wol)=8 (u_;) {x;:l;}and o =8 (u_}) for some u_;,z or
o) =S <u_;.) {x;:1;}» vy where QF7vy':S (u_;.) ~ o for some u_;,z
We consider both cases separately:

- Case uo(l)=S (u_;.) {x; 1}

Then by definition of update,
updateq(uo,!,S W) {xi v} »y) = Wi

where p; =updateq(u;—1,/;,v; » [y,;/X;lo;)
and y; = spar (j,y).
From lemma A.lweget Q|T|Z+1;: [u;./Xj]ai.

Using (co-spar) we get QFvy;:uj~ u;

By lemma A.13, Q[T |Z+uv; » [Yj/Xj]Ui : [u;-/Xj]Ui

and bylemmaA.14, Q| T |Z+v; »» [y;/Xlo; : [u;/Xj]ai where v; Py [W]ai € VAL.
Then, by the induction hypothesis, Q|I' | X F u; as required.
- Case uop(l)=S (u_;.) (x;: L}y
Then by definition of update,
updateq (o, 7, S (w;) {x; 70} »y) =

where y; =updateq(u;—1,7;,v; P [y;/X;lo;)

and y; =spar (j,yosym y’).
From lemma A.1weget QT |ZF1;: [u;./Xj]Ui.

Using (co-sym), (co-trans) and (co-spar) we get QFvy;:u;~ u;

By lemma A.13, Q[T |Z+uv; » [)fj/Xj]Ui : [u;-/Xj]O'i

and by lemma A.14, Q| T' | ZFv; »» [y;/X;]o; : [u}/Xj]Ui where v; »» [y;/X;]lo; € VAL.
Then, by the induction hypothesis, Q|I' | X F u; as required.

e CasevePVAL:
Then ' = ull — vl.
QIT|ZFv:0and Q|T | X+ :0 by assumption

and there is no possible w C,/ v which lets us conclude Q| T'|Z + .

131



Lemma A.16 (Type soundness of getValue). If Q |T' | 2+ uand 2(I) = o then
QT | Z+ getValue(u,l):o.

Proof. From the def. of Q|I'| 2 u we know that C, is a well founded relation on the ele-
ments in the image of yu. We then prove the lemma by induction on / assuming the induction

hypothesis for all I' where u(l") T, u(l).
* Case u(l)=S ;) {M}:
Suppose Q' Z+pand QT |ZH1:0.
Then S (@) {x; :1;} : 0.
From lemma A.1 we get
S{Xj){x;70;}€Q and
QITZF1;:[uj/X;lo; and

o =S (u;) for some )Tj,oi.

By def,, getValue(u,l) = S (u;) {x; : getValue(y,;)}.

By ind. hyp. Q|T | =t getValue(y, ;) : [u/Xlo; .

Then by (t-newstruct), Q |T'| 2= S (u)) {x; : getValue(u,!;)} : S (u;) as required.

* Case u(l)=Sujix;:l;}»y:
Suppose Q|| Z+pand QT |ZFH1:0.
Then S @) {x;:l;}»y:0.
From lemma A.1 we get
QFy:S(u;)~o0and
QITZFSu;){x; :1;} and
S(X;){x;:0; € Q and
QITIZF1;:[uj/X lo;

for some Xj,0;.

By def. getValue(u,l) =S (u;){x; : getValue(u,/;)}.

By ind. hyp. Q|T | X+ getValue(u, ;) : [u;/X 1o, .

Then by (t-newstruct) and (t-coerce) Q | I' | Z - S (u) {x; : getValue(u,l;)} » v : 0 as

required.

¢ Case u(l) = w where w matches neither of the above forms:

getValue(y,!) = u(l) as required.
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Theorem 6.1 (Preservation). Suppose () is a consistent environment.

1 IfQIT|ZFe:0and QT |ZF pand (ue) —= (i, e')
then, there is some store typing X' 2 X such that
QT2 Fe:0and QIT |2 .

2. IfFQITIZFlv:Tand QT2 F pand (ulvy 22 /1wy

then, there is some store typing X' 2 X such that
QITIZFW :tand QT |2 F '

Proof. By simultaneous induction on derivations (u, e) £, (W, e’y and (u,lv) LN W, 1lv'y.

¢ Case (e-letl):

Suppose Q| T |ZHletx:t=vines:0and Q|T|Z+ uand
(,let x:T=vin eg) L, (W,[l/x]es)
where (u’,1) = alloc(u,v)

From lemma A.1 we know that Q| I'|ZFv:7and Q|I,x:7|ZFeg: 79 and o = 79 for

some Ts.
From lemma A.12 we know that Q |T' |2y and Q|T | X' 1 :7 for some X' 2.

We can then use lemma A.6 to conclude that Q| T | X'+ [I/x]es : 7o

¢ Case (e-let2):

Suppose Q|T'|ZHletx:T=eineg:cand Q|T'|Z+ puand
(Wletx:T=ein ez>—Q—»(/,t’,|etx:T:e’ in eg)

where (u,e) £, (W,e'y.
QIT|ZFe:tand Q|T,x:7|ZFeg: 79 and 0 = 79 for some 72 by lemma A.1.
QT2 Fe :Tand Q|T | X'+ . for some X' 2 X by ind. hyp.

QIT|X Fletx:T=¢'ineg:T2 by lemma A.5 and (t-let) as required.

¢ Case (e-updl):

Suppose Q|| ZFlv:i=e:0cand Q|| 2+ p and

(u,lv:=e) LR (W, v :=e)

where (u,lv) o, W,1lv".

By lemma A.1 there is some 7 such that Q|I'|ZFlv:tand Q[T |XFe:7and o = ().
By ind. hyp. there is some ¥’ 2% such that Q|T' |2+ py' and QT |2/ v’ : 7.
Then Q| T |Z'FIv':=e:() by lemma A.5 and (t-upd) as required.

133



¢ Case (e-upd2):

Suppose Q|'|Z+1:=v:cand Q|T'|Z+ p and
ol =) = (', ()
where ¢/ =updateq(y,,v).

By lemma A.1 there is some 7 such that Q|T'|ZFl:7and Q[T |XFe:7 and 0 =().
Q|T|ZF u by lemma A.15.
By (t-unit) QT |2+ () : 0 as required.

¢ Case (e-upd3):
Suppose QT [Z-(Iw»y):=e:cand Q|T'|Z+ p and
(u,(Iw»y):=e) 2, (1,1 :=(e»sym y)).
By lemma A.1 there is some 7 such that Q| |ZFIp»y:Tand Q|T'|ZFe: 7 and o =0).

Using lemma A.1 again with corollary A.1 we get Q|T'|X+17:7" and QFy: 7' ~ 71 for

some type 7'.
Using (co-sym) we get QFsym y:7 ~1'.
Using (t-coerce) we get Q[T | ZFepsymy:1'.

Finally, using (t-upd) we can prove Q |I'| 2+ [ :=(e » sym y): () as required.

¢ Case (e-upd4):

Suppose Q|'|Z+1:=e:0and Q|T'|ZF p and
(= e) 2 (u',1:= e’
where (u,e) £, (W,e'y.

By lemma A.1 there is some 7 such that Q |T'|ZFl:7and Q|T|XFe:7 and 0 =().
Byind. hyp. QT |Z'Fy/ and Q|T |2 +e’: 7 for some X' 2 Z.
By lemma A.5 and (t-upd) Q| T | Z' - :=¢’:() as required.

¢ Case (e-loc):

Suppose Q|'|Z+1:0and Q|T | X+ pu and
Q

<I~t7l> I <I~t7 U)

where v = getValue(u, /).

From lemma A.1 we know 2(I) =0.

From lemma A.16 we get Q |I' | X v : 0 as required.

¢ Case (e-derefl):
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Suppose Q| T |ZF*&l:0 and Q|T | ZF u and
(u, % &) 2 (u, 1.

Using lemma A.1 we get that Q|| 2+ &/ : &7 and o = 7 for some 7.

Using lemma A.1 again we get Q |I'| Z [ : 7 as required.

Case (e-deref2):

Suppose QT |ZF «(&Iw»y):0and Q|T | Z+ u and

( # (&L o)) 2 (1w 5.

Using lemma A.1 we get Q|T'|Z+ &I » y: &7 and o = 7 for some 7.

Using lemma A.1 again we get Q[T |2+ &7 :17" and QF y: 7' ~ &7 for some 7',
Another use of lemma A.1 givesus Q|| 2+ :7" and 7/ = &7" for some 1"

By (co-deref) we get QT |Z+ xy: 7" ~1.

By (t-coerce) we can prove Q|| 2+ » *y: 1T as required.

Case (e-deref3):

Suppose Q|2+ *e:0and Q|T'|ZF p and
Q ! !

(U, xe) — (u', xe’)

where (u,e) £, (W,e'y.

From lemma A.1 we get Q|T' |2+ e:&7 and o = 7 for some 7.
Byind. hyp. Q|T'|Z'Fe': &1 and Q|T | X'+ u' for some X' 2 %,
By (t-deref) Q|T'| 2/ F *e’ : 7 as required.

Case (e-refl):

Suppose QT |Z+&Iv:0and Q|T |2+ pand

(1, &lvy 2 (!, &1v")

where (u,lv) LN W, lv"y.

From lemma A.1 we get Q|T'|ZFlv:7 and o = &7 for some 7.
Byind. hyp. QT |Z'Fiv :7and Q|T| X'+ y for some X' 2 X.

With rule (t-ref) we can prove Q| T'|Z' - &Iv': &7 as required.

Case (e-ref2):

Suppose QT |Z+&(Iw»y):0and Q|T|Z+ uand
(&> 7)) =2 (1, &l > &),

From lemma A.1 we get Q|T'|Z+1» y:7 and o = &7 for some 7.
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Using lemma A.1 again we get QT |2+ 17:7" and QF y: 7' ~ 7 for some type 7.
By (co-ref) we get Q- &y : &1’ ~ &7.
By (t-ref) we get Q| T |2+ &I : &7,

Finally, by (t-coerce) we get Q |T' | Z + &I » &y : &7 as required.

¢ Case (e-fappl):

Suppose Q| T |ZFfn (x;:7;){e}(v;):0 and Q| T |+ u and
(,fn GTle)@D) 2 i Difciley
where po = ¢ and (u;,1;) = alloc(ui_l,vi)b.

From lemma A.1 we get Q|T'|Z+fn (xi:Ti){e}:fn(r_’i)—>randQ|F|Zl—vi:T; ando=1

for some 7 and r;.

Using lemma A.1 again we get Q|I',x; :7; | ZFe:7 and T_i='r_;.

From lemma A.12 we get Q |T' | '+ u; and with lemma A.5 we have Q |T'| 2/ +1; : 7; for

some X' 2 2.

Then, using lemmas A.5 and A.6 we get Q |I'| X' F[/;/x;]e : T as required.

* Case (e-fapp2):

Suppose Q| T |ZF (fn (x;:T){e}»y)(e;):0 and Q| T | X+ u and
(, (fn 7T e} » PED) = (u,fn G rT)led(e; » 70 » YR
where y; = sym (farg (i,y)) and yg =fret y.

From lemma A.1 we get Q|T' |2 fn (xi:Ti){e}>y:fn(r_;)—>r and Q|T'|ZtFe;:7; and
o=T

for some 7 and T_;

Using lemma A.1 again we get QFy: fn(r_;’) -1~ fn(r_;) —T

and Q|T|Z+fn (x; :Ti){e}:fn(r_;’)—> 7.

Yet another use of lemma A.1 givesus Q|I',x;:7; | ZFe:7 and 7; = 7.
Using (co-farg) and (co-sym) we get QF vy, : T; ~T;.

Using (co-fret) we get QFyg : 7' ~ 7.

By (t-coerce) Q|| Z+e; »y; :T;.

By (t-fapp) Q| T | ZFfn (x;:7;){el(e; »y;): T’

Finally, by (t-coerce) Q|| Z + (fn (x; - 7;){e}(e; » ¥;)) » yr : T as required.

¢ Case (e-fapp3):
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Suppose Q|T'|ZFe(e;):0and Q|T'|Z+ g and
. Q _
(p,e(e)) — (i, e'(e;))
where (u,e) £, (W,e'y.
Fromlemma Alweget Q|T|ZFe:fn(T;)—>7and Q|T'|Z+e;:1;ando=7
for some 7 and 7;.
By ind. hyp. QT |Z'Fe :fn(T;) > 7and Q|T| X'+ ' for some X' 2 X.
Then, by lemma A.5 and (t-fapp) Q | I'| X' - e'(e;) : T as required.

Case (e-fapp4):

Suppose Q| T | Z+fn (x;:T;){e1}Vm,e,ep):0and QT |2+ and
(,fn GTTle )T, e,80)) ~— (', fn e TT)le 1)@’ 2n))

where (u,e) £, (W,e'y.

Bylemma A1 QT |ZFfn (x;1){e}:In(T;)—11and QT |ZFe;:7; and o0 =11

for some 71 where x; =x,,,,x,%x, and 7; =7,,,,7,7, and e; =U,,,¢e,¢ep,.

Byind. hyp. Q[T |2 Fe':7and QT | Z'+ i/ for some X' 2 2.

Then, by lemma A.5 and (t-fapp) Q|| X' +fn (x; 1 7;){e1}(Um, €', en) : T1 as required.

Case (e-seql):

Suppose Q|| Z+v;ee:0and Q|| Z+ puand
Q

(u,v;e2) — (u,e2).

By lemma A.1 there are some types 71,72 such that

QIT|ZFv:t1and Q|T'|ZFeg: 72 and 0 = 79 as required.
Case (e-seq2):
Suppose Q|'|Z+ejeg:0and Q|| Z+ pand

Q
(1,e;eg) — (' e'se2)
where (u,e) £, (W,e'y.

By lemma A.1 there are some types 71,72 such that
QIT|ZFe:t1and QT | ZFeg:T9.

Byind. hyp. Q|T'|Z'Fe':17and Q| T | X'+ ' for some 2’ 2 X.

Then, by lemma A.5 and t-seq, Q|| Z' - e';eq : T2 as required.

Case (e-projl):

Suppose QT |ZFS@;){x;7v;}.x:0 and Q[T |ZF p and
(1,8 (@) @707} .x) — (u,v)
where (x:v)€x; :v;.
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From lemma A.1 we know that there are some fj,a_i, o' such that
QITIZFS @)X v:}:S @) and S (X)) {x; 07} € Q

where (x:0')ex;10; and 0 =[u;/X;]o".

Using lemma A.1 again we get Q |I'|ZFv; : [u /X lo;
soQIT|ZFv: [uj/Xj]U’ as required.

¢ Case (e-proj2):
Suppose QT |ZH(S @) {x;vi}»y)x:0and Q|I'|ZF pand
(11, (S (@) (& 707} B )2 — (1, S W) i v o [y /X 10} )
where y; = spar (j,y)
and S ()Tj) {xi0;1€Q
and Qy:S @) ~S @),

From lemma A.1 we know that for some o":
QIT|ZF S @) {x; :vi}.:S(u_j) and

QIT |2+ v;:[u,/X;lo; and
QITIZ+S @) v »y:S W) and
(x:0')ex;:0; and

o= [u;./Xj]U’.

ey 1y!
By (co-spar), QFvy;:u; u.

By lemma A.13 and rule (t-coerce), Q |I' | Z +v; » [y;/Xlo; [u;./Xj]aib.

Then by (new-struct) Q |T'| X F S (u_;.) {xi:vi»[y;j/Xjloi}:S (u_;.)

and by (t-proj) Q| T'|ZF S (u_;) {x;:v;p lyj/Xjlo}tx: [u;./Xj]a' as required.

¢ Case (e-proj3):
Suppose Q|| Z+ex:0and Q|T'|Z+ pand

Q
(u,e.x) — (u,e’.x)
where (u,e) £, (W,e'y.
From lemma A.1 we know that there are some S,u_j,)Tj,a_i, o’ such that
QIT|ZFe:S@;)and S(X,){x; 107} €Q

and (x:0')ex;:0; and 0 =[u /X lo’.

By ind. hyp. there is some X' 2 X where
QIT|ZFpand QT X Fe': S u)).

Then we can apply rule (t-proj) to get Q |T'| X'+ e'.x :[u;/X;]lo’ as required.

¢ Case (e-struct):
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Suppose Q| T'|ZF S W)Xy vy, x:e,x, ez} :0and Q|| ZF pand

(e, S ) (X T Un,x:€,X5 €0 1) 2 (W, S (Xp Uy, x: € Xy e}

Q
where (u,e) — (u,e’).
Let x; =x,,,x,X, and e; = v, e,e,.

Fromm lemma A.1 we know that there are some )Tj,a_i such that:
SX){xio1eQ
and Q|I'[ZFe;:[uj/X lo; and 0 =S (u)).

Then, as there is some ¢’ where (x:0') €x;:0; we have Q|T'|ZFe:[u;/X;lo’.
By ind. hyp. there is some X' 2 ¥ where
QITZFpand QIT |2 Fe' :[uj/X;lo’.

We can then apply rule (t-newstruct) to get

QITIZFS W) xn vg,x:€ %, 1 €5} 1S ()

as required.

Case (e-tappl):
Suppose Q| T'|ZF (AX;.e)uil:cand Q|T| = Fu and
(@, (AKX 2 (, [wilX le).

From lemma A.1 we know that there is some ¢’ such that
QIT|ZFAX,..e:VX;.0' and 0 =[u;/X;l0’.

Using lemma A.1 again we get Q|I,X; |2+ e:o’ with X; ¢ FV(Q,T, X).

We can then use lemma A.9 to get Q|T' |2+ e:[u;/X;]lo’ as required.

Case (e-tapp2):

Suppose QT |Z+ (AX;.e)» YIuiland Q|T | Z+ p and
(1, (AX7.0) » DT —= (. [wilX e » YT

From lemma A.1 we get:

QIT|ZF(AX;.e)» y:VX;.0' and

QFy:VX;.0" ~VX;.0' and

QIT |2+ AX;.e:VX;.0" and

QII,X; |2+ e:o” with X; ¢ FV(Q,T, %) and

o =[u;/X;lo’

for some o’,0”.

Using lemma A.9 we get Q| T | 2+ [u;/X;le:o”.

From (co-tapp) we get Q Fylu;l:[u;/X;lo" ~[u;/X;lo’.
Then using (t-coerce) we get Q |T' | 2+ [u;/X;le » ylu;l: [u;/X;lo’ as required.
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¢ Case (e-tapp3):

Suppose Q|'|Z+elu;]:0 and Q|T'|Z+ p and
(el@gl) =5 (€'l
where (u,e) £, (u',e’y.

From lemma A.1 we know that there are some )Ti,a)_j,a’ such that
QIT|ZFe:VX,.0' and 0 =[u;/X;lo".

From ind. hyp. we get Q[T |2 e’ :VX;.T and Q|T |2’ i for some X' 2 X,

Then, using rule (t-tapp) we get Q| T'| = Fe'[u;]:[u;/X;]lo’ as required.

¢ Case (e-cappl):

Suppose Q| T |ZF (Ac; tw;.e)[yi] :0 and Q|T | X+ p and
b (AGTT@ [T > ¢ lyiledle.

From lemma A.1 we know that
QIT|Z+ Ac; tw;.e :Yo;.0 and QF y; : ;.

Using lemma A.1 again we get Q,¢; :w; |[T'|ZFe:0.

Then lemma A.11 gives us Q| I'| 2+ [y;/c;le : 0 as required.

¢ Case (e-capp2):

Suppose Q| T | ZF (Ac; twi.e)» Y)]yi]:0 and Q| T |+ p and
(u, (Ac; T wi.e) » Y] LN (w,lyi/cile wy")
where v} = coer-l (i,y) o y; osym (coer-r (i,y)) and y' = coer y.

From lemma A.1 we get: Q|T'|ZF (Ac; :w;.e)»y: ‘v’w_;.a and
QFvy;:w;and B

QFy:VYo;.0' ~VYw!.0 and

QIT |2+ Ac; :w;.e:VYw;.0' and

Qciwi|T|ZFe:0.

=1 ~1o. r—
Let w; =u1; ~ug; and W) =u}, ~u,,.

Using (co-coer-1) we get Q - coer-l (i,y) :u1; ~u,.

Using (co-coer-r) and (co-sym) we get Q F sym (coer-r (i,7)) : u’2l. ~Uug;.

Using (co-trans) twice we get Q - coer-| (i,y)oy; osym (coer-r (i,y)):u1; ~ ug;.
Using (co-coer) we get Q - coer y:0' ~o0.
From lemma A.11 we get Q| T | Z+ [yé/ci]e 2o’

and using (t-coerce) we get Q |I' | Z + [y;/ci]e : 0 as required.
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¢ Case (e-capp3):
Suppose QT |ZFe[y;]:0 and Q|T|Z+ g and
. Q _
(welyiD) — e’y
where (u,e) £, (u',e’).

From lemma A.1 we know that Q |I'| ZFe:Vw;.0 and QF y; : w; for some ¢;,w;.
By ind. hyp. there is some ¥’ 2% where Q|T'|Z'Fe':Vow;.0 and Q| T |2/ + .

Then we can use rule (t-capp) to prove Q |T'| Z+ e'[y;] : o as required.

* Case (e-pack):
Suppose Q| T'| X+ pack (71,Un,€,€5,Yj) as T2:0 and Q |T'| 2+ p and
. Q L
(u,pack (11,0, e,e5,Y;) as 12) — (', pack (11,0,s,€',€5,7;) as 12)
Q !/ !
where (u,e) — (u',e’).
Let e; =vpm,e,en.
From lemma A.1 we know that there are some T',7;,w; such that
QIT|ZFe;:[11/T]r; and QFy;:[11/T]w; and 0 = 19 = &(3T,7;, ).

So, there is some T €7; such that Q| |ZFe:[71/T]r.
By ind. hyp. there is some X' 2% where Q|T' |2’ Fe':[11/Tlt and Q| T | Z' - u'.
We can then use rule (t-pack) with lemma A.5 to prove
QT | X'+ pack (7,v5,7;) as 12 : &3T,7;,0;) as required.
¢ Case (e-unpackl):

Suppose Q| T'| 2+ let (T, %;) = unpack (pack (71,v;,y;) as 72) ine:0 and Q|I' | 2+ p and
(,let (T,%;) = unpack (pack (11,57,77) as Ta) in e} — (s, [1i/x;1[T1/Tle)

where po = ¢ and (u;,!;) = alloe(y;—1,v;) and l_l-deom(y).

Lemma A.1 tells us that there are some 7,7;,w; such that:
Q|T'|Z+ pack (71,v;,7;) as 72 : &3T,7;,w;) and
QIILT,x;:7; | ZFe:twith T¢FV(Q,I',Z,7) and

QT Z¢Fv;:[t1/T]r; and

oO=T.

Lemma A.12 tells us that there is a store typing X' 2 X such that
QIT |2 Fp;and QT2 F1; :[11/Tl7;.

We can use lemma A.9 to get Q| I',x; :[t1/T1r; | Z+[t1/Tle : [t1/T]r.
As T¢FV(r), we know that [71/T]t =7.
We can then use lemma A.6 and A.5 to get Q|T'| X' - [I;/x;1[t1/Te : 7. as required.
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¢ Case (e-unpack2):
Suppose Q| T'| Z+ let (T,%;) = unpack ((pack (71,v;,7;) as &(EIT,T_;,(U_;-)) » y)ine:o and
QIT|ZFpand
(u,let (T',x;) = unpack ((pack (r1,v;,7;) ai&(HT,T_;,w_})) »y)ine) =
(u,let (T,x;) = unpack (pack (11,v; » yl',y}) as &@3T,7;,w;)) in e)
where Q Fy: &@3T,7},0)) ~ &(3T,7,;) and

Yi = objf (71,1, *y) and y} = (sym (objc-I (71,7, %)) oyjoobjc-r (11, , *Y)J.
Lemma A.1 tells us that:

Q|T' | Z+ (pack (71,v3,7;) as &(EIT,T_’i,a)_;.)) »v:&(3T,7;,0;) and
QIILT,x;:7; | ZFe:twithT¢FV(Q,T',%,7) and

QIT |2+ pack (r,57,7)) as &AT,7},0)) : &@3T,7,,0) and

Qbvy;: [Tl/T]w;. and

QIT|ZFv;:[r1/T]r} and

o =1 for some 7.

D —=711 <14 I — .~ .
Let wj=wu1; ~us; and W) =ugj~ug;.

By applying rule (co-deref) and (co-objf) we get QFvy; : [Tl/T]T’i ~[1/Tlz;.

We can show that QO+ Y} :[11/Tw; with the following derivation:
Q F sym (Ob.jc_l (Tl’j7 *Y)) : [T]_/T]ulj ~ [Tl/T]lej
QF YJ OObjC—I’ (T1>j7 *Y) : [TI/T]qu ~ [TI/T]qu

(co-comp) - - - ;
QF (sym (obje-l (11,7, ¥y))oyjoobjer (v1,7,*y) : [11/Tlu1; ~ [11/Tlus;
where _
QF Y: &(HT, T;,w‘/])) ~ &(HT,T_L,(U_J)
(co-deref) —
QF *y: (EIT,T;,w})) ~@T,7;,0;)
(co-objf) ; ;
QFobjc-l (r1,7,*y) : [11/Tlug; ~ [t1/Tluy
(co-sym) ; 2
QFsym (objc-l (71,7, *y)) : [11/Tluyj ~ [11/Tlug;
and -
QbFy: &(HT,T;,(U;.)) ~&@3T,7;,0;)
QF xy:(3T,7,0) ~ 3T, 7,;
(co-objc-r) - ;
Qryj:[t1/Tlugj ~[11/Tluy; obje-r (v1,J, ¥y : [11/Tlua; ~ [11/Tlus;
(co-comp)

QFyjoobjc-r (r1,7,*y) : [t11/Tlug; ~[t1/Tlus;

We can use rule (t-coerce) to prove Q|| ZFv; »y; : [t1/T1t;

and then rule (t-pack) to prove
QIT| 2+ pack (r1,0; % 75,7)) as &(AT,77,@)) : &(T, 77, @)).

Finally we can use (t-unpack) to prove

QT | Z+let (T,x;) = unpack (pack (t1,v; » )/i,y_;.) as &(3T,7;,w;)) in e : T as required.
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¢ Case (e-unpack3):
Suppose Q|T' | Z+let (T,x;)=unpackeineg:oand Q|T'|Z+ uand
{u,let (T',x;) = unpack e in eg) £ (W, let (T,x;) = unpack e’ in eg)
where (u,e) 2, (W,e'y.
Lemma A.1 tells us that there are some 7,7;,w; such that:
QIT|ZF e: &AT,T;, ;) and
QI T,x;:1; | ZFeg:Twith T¢FV(Q,I,Z,7)and 0 =1.

From ind. hyp. we get some X’ 2 X where

QIT X+ e : &A3T,7;,w;) and

QIT IS .

Then by (t-unpack) and lemma A.5 we get Q |T' | Z' I let (T,%;) = unpack e’ ineg : T as

required.
¢ Case (e-coercel):
Suppose QT | ZF(pv»y))»y2:0and Q|| X+ pand
Q
(s (pv »y1) > ya) — (U, pv » (y1072)).
From lemma A.1 we get QFy2:0' ~0 and
QIT|ZFpvwyi:0’ and
QFy1:0"~0" and
QIT|Z+pv:o”
for some o’,0”.
By (co-trans) QFyjoys:0” ~a
and by (t-coerce) Q|T'| 2+ pv » (y1072): 0 as required.

* Case (e-coerce2):
Suppose Q|I'|Z+epy:0and Q|T'|Z+ p and
(e ) =2 (i e > ).
From lemma A.1 we get QFy:0’' ~0 and Q|T' | X+ e: o’ for some o’.

From ind. hyp. we get some X' 2 X where
QIT |2 Fe':0" and
QT2+

Then by (t-coerce) Q| T | X' e’ B y: 0 as required.

¢ Case (el-derefl):

Suppose Q[T |ZF*e:7and Q|T|Z+ u and (p,*e)w(u’,*e’)
Q ! !
where (u,e) — (i, e’).
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From lemma A.1weget Q|T'|ZFe:&T.

From ind. hyp. we get some X’ 2 X where
QIT|2Fe : &7 and
QITIZ .

Then by (t-deref) Q |T'| X' - e’ : T as required.

Case (el-deref2):
Suppose Q| T |ZF *&l:7and Q|T|Z+ uand (u, &) Joleh), W,0).
From lemma A.1we get Q|T'|Z+-&[:&7and Q|T|ZF1:7 as required.

Case (el-deref3):

Suppose QT |ZF «(&I»y):Tand Q|T | Z+ uand (u,*(&l»y))w(u’,lb*y).

From lemma A.1 we get Q|T' | X+ &I » y: &7 and
QFy:&1"~&7 and

QIT|ZF&L: &t and

QIT|ZF1:1" for some 7'.

By (co-deref) QF xy: 1’ ~ 7 and

by (t-coerce) QI » *y: 7 as required.

Case (el-projl):
w(Q)

Suppose Q| T |Z+lv.x:1and Q|T | Z+ pand (u,lv.x) W, 1v'.x)
where (u,lv) B, (u,lv').
From lemma A.1 we get Q|I'|ZF/v:S (u;) and
S ()Tj) Xm  Om,x:17', %, :0,1€Q and
7 =[u;i/X 1’
for some S,%7, X, Xm, X, OmyOrnsT -
From ind. hyp. we get some X’ 2 X where
Q|F|Z’|—lv’:S(u_j) and
QIT IS F .
Then by (t-proj) Q|I' | Z'+lv'.x : [u;/X;]t’ as required.
Case (el-proj2):
w(Q)

Suppose Q| T |ZFlx:Tand Q|T |2+ pand (u,l.x) — (u,1")

where p(l) =S @) {m : L, x: 1,2y 1 1n}.

From the definition of Q |T'| X F u we get
QITIZFpu():0 and Q|I'| Z+ 1 : o for some 0.
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From lemma A.1 we get

S()Tj){xm:am,x:T’,xn:an}eQand
QITIZES @) loem I, 1,2 115} : S (u;) and
QIT|ZH1":[u;/X;]t" and

o =S (u;) and for some X;,0,,,0,,7'.

From (t-proj) we get Q| I' | 2+ [.x: [u;/X;]t’ as required.

Case (el-proj3):

Suppose Q|T'|Z+l.x:7and Q|T|Z+ g and (u,l.x) o), (u,l" » [)/j/Xj]T')

where u(l) =S ;) {x;, m,x:l,xn 1}y and

S ()Tj) Em Om,x:T,%,:0,1€Q and

Y;j =spar (j,7).

From Q|T'|Z+-uweget QIT|ZFu(l):0and Q|T' |2+ :0 for some o.
From lemma A.1 we get

QITIZES @) lem I, 1,2, 115} : S (u;) and
QIT|ZFy:S(u;)~0o and

QITIZH: [u/X )7

Combining lemma A.1 with consistency of Q we get 0 =S (u_;.) for some u_;
QIFIZI—p(l):S(u}).

By (t-proj) Q| T |ZF1l.x: [u"]./Xj]T,.

By (co-spar) Q &y, u;~u’.

By lemma A.13 Q+ [y;/X 1t : [u /X ;1" ~ [u}/Xj]T’ and

by (t-coerce) QT |Z+1"» [y;/X]1": [u;./Xj]T’ as required.

Case (el-proj4):
Suppose QT [Z-U» y)x:Tand Q|| ZF pand (i, » y).x) LGN (u, " » [)fj/Xj]T’)

where p(l) =S (W) {m : Lp,x:1',x, : 1} and

S()TJ) (Xm 0m,x:7,%, :0,1€Q and

yj =spar (j,7).

From Q|T'|Z+-puweget QIT |2 u(l):0and Q[T |2+ : 0 for some o.
From lemma A.1 we get

QIT|ZFp):S ;) and o =S (u;), and

Q|T|Z|—l/:[uj/Xj]T'.

Combining lemma A.1 with consistency of QQ we get
QFy:S @) ~S W) and

QIT|Z+1»y:Sw))and
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QITIZFU»y).x: [u}/Xj]T’

for some u_;

By (co-spar) T'Fy;:u;~ u;

By lemma A.13 Q+ [y;/X ;17" : [u;/X ;17" ~ [u;./Xj]T’.

By (t-coerce) Q| I'| X+ 1" [y;/XI7": [u//X]7" as required.

Case (el-proj5):

Suppose QT [Z+(I»y)x:Tand Q|T|XZF pand
(u, (L »y1).x) (@) (u, 2" » [y;/X ;1"

where u(1) =S @) {xp : L, x: 1,2, : 15} » y2 and

S()Tj){xm:am,x:T’,xn:an}EQand
yj =spar (j,y2071).
From Q|T'|Z+-puweget QT |2 u(l):0and Q[T |2+ : 0 for some o.

From lemma A.1 and corollary A.1we get
QIT|ZFy2:8(;) ~1" and
QITIZES @) lm I, a1, % 115} 1S (u;) and
QIT|ZHI:[u /X7

Then, using lemma A.1 again we get QFvy1:7" ~ 0’

where ¢’ is a type of the form S’ (u) for some S’,u;,.

By (co-trans) Q+ ygoy1:S (u;) ~ 0o’

and from consistency of Q' it follows that o’/ =S (u_;.) for some u_;
By (t-coerce) Q|| Z+1:7" andQIFIZI—l»m:S(u;).

By (t-proj) QT |Z+ U » y1).x: [u;./Xj]r’.

By (co-spar) Qb y;:u;~u’.

Then by lemma A.13 Q+ [y;/X1t" : [u /X1t ~ [u;./Xj]T’ and

by (t-coerce) QT |Z+1"» [y;/X]1": [u;/Xj]T’ as required.

Theorem 6.2 (Progress). Suppose Q) is a consistent environment.

1

If Q| @ | ZF e:o then either e € VAL or, for any store u such that Q| @ | Z F u, there is

some term e’ and store ' with {u,e) £, (W,ey

If Q| @ | Z+1v: 1 then either lv e CLOC or, for any store p such that Q| @ | Z+ y, there is

some lvalue lv' and store u' with {(u,lv) LA (W', vy
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Proof. By simultaneous induction on derivations Q| @ |XF e:0 assuming Q| @ | X F pin all

cases:

¢ Case (t-let):
Q|@|ZFletx:7T1=e1ineg:7T9 and
Ql@|ZFeq:71 and
Qlx:111ZFeg: 1.

We consider two cases for e:

— Caseeq=vu:
We can take a step using (e-let1).
— Case e1 ¢ VAL:
From ind. hyp. we know that there are some e, ' such that (u,e;) 2 (w',e’)

We can then take a step using (e-let2).

¢ Case (t-upd):

Qlo|ZFIlv:=e:() and
Qlg|ZFIv:T and
Qlg|ZFe:T.

We consider the following cases for [v and e:

— Caselv=1[and eg VAL:
From ind. hyp. we know that there are some e, ' such that (u,e) 2 (W,ey
We can then take a step with rule (e-upd4).
- Caselv=Ilande=uv:
We can take a step with rule (e-upd2).
- Caselv=Iwy:
We can take a step with rule (e-upd3).
— Case lvg CLoOC:
From ind. hyp. we know that there are some [v’, u’ such that
Loy 2 1"y,
We can then use (e-upd1) to take a step.

* Case (t-fapp) :
Suppose Q| @ | X+ e(e;): 7 and
Ql@|ZFe:fn(T;) — T and
Qlo|Zke;:T;.
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From lemma A.2 we know that if v € VAL then either
v=fn (x;77;)e1} or

v=fn (m){eﬂ >y

for some x_i,r_;,el,y.

We consider the following cases for e and e;:

- Case e =fn (x;:7;){e1} and e; € VAL:
We can use rule (e-fappl) to take a step.
— Case e =fn (x; : 7;){e1} where there is a term e’ € e; that is not a value:
Lete; =vj,e',e;, and 7; =7;,7',7%.
Then, since Q| @ | ZFe’: 7/, from ind. hyp. we get
(u,e”) £, (W,e"y and ' e".
We can then use rule (e-fapp4) to take a step.
- Casee="fn (ﬁ){el} > y:
We can use rule (e-fapp2) to take a step.
— Case e ¢ VAL:
From ind. hyp. we get (u,e) £, (W,e"y
for some e,y and X' 2 X.

Then we can take a step using (e-fapp3).

¢ Case (t-fabs) :

QIT|ZHfn (x;tHe}:fn(T) — 7

fn (x;:7;){e} € VAL as required.

¢ Case (t-ref) :

Ql@|IZF&lv:&T and
Qlo|ZFlv:T.

- Caselv=1:
&1 € VAL.
- Caselv=Iwy:
We can take a step with (e-ref2).

- CaselvgCLocC:
From ind. hyp. we know that there some y,lv" where (u,lv) @), W, 1v".

We can then use rule (e-refl) to take a step.
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¢ Case (t-deref):
Q|@|Z+ xe: T and
Qlo|IZke:&T.
If e € VAL then by lemma A.2, either e = &I for some [ or e = &I » y for some [ and y.

We then consider the following cases for e, proving both points 1. and 2. as *e is an

lvalue:

- Casee=&l:

1. We can use rule (e-derefl) to take a step.
2. We can take a step with (el-deref2).

- Casee=&lpvy:

1. We can use rule (e-deref2) to take a step.
2. We can take a step with (el-deref3).

— Case e ¢ VAL :
From ind. hyp. we know that there are some p’,e’ such that
re) = (i e).
Then:
1. We can take a step with (e-deref3).
2. We can take a step with (e-derefl).

¢ Case (t-var):

Qlg|ZFx:0 and
(x:0)e@.

Vacuous as (x : o) € @ is impossible.

¢ Case (t-loc):
Suppose Q| @ |ZF1l:0and I'r | Z+ .

[ € LVAL so we must show the case holds for both cases:
1. We can take a step with (e-loc) as by lemma A.16 the call to getValue will succeed.
2. 1 € CLOC as required.

From lemma A.1 we know 2(I) =0.

¢ Case (t-unit):

QIgIZF():0
() € VAL as required.
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¢ Case (t-seq):
Qlg|ZFer;eg:toand Q| @ | ZFer:T1and Q| @ | ZHeg:To.

We consider two cases of ey:

— Caseeq=vu:
We can use (e-seql) to take a step.
— Case e; ¢ VAL:
From ind. hyp. we know that there are some p/', e such that
Q !/ !
(,e1) — (u',el).

We can then make a step using rule (e-seq2).

¢ Case (t-newstruct):

Q@ ZFSu;){x;7e;}:S(u;) and
S()TJ) {x,~0;}€Q and
Q|(Z§|Z|—ei:[uJ'/Xj]Ui.

We consider two cases of e;:

— Casee; =v;:
Then S (u;) {x; 7v;} € VAL.
- Case e; =v,,,e,e, where e ¢ VAL:
Let x; = Xn,%,%, and 0; =0, 0,0p,.
From ind. hyp. we know there are some p’, e’ such that
Q !/ !
(ne1) — (W' el).

We can then use rule (e-struct) to take a step as required.

¢ Case (t-proj) :
Qlg|ZFex:[u;/X;lo and
Qlg|ZFe:S(u;) and
S X)) xi o7} eQ

where (x:0)€x; :0;.

Since e.x can be an lvalue, we must prove that both statements of the lemma hold.

1. If e € VAL then from lemma A.2 we know that either

e =S (u;){x; :v;} for some x;,v; or

e=S (u_;.) {x; :v;} » v for some u_;.,x_i,v_i and y where I'7 | ZF7y:S (u_}) ~8(uj).

We then proceed by cases on e:
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- Casee=S(u;) {x; v}k
We can take a step with (e-projl).
— Casee=S (u_;.) {x;:vi}py:
We can take a step with (e-proj2).
— Case e g VAL:
Using ind. hyp. we know that there are some y,e’ such that
(o) = e,

We can then take a step using rule (e-proj3).

2. Suppose e =1lv and o =7 for some /v and .

We then proceed by cases on [v:

-lv=1I:
From Q| @ | Z+ pit follows that Q| @ | ZF u(l): S (@)).
From lemma A.3 we know that either
) =8, {m} for some Z or
wil)=8 (u;.) {x; :1;} » v for some u;.,li,y where QFy:S (u;.) ~S(u;).
In the first case we can take a step with (el-proj2)
and in the second case we can take a step with (el-proj3).
-lv=Iwy:
We know that Q[ @ [ZF 1w y:S(u)).
From lemma A.1 and corollary A.1 we know that there is some 7’ such that
QFy:7"~S(u;) and
Qlg|ZH1:7.
From Q| @ | X+ p it follows that Q| @ | X+ u(l):7'.
From lemma A.3 we know that either
ul)=S (u_;.) {x;:1;} where 7' =S (u_;.) for some E,u_; or
wil)=8 <u;.) {x; :1;} » v for some u;.,li,y where QF7y': S <u;.) ~T1'.
In the first case we can take a step with (el-proj4)

and in the second case we can take a step with (el-proj5).

- lvgCLocC:

By ind. hyp. there are some [v’, u’ where (u,lv) @), W, 'y.

We can then take a step with (el-proj1) as required.

¢ Case (t-unpack):
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Q|@|ZFlet (T,x;)=unpack e1 in eg:7 and

Qlo|Zke;:&3T,7;,w;) and

Q|T,x;:7;|ZFeg:T.

From lemma A.2 we know that if e is a value then either

e1 = pack (7,v;,7;) as &3T,7;,w;), or

e1 = (pack (7,v;,7;) as &(EIT,T_’i,w_;.)) » y for some T_i,w_; where T' | Z+y: &(EIT,T_;,w_;.)) ~
&@3T,7;,w;).

We proceed by cases of e1:

- e1 = pack (1,7;,7;) as &3T,7;,w;):
We can take a step with (e-unpack1l).
— e1 = (pack (7,73,7;) as &(EIT,T_’i,w_})) %
We can take a step with (e-unpack?2).
- e1 ¢ VAL:
By the ind. hyp. there are 1/',e/ such that (u,e1) 2 (W,el).

We can then take a step using (e-unpack3) as required.

Case (t-pack):

I'r | X+ pack (1,e;,7;) as &3T,7;,0;) : &3T,7;,0;) and
Qlg|ZFe;:[t/T]r; and
QFy;:[1/Tlw;.

We proceed by cases of e;:

— Casee; =v;:
(pack (7,v;,7;) as &@3T,7;,w;)) € VAL.
- Case e; =v,,,e,e, where e ¢ VAL:
From ind. hyp. there are some /,e’ such that
Q !/
(u,e) — (u,e’).

We can then use rule (e-pack) to make a step.

Case (t-tapp) :

Qlo|ZFelu;]l:[u;/X;]lo and
Qld|ZFe:VX;.0.

From lemma A.2 we know that if e € VAL then either:
e =VX;.e' for some e’ or

e =(VX;.e')» y for some ¢',y.

We proceed by cases of e:
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- Casee=VYX;.e:
We can take a step with rule (e-tapp1l).
- Casee=(VX;.e)py:
We can take a step with rule (e-tapp2).
— Case e g VAL:
By ind. hyp. there are some ¢’, i’ such that
(o) = (e,
We can then use rule (e-tapp3) to take a step.
* Case (t-tabs):
QIP|ZFAX;.e:VX;.0.
AX;.e € VAL.
¢ Case (t-capp) :

Ql@|ZFe[y;]:0 and

Q|p|ZFe:Vw;.0 and

QF Yi:w;.

From lemma A.2 we know that if e € VAL then either:
e = Vw;.e' for some e’ or

e= (Vw_g.e') » y for some e’,a)_;,y.
We proceed on cases of e:
- Case e=Vw;.e":
We can use rule (e-cappl) to take a step.
— (Il !
- Casee=(Vw).e)»y
We can use rule (e-capp2) to take a step.
— Case eg VAL:
By ind. hyp. there are some e’, i’ such that
Q ! !
(H,e) — (', e).
Then we can use rule (e-capp3) to take a step.
¢ Case (t-cabs):

(Ac; :wj.e) € VAL.

¢ Case (t-coerce):
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I'r|Z+ew»y:09 and

I'ty:01~02and

I'ZkFe:o;.

Since e » y could be an lvalue, we must show that the case holds for both statements of

the theorem.

1. We proceed by cases of e:

— Case e = pu:

Then (pv » y) € VAL.
- Casee=pup»y:

Then we can take a step with (e-coercel).
— Case e g VAL:

By ind. hyp. there are some e’, i’ such that

Q ! !
(H,e) — (', e’).

Then we can use rule (e-coerce2) to take a step.

2. If e » y is an lvalue it must be of the form ! » y for some /.

Then I » y € CLOC as required.

Theorem 6.3. Suppose - pgm : Q| where Q is consistent and I’ ={x; : 7;}.
If (main:fn() — ) €T, then there are some , e, X for which
(pgm)&(,u,ex and Q| @1 ZFpu, and Q@ |ZFHe:().

Proof. Wlog, let pgm = {type,axiom,struct,decl} where decl =x; : 0; = v; and main € x;.
By rule (t-decl), Q| T | @ Fv; : 0. .
Let po = @. Then by lemma A.12 alloc(u;_1,v;) = (u;,1;)

where [; ¢ dom(up) and there is some X where
QIT |2+ y; and QT | ZF1;: 0.
By lemma A.1(l;:0;)e X and

we can use rule (t-loc) to conclude Q| @ | ZF1; : 0;.

We can use the program evaluation rule to take a step
(pgm) 2 ([Lifxilpui, (1iF%i) fnainO).

Wilog, let u; =1{l; :w;}.
By definition of substitution, [1;/x;1u; = {lj /% lw; .

FromQITlZl—,uiWegetQIFIZI—lj:ajj andQIFIZI—,u,-(lj):ajjforsomea_j.

— J
By lemma A.6 weget Q|@|XZF1j:0;and Q| @ | Z - [1;/x;1pi(lj):0;
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o Q|| Xk [1i/xi]u;.
Finally, let I nain = [L;/x;1main.
Then Q| @ | Z - Lmain : TnO — O by (t-loc) and Q| @ | Z F Imain( : () by (t-app) as required.
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Appendix B

MiniRust translation proofs

Lemma B.1 (Inversion of well-formed environment rules). Suppose (I, ©) ~ (Qf, T'?).

1. If X €T then X €T

2. If (x :0) €T then there is some o' such that (x:0') €Tt and T'| ® Fyy 0 ~ 0.

3. If S ()Tj) {x;:7;} €T then there are some 7t such that

1

T,EI@I—WF T; wrf andS()Tj){xi :TE}EQt.

4. If (D (X;)where 7p,Self: s~ x5,A 1 By ~ x4, f,0b)) €T then
[,X,10,Self: D (X;) ~ _Fwr Self: fs ~ (tt,05) |
p— p— p— a
F,Xp | ®>Self:D <XZ> W7|_WF AD <Xp> :ﬁCL M <Tf1,wa> >
(f :¥X,,Xp,.(Self:D(X;),m)=>1)€el,
[,X,10,Self:D(X;) ~ _Fwp VX7 =1~ 0!,
(SXf 0t,xs 178,20 1 7L} Ap (X)) € Q!

where X, = Self,X; for some 1%, 05,7}, 0q, X, 771, T.

5. If (B ~ (x,c)) € O then there are some o' and 9 such that
(x:0t) eI, and (c:9) e Ql and T | O Fyy 0 ~ (o, ).

Proof. Immediate from the well-formed environments judgments with translation.

Lemma B.2 (Inversion of struct declaration typing rule).
IfT| ® F struct S()Tj){xi 7,1 O ~ pgm!

then there are some T_f where F,)le ObwpT; ~ T’;b,
I'=[S QTJ-) {x;:7:}), and ©' = @, and pgm® = struct S (Z) {x; :Tf}.

Proof. Immediate from the well-typed items relation.

Lemma B.3 (Inversion of well-formedness rules).
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1. IfT|OFwp X ~>ul then X €T and u! = X.

2. If T'|O® Fyy fn(T;) — 7 ~~ ul then

T1@kywr i~ 15, and T'|© byp 7~ 7, and u’ = fn(r}) — 1 for some 7°, 7'.

3. IfT|Okywr&u~>ul thenT|OFypu~ ut1 and ul = &utl for some ut1

4. IfT| O Fwr S w;) ~ ul then
[|Oktyyu;~ ul, and S X;) {x;=7;} €T, and [u;/X;] defined, and u* = S (ut)

- _
for some Xi u;,xj,T;.

I'Olku:D{w;,A— %), andFI@I—WFuwu’i, and
I'Oktwru; ~ ug, and ut =Ap (utl,u’é)
T

for some u’i, u;.

6. IfFI@I—WFEIT:D(u_,-,ulj~ugj)wut then

there are some ADj,fj,u_j, uﬁ, uéj, u; such that
u1j=Ap;(T,us;), and T - D obj-safe, and T - Selfy : D (u;), and
10 Fweui~ ul,and T,T|©,T:D @) bwr urj~ Ap, (T, ul ),

and T |© Fypuj~ u§., and u' = (3T,&7,Sp (T,u_ﬁ),ADj (T,gj) ~ u;)

__ — — J
7. IfT|Obwe VX, ;> 1~ 0! then X; ¢T and I, X, | ©,T; by 71 ~ (T;.,a)j)

¥, — ¢ b Y T (At ¢ Tt ¢
and ', X; |O,7; Fwr T~ 1 and o —VXi.‘v’a)j.fn(rj)—>T for some T,,0) and Tt

> = J
8 IfT|OFwp VX, T =7~ (0,9) then T,X; |O,7; Fwp )~ (T;-,wj) ,
[,X; 10,7 bwp 7~ (th,ul ~ ub),

bW\ £t ¢ Y.t Wt t— .t .t -t
o —VXi.Va)j.fn(Tj)—>T , and 9 =VX;.uj ~VX;.u; for some T,W),Uq,Uy, T

9. IfT|OFwpu:DWu;,A— up)~ ol,9 then there are some ut,u_i, u', where
I'tu:Du;), and '+ Ap, and
[1OFyru~u,and T|Okypu;~ul, and T |0 Fypug ~ uly, and
ot=8Sp (ut,u_’é), and 9=Ap (ut,u_f) ~u

t

Y

10. IfT|®Fwpu:D(u;,A— )~ ot,9 then there are some ut,u_i where
IT'tu:D{u;),and I'-Ap, and
I'OFyru~ul andfl@l—wpuiwu’;, and

ot =Sp (u',ub), and 9= Ap (u',ul) ~ Ap ', ub).

Proof. Immediate from the well-formedness judgments.
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Lemma B.4 (Contraction of the constraint environment I).
1. IfT 0,1 ~ (x,c) Fyru~ul and T |OIF 7"~ (e",y") then T'| © Fyy u ~ u'.
2. IfT 0,1 ~ (x,c) Ik~ (el,y) and T | O Ik 11’ ~ (e',y') then T | @ I 7t~ [e"/x]1[y/cle’.
3. IfT 10,1’ ~ (x,c) lFui~ug~yand T |OlFn' ~ (e'',y") then T |OIF uy ~ug ~[y'/cly.

Proof. By simultaneous induction on derivations

0,7~ (x,c) Fyru~ ul,

[0, ~ (x,c) IFm~ (e’,y) and

10,7~ (x,c)lFuy~ug~7y.

In most cases it is a straightforward use of the induction hypothesis and the definition of
substitution.

We show the proof for the only interesting case:

* Case (c-ext): ['|0,7' ~ (', ") I [wi/X; 1w ~ (@lul][yj](e?), clull) where

(VX757 = 1~ (x,¢)) €(0,7" ~ (&', ),

[10,7" ~ (x,¢) Fwp u; ~ ul and

L1071 ~ (&', ¢y I [wi/X1mj ~ (ehy).

Assume I'| O IF 71/ ~ (e’t,y").

If (V)Ti.n_j = 7) € ® we can assume x # x’, ¢ # ¢’ by the bound variable renaming as-
sumption.
We can use IH to prove I' | © I [u;/X;]m ~ <x[u’£][[[y’/c’])/j]]([e’t/x’][)f’/c’]ez.), c[u;’:]).

Otherwise, (V)Ti.n_j =7~ (x,c)) = (1’ ~ (&, c)).

Then, as u_i,)?i,e_§ and y; are all empty sequences, we need to show

I'|®IF '~ (e'',y"y which holds from the assumption as required.
O

Lemma B.5 (Contraction of the constraint environment IT). IfT' | ©, 1’ ~ (x,c) Fwr 0 ~ (c*,0)
and T | Ok’ ~ (e'',y") then T | © lywg O ~ (a*,9).

Proof. Straightforward by induction on derivations I' | ®, 7' ~ (x,¢) Fwr 0 ~ (o?,9)
using lemma B.4 and the TH. O

Lemma B.6 (Contraction of the constraint environment III). If T | ©, 7' ~ (x,c) Fyr 0 ~ 0!
and T |OIF 7' ~ (e,y') then T | © Fyyp o ~ o
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Proof. If 0 € STYPE then the proof is immediate from lemma B.4.
Otherwise o = VZ]TJ = 7 for some )Ti,n_j, T.

From lemma B.3 we get

— — j
[,X; 10,7~ (x,c), ) bwr 7~ (T, 0;)

and I, X; |©,7" ~ (x,¢), 7, Fwr T~ 7% and o' = VXi.Vw_j.fn(T;.) — 1! for some T;.,aTj and 7°.

By lemmas B.5 and B.4 we have

— j
ILX; 10,7, Fwpmj~ (T}wﬁ
and I, X, | ©,7; Fwp T~ 7.

We can then use (wf-tscheme) to prove I' | © by 0 ~ o

as required. O
Lemma B.7 (Type substitution I).

1 IfT,X |OFwru ~u' and [w/X]1T | [u/X]10 Fyp u ~ ul
then [w/X1T | [w/X10 bFywp [w/X1u' ~ [ut/Xu'.

2. If T,X |OIF 1~ (el,y) and [w/X1T | [u/X10 Fyp u ~ ul
then [w/X 1T | [w/X10 IF [w/X1m ~ {(u/X e, [u/X1y)

3. IfT,X |OlFuy ~ug~ v and [w/XIT | [u/X10 Fyp u ~ ul
then [w/X1T | [w/X1O IF [w/X (w1 ~ ug) ~ [u/X]y.

Proof. By simultaneous induction on derivations

[LX|0kwpu ~u',

[,X|OIFm~{et,y) and

[LX|0lFuy~ug~>7y.

In most cases it is a straightforward use of the induction hypothesis.

The only special case is (wf-var): I, X | © Fyr X' ~ X' where X' € (I', X).

If X = X' then [w/X]I | [u/X]0 Fwr u ~~ u! from assumption as required. O

Lemma B.8 (Type substitution II). If I',X | ® Fyp 0 ~ (¢%,y) and [w/X1T | [u/X]10 Fyr u ~ u’
then [u/X 1T | [u/X]10 Fyp [u/X10 ~ (u!/X1r?, [t/ X Ty).

Proof. Straightforward by induction on derivations I',X | © Fyy 0 ~ (o',y) using IH and
lemma B.7.

In case (wf-cscheme) we can assume that X ¢ X; using the bound variable renaming conven-
tion. O

Lemma B.9 (Type substitution III). If ', X | © Fyp 0 ~ 0! and [w/X 1T | [u/X10 Fyr u ~ u!
then [w/X1T | [u/X10 Fywp [u/X]1o ~ [ut/X]o?.
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Proof. If 0 € STYPE then the proof is immediate from lemma B.7.
Otherwise o = V)Tln_J = 7 for some )Ti,n_j, 7 where we can assume X ¢ X;.

From lemma B.3 we get

E— j
F9X7Xi |®,ﬂj I_WF 7'[] ~ (T;awj>

and I, X,X; 0,7, Fyr 7~ 7! and 0! = VE.Vw_j.fn(r_;.) — 1t for some %,w_J and 7.

By lemmas B.8 and B.7 we have _

[w/X10, X; | [w/X10,[w/X1n; Fwe [w/X1nj ~ (w/X 17}, [w/X o j>J

and [w/X T, X; | [w/X10,[w/X1x; Fyr [w/X 17 ~ [w/X]7t.

We can then use (wf-tscheme) to prove [u/X I | [u/X]0 Fwr [u/X]1o ~ [u/X 1ot as required. [

Lemma B.10 (Weakening I).
1 IfT|OFwru~ul thenT'|O Fypu~ul forany I’ 2T and 0’ 2 6.
2. IfT|OIFm~{el,y) then T"| @I~ (e’,y) for any T' 2T and ' 2 0.
3. IfT |0l uy~ug~ythenT'|O@'IFuy ~ug~yforany I'2T and ' 2 6.

Proof. Straightforward by simultaneous induction on derivations

IOFypu ~u',

IO~ (e!,y) and

FOkFu;~ug~y. O

Lemma B.11 (Weakening II). IfT' | © bywp 0 ~~ (0%,0) then T" | ©' bywp 0 ~ (ot,9) forany I’ 2T
and ©' 206.

Proof. Straightforward by induction on derivations I' | ® Fyy 0 ~ (o, 9) using IH and lemma
B.10. O

Lemma B.12 (Weakening III). If ' | © byp 0 ~ 0’ then T" | @' Fyp 0 ~ o' for any T 2T and
0'206.

Proof. If 0 € STYPE then the result is immediate from lemma B.10.

Otherwise, the only rule that could apply as the last rule in the derivation I' | © Fyp 0 ~ o
is (wf-tscheme).

Using lemmas B.10 and B.11 on the rule’s side conditions we get

IO Fwp o~ 0! as required. O

Lemma B.13 (Weakening IV). IfT' |®Fe:7~ el then I'|®' Fe: 1~ el forany I' 2T and
' 20.

Proof. Straightforward induction on derivations I' |© e : T ~~ e’ using IH and lemma B.10

when required. O
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Lemma B.14 (Entailed constraints are well-formed). Suppose (I',0) ~~ {_,_).
1. IfT | Ol 7~ (el,y) then T | ® Fyp 1t ~ (1!, w) for some 1¢,w.

2. IfT|OlFuy~ug~yand T'|OtFwpug ~ ut1 then then there is some type u; such that

3. IfT|OlFu; ~ug~yand I'| O bFyp ug ~~ u;, then there is some type ut1 such that
['|OFypuy~ ul and.

Proof. Proof by simultaneous induction on derivations
[OlFu;~ug~yandT|OIF7~ (ef,y):
* Case (c-ext): I'|OIF [u;/X;1m ~ (x[u_ﬁ][[y_jﬂ(e_;),c[u_ﬁ]) and
((x,c): VZn_J =>m1)eB,
FI@I—WFuiwuﬁ,

T1O1F [uilX;lmj ~ (e, 7).

From well-formedness of ® we know I' | © -y VX;.7; = 1~ (0, 9) for some o and 9.

From lemma B.3 we get I',X; | © Fyg 7j ~ (T;,wj)J

and F,)Ti |©,7T; Fwr T~ (‘rt,u’i ~ ug)

and o' = VX;.V@;.f(r) — 1!

and 9= V)Tlutl ~ VZu; for some T_j.,aTj,c_j,ui,ug,Tt.

By the assumption that X, ¢T,0 and lemma B.8,

T1 0, (il X1 e il X 1w ~ (ul/X 1n [l X Tl ~ [l X 1ub).

From the ind. hyp. we get I'| © Fyyg [u;/X;11j ~~ (r;.,wﬁ for some T_§ and w;.

We can then use that with lemma B.5 to show
[0 by [wi/X; 1w~ ([M]Tt,[ﬁ]ui ~ [M]u;) as required.
¢ Case (c-treql):
I'|OlFug:D Uz, A~ ug)~ (et »Sp(y2,7:),Ap (sym (y2),sym (y;)) oy1 oy3) where
I'tug:D{usg;),
[1©IFuy:D @1;,A — ug) ~ (et y1),
r|®||—u1~u2W)/2, )

r|®“—u1i~u2i->}fib and
FI@IFu3~u4->y3.

By IH, T |©Fwru1:D (uy;,A—~ us) ~ (t!,w) for some 7¢, 0.

By lemma B.3, T |Obwpu1~ u), and T'| O Fyp ug; ~ utli,
and I'|©,u : D (uy;) Fwrus ~ ub, and THAp

for some types u!, uf,, uj.
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By lemma B.5, T'| © by ug ~~ ub.

We can then use the IH get
FI@I—WFuzwu;,

r | S} |_WF ug; ~ u;i, and

I'|© Fyp ug ~ uf) for some types ul, u_g and u}.
By lemma B.10, I' | ©,uq : D (ug;) Fwr g ~ ui.
Then, by rule (wf-treqcons),

I'|OFwruz:D@g;,A—us)~(Sp (u;,uTQL) ,Ap (ug,u_;i) ~ul) as required.

Case (c-treq2): T'|©lFug: D (ug;,A — %)~ (! » Sp (y2,¥),AD (ut,u_i)) where
I'tug:D(ugy),

['|OIFuy:DWuy;,A— *)~ (el,y1),

I'OlFur~ug~ys,

TOlFuy; ~ugi~7i,
r|®|‘WFU2“">L¢§,

I | (S} |_WF ug; ~ u;i.
ByIH, T |®Fwput:D@i;,A— us) ~ (1t,w) for some 7%, w.
By lemma B.3, T+ Ap.

Then, by rule (wf-trcons),

| O Fwpug:D (Ea;,A — *) ~ (Sp (u;,u_;i),AD (ug,u_;i) ~Ap <ug,u_tzl.>> as required.
Case (c-astar): T'| Ol u:D (w;,A— %)~ (et,Ap (ut,u_’;)) where
T1OIFu:D@;,A— up)~ (e, y),

I'OFwru~ uland

By IH, there are some 7°,w such that I' | © Fwp u : D (T;, A — %) ~ (1!, w).

By lemma B.3, I' - u : D (u;),

I'-Ap and 7° = Sp (u',u?).

We can then use (wf-trcons) to prove

T1©kwpu:D @i, A— )~ (', Ap (u',ui) ~ Ap (u',u})).
Case (eq-sep): I'|OIFAp (u,u;) ~us ~ vy and
[OlFu:D@;,A~ups)~ (e,y)

ByIHT |®Fypu:D@;,A~up)~ (t!,w) for some ¢, 0.

Lemma B.3 gives us I' | © Fyp u ~ u?,

¢
I'Obwrui~u;,

162



I'o,u:D ;) Fwr uA”‘)ufq,

and T+ Ap for some types u’,u! and u,.

Using (wf-atype) we get I' | © Fwr Ap (u,u_’;f) ~ Ap (ut,u_f).

Using lemma B.4 we get
T'Okwrug ~ ufq as required.
Case (eq-refl): T |OFu ~u ~ u!

Trivial.

Case (eq-trans): I'|OlFu1 ~ug~> Y1072 and
F|®|I—u1~u3~=>}/1 and
I'Olkus~ug~7yo.

Suppose I' | © Fypug ~ ul.
By IHT | © byp uz ~ u} and then T' | © byp ug ~ u.

If, on the other hand, I' | © by ug ~» ub,
then by IH T | © Fyp ug ~» u} for some u}

and I'| © Fyp ug ~» u for some u} as required.

Case (eq-sym): I' |OIF u1 ~ ug ~» sym y and

r|®“—u2~u1~“>)/.

IfTrOFywrug~ ut1 then we can use the IH to get I' | O by ug ~~ ug as required.
The symmetric case is analogous.

Case (eq-struct): I'|OIFSw;) ~S (u_;) ~> S (y;) where
S(X){...}eT, and [u;/X;1[u}/X;] defined, and T | © IF u; ~ u’ ~~ ;.

Suppose I' | © Fyr S (@) ~ ul.

From lemma B.3 we get I'| @ by u; ~~ u! and u’ = S (u_f) and S(){...}eD).

From IH we get T'| © Fyp u} ~ u’; for some u_f
Then by (wf-struct) I' | @ Fwg S (u_;> ~ S <u_;t) as required.

If we assume instead I' | O Fyy S (u_;) then the proof is analogous.

Case (eq-ref): Straightforward use of IH, lemma B.3 and rule (wf-ref) as in the case for

(eq-struct).

Case (eq-obj): I'|©IF 3T : D (u1;,Ap (T u1s;) ~u1;) ~3IT : D (ug;, Ap (T, ugs;) ~ ugj)
~ 3T, &T,Sp(T,7:) JApj (T,y_sj) ~ ;) where
Selfy : D (X,
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[u1;/Xi1luz;/X;] defined,

Selfy:D; Xy, ,

[ry /X, [ty /X,) defined ,

I'elFu; ~ug; ~vyi,

T,T10,T:D (uy,,A— ) luiy;~uss;~ys;and
[OlFuy;~ug;~vy;j

Suppose I' | © bwp 3T : D (u1;,Ap (T,u_lsj) ~uUj) ut1

From lemma B.3 we know that there are some u?, utlsj, utlj such that
I'E D obj-safe

I'Okwr uli”‘)ulg

5/

r,Tl@,T:D(uli,A'—’_>|_WFu1stu1§j ahd

Then, by IH, there are some u_tZl., u_;sj,gj such that

t
r | S l_WF Uug; ~ uZi’

F,T | @,T :D (u_“,A — _) l_WF u23j ~ ugsj and

I'OFwr ugjwu;j.

By lemma B.10 we get

I,LT10,T:Dui;,A~ _),T:Duzj,A— _)twr ugsjwugsj and
I[,T|0,T:Dugj,A— )lFuyj~usz;.

Using (eq-sym) we get I',T'|©,T: D (ug;,A — ) IFug; ~uy;.
Then using (c-ext) and (c-treq) we get I',T'|©,T: D (ug;,A— ) I-T:D(uy;,A—_).

We can then use lemma B.4 to prove
F’Tlg’T:D<ﬁijH_> l_WF u28j Wu;s‘]

Finally, using rules (wf-atype) and (wf-desc) we get

I'|©Fwp 3T :D (ug;, Ap (T, uzg, ;) ~ ugj) ~ ul, for some u}, as required.

The proof of point 2. is similar.

Case (eq-fun): Straightforward use of IH, lemma B.3 and rule (wf-fun) as in the case

for (eq-struct).

Case (eq-atype): I' |OIF Ap (u1,u1;) ~Ap (us,uz;) ~ Ap (y,7yi) where
'+ Selfy : D (X;),
[w1/Selfyllue/Selfylluy;/X;1us;/X;] defined,
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I'OlFu; ~ug~y, and

I'elkFuy; ~ug; ~vi.
Suppose I' | @ Fyr Ap (u1,u1;) ~ ut.

From lemma B.3 we get I' |©OIFu;:D (uy;,A— _),

T'Okwrui~ uit and

FI@I—WFuqulf

for some u*,u1t.

From the TH we get I'| © byp ug ~> u and T'| O byp ug; ~ u;i.

Using (c-treq2) we get I' | @ I-ug : D (ug;, A — *).

Then we can use (wf-atype) to conclude

I'|®OFwrAp{us,ug;)~ Ap (ug,u_;i) as required.

If we suppose I' | © Fywr Ap (u2,ug;) ~ u'l instead, we can use an analogous argument.
O
Lemma B.15 (Type environment contraction).
1 IfT,x:1|OFwru~>ul then T | O Fywpu~ ul.
2. IfT,x:1|OIFm~ (el,y) then T | OIF 1~ (e, y)
3. IfT,x:1|OlFuy ~ug~>ythenI'|OlFuy ~ug~~7y.

Proof. Immediate from the well-formedness and constraint entailment judgments as type

assignments in the typing environment I" are never used in the rules. O
Lemma B.16 (Translation of types preserves kinds). IfT'| ©® Fywg T ~» u! then u! € STYPE'.
Proof. Straightforward induction on derivations I'| © Fwp T ~ u’. O
Lemma B.17 (Well-typed terms have well-formed types). Suppose (I',0) ~» {_, ).

IfT|OFe: 1~ el then there is some T! such that T'| © Fyp T~ T,

Proof. By induction on derivations ' |@F e : 1~ el:

e Case (sub): I'|®OFe:15~ e’ By where
['|®Fe:1;~e! and

ekt ~19~7y.
By IH, I'|© Fyp 71~ 7! for some 74.

From lemma B.14 we get I' | ©® by 71 ~ T2 ~> o for some w

and from lemma B.3 we get I' | © by 72 ~» T4 for some 7}, as required.
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Case (as): Straightforward use of IH.
Case (unit): Holds by (wf-unit).

Case (let-un): I'|OFlet x=ej ineg: Ty~ let x: 7% =€} in e, where
FOFer:ti~el,

Ix:71|OFeg:79~ el and

rl@FWFT]_WTt.

ByIH,I',x:71 |OFwp 12~ Té for some T;
and by lemma B.15 we have I' | ©® Fwy 72 ~~ T; as required.

Case (seq): Straightforward use of IH.

Case (var): I'|OF x: [u;/X;]T ~ x[u_ﬁ] [[Tj]](e_s.) where
(x: VZ]TJ =>71)el and

['|OkFyyu; ~ ul and

— j
INEC) [ui/Xi]JTj ~ (e;,yj) .
From well-formedness of I',® we get I' | © I V}Tln_J = 7~ g’ for some ¢,

From lemma B.3 we get I, X; | O,7j ~ (xj,¢;) Fwr T~ 7! for some 7°.

From lemma B.7 we get I' | ©,[u;/X ;1 ~ (x;,c;) Fwr [ui/X;]t ~ [wi/X;17t.

Then we can use lemma B.4 to get I' | © by [1;/X ;17 ~ [u;/X;]17! as required.

Case (app): ' |OFe(e;): 7~ et(e_’i.) where
I'Okre:fn(T;)— 17~ e! and
FI@I—ei:Tiwe’i..

By IH there is some 7' where I' | © Fywp fn(7;) — 7~ "%,

By lemma B.3, there is some type 7! such that I' | © Fwp T ~~ 7! as required.
Case (ref): T | O F &lv : &1 ~ &Iv* where

TIOFIv:T~ IVt

By IH T |® Fyg 7~ 1! for some 7°.

We can then use (wf-ref) to get I' | © Fywp &7 ~ &71! as required.

Case (deref): I'| O *e : T ~ *e! where

IF'OFe:&t~ el

From IH there is some 7' where I'| © Fyp &7 ~ 7%,

From lemma B.3 we get 7"/ = &u’ and I'| © Fyy 7~ u’.

From lemma B.16 we know that u! € STYPE’ as required.
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¢ Case (asgn): Immediate from (wf-unit).
¢ Case (new-struct): Immediate from (wf-struct).

* Case (proj): I'|OF e.x : [uj/X ;1T ~ e'.x where
['OFe:Su;)~ e and
I'(S) = struct S ()Tj) Xm  Tm,X:T,Xn :Tpt

From I’s well-formedness and lemmas B.1 and B.2 we know that F,)Tj | O bwp T~ Tt

for some 7¢.

From IH we get I'| © Fwr S (w;) ~ t* for some type 7.

From lemma B.3 we get I' | © Fywp uj ~ u§ for some types u_§

We can then use lemma B.7 to get I' | © by [u;/X 17 ~ [uz./Xj]r"‘ as required.

¢ Case (obj-cast): Immediate from the rule’s side condition.

Lemma B.18 (Translation of constraints preserves types). Suppose (I',©) ~ (Q!,T?).

1. IfT|OlF 7~ (el,y) and T | ® Fyp 7~ (1, 0)
then Q' [Tt | @Fpel:ttand Q7 y:w

2. IfT|OlFu;~ug~y, and T |Okypui~ul and T'| O bypug ~ ul
then Q' Fpy: ut1 ~ ug

Proof. By simultaneous induction on derivations I' | @I 7~ (ef,y) and T |© IF uq ~ug ~y :

* Case (c-ext): T'| O I [ui/X;Im ~ (xlu!1[¥j](e%), c[ul]) where
(VX7 = 7~ {(x,¢)) €O,
FI@I—WFuiWu’; and

T1O1F [ui/X;1nj~ (e, 7))

From well-formedness of ® we know I' | ® Fyp V)T,JI_J = 7~ {ot,9) for some o’ and 9.

— j
From lemma B.3 we get I, X; | © byp 7j ~ (Tj.,wj)
and I',X; | 0,7 bwp 7w~ (!, ul ~ ub)

and 0! = VE.Vw_j.fn(ré) — 7t

t
1

and 9= ‘v’Zu’i ~ VZug for some T_j.,aTj,u ub, 7t

We can use lemma B.1 to conclude that (x: o?) e I'? and (¢ : 9) € QF.
From the assumption X, ¢T,0 and lemma B.8,
['0twe[ui/X;lnj~ ([ui/Xi]T;.,[u’é/Xi]wj) and

U100, [ui/X; 1w Fwe /X~ (/X108 [l X ud ~ [wl/Xub).
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Then, using lemma B.5 we get
[0 by [wi/X;1m ~ (ud/X; 178 [wh/ X Tu ~ [uh/X1ub).

— —
From IH we get Q! [Tt | @ eé. : [uE/Xi]T;. and Q! 7y [ul/X;lw;.
We can then use the typing rules of the target language as follows:
QT | Grra: vZ.Vw—j.fn(rj.) — 7t by (t-var).

QT @b x[u_’if] : V[uf/Xi]wj.fn([u’;/Xi]T;.) — [u!/X;17* by (t-tapp).
Q[T | @ Fr «lul1[Y] : fnul/X 1rt) — [ul/X; 17! by (t-capp).
QT @b x[u_’;f] [[)/_j]](e_;) :[ul/X;17* by (t-fapp) as required.

Qltre: V)Tlutl ~ V)T,ug by (co-var).
Q' Frelull: [Wl/X;1u! ~[u!/X;lu}, by (co-tapp) as required.

Case (c-treql):

I'|OIFug:D @z, A— us) ~ (e »Sp{y2,¥i),Ap (sym (y2),sym (y;)) oy10y3) where
TIOIFuy:D U, A— us)~ (el,y1),

I'tug:D(ug;),

I'oltu;~ug~y,

T | Ol Ui; ~ug; W)/ib and

I'Okug~ug~ys.

Suppose I' | O IF ugz : D (Ug;, A — ug) ~ (15, w2).

By lemma B.3, there are some u},ul.,u such that

r|@|‘WFu2Wu;,

r | ® |_WF ug; ~ u;i,

I'0,ug:D (Ug;,A— %) Fypug~ul,

15 =8p (u;,ugl) and

wg = Ap (uh,ub.) ~uf.

By lemma B.14 T' | © byp u1 : D (@1;, A — ug) ~ (1%, w1) for some 7, w1.

By lemma B.3, there are some utl,uTli, uf such that

Fl@kwpl&l""‘)utl,

r | S l_WF Ui, ~ ulii’
r | Gaul :D <u1i7A — *> l_WF ug~ ug9

7 =8p (utl,utl_i> and
w1=Ap (utl,u'ii) ~ ug

Using lemma B.4 we get I'| O Fywyp ug ~» ub and I'| © by ug ~ u).
Then, by IH we get:

Q' bry1:Ap wl,ul) ~ ul,
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Q! I—Tyz:utl ~u§,

Qt 7 y; :uii ~ ugi, and

Qlbrys: u’f3 ~ ufl.

Using rule (co-struct) we get Q° 7 Sp (y,7:) : Sp (u),uf,) ~ SD(_ug,ugi)
and using (t-coerce) we get Q! |T? | @ 1 el » Sp (y,7:):Sp (ug,u;i).

Using (co-sym) and (co-atype) we get
Qf b1 Ap (sym (y2),sym (v,)) : Ap (ub,ub.) ~ Ap ui,u).
Then using (co-sym) twice again we get

Q7 Ap (sym (y2),sym (y;))oy10y3:Ap (ué,u_’;i) ~ u!, as required.

Case (c-treq2):

['OlFug:D (g, A— %)~ (e' »Sp(ys,yi),Ap (u',uz;)) where
I'|OlFuy:D @y, A~ x)~ (el,y1),

I'+ug:D(ug;),

I'oOlFu; ~ug~v,

T1OFuy; ~ugi~vi,
I'|OlFug~ul and
FI@II—ugiwu;i.

Suppose I' | O IF ug : D (Ug;, A — %) ~~ (15, w3).
By lemma B.3, there are some u},u},; such that

r|®|_WFu2M"u;’

I'OFwpug; ~ ugi,

15=8p (ug,ugl) and

w2 =Ap (ug,u_gl) ~Ap (ug,uTzi%

By lemma B.14 T'| O bywyp w1 : D (@1;, A — %) ~~ (1}, w1) for some 7%, w1.
By lemma B.3, there are some utl,u_tll such that

F|®|_WFu1Wut1a

i t_ £t
I'OFwpuy; ~ uy; and 77 =Sp (wiug;)-

Then, by IH we get:

Q' Frygiu! ~ul and

¢ ot ot
Q "T%~u1i Ug;-

Using rule (co-struct) we get Q' -7 Sp (y,¥:): Sp (ui,u_th.) ~Sp (u;,uTQL)
and using (t-coerce) we get Q' |T* | @ -7 e’ » Sp (y,y:) : Sp (uh,ub).

Then, using lemma A.13 we get

Qi1 Ap (ug,u_gi) tAp <u;,u_tzi) ~Ap (u;,u_gi) as required.
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¢ Case (c-astar): I'|OFu:D (u;,A— %)~ (et Ap (ut,u_ﬁ)) where
T1OFu:D@;,A—u)~ ey,

I'OFwru~uland 'O by u; ~ ul.

Suppose I' | ® Fyp v : D (U;, A — x) ~ (1%, w).
By lemma B.3, I' +u : D (u;),
7*=Sp (u',u’) and
w=Ap (u',ul) ~Ap u',ul).
By lemma B.14, I'| © bwp u : D (U, A — uy) ~» (1%, w) for some 74, ;.
By lemma B.3, 7 =7°.
Then, using IH, we get Q! |T? | @ Fr e : 1t
Using lemma A.13 we get Q! -7 Ap (ut,u_’;) tAp (ut,u_’é) ~Ap (ut,u_p as required.
* Case (eqg-sep): I'| ®IF Ap (u,u;) ~up ~»y where
CIOIFu:D @;,A—u)~ (e y).
Suppose I'| © by Ap (u,%;) ~» ul and T'| O Fypug ~ ul.
By lemma B.3, there are some u/, u_f such that
T'OFu~ul,
FI@I—uiwuf and
ut1 =Ap (ut,uﬁ).
By lemma B.14, there are some 7/, w such that
TOkwpu:D@;,A—uy)~ (1t w).
By lemma B.3, w = Ap (ut,u_';) ~ul,.
Then, by IH, Q7 v : w as required.
e Case (eq-refl): I' | O lF u ~ u ~ u! where
T | ® |_WF u~ ut.
By lemma A.7, Q! Fp u? :u? ~ u? as required.
* Case (eq-trans): I' |® - u1 ~ ug ~» y1 0y where

Fl@IFu1~u3wy1 and
I'Olkus~ug~7yo.

Suppose I' | ® Fywy 1 ~ utl and I' | © Fyp ug ~> ug
From lemma B.14 we get I' | © Fyp uz ~ u} for some u}.
From IH we get Q' Fry1:ul ~uf and Qf Fpys i uf ~ ub.

We can then use rule (co-trans) to get Q° -7 y1oyg:ul ~ul as required.
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* Case (eq-sym): I'|®lFuj ~ ug ~»sym (y) where
I'oltug~ug~y.

Suppose I' | O by uy ~ ul and T'| O Fyyp ug ~~ ul, for some u!,ul.
t bt
ByIHQ ' Fry:ug ~uj.

We can then use (co-sym) to prove Qf Fr sym y: u) ~ u}, as required.

¢ Case (eq-struct): I'| @ IFS (w1;) ~ S (ug;) ~ S (y;) where
T | O+ Ui; ~ug; W)/ib.

Suppose I' | O by S (wy;) ~ v} and T'| © Fyp S (uz;) ~ ub.

From lemma B.3 we get
FI@I—uliwuth.,

[0k ug;~uj,

ut =S(&), and

uy =S (uy,)

t o1
for some Ul Uy,

By IH, Q! Fry; :utll. ~ uéi.

We can then use (co-struct) to get Q' 7S (7;): S (u_tli) ~8 (u_;i) as required.

* Case (eq-ref): T'|OIF &uq ~ &ug ~ &y where ' |OlFug ~ug~~7y.

Suppose I' | O -y &up ~ u’lt and I'| O Fywp &ug ~~ u'zt
From lemma B.3 we get

r|®|_WFu1Wut17

IO Fypug~ ub,

u'l =&u! and ul = &u!, for some v} and ub.

Using the IH we get Qf Fpy :u! ~ub.

Then, using (co-ref) we get Qf Fr &y : &u! ~ &ul, as required.

* Case (eq-obj): I'|OI-3T: D (u1;,Ap (T, u1s;) ~u1j) ~ 3T : D (ug;, Ap i (T, uzg;) ~ ugj)
~ (3T, &T,Sp(T,Y:),Ap;(T,Ys,) ~ ;) where
IOlFuy; ~ug; ~ i,
I,T10,T:D ;A= I uisj~ugsj~vs;and
[OlFuy;~ugj~y;j.

Suppose I'| © by 3T : D (w13, Ap (T, %15 ;) ~ u1j) ~ u} and
[0 bwp 3T : D (uz;,Ap (T, Uz, ~ug;) ~ ub.
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Then from lemma B.3 there are some v’ .,ul . ul  ul. u! . ul. suchthat
1007 1sj7 7127200 257725

F|®|_WF U,li“"‘?ulii, F,TI@,T:D(u_h,A'—»_) |_WF U,ISJ'“"‘)uii, r|®l_wp u1j”“>u2ij,

I'1©Fwrug; ~uy, I,T10,T:D g, A— ) bwrugs;~ uh, [ 1O Fwrug;~uj ,

ut = AT, &T,Sp(T,ul),Ap;(T,ul, ) ~ul ) and

ub=@3T,&T,Sp (T,uTgi> ADj <T’u_28j> - uéj)‘
Then by IH Qf b1 v; 3u§i ~ u;i’

t ot ot
Q I—Tysj.ulsj Uss and

Qlbry;: u’ij ~ ugj.

By (co-tvar) Q' 7 T:T ~T.

By (co-ref) Q' -7 &T : &T ~ &T.

By (co-struct) Q - Sp (T, 72 : Sp (T, ul ) ~ Sp (T, ub,).

By (co-atype) Q' 7 Ap i(T,Ys,) 1 Apj <T’u_t13j> ~Apj <T’u_;sj>'

Then we can apply (co-obj) to get

Q' br 3T, &T,Sp (T, v, Ap (T, ¥s)) ~v)):

(T, &T,Sp (T,ul), Ap;(T,ul ) ~ut )~ @T,&T,Sp (T,ub), Ap,; (T, ) ~ub )

as required.

Case (eq-fun): T'|© Ilj fn(71;) — 71 ~ fn(73;) — 79 ~ fn(¥;) — y where

['OF1y; ~719; ~7Y; and
FOIFTy~10~7.

Suppose I' | © byp fn(T1;) — 71~ 1) and T'| © by fn(T3;) — 72~ ub.

From lemma B.3 we get

r | C) l_WF T1;~ Tt1i7

'O Fwr72; ~ Téi,
F|®|_WFT1WT§;
r|®|—WFT2WT§,

ul = fn(rTli) —7t, and
uh = fn(h,) — 7

for some 7% ., 75,74, 75,

Then from IH we get

Qt 7 y; :Ttli ~ T;i and
t Lot ot
Q'bpy: 7] ~15.
We can then use rule (co-fun) to get

QtFrfn(y) —y: fn(rTli) -1l ~ fn(TTzi) — 15 as required.
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* Case (eq-atype): I' | O - Ap (u1,u1;) ~Ap (ug,uz;) ~ Ap (y,y;) where
I'oltu; ~ug~>7yand

FI@II—ull ~ug;i ~~Yi-

Suppose I' | @ Fwr Ap (u1,u1;) ~ u&t and I' | © Fwy Ap (ug,uz;) ~ ulzt
From lemma B.3 we get

I'eru;~ utl,

T'NOFug~ ué,

TI@I—uh-wutli,

¢
FI@I—ugiwu%,

" _ t 1 " _ t 1
uy=Ap (uiuy;) and uy, =Ap (ug,uy,)
t ot ot 1
for some Ul Ug, Uy, Uy,

We can then use TH to get
Q'Fry:u! ~ul and

t ot ot
Q I—Tyl.uli Ug;

and we can use rule (co-atype) to get

Q7 Ap (7, 7)1 Ap (utl,u_:tli) ~Ap (ug,uTzi) as required.

Lemma B.19. If X ¢T and I' | © Fyp u ~> u’ then X ¢ FV (u,ul).

Proof. Straightforward induction on derivations I' | © -y u.

Theorem B.1 (Translation of terms preserves well-typedness). If:
e T'|Oke:T~ e and
¢ T|®Okywp1~1land
e ([,0)~(QTY,

then QU T | @ bpel: 1t

Proof. By induction on derivations ' |@Fe: 1~ el:

e Case (sub): T'|@Fe: 13~ e’ By where
I'OFe:11~ el and

FOlIFTy~190~7.
Suppose I' | O Fyy T2 ~> 75,

From lemma B.17 there is some Ttl such that I' | © Fywp 71 ~> T'i.
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From IH we have QT |@ p e’ : 7.

From lemma B.14 and lemma B.16 we get
FOFwp71~ 78 and T | O Fyyp 12~ 74

for some s-types 74, 75.

Then, we can use lemma B.18 to get Q' Fry: Ttl ~ Té.
We can then apply rule (t-coerce) to conclude

QYT | @ Fp e’ »y:T) as required.

Case (as): T'|OF e as 7:7 ~ e’ where
I'OFe:7~el.

Suppose I'| O F 1~ 77,

From IH we get Q! | T | @ 1 el 1! as required.

Case (unit): T |OF (): 0~ ()
By (wf-unit) I' | ® - () ~~ () and
by (t-unit) Q' [T? | @ F7 () : O as required.

Case (let-un): I'|OF let x=ej ineg: Ty~ let x: 78 =€ in e, where
FOFer:ti~el,
Ix:71|OFeg:79~ el and

FI@I—WF‘rlwr’i.

Suppose I'| @ + 79 ~» 7).

By lemma B.10 T, x:71 |@F 79~ 7).

((T,x:71),0) ~ (QF,(I',x : 7°)) by definition of environment translation.

Then by ITH Q |T* | @ -7 €} : 7} and

QT x| @ kel il

We can then apply (t-let) to get Q° | T | @ Frlet x: 1) =€’ in el : 7} as required.
Case (seq): ' |OFey; ez : 72~ e); e, where

I|OFey:71~ e’ and

['|OFeg:1g~ eb.

Suppose I'| @ + 79 ~» 7).

By lemma B.17T |© F 71 ~» 74 for some 7.

Then, by IH QF T* | @ Fr el : 78 and QF [T! | @ Fr el 7h.

We can then apply rule (t-seq) to get Qf |T?| @ b7 e%; el : ), as required.

174



* Case (var): T'|OF x: [uy/X;Ir ~ alull[y;](e}) where
(x: V)Ti.n_j: 7)eTl,

I'|Obwru;~ uand

— J
L1 [wilXilm; ~ (eh,y,) -
Suppose I' | O by [u;/X;17 ~ 1.

By lemma B.1 there is some type scheme o where (x:0%) e I'* and

[0k VX; 7T, =7~ 0.

From lemma B.3 we know that o = V}Ti.VaTj.fn(r_;.) -1t

— J
where I, X; | © byp 7j ~ (T;,wj)
and T,X; | ©,7; ~ (x;,¢;) Fwp T~ T

for some T;,aTj,C_j,Tt.

[— — —— J
From lemma B.7 we get I' | © Fyyp [u;/X;]mj ~ ([u’;./Xi]T;,[uf/Xi]a)j)
and I' | ©,[u;/X;1nj ~ (xj,c ) Fwr [w/X;]T ~~ [uﬁ/Xi]Tt.

So 7] = [ul/X;17".

From lemma B.18 we get

— J
QT @ pel:[ui/X;]r! and
j
Qt ¢ ]/;- : [u’é/Xi]wj .

We can then apply rule(t-var) to get Q! |[T! | @ 7 x: V)Ti.‘v’aTj.fn(r_;) -1t

rule (t-tapp) to get Q! [T | @ x[u_’;f] : V[uE/Xi]wj.fn([u'g/Xi]T;) — [ul/X;17t,
rule (t-capp) to get Q! |[T? | @ F7¢ x[u_f][[y_j]] :fn([u’if/Xi]T;.) — [u!/X;]r* and
rule (t-fapp) to get Q! |[T! | @ 1 x[u_ﬁ] vl (6_5') :[u!/X ;17" as required.

e Case (app): I'|OFe(e;): 7~ et(e_’;f) where
I'®Fe:fn(T;)— 7~ el and

[|OFe;:7;~ el

Suppose I'| ® Fyp 7~ Tt

From lemma B.17 there are some T_f where I' | © Fyp 7; ~ TE.

We can use rule (wf-fun) to get I' | O - fn(7;) — 7~ fn(r_ﬁ) — 7t

Then from IH we get Q! |T? | @ 1 e! :fn(r_’g) —tland Q! Tt | @b ei :‘L’I;.

We can then apply rule (t-fapp) to get Q! |T? | @ ¢ et(e_i) : 7! as required.

¢ Case (ref): T |O+ &lv : &1 ~~ &lv? where
TIOFIv:t~ Lt
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Suppose I' [ O by &7~ 7.

By lemma B.17 there is some 7¢ such that I'| © Fyp 7 ~ 7t

Then by (wf-ref) I' | © Fyp &7 ~ &71!

so 1) =&7*.

By IH Q! [Tt | ¢ bplvt: Tt

We can then apply rule (t-ref) to get Q! | I | @ F7 &Ivt : &1t as required.
Case (deref): T |OF *e : T ~~ *e! where

IF'OFe:&t~ el

Suppose I' | ® Fyp 7~ T8,

We can use rule (wf-ref) to get I'| © Fyy &T ~~ &7t.

Then by IH Q! [T | @ Fp el : &7l.

We can then use rule (t-deref) to get Q! | | @ F7 el ~ 1! as required.
Case (asgn): I'|OFlv:=e: ()~ [v!:= e’ where

IOFIv:7t~Iv" and

['|OFe:T~ el

Suppose I' [ O Fyp ()~ 74,

From lemma B.3 we know that 74 = ().

From lemma B.17 we know that there is some 7/ such that I' | ® Fyp 7 ~ 7.
We can then use IH to get Q! |T? | @ Fplvt i1t and QY [T | @ Fpel i1l
We can then use rule (t-upd) to get Q! |T? | @ F7 lv? := e’ : () as required.
Case (new-struct): I'| O+ S{x;e;}:S(uz)~ S (u_Z) {Feﬁ} where
SXp){xi:Ti}eT,

I'Oke; :[M]nweé and

t
j

Suppose I'| ® Fyr S (wp) ~ 1.

From lemmas B.1 and B.2 we know that S (X3) {x; : r’g} et

for some 7! where I', X}, | © Fyp 7; ~ L.
1 1

From lemma B.3 we get 7/ =S (u_fe).

By lemma B.7, I' | © Fywg [up/Xplt; ~ [uﬁe/Xk]Tf.

We can use the IH to get Qf |T? | @ b eﬁ : [ufe/Xk]Tf.
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We can then apply rule (t-newstruct) to get Q! |T? | @ 7 S (uk){xl t} S (uk) as re-

quired.

Case (proj): I'| O F e.x : [uj/X ;1T ~ e'.x where
['|OFe:S(uj)~ e’ and
I'(S) =struct S ()Tj) Xm  Tm,X:T,X, Tt

Suppose I' | O by [u;/X ;17 ~ 1.

From lemmas B.1 and B.2 we know that S (X}) {xp, : 75,2 : 78, %, : T4} € QF
t

for some 7t,,7%, 7!, where I', X}, | ® Fwp T ~ 7.

From lemmas B.17 and B3 we get I' | @ Fwr S (u;) ~~ S (u_§.)

where I'| © Fyp uj ~ uj for some u_j

By IH Qf [T | ¢|—Tetzs<u_j.>.

By lemma B.7,T' | O by [u,;/X ]t ~ [u;/Xj]rt so7)= [u;./Xj]Tt.

Then we can use rule (t-proj) to get Q! |T? | @ Frel.x: [u;/X j1t! as required.

Case (obj-cast): I'| @ F e : &(3T : D (u;,u1; ~ uz;)) ~ pack (v4,e’,et),y;) as 14 where
I'OFe:&t~el,

FOFwrT~1t,

[OIF7:D ;) ~ ey,

FOIF[E/Tluy; ~ugj~vyj,

IO @T:D @, a1~z : D () and

IO by &AET : D (uy,ut; ~ ug;)) ~ 1h.

From lemma B.3 we know that there are some Ap ; > Us: sj U ],_t _é s _J such that
_ADJ <T,usj>,

¢
FI@I—WFuiwui,

I,T10,T:D (@;,A— ) Fypus;~ul;,

Fl@l—wp u2j"’“7u2;~ and

By rule (wf-ref) I'| © Fyyp &T ~~ &r’i
and by IH QF T* | @ Fp el : &7,

By lemmas B.14 and B.3, ' |® bwp 7:D (u;) ~ Sp (T’i,u_f)

and by lemma B.18, Q! [T | @ 1 ei) :Sp (T’i,uﬁ).

By (wf-atype), I, T |©,T : D (wj,A — ) bwr Ap; (T, Us;) ~ Ap; <T,Ej>-
Using lemma B.7, we get

T'1© Fwe [1/T1Ap (T, 5j) ~ Apj (v}, [th/TTul ).
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As T¢T, lemma B.19 gives us T ¢FV(u—i,ﬁj,u_§,E;).
Thus [7}/T1Sp (T,u§> =Sp (Tf,u_f) and [T/T]u;j = u;j.

Then by lemma B.18 Q' -7 y;:Ap; (T’i,u_éj) ~ uzi..

We can then apply rule (t-pack) to prove
QYT | @ 7 pack (rtl,et,ei),y_j) as 74 : 7 as required.

Lemma B.20 (Environment extension). If
* ([,0) ~ (Q4T,
e I'T"0,0 T~ (Qt,Ftl) and
¢ I,T"0,0' 0~ (Q5,T)

where the domains of I',I"" and ©,0’ respectively do not overlap, then
(T,T),(,0) ~ (Q,QL,QL), (T, T, TL)).

Proof. From rule (tr-envs) we know that there are some Q4,Q},T%, T, such that

Q4,04 =,

{T, T4 =T¢,

1O+~ (Qf,T%) and

IO 0~ (Q,TY).

A simple simultaneous induction on derivations I'| @ T ~~ (Q4,T%) and T' | O+ © ~ (Qf, T%)
using lemmas B.10, B.11 and B.12 lets us show that

LI e,0 I~ (Qt,F:g) and I, 0,0 -0 ~~ (Qt,FfQ.

Then, applying lemma B.1 and the environment translation rules we get

T,I"10,0FT,I" ~ (Q,Q0), (T, T) and T,T" |©,0' 6,0’ ~ (Q4, QL), (T, IL).

Applying (tr-envs) we then get (I',I"),(0,0")) ~ (QF,Q%,Q%),(I", T, T})) as required. O

Lemma B.21 (Soundness of supertrait hierarchy relation). Suppose (I',©) ~ (Q!,T?).
IfT+D @) 11 {B;} and T | ©IF Selfy: D (u;) then T | O IF Selfy : B;.

Proof. From the relation f}’s only rule we get

T'+D @)t {B;,, D (@i, A — *)} where

(D (X;) where _,Selfy : D, (Ung,As—us)~ _,A:_,_, )eTl and
T+ Dy (/X lany) 1 (B} -

I''®lFu:D{u;,A— %) by assumption.
Using lemma B.1 we get (VSelfy,X;.(Selfy : D (X;)) = Selfy : D (@ns,As — ug) ~_ )€ O.
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Then using (c-ext) and (c-astar) we get I' | © Ik Selfy : Dg ([u;/X;lupg, As — *).
Then by IH we get I' | © I Selfy : §;_ as required.

Lemma B.22. Suppose (I',(01,02)) ~ (QF, T?).
IfT|01|0gFnm1 =9~ Yyand '| 01,0 |—WF7T1WT§ then
[|O1byp g~ 1hand Q' bry vl ~1l,

Proof. By rule inductionon I' | @1 |Og 71 = 719 ~~ 7.

e Letmy=u1:Duy;,A—us3)and ng =ug:D (ug;,A — uy).
ThenT' |©1|02Fuyr:D{uy;,A—usz)= uz:D(uz;,A— us)~Sp(y1,y: and
'01,02lFus ~ug~y1,

[101,021Fuy; ~ug; ~7i,

I'01,09Fusg ~uy,

I'|O1Fwrug:D{Uuz;,A— usg).

By lemma B.3, T | @1,@2 |_WF uip~» u’i and I’ | @2,@2 |_WF ui; ~ utli'

By lemma B.3 and lemma B.10,

| @1,@2 Fwr ug ~ u;, and I’ | @1,@2 Fwr ug; ~ u;i, and

9 =8p (utl,utli> and 75 = Sp (ug,u;i)

By theorem B.18, Q' Fryy:u! ~ul and Q' b7 Ylitli ~ uth.. o

Then using (co-struct), Q' -7 Sp (y1,¥:) : Sp (utl,uii> ~Sp (ug,u;i) as required.

o Letmy=u1:D(uy;,A— x)and me =ug:D (uz;,A— *).
ThenT'|©1 |02+ w1 :Duy;,A— %)= uz:D(uz;,A— x)~ Sp(y1,7;) and
I'101,021Fu; ~ug~~7y1,

I'©1,09Fuy; ~ueg; wyib,
|01 Fwrug:D(ug;,A— ug).
By lemma B.3, T'| ©1,0z Fyr u1 ~> u} and I'| Og,09 Fyp u1; ~~ uf .

By lemma B.3 and lemma B.10,

['1©1,02 bypug ~ ub, and T'| O1,0z Fyyp ug; ~~ u;i, and

17 =Sp (u},u},) and 7}, = Sp (uh,u})

By theorem B.18, Q' Fryy :uf ~ul and Q' b7 Ylltli ~ u’ii. o

Then using (co-struct), Q' -7 Sp (y1,¥i) : Sp (ul,u};) ~ Sp (uh,ul,.) as required.

Lemma B.23 (Soundness of dictionary path relation). If

o (T,0)~(Q4T%,
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e THu:Dy (@) — Dy (@)~ e,

. FI@I—WFujwu;.,

* T|©Fwru:Di @)~ Sp1{ul,ul),
e I'OIFu:Dq{u;)

* (D(X;)where _,Selfy:_,_,f,),

* (f:VSelfy,X;.(Selfy:D2(X;)) = o) €T, and

T | (S} |_WF g ~ O't
then Q! | Tt xgict : Sp1 <ut’u_§> | @1 xd,'ct.et1 : [ut/selfu][ué-/Xj]Ut.
Proof. By induction on derivations I'| © Fwp u : D1 (u;) — D2 (uj) ~ €.

* Case (pathl): I'+u:D1(u;) — Dg (u;) ~ x.e! where
(D1 (X;) where _,Selfy :m,_,,_),
(D3 Uz, A — _) ~ x) € {[u/Selfyllu;/X;1Bs ~ x} and
I'cu:D3{up)— Do (uj) ~ el

From lemma B.1 we get

(VX ,.(Selfy : D1 (X)) = Selfy : D3 (u}) ~ (x,c)) € ©,
I,X, |0,Selfy : D1 (X;) Fwr Selfy : D3 u)) ~ (14, ws) and
SDl(Xp){...,x:‘rg,...}EQt

where uy, = [u/Selfyllu;/X;1u},.

By lemma B.3, 75 =Sps (SeIfU,u_Z) for some u_;:.

Then, using rule (c-ext) we get I' | O IF u : D3 (up).

BylemmaB.3, T |OFywru~ uland | O Fypu; ~ uf
Then, by lemma B.5 and lemma B.3,
I'|®Fwru:D3{ug)~ (Sps (ut,u_Z) ,_) where ufe = [ut/Se|fu][u§/X,-]uZ.

Then, by IH, we get Q| T?,x3:Sp3 (ut,u_fe) | @ b1 xs.et: [ut/Se|fu][u§./Xj]Ut.

Using rules (t-var) and (t-proj) we get
QF I T, xdict : Sp1 (W', ul) | @ b1 xgice-x : Sp3 (u?,ul).

Then, using lemma A.5 and A.6, we get
Q' T, xgict : Sp1 (W', ul) | @ 1 xgice.x.€t : [ut/SeIfU][u;./Xj]at as required.

e Case (path2): Ttu:D1{u;)—D1{u;)~f
where (D1 (X;) where _,_, ,f,).
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By lemma B.1, Spq (Selfy, X;) {f : ot,...} € QF.
Note that u_f = u_j and X; = )TJ

Then, using (t-var) and (t-proj) we get
Q' T, xgice : Sp1 (W', ul) | @ 1 Xice.f - [ut/SelfU][ui-/Xj]at as required.

Lemma B.24 (Soundness of auxiliary object-safe trait relation). If

1. T1016g ~ (,cl)) Fostopj: D (Ui, A= X) ~ (el s~ X4, g ~ Xp),

2. (T,0) ~ (Q4,T%),

3. (T,(0,0q ~ (el ~ (@, ¢y = 97,), (T, )

t
4. T | ® |_WF Uopj ™ uobj

5. I'10,0q ~ (, 0:1> Fwr Wobj : D (wi) ~ TtD-

1. Fl@I—WFJISWT?,

2. rl@FWFﬂaWTg,

3. Qt,cii 9, T xl 7l xl Tt | @ brp ei) :ri).
Proof. By lemma B.3,

['0,0q~ (, C:]l) Fwr Uobj uf)bj’

r | ®’9d e (_,C&) }_WF Ui~ uif’

t _ ¢ ¢ ¢ ¢

and T =Sp (uobj,ui) for some U o Ui
Y _ ¥, —_ o t _ ¢ ¢
Let X, = Selfy,X; and up, = uopj, u; and uj, = U Ui

From the relation F’s side conditions,
(D (X;) where _,Selfy : Bs ~ x5, A : B ~ x4, [ ,0bj-safe) € T.

By lemma B.1, Sp (X,){f at,xs—:r,ﬁ,,M} € Q! where
ol = fn(&Selfy,rt,) — T%,

I,X,|0,Selfy : D (X;) Fwr Selfy : fs ~ (Tg,wsf and
[,X, 10,Selfy : D X Fur Ap (Kp) : b~ () -
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By lemma B.8,

['10,0q ~ (_,c)) Fwr tobj : [up/Xp1Bs ~ ([up/X 1%, ) and
——— a

['10,0q ~ (¢ Fwr Ap up) : [up/Xp1Ba ~ (lup/Xplth,

By lemma B.22, there are some ‘L's ,‘[a such that

Iﬁ|G‘)|_WF7Is“’“’Ts,

r|®|_WF7TaWT¢,zta

Qe 0 brys ub/Xplth ~ 7 and
a

Qf,c ’ 0 FTYa [up/X Il ~1l .

Let 0" =0,T : Dy, (Xp) ~ x.

Using lemma B.3 on u.p; and (wf-trcons) we get

I"1© ke T Dopj (Xp) ~ Spobj (T, Xn)-

Using lemma B.20 we get (I",0") ~» (QF,(I", T, x : Spob; (T, X1)).

Using lemma B.3 we know that there are some types u_;t such that

I" 0" byp ul ~ ulf.

By (c-ext) we get I | ©" I T : D o (X1).

We can then use lemma B.23 to get

QY T4 T,x: Spob (T, Xn) | @ F1 Xdicr-€ : (& T, [T/Selfyllu!t/X;1et,) — [T/Selfylluf/X;1et,.

From the side conditions we have
=I,T and
®' =0,T:Dopj(Xn), T :Dg ng,A— Xq) ~ (_,ca)

Using a combination of lemma B.3 and well-formedness rules we have (I'",0’) ~ (Q} ,Fg)
for some Qf,T'f where Qf =Q', ¢/, : 9/, c4: Apg (T,ut_n(i) ~Xg4.

Using lemma B.3 we get

T,Selfy,X; | ©,Selfy : D (X;) Fywr TR ~ ‘[Z, and

m

T, Selfy,X; | ©,Selfy : D (X;) Fwp Trm ~ Th,
Using lemma B.10 we get

I",Selfy,X; |©',Selfy : D (X;) Fwrp TR ~ Th,

I",Selfy, X; 19, Selfy : D (X;) Fwr Tm ~ 74y
tp

IO ugj: D (uy) Fwr upwu , and

I’ | @’,T:D(u;) Fwr ui s ui .
Using lemma B.7 we get
IO uopj: D (uy) Fwr [up/Xpltg ~ [uiy/Xp]T;%y
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I"| O, uopj : D (@) Fwr [up/Xpltm ~ Wi/ X1th,
[0, T:D ) Fyr [T/Selfyllu)/X;1tg ~~ [T/Selfu][u;t/Xi]T%,
[0/, T : D @) bwp [T/Selfyl[ul/X; 17 ~ [T/SelfyTu/X, It

From lemma’s assumptions and lemma B.11 we get I | ©' by uopj : D (u;) ~~ TE).

We can then use lemma B.4 to get
[0 by [up/ Xl ~ [uh/X 1k,

| O Fyr [y X p 1t m ~ WX 1,
Since (T': D (u_’i)) €{T :Dg{uny}, we can use lemma B.4 to get
"0 byp [T/Selfyllu/X;1tr ~ [T/Selfyllu/X;1r%, and

[0 Fwe [T/Selfyllu/X; 1ty ~ [T/Selfu][u;t/Xi]Tfn

Then by lemma B.18 we have
Qf -y [T/Selfyllul/X; 1t ~ [uh/X 17 and

m

Qb b ym :[ub/Xplth, ~ [T/Selfyllul/X 1y,

Using lemma B.3 we get TD =Sp (uobJ .).
Let u’t T, u't

Let ei = let (T, xyal, Xdict, €q) = unpack xgp; in etz,

= Xdict- e;) f(xval, Xm » Ym)» Y,

Ft I a1, %074,

It = Fo,xobj :&uobj,xm :[uﬁ,/Xp]Ttiand
ré = ri:T?xval :&Taxdict :SD <T7Xh>'

By lemma A5, Q) | T} - xgicr-e’ : Sp (T, u'b.

We can then obtain the derivation

91 Dy Dm

(t-fapp)
QF I TS F gice.e%.f (Xyal, Xm B Ym) [/ X 10k Qb Fy:lull utx, plth ~ [up/X Irh, . )
-coerce
Qf 1 TS xgic.e%.f (Xyal, Xm > Ym) B Y : [up/Xp]TR
p— (t-unpack)
Qf,cl 9 1 T let (T, %yal, Xdict, €4) = unpack xopj in e : [uh/X p 1t} tabe

Ql, 19’ | T8 fn (2op : &u j%m [ut/X Ith,) (el }: fn(&uobJ [ufv/Xp]Tfn)*[u;/Xp]T%
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where .
Qf I Th - xgice.et 0 Sp (T,u;t)

—— (t-proj)
91 = Q(t) | T+ xdict.e%.f (&, [uh/ X 1th,) — [ujut/Xp]r;e
(t-var)
Dy = QLITLFaa :&T
(t-var)
QU ITE b 2 s [uh/X 1, Qb Fym ub/Xplth, ~[ush /X178,
(t-coerce)
Dy = QLITLE Xy B Yy : [u X7t
In all above derivations we assume an empty store typing environment X.
We have proved earlier that
Qtc ’ 0 brys: [up/X Itl ~7?% and
a
Qt c ’ 9 Frya: [uﬁ,/X Il ~ 1.
Then using (co-sym) and (t-coerce), we get
QLN 19’ ITE 1@l »symy,: [u /X ]TS and
Qt,c, :19:1 ITh | @ Fpxg »sym y, .[up/Xp]Ta .
We can then use (t-newstruct) to prove QF, ch 9| Iflgbr etD :Sp (@) as required. O]

Lemma B.25 (Well-typed items generate well-formed environments).
Suppose I' T and ©' < O. If T |© k- item :I" | ©' ~ pgm' then there are some Qf, Q5 T T
such that T |O T~ (Q},T%) and T |0+ 0~ (Q),T%).

Proof. By induction on derivations I' | © Fitem : T’ | ®' ~ pgm!:

¢ Case (struct): I' ={S ()Tj) (x;:1;)}and @' = @
where [, X | © Fyp 7; ~ 7t

By (0¢),I' O+ @ ~~(3,d).
By (T'sct), T |©F S (X ;) {x; :

7}~ ({S (x;)}, @) as required.
* Case (fun): I"={f :0}and ®' = ¢

where I' | © Fyy 0 ~ 0.

By (09),T'|OF @~ (3,2).

By (T'var), T | O F {f : 0} ~ (@, {f : o'}

e Case (trait): I' = {(D (X;) where 7, Self : Bs ~ x5, A : Bq ~~ Xq, obj-unsafe), f : ¢’} and
®' = {VX,.(Self: D (X)) = Self : fs ~ (xps,cD.s) ,
VX, .(Self:D(X;)) = Ap (Xp) : fa ~ (*Da>CD.a) }-
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The rule’s side conditions are sufficient to prove with (I'var) and (I'trt) that
TIOFT ~ ({SX ) f 10t xs: 78,0 : 7L}, Ap X)L f 1 071)).

With the rule’s side conditions we can also use ©8 twice to prove
roere
{{ep,s :9s,¢Da : abixp s : VX 5. f0(Sp (X)) — T4, 2D 4 : VX . fn(Sp (X)) — T4})

as required.

Case (impl): ' =@ and ©' = {V)Tk.n_j:' u:D (ui,A—up)~ (Xy.pays CuDan)}-

Using the rule’s side conditions with well-formedness judgments and lemma B.3, we

can deduce T'| © by VX375 = u: D (@, A — up) ~ (04, VX3 Ap (ub) ~ ul,).

Then using (00) we get
T1OFT ~ ({eypay : YXr-Ap Wh) ~ VX pul ) iun @ 1 0h))

as required.

Case (obj-trt): I = {(D (X;) where 7, Self: Bs ~ x5, A : Bq ~~ Xq, obj-unsafe), f : 0’} and
O’ = {VX,.(Self: D (X;)) = Self : Bs ~+ (xD.s,¢D.s) »
VX, .(Self:D(X;))= Ap (Xp) : fa ~ (*D,a>CD.a)

d

VX, Xq.Tam " = nq ~ (xd,¢q) ).

The rule’s side conditions are sufficient to prove with (I'var) and (I'trt) that
T1O T~ (S X {f 10,4 175,00 1 7h}, Ap Kb F 10™)).

With the rule’s side conditions we can also use ®6 to prove

[NOFO ~ ({eps:0s,cpq:Dasca: VZ)Tduil ~VX;.Xq.X4),

{ap,s : VX,.f(Sp (X)) — 18,2p . : VX ,.fn(Sp (X)) — 74,

xq :VX;. Xq @y f(rl, )—14})

as required.

Theorem B.2 (Translation of items preserves well-typedness). Suppose I" =T and ©' < 0.
IfT|OFitem :I"|© ~ itemf and (T,0) ~ (QF, Tty
then there are some Qf, Q5 T4, T4, Q! T such that :

T|OFT ~ QLT

IO+ 6 ~ (QL,Q),

QT g itemi : Qﬁ | Fﬁ,

Ql=0%,0} and
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e Tt _Tt Tt
It =TT,

Proof. By induction on derivations I' | © - item : " | ©' ~~ item?.

¢ Case (struct):
T'|®F struct S (}Tj) {x; 7} IS ()Tj) {x;i 7;}]| @ ~> struct S ()Tj) {x; :Tf}

where I, X | © by 7; ~ Tf
Suppose (I',0) ~ (QF, T?).

Then, using the environment translation judgment we get

{Q}, Q4 =[S : 8 X)) {x; : 7/} and {T'},T}} = @.

By rule (t-struct) Q! | I'? - struct S ()Tj) {x; ITE} ' [S (Z) {x; ZTE}] |  as required.

e Case (fun): I'|O+fn f(X})(x;:7;) — Twhere 7;{e}:[f : 01| @
~ frot = AXy,.Ac; w).fn (x; T;){ fn (x; :79){e"}} where
o=VX,.7;=>fT) -1,

['|Okyro~ol,

ol = v;Tk.Vw—j.fn(r_j.) —fn@h) — 1t
I"=T,X,%:7;,

0" =0,7;~ (xj,c;) and

I"O"+e:1~el

Suppose (I',0) ~ (QF, T?).

From the environment translation and from I' | ® Fyy 0 ~ of we get
{Qt,Qé} =@ and {Ft,l";} =[f:o'l.

From lemma B.3 we get

— j
X, |Okywpm~ <T§-,wj> ,

T, X 10,7~ (xj,¢;) bwr f@) — 7~ fn(rh) — 77,
FJTH 0,7~ (xj,¢cj) Fwr T; wri and

F,)TkIG),njw (xj,c;) Fwr T~ Tt

Using lemmas B.10 and B.11 we get
J

70" Fyp Tj o~ (T;,wﬁ ,

I"10" yp 7; ~ 78 and

"0 Fyp 1~ 1t
W

From the environment translation judgment we get
(T"10") ~ (Q,T57 @), (T, Xy, x; 74 T).

From theorem B.1 we get Q,¢; 7w, | %, X}, x; Tl ré. Fel: 7l
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We can then obtain the following derivation:

Qi | T Xk,xj 7t xl:rt.lgz)l—et:rt

,]’

Qe w; T Xk,xJ T |@Ffn (x;: t){e }: fn(Tt)—>‘L'

(t-fabs)

(t-fabs)
Qo I T X | @ fn (xj: T x;:7h){fn (x; : t){e }}: fn(T )—>fn(‘['t)—>‘[
(t-cabs)

QT X, |9 - Acjw;.fn (x;: T xjTh){fn (x; : t){e Vo fn(r! )—»fn(Tt)—»r
(t-tabs)

QT g+ AX;,. Ac; w;.fn (x;: T x; 7 {fn (x; : t){e 11 VX, V@;. fn(r )—»fn(rt)—wr
We can then apply rule (t-decl) to get
QT f 0t = AX), A w;.fn (x) T?){fn (x;: e’ }}: @ |[f : 0'] as required.

Case (trait):
item = trait D (X;) where 7 {type A Bas 103}
I" =[(D (X;) where 7y, Self: Bs ~ x5, A : g ~ %Xa, f,0bj-unsafe), f :0']
e = [V)Tp.(Self:D (X)) = Self: fs ~ (xD’s,cD,s)o,
VX, (Self:D (X)) = Ap Xp) : fa ~ (xD.arcD ) |
type Ap (Xp);

S
axiom ¢p g : 94 ;

- 7
axiom cp s : Vs ;

item! = struct Sp X)) {f : ot x5 7%  Th)
f:0't = AX,, Xy Ac;7wr.fn (xp : Sp X, 27 : 7D (xp. f)@]ﬂc‘d](ac—l)};
XD VX .fn(Sp (X N—1l= AX fn(xp:Sp (X Wxp.xs};
XD ‘v’Xp.fn(SD (Xp>) -1l = AXp.fn (xp:Sp (Xp>){xp.xa};

Side conditions:

{5} = (Self : By), 5}

X, = Self, X;

T|© Fywr YX,.(Self: D(X;)) = mp ~ _

0=VYX,.7m; =T, — 1R

o' =YX, Xp,.(Self: D (X;),77) = fn(Tp) — 18

T'|Okwpo ~ o'

[,X,10,Self: D (X;) Fyr 0~ o

o' = VX Var.fn(th) — fn(th,) — 14,

T 10 Fyp VX, .(Self: D (X)) = Self : s ~ (VX,.fn(Sp (X)) — 7, 95)

T[© Fyp VX, (Self: D X;9) = Ap (Xp) : fa ~ (X £0(Sp (Xp)) — 74, 0a)

h
n

Suppose (I',0) ~ (Qf, T?).

Using the rule’s side conditions and the environment translation rules we get
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Tt =(f:0"],
QL =[ApXp), SXp)f 10t 05 178,20 1 THY],
p— p— S p— p— a
I, =lxps:VX,.fn(Sp (Xp)) — 75 ,xp o : VX,.fn(Sp (X)) — 74, 1and
Qé =[cps:9s,¢Da:Yal

It follows that {Qf, QL) Qf and {I', T} < T
Then by (t-type) Q! | T - type Ap (X,) : [Ap (Xp)11 @.

From lemma B.3 we get 95 = V)TP.ADS (Us,Ung) ~ V)Tp.uAs,

(D ()Tns)where X LA :_,_,_)o eI and

[us/X s,/ Xs,] defined

for some Apg,us, us, and Apg (Xs,). Then by lemma B.1, Ap, (X, Xs,) € QL.
Then by (t-type) Q! | T - axiom ¢p s : 95 :[cps: 911 @ .

Following similar reasoning we get Q¢ | I - axiom ¢p g : 94 :[cD g : O] | (Zﬁa.
By (t-struct),

Q| Tt F struct S ()Tp) {f 0%, x5 :78,x4 : 7L} [S (}Tp) {f 0%, xs 78,24 : TL} | @.

Using the well-formedness judgments we get
[1®FVYX,,X;.(Self:D(X;), 7)) = fn(T) — 1R ~
VX,, X, Yo fn(Sp (X,),78) — fn(zh,) — 14

so 0"t =YX ,, X, Vor.fn(Sp (X,) 1) = fn(zh,) — 7%,

Using the target language typing rules (and combining some steps for conciseness) we

get the following derivation:

QLT | @k xp.f : VX Yar.fn(r) — fn(zh,) — 74,

7

QLTS @+ Gop AXRI[E] () — ) = 7h QLT [pF 7!

QLT @ F (p. NIXRI[E] @D : fnh,) — 14,

QY IT,X,, X | 8+ fn (xp : Sp Xp) 21 : T (e AIXRI[E]ED Y : n(Sp (X, 78) — fn(aly) — 74,

QT | g+ AX,, X Acs oy fn (xp:Sp XY, 2 T ep. HIX R[] G }
VX, Xp.Yor.in(Sp (Xp),78) — f(zh,) — 14

where Q) =Qf,¢;7w; and T, = T, X,,Xp,%p :Sp (X, , % L7l

We can then use (t-decl) to get
QNI Ff:0" = AXp, Xp.AerTwp.fn (xp : Sp (Xp),a : T (ap . AIX R[] G }
B ILf 0]

For each xp s we get the following derivation:
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Q| Ft,)Tp,(xD :Sp (X_p> | @ Fxp.xs: Tt
QF T X, | @ - fn (xp : Sp (Xp)ixp x5} : in(Sp (X)) — 1}
QT @+ AX,.fn (xp : Sp X p)Hap x5} : VX p.fn(Sp (X)) — 78
Using (t-decl) we then get
QT ap s : VX ,.f(Sp (X)) — 74 = AX,.fn (xp : Sp (X p))ap.xs)
-, [xp s : VX F(Sp X)) — i1

Similarly, we get

Q! Tt xp g : VX ,.fn(Sp (X)) — 14 = AX,.fn (xp : Sp (X)) {xp x4}
p— p— a

:@,[xpq : VX ,.fn(Sp (X)) — 78]

We then have F_’lf ={I'*,I',} and 5;‘ ={Q},QL} as required.

Case (impl):

item = impl (X3) D (w;) for u where i {type A =uy; fun}
=9

O =[VXy.7; = u:DW;,A~up) ~ XD @) CuD @)

ot = axiom Cu:D@;) V}TkAD <u§)) ~ V}Tkufq
l xu:D(LTi) :O.E) = AXkAC] I(l)j.fn (xJ : T;){SD <u§J>{f : e%’axs : eg’xa : efz }}a

Side conditions:

(D (X;)where 75, Self: Bs ~ x5 s A : Pg ~ %a » f,_) €T
Ty =T

X, =Self, Xi

©" = O\ VX, .(Self: D (X;)) = Self: fs ~_ , VX, (Self:D (X)) = Ap (Xp) : fa ~_ )
DX, 107,75 (5,0 I [/ X, NSelf : o) ~ (e, ys)
T,X 10,7, = aj, e b [up/Xplun ~_

r,}Tk| 9*,WFWF Uup ~ u;

[,X5 10%,7; = (5,60 I (Ap @) : [wp X p1Ba) ~ (el Ya)
(f :¥VX,.(Self:D(X;)) > 0)eT

[,X, 0,7~ (xj,ci) b fun:lf :0'1| @~ f o' =et,

o' =[uy/X,lo

'O bwp VX7 = u:D @) ~oh

ot = v;Tk.vQTj.fn(r_j.) — 8p(ub)

Using lemma B.3 we get

— J
F,Xk |®’n’jw_|—WFnJW<T;7w]> ’

T,X 0,7 = _tweu:D @)~ Sp (ub) and

5'a _— t
F,Xklg,ﬂjW_FWFuqup.

189



Using lemma B.10 we get
[,X, 0,7~ _Fwpug ~ ul.

Using (wf-atype) we get

I,X 0,7~ _Fwr Ap (Up) ~ Ap (ub).

Using (wf-eqcons), lemma B.10 and (wf-cocons) we get

T,X3 10,7~ _bwr e : D (@, A ~ua) ~ (Sp (up),Ap (uh) ~ uly).
Then we can use (wf-cscheme) to get

'O bwp VX575 = u:D @i, A ~up) ~ (0%, YXp.Ap (ub) ~ VXp.uly)
Then using the environment translation rules we get

Ql =9,

It =g,

Qg =leupay: VX..Ap (ui,) ~ VX_k.qu],

F; = [xu:muj.) IO'tD].

Using (t-axiom) we get
Q! T - axiom ¢,.pa) VX, Ap (uh) ~ V)Tk.ui\ lewna :VX,.Ap (uh) ~ V)Tk.ufq] | @.

Using lemma B.20 we get (I', X | 0,7~ (xj,cj)) ~ Q¢ 05 | l"t,)Tk,xj : T;).

From lemma B.1 we get

T,X, |0,Self: D (X;) ~ _Fwp Self: fs ~ (th,0)
I,X, | 0,Self: D (X;) ~_ e Ap (Xp) : fa ~ (T 0a) »
(f :¥Xp,X,(Self:D(X;), 7)) = 1p) €T,
[,X,|0,Self:D(X;)~ _twr ¥X,.71] = 1p ~ o' and
Sp Xp){f 10", x5 1 Th,xq 1 TH} QY

for some 7%, 05,7, 0, X0, 71, TF, 0.

Then 0 = VX, .77 = 77 and 0’ = V}Tnn_g —Th

where 7} = [u,/X pln; and Tf = [up/X 175

T
l

From lemma B.3 we get o/ = V)Tn.‘dw_l.fn(r_f) — 1%, for some wy, 7} and 7%,

(fun) is the only rule that could have been used as the last rule in the derivation
[, X, 0,7~ (xj,c;) Ffun:[f :0'1| @~ f:0" =et,.

Then from the rule’s side conditions we get:

o' = V)Tnn_; = fn(z},) — Th s

I,X | O*,7j ~ (xj,c;) Fwr o'~ o',

o't = V)Tn.Vw_;.fn(T_;t) - fn(ﬁ) - r}é ,

FH = ran,Xn,xm :T;n ’
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0" =0*,7; ~ (xj,c;),m ~ (x7,¢7) and
I"O®"+e:1p ~ el and
e% =AX,.Ac; cw).fn (2 :Tét){fn (Xm Tl 1)

Using lemma B.12 we get I', X}, | 0,7~ (xj,¢;) Fwr o'~ o'

Let 0" = 0,7, ~ (x;,¢;),7) ~ (x1,¢1).

Using lemma B.13 we get I |©"' e : Tj ~ e’

Then by (fun) T, X}, | 0,7, ~ (xj,¢,) Ffun:[f :0'1| @~ f:0" = el
Now we want to show that o'’ = [utp/—Xp](ft .

By lemma B.12 we get
[,X;,Xp 0,7~ (xj,c;),Self: D (X;) ~ _Fyp o~ ol

From lemma B.10 we get T, X}, | ©,7, ~ (x;,¢,),u : D (@) ~ _Fwp up ~ ub.

By lemma B.9 we get

[,Xp 10,7~ (xj,¢;%,u:D @) ~ _Fwr [up/Xplo ~ [uy/Xplot.
Since (V}Tk.n_js u:Dwui,A~up)~ (Xyu:p@;)>CubD@))) €O,

we can apply (c-ext) and (c-sep) to get

T,X1 10,7~ (xj,¢;) IFw:D @) ~ xy.p oy [ X1 1[5 ] G7)

We can then apply lemma B.6 to get

Xy | 0,7~ (xj,cj) Fwr [up/Xplo ~ [ul/Xplot as required.

From lemmas B.3, B.10 and B.11 we get
I 0" byp )~ (T, 0)),
I @" yp Th, ~ 171 and

" n ! It
T |® |_WF TR “/“)TR.

By lemma B.20 we have (I',0"") ~ (QF,¢; T @5, ¢; :wé),(Ft,)Tk,xj :T;,)Tn,.?Cl T X 1 T)).

By theorem B.1, Q',c; > wj,¢; : ) IFt,}Tk,xj:T;?,)Tn,xl T xm T | et T
Using (t-fabs) twice we get
Q',c;wj,cp 0] |T%, Xp,x; T;,)Tnl @ = fn (a7 : TN ey 2 7 e}

:fn(r_;t) — fn(ﬁ) -1t

Then, using (t-cabs) and (t-tabs) we get

t o t Y, .t t . It
Q,cj.wle,Xk,xj.rjlgz)I—eF.a .

We already know F,)Tp | ®,8Self:D QTi) ~> _Fwr Self: Bs ~ (Té,ws)o.
By lemmas B.11, B.8 and B.5 we get
T,X; 10,7~ _ Fwe [up/Xp1(Self: Bs) ~ ((ub/X vt [ub/X plws)
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Following the same process we get

[,X.0,7;

a

~~_Fwr [up/X,WAp (wp) : o) ~ (uh/X plrh, [uh/X plwa)

Then using lemma B.18 we get

Q¢ w5 1T Xy, x5 T; | @ +et:[ul/X,]rt and

a

Q¢ w; 1T Xy, x5 T; | @ et :[ub/X 17}

We can then get the following derivation:

Q!¢ @) T4, Xp,x: 78 | 8- Sp WhYLf 2 el,xs teh,xq el ) : Sp (ub)

Qhc; :wjlft,)TkI @ +fn (ijTt.){SD (g){f:e%,xs el xg el }}:fn(?)—»SD (@)

QT @ AXy, A w5.fn (xj: T t){SD<up>{f e, xs ek, xq ey Y 1ok
Using (t-fun) we get

QT Fxy:p@n 1 05 = AXy.Ac; ;.M (xj: T t){SD <up>{f R et
Hxwpay -UD] | @.

We then have

@ =lewnn - VXp-Ap (up) ~ VX}.u']and

I} = [xu:p@) 1 0p)

as required.

Case (obj-trt): Note that the outputs of (trait) are a subset of the outputs of (obj-trt).
As such, their proof is the same as in the proof for (trait). We only show the proof for

the additional outputs.

— d
O ={.. VX;,Xq.Tqm " = nq~ (xq,cq) }

d

itemf— %a VX5, Xg-Y0q. fn(r )_;Td AX;,Xq.Ncq,, - Wgm-fn (m) {ele};
axiom cgq IVXi,Xd.ud — X4

Side conditions:

1.5 - D &) 1 {Dy @an Aa— '}

Ag Xy

Uobj = 3T : D (X;,Ap 4 (T, [T/Selfylug,") ~ dde)

g = Uobj:Dg ([uobj/Se|fu]udn”, Ag— Xg)
d

[,X:,Xq10|YX;,Xq.7q ~ (Xd,Cq) Fos Ta ~> (€', Tam ~ Xdp)

10 Fwe VX;, Xg Tgm™ = mg ~ VX7, Xq. VO g,.fn(t, =15, VX Xgul ~VX; Xq.Xq)

d

Using lemma B.21 and lemma B.8 we get

[,X;,Xq,T10,T:D(X;)bweT:Dg(T/Selfyluns,Ag— *) .
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We can then use (wf-desc) to show I, X;, X | © Fwr Uobj-

Using lemma B.21 again we get F,)Ti,)?d O, uopj : D (E) Fwr 4.

Let 64 = VE.)TdJId.

From the definition of the relation f} we know that D (X;,A— %) €Ty,
50 T,Xq,X; 19,04 Fwr tobj : D (X;).

Then, we can use lemma B.5 to prove [,X;,X710,04 Fwr g

—— d
From lemma B.3, if ' | © Fywp VX, Xq.74,," = g ~ (_,94) and
d
r | C) |_WF Hd ~ (_,1921) then ﬁd = 19:1.

Then we can use lemma B.22 to get F,E,)Td |®Fwr g, and

Qtcq:94 1Tt xq,, ZTfim | @ ).
Since ©’ € ©, we conclude that ¢4 : 94 € QF.

Then we can use rules (t-fabs), (t-cabs), (t-capp) and (t-decl) to prove that x; are well-

typed. Similarly we can use (t-axiom) to prove that axioms ¢ are well-typed.

O

Theorem B.3 (Translation of programs preserves well-typedness). If -p pgm ~» pgm!:T' | ©
and then there are some QF I't such that (I',®) ~ (Q!,T?) and Fr pgm! : Q! | T,

Proof. By inversion of the well-typed programs judgment we get if Fp item; : ' | ® ~ pgm?

thenI' | ® Fitem; :T; | ©; ngmf, and'=T;, and © = ©; and pgm! =pgm§.

Using lemma B.25 we get some Q}.,Qf ., T .,T}. such that

T[OFT; ~(Q L) and T |OF ©; ~ (Q5,,T5 ).

Let I*=T%.,T). and Q= Qf.,Qf .

By lemma B.20 we get (I',®) ~ (Q, T?). .

Then using theorem B we get I'| © F-item; : Qf ,, Q) | F’ii,l“;ib.

We can then use (t-pgm) to show k7 item? : QF | T”. O
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Appendix C

Trait coherence proofs

Definition C.1. Define 6t as follows:

sr() = 0
or(T) = T
Sr(fn(T) —1) = f(br(;) — 6r(7)
or(&r) = &b6r(1)
S ) = {S<m> if S(THA... T
Ts otherwise

or(r:D(T)) = 6r(@):D<or(ri)

Lemma C.1 (Well-formedness inversion lemma).
1. If THwyp T then T eT.
2. If T bwr in(T]) — 7 then T Fyyp 7; and T Fyp 7.
3. IfT'Fwrp &7 then T yr 7.
4. If T bwp S(T;) then S (TH{...}eT for some T; and T Fyp 1.
5. IfUbwe VT;.7; = m then T, T; Fyp n; and T, T; Fyyp 7.
6. If Trwpt:D(T5). then T Fwp D (Ti) for some T'; and ' Fwr T and T Fwr Ti-

Proof. Straightforward induction on derivations in the NanoRust well-formedness judgments

in figure 3.2. O

Lemma C.2. If [1 qr K> 1 : D (7,) then either ltenv (I, K) - D or there is some T’ € {1,T,}
such that Il 1 K> 1’ and FV(T;) where T; are all types that precede 1’ in the sequence [T,T,].

Proof. Straightforward from the orphan relation. O
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Lemma C.3. If I, T yp 7 then 8r(n) = 7.

Proof. Suppose 7 =1:D (7;).

By lemma C.1, [,Trwptand [,T bFyp 7;.

We prodeed by induction on 7 to show that if I' ,T Fwr T then o1 (7) = 7.

There is only one interesting case: (wf-struct) where 7=S(7;) and , S (Tj) {...}€eTl.
Then 61 (S(T;)) = S(T}).

The same reasoning applies for for [,T bwr Ti.

Then, using the definition of 61 we get if 61 () = 7. O
Lemma C.4. IfT1+; K> 7 then 7 = &S (T;) where S (T)) {...} € ltenv (I, K) for some S,7;, T;.
Proof. Straightforward from the definition of the local type relation. O

Lemma C.5. Suppose no overlapping identifiers in environments in IL
IflIFir K7 and [T-K' 2 K then tenv (ILK') Fwr 1.

Proof. Using lemma C.4 we get 7 = &S (T;) where S (T;){...} € ltenv (I, K) for some S,7;,T;.
Since [1+ K’ Z K and because of the no-overlap assumption, we can conclude that there are
no T; such that S(T;){...} € tenv (I, K")), which based on lemma C.1 lets us conclude that
tenv (ILK') yr T.

O
Lemma C.6. Suppose no overlapping identifiers in environments in IL
Ifltenv(I,LK) D and 1+ K' Z K then tenv (I, K') ¥ D.
Proof. Analogous to the proof of lemma C.5. O

Lemma C.7.
1. If 0 € cenv (I1,K) then there is some crate K' such that [1- K = K' and 0 € lcenv (I, K').
2. Iftenv (I1,K) - D then there is some crate K' such that I1+ K € K' and Itenv (I, K') - D.
3. Iftenv (I,K) \- S then there is some crate K' such that 1+ K c K' and ltenv (II,K') - S.
Proof.

1. By induction on the relation =, assuming that the lemma holds for 6 € cenv (I, K’)
all K’ such that [+ K C K'. We can make this inductive argument because of the
restriction on II, which prevents circular crate dependencies, which in turn makes the

relation well-founded.

Let II(K) = ({E},F,@). Then cenv (II,K) = cenv (H,Ki)i,G).
Either 6 € cenv (I1,K") for some K" € K; or 6 € ©.
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If the 0 € © then 6 € lcenv (I, K) by def. of lcenv.

If0 ccenv(I,K"),then IIHFK C_ K".
By IH, there is some K’ such that [T+ K" = K’ and 6 € leenv (I, K').
Then, by def. of the relation =, [T+ K = K’ as required.

2. Analogous to the proof of 1.
3. Analogous to the proof of 1.
O

Lemma C.8. If 11y K>71 and there are no overlapping identifiers between I' and 1tenv (I1, K),
then 6r(1) € BLANKETTYPE.

Proof. By induction on derivations [T+ K> 7.

e Case (l-ref): 1 =&1t"' and 1 Hr K> 1'.
Then by IH 6r(7’) € BLANKETTYPE. Then 61(&7') = &6r(1') € BLANKETTYPE.

* Case (lI-struct): 7 =S (7;) and S(T;){...} € ltenv (I1,K).
There are no Tl’. such that S (Flf) {...} €T because of the no-overlap assumption.

So 6r(S(7;)) =Ts € BLANKETTYPE.

Lemma C.9. If 1ty K> 7 then I+ K> [1;/T; 17 for any types T; and type variables T;.
Proof. By induction on derivations [T+ K> 7.

e Case (l-ref): 1=&1" and [T K> 1.
Then by IH I 1 K>[7;/T;17" and by (I-ref) and def. of substitution, ITFp K>[7;/T;1(&71").

* Case (I-struct): 7=S(7;) and S (Fj) {...}eltenv (II,K).
[7;/T;1S (;) = S{[7i/T;]l7r;) and so by (I-struct) I1 - K> S{[7;/T;17;).

Lemma C.10. If 1+ K> 6r(7) then 1 K> 1.
Proof. By induction on derivations [T+ K> 7.

e Case (I-ref): If 61 (7) = &7’ then 7/ = 61(7”) and 7 = &7" for some 7” by definition of ér.
Then I1+; K> 6r(7”) by the rule’s premise and, by IH, [T+ K> 1",
Then by (I-ref) I1 -1 K> &7" as required.
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e Case (Istruct): If 51(7) = S (%) then 7; = 6r(r) and 7 = S (7))
with S (Ti) {...}eT for some ‘L'_; and Tl
From the rule’s premise S (Ti) € Itenv (I, K).
Then by (I-struct), [T+ K>S (T_;> as required.

Lemma C.11. If FV(6r (1)) = @ then FV (1) = ¢.
Proof. By structural induction on
¢ Case (): Trivial.

¢ Case fn(1;) — 1:
or(fn(77) — 1) = fn(61(7;)) — 61 (7).
By IH, FV(7;,7) = ¢ and so FV(fn(T;) — 1) as required.

e Case &71: 61(&7) = &51(1).
By IH, FV () = ¢ so FV(&7) = @.

e CaseT: 67(T)=T and FV(T) =T so this case is vacuous.

e Case S(T;): If 61 (S (1;)) = T's then this case is vacuous as FV(Ts)=Ts.
Otherwise, 61 (S (7;)) =S (dr(7;)). By IH, FV(T;) =@ so FV(S (1;)) = @.

Lemma C.12. If I1+qg K> 01() then I1qg K> 7.
Proof. By induction on derivations I Fqi K> 61 (7).
¢ Case (orphl): Trivial.

¢ Case (orph2): 7 =7:D(7;) and Il -y K> 61(1). Using lemma C.10 we get [I1Hr K> T
so I Fogr K > 7 using (orph2).

* Case (orph2): 1 =71¢:D(7;,7,7;) and [I1 -y K> 6r(7) and FV(6r(10),61(7;)) = .
Then by lemma C.10 [T+ K> 7 and by lemma C.11 FV (7o, 7;) =@
so by (orph2), [1+og K> 7.

O

Lemma C.13. If 1 ¢ BLANKETTYPE and tenv (II,K1) Fwr 7 and 1+ Ko C K1 then for any
type substitution ¢, 11/ 1r Kob> (7).
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Proof. IfI1+ Ky C K7 then Itenv (I1, K5) and tenv (I, K1) have no overlapping identifiers.
Suppose for contradiction that ITF Ko > ¢(1).

Then, by lemma C.4, ¢(7) = &S (t;) for some S and 7; and Itenv (I[, K) - S.

Since [1+ K1 Z Ko, lemma C.5 gives us tenv (I, K1) Fwr ¢(7).

Since 7 is not a blanket type it can only have form &S (T_’i). But then, since tenv (I1, K1) ¥ S,

this is impossible. O

Lemma C.14. Let K be a consistent crate under Il where I1=11" U{K : {K,},Tk,Ox)} and let
Il = [K'/KI" U{K' : ({K,},Tk,Ox U{01))} where K' is consistent in IT'.

Then, for any crate K1, if Il Fog K1> 7 then I1' oi [K'/K1K 1> 7.

Moreover, if I1-1p K1> 7 then IT' 11 [K'/K1K 1> 7.

Proof. Straightforward from the definition of the orphan rule and local type relations as the

relations don’t use constraint environments. O

Theorem 8.2 (Trait coherence). Suppose:

(K : (K, },Tk,0k) €Tl

¢ each crate K' € K, is consistent in II,

(tenv (I1,K), cenv (I, K)) well-formed,
* cvery impl in Ok obeys the orphan rule w.r.t. crate K, and

® for every pair of impl constraints schemes 01 € Ok and 03 € cenv (I1,K),

01 and 02 don’t overlap under Il and cenv (I1,K).
Then K is consistent in IL

Proof. LetT =tenv (II,K) and O = cenv (I1,K).

We must show that for every pair of distinct impl constraint schemes 01 and 65 € O there is
no overlap.

We know that © = cenv (II,K) = {mr, Ox} by definition.

From the theorem’s assumptions,

we know that if 61 € O and 02 € © then 01,02 don’t overlap in I1,0.

We must show the same for each 0; € ® where @ = {cenv (I1,K,) }.

Let K1 € K, and let T'; = tenv (I1, K1) and ©; = cenv (I1,K1).

ThenletI'o=I'\T'; and B3 = O\ 0.

Let 01 €lcenv (I1,K3) and 09 € Icenv (I1, K4) for some crates K3,K4.

We consider two cases:
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¢ Case 1: [IFKsZ K4 and I1+- K4 Z K3.
Suppose that there exists a substitution ¢ such that ¢(t1:D (71;)) = ¢(12: D (T3;)).
By lemma C.1, tenv (I1,K3) = D and tenv (I, K4) - D.
Since we are assuming non-overlapping trait identifiers in II, by lemma C.7 there is
some crate K5 such that ltenv(I",K5) D where [IF K3 K5 and [1+ K4 & K5.
Since [T K3 Z K4 and [1+ K4 Z K3, we can conclude that K5 # K3 and K5 # K4.
From the definition of consistent crates,
Mtor K3>11:D(T1;) and [Tor K4> 19 : D (T3;).
Let71,71; =I711,...,T1n] and 12,7Tg; =[721,...,72,] where n is the length of the sequence.
Then from the orphan rules we know that there are some 71, and 724
such that [1+p K3> 71, and ITpr K4 > T2y
with FV(t11,...,T1r,T215...,T25s) = @
wherer=p-lands=q-1.

Then one of the following is true:

- Case p =q: From lemma C.4, 71, = ZSl (7) where S1(T){...} € ltenv (IL,K3).
Similarly, 75, = &S (7) where Sy (T){...} € ltenv (I, Ky).
Since the local environments of K3 and K4 are not allowed to overlap, S #S9 and

so there is no substitution ¢ such that ¢(71,) = ¢(r2p).

- Case p <q: From lemma C.4, 71, = ZSl (T) where S (TH{...} € ltenv (I1,K3)
and from lemma C.2, FV(Tgp) =@ since p <q.
So, since P(71,) = P(12p), then 19, = ESl .
Using lemma C.1, we get S1 (TY{...} e tenv (I1,K4) for some T.
However, due to non-overlapping identifiers in I1
and the fact that [T+ K4 Z K3, this is impossible by lemma C.5.

- Case p > q: Analogous to the previous case.

Since all above cases are impossible, we have derived a contradiction: no such ¢ as

defined above can exist.

e Case2: [IFK3C Ky4.
Let ©1 = cenv (II,K1) and I'1 = cenv (I, K;). Note that ®1 € ©® and I'1 = I'. We know

that 68; and 02 don’t overlap under environments I1, I'; and ©; from consistency of K;.

To derive a contradiction, we want to show that if 8; and 02 overlap under I1,I",® then
they also overlap under I1,1'{,0.

Specifically we’ll show that if there is a substitution ¢ such that

P(r1:D(71;)) = P(r2: D (T2;)) and

I1| @ IF K4> ¢p(r) for each n € {7, 71, }
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then there is a substitution ¢’ such that ¢'(71 : D (71;)) = ¢'(72: D (Tg;)) and
I1|©1 I K4 ¢/ () for each 7 € {7y, T, ).

Wlog, suppose ¢ = [1,,/T,]. Then let ¢’ = [611(7,,)/Tr].

From consistency of K it follows that I'y Fwyr 01 and I'g by O9.

From lemma C.1 we get I'1,Tj Fwe 71 : D (71;) and I'1, T} Fwr 72: D (T2;)

with T'1 - D (T}).

Then, we can use lemma C.3 to get ér1(t1: D (T1;))=711:D(T1;)

and 6r1(t2: D (T2;)) =72 : D (T2;).

It then follows that ¢/(71: D (71;)) = 6r1(¢p(r1 : D (T1;)))

and ¢'(z9: D (T2)) = 611(P(r2: D (T27))).

As 611 is a deterministic function, we can conclude that ¢'(71: D (71;)) = ¢/'(12 : D (Tg;)).

Using the well-formedness inversion lemma we also get

Fl,Tj,Tl bFwr 7 for all € {m, W0}

It then follows that ¢/() = 611(¢()) for each such 7.

Let t=13:D3(T).

Then from the well-formedness inversion lemma we get I'y - D3 (m).

We now use induction to show that if 7 =7:D (T;), and T1 F D(T;), and I1|® IF K4> 7
then IT| O IF K4> o1 (7).

We proceed by rule induction on IT| O IF K4 > 7:

— Case (cons): Then 7 =[1;/T;1n' and VTLT[_J =>7n' €0 and I1|OI- Ky [1;/T;1n;.
Let ®9 =©\0O; and I'o =I'\I';. Then an_J = 7’ is either in ®; or ®3. We consider
both cases separately:

* Case VTi.n_jz ' €0q:

Then from consistency of K; we know that ©; is well-formed,

and so I'1, T Fwr n; and [1,T; by
Moreover, suppose wlog that 7; =7, :D;(T). Then Ty - D; (7).
By IH, we get I1| @1 IF K4 611 ([7;/T;17)).
Using lemma C.3 we get 6r1([7;/T;17') = [6r1(7;)/T;1n’ and
or1(lz;/T;1mj) =6r1(vi)/Tiln ;.
Then using (cons) we have I1| ®; I K4> 6r1() as required.

* Case VTLH_J => 7' € Og: Wlog, let n' =7:D (T,,).

From assumptions we have I'1 =D (T}).

There is some crate K such that

IMFKyEK andI¥ K1 EK and Vf.n_jz 7' €leenv (I1,K).
From consistency of Ko, we know 7’ satisfies orphan rules in Kj.
Specifically, I1+qr K> 7'
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From lemma C.2, we get either:

Itenv(I1,K) D or I1 . K> 7' for some 1’ € {7,7,,}.

Itenv (II,K) I D is not possible because ltenv (I, K) ST’y and I'1 F D and we
assume there are no overlapping identifiers between I'; and I's.

If [1 Fyp K> 7' for some 7’ € {7,7,} then by lemma C.9, IT - K> [7,/T; 17’ and
by lemma C.8, 6r1([7;/T;]7") € BLANKETTYPE.

Then we can use either rule (blanketl1) or (blanket2), depending on the posi-
tion of 7’ in 7, to prove I1| ©1 IF K4> 61 (7) as required.

- Case (blanket1):
Simple induction on the structure of B shows that 6r1(B) € BLANKETTYPE for any
B.

— Case (blanket2):

Same argument as for (blanket1).

— Case (orphan):
We want to show that if I1 Fqg K4 F dr1(n) then II Foi K4 F 7, which holds by
lemma C.12, so if [T for K4 7 then I1 tfog K4 - 6r1().

e Case 3: [I+ K3 K4. Analogous to case 2.

Theorem 8.3 (Crate extensibility). Let K be a consistent crate under I1 where

I=0"U{K : {K.},Tk,0k)}). Then let TI' = [K'/KINT" U{K' : ({K,},Tk,Ok U{01})} where K' is
consistent in II' and 01 = VT_kn_j = 11 :D(T1,) with T ¢ BLANKETTYPE for each T € {T1,T1,}
Then, for each crate K1 such that II' - K1 € K', if K1 is consistent under Il, then it is also

consistent under I1'.

Proof. We prove this by induction on the crate dependency relation, assuming in the induc-
tion hypothesis that Ko is consistent for all Ky such that IT' - Ko — K4 (i.e., [I- Ko £ K7 and
K7 # K5). The only interesting thing we have to check for is overlap of constraint schemes in

cenv (I, K1). We split the proof into two cases:

e Case 1: We want to show that 0; does not overlap with any other 05 € lcenv (I, K7).
The property is already guaranteed if I[1' - K’ £ K7 from the consistency of K’ under IT'.
We then consider the case where IT' ¥ K' C K.

Let 05 = VT;.E = 19:D(T2,) and
let ¢ be a type substitution such that ¢(71:D (71,,)) = (12 : D (Ta,)).
From consistency of K; under I1, 79 : D (Tg,,) satisfies the orphan rule under II.

By lemma C.14, the constraint also satisfies the orphan rule under IT'.
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So either ltenv (IT', K1) - D or there is some type 7 € {72,T2,} s.t. [I' - K1 >T.

From lemma C.1 and consistency of K’ we know that

tenv (I',K') - D and tenv (II',K') yy 7’ for each 1’ € {12,732,

However, from lemma C.6, tenv (I', K') - D is not possible.

Now suppose wlog that II' -y K1> 79.

Then 79 = &S (7) where S (T){...} € ltenv (IT",K3). Since we assumed that ¢(11) = ¢(12),
either 71 = &S (7'y for some 1’

or 71 = &T for some type variable T'.

Since IT' Fyp K1 &S (7'), we can use lemma C.5 to show that tenv (IT',K’) Fwr &S (1').
On the other hand 7; cannot be equal to &T as &T € BLANKETTYPE and that contra-
dicts our initial assumption.

The same argument holds for any 7’ € Tg,,.

Therefore, there is no possible substitution ¢ such that ¢(r1: D (T1,)) = ¢(12 : D (T2,))

and so, 61 and 62 don’t overlap.

Case 2: We want to show that any 69,05 € cenv (I1, K1) such that 09 # 61 and 03 # 01
don’t overlap under II' and K;.

Suppose some Ko, K3 such that 0 € lcenv (I', K3) and 05 € leenv (IT',K3).

Using theorem 8.2 we can conclude that if Ko # K7 and K3 # K7 then 02 and 03 don’t
overlap.

We must then consider the case where 05 € lecenv (IT', K1) and 05 € leenv (Il', K3) for

some K3 # K1 (the proof for the opposite case is the same).

Let 0y = VT;. 7T, = 19:D’ (T2p) and 63 = VT_q.n_, = 13:D'(T3)).

Suppose there is a type substitution ¢ such that ¢(72 : D'(T2,)) = ¢(13: D' (T3,)).
Let © =lcenv (IT',K1) = O U {01}.

We want to show that for every 7 € {7,,,, 7.}, if [T' | ©’ IF K1 > ()

then I1| O I K1 > ¢p(r) from which we can derive a contradiction that no such ¢ exists
and that 09 and 03 can’t overlap in IT',@’.

We proceed by induction on derivations IT' | ©' |- K1> 7’ to show that I1|®IF K1> 7.
The only interesting case is (cons) where 7’ = [7;/T;1n

and VT,JTJ >7€® andIl' |0 IFK1> [m]nj.

If VE]TJ = 7 € © then we can use IH to conclude

M|@IFKy>[7;/T;ln;j and 1| O IF K;> 7'

On the other hand, consider Vfﬂ_J =>n=01. Thenn=11:D(T1,).

We will now show that ITqog K1> 7.

For contradiction suppose that I[1+qg K> 7.

Then, by lemma C.2, either ltenv (II, K1) - D
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or there is some 7 € {t1,71,} such that [T+, K;>1'.
Since we assume that [T+ K’ K1, using lemma C.6 we get ltenv (II, K1) ¥ D.
Also, by lemma C.13 there is no 7 € {r1,71,} such that [T+ K1> 7’

Then we can use (orphan) to prove I1| O IF K; > 7 as required.
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