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Rust claims to advance industrial programming by bridging the gap between low-level systems programming
and high-level application programming. At the heart of the argument that this enables programmers to build
more reliable and efficient software is the borrow checker — a novel approach to ownership that aims to balance
type system expressivity with usability. And yet, to date there is no core type system that captures Rust’s
notion of ownership and borrowing, and hence no foundation for research on Rust to build upon.

In this work, we set out to capture the essence of this model of ownership by developing a type systems
account of Rust’s borrow checker. We present Oxide, a formalized programming language close to source-level
Rust (but with fully-annotated types). This presentation takes a new view of lifetimes as an approximation of
the provenances of references, and our type system is able to automatically compute this information through
a substructural typing judgment. We provide the first syntactic proof of type safety for borrow checking using
progress and preservation. Oxide is a simpler formulation of borrow checking — including recent features
such as non-lexical lifetimes — that we hope researchers will be able to use as the basis for work on Rust.

1 INTRODUCTION

The Rust programming language exists at the intersection of low-level “systems” programming
and high-level “applications” programming, aiming to empower the programmer with both fine-
grained control over memory and performance and high-level abstractions that make software
more reliable and quicker to produce. To accomplish this, Rust integrates decades of programming-
languages research into a production system. Most notably, this includes ideas from linear and
ownership types [Clarke et al. 1998; Girard 1987; Lafont 1988; Noble et al. 1998] and region-based
memory management [Fluet et al. 2006; Grossman et al. 2002]. Yet, Rust goes beyond prior art in
developing a particular discipline that aims to balance both expressivity and usability. As such, Rust
has something interesting to teach us about making ownership practical for programming.

But without a platform to build upon, it is difficult for researchers to learn, understand, and
investigate this new discipline. This is not a new problem though; the novelty of new languages has
often encouraged their formal study to learn precisely what they offer. Featherweight Java [Igarashi
et al. 2001] did just this — illuminating the language being studied and providing a foundation for
future research. This has inspired our own effort, and so we endeavor in this work to distill the
essence of Rust through our formalization, Oxide.

While there are some existing formalizations of Rust [Benitez 2016; Jung et al. 2018; Reed 2015],
none capture a high-level understanding of Rust’s essence (namely ownership and borrowing). The
first major effort, Patina [Reed 2015], formalized an early version of Rust predating much of the work
to simplify and streamline the language, and was unfinished. The next effort, Rusty Types [Benitez
2016], developed a formal calculus, Metal, which uses an algorithmic borrow checker that is less
expressive than both Rust and Oxide. The most complete effort to date is RustBelt [Jung et al. 2018]
which defines Apys and takes a semantic approach to type soundness [Ahmed 2004; Ahmed et al.
2010; Milner 1978] to verify that major parts of Rust’s standard library (written using unsafe code)
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do not violate its safety guarantees. Yet, for our purposes, Agyst’s continuation-passing style and
low-level nature — closer to Rust’s Mid-level Intermediate Representation (MIR) — make it difficult
to use for source-level reasoning. Follow-on work by Jung et al. [2019] provides an operational
model called Stacked Borrows for memory accesses that is orthogonal to our efforts.

As we will see in the rest of the paper, Oxide is a much higher-level language. Its syntax bears a
close resemblance to that of Rust, and its semantics deals with an abstract notion of memory that
does not require us to pick a specific memory layout for each type. This is significant since Rust
as a language lacks a formal specification, and there are still ongoing discussions about memory
layout and validity guarantees in Rust’s unsafe code guidelines workgroup [2019]. Yet, Oxide
also takes steps to make the semantics simpler and easier to follow. In particular, we require the
types of bindings to be fully annotated in Oxide programs to avoid the orthogonal complexities of
type inference. Since we are interested in ownership, we focus on the safe portion of Rust without
standard library abstractions implemented using unsafe code. In Section 6.1, we discuss extensions
to Oxide that address this, including a sketch of heap allocation support with Rust’s Vec type.

Our efforts to develop Oxide have led us to three main contributions. First, we present Oxide
as the first formal account close to source-level Rust. Second, we provide the first syntactic type
safety [Wright and Felleisen 1992] result for Rust. Lastly, and most significantly, we note that
while Rust’s borrow-checking implementation relies on constraint generation and an algorithmic
constraint solver, we provide the first inductive definition of borrow checking. Our borrow-checking
definition builds on the view of lifetimes as approximations of the provenances of references, as
opposed to an abstraction of the lines of code where the referenced memory is live. Oxide is a tested
semantics in that we validate its faithfulness to rustc borrow checking on the subset of features
supported by Oxide using tests from Rust’s official borrow checker and non-lexical lifetimes test
suites. Ultimately, Oxide has allowed us to develop a more explainable essence of Rust.

The rest of the paper is organized as follows: §2 describes the essence of Rust and Oxide at an
intuitive level. §3 presents the formal details of Oxide including the syntax (§3.1), type system
(§3.2), operational semantics (§3.3), and metatheory (§3.4). §4 provides examples and evidence that
Oxide faithfully models Rust, including discussion (§4.3) of our Repucer from Rust to Oxide and a
type checker OxipeTC used to validate that Oxide typechecking matches Rust on a subset of Rust’s
official test suite. We discuss related work in §5 and avenues for future work built on Oxide in §6.

The technical appendices include complete definitions (§A, §B, §C, §D), typing rules (§B.4), and
proofs (§E). Our implementation and test suite for our tested semantics are available on GitHub.

2 DATA THEY CAN CALL THEIR OWN

Nothing is yours. It is to use. It is to share.
If you will not share it, you cannot use it.

The Dispossessed
Ursutra K. LE Guin

The essence of Rust lies in its novel approach to ownership and borrowing, which account for
the most interesting parts of the language’s static semantics and the justification for its claims
to memory safety and data race freedom. In this section, we explore ownership and borrowing
intuitively and how they are captured in Oxide.

2.1 Ownership

Rust’s notion of ownership rests atop a long lineage of work, harkening back to the early days
of linear logic [Girard 1987], and especially efforts by Wadler [1991] and Baker [1992] to develop
systems for functional programming without garbage collection. However, as noted by Wakeling
and Runciman [1991], Wadler’s effort relied greatly on pervasive copying. This reliance on copying
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and the associated performance penalty would not suffice for real world systems programming
efforts, and thus, Rust’s ownership model is best understood as instead building off of Baker’s work
on Linear Lisp where linearity enabled efficient reuse of objects in memory [Baker 1992, 1994a,b,
1995]. The resemblance is especially strong between Rust without borrowing and Baker’s *use-once’
variables [Baker 1995]. We illustrate these ideas at work in Rust with the following example:

1 struct Point(u32, u32);
2 let mut pt = Point(6, 9);

3 let mut x = pt;

4 let mut y = pt; // ERROR: pt was already moved

In this example, we first declare a type Point that consists of a pair of unsigned 32-bit integers
(u32). Then, on line 2, we create a new Point bound to pt. Here, mut means that the binding for pt
can be reassigned. We say that this new value is owned by this identifier pt. Then, on line 3, we
transfer this ownership by moving the value from pt to x. After moving the value out of pt, we
invalidate this old name. Subsequently, when we attempt to use it again on line 4, we encounter
an error because pt was already moved in the previous line. With the exception of required type
annotations, this program is identical in Oxide, and similarly produces an error.

2.2 Borrowing

Rust’s main departure from techniques like *use-once’ variables [Baker 1995] is a softening of a
rather stringent requirement: namely, that everything must be managed uniquely. Instead, Rust
allows the programmer to locally make a decision to use unique references [Minsky 1996] with
unguarded mutation or to use shared references without such mutation.! This flexibility in choosing
arises at the point where the programmer creates a new reference, and draws inspiration from
work on ownership types and flexible alias protection [Clarke et al. 1998; Noble et al. 1998]. We
again illustrate its use in Rust with an example:

1 struct Point(u32, u32);
2 let mut pt = Point(6, 9);

3 let x = &pt;

4+ let y = &pt; // no error, sharing is okay!

In the above example, we replaced the move expressions on lines 3 and 4 with borrow expressions
that each create a shared reference to pt. As noted in the comment, this program no longer produces
an error because the references allow precisely this kind of sharing. but one should note that this
sharing would be disallowed by a standard linear or affine type system. However, unlike with
just plain variable bindings (as in the previous example), we are unable to mutate through these
references, and attempts to do so would result in a compile-time error. Next, we will replace our
shared references with unique, mut-able ones instead:

1 struct Point(u32, u32);
2 let mut pt = Point(6, 9);

3 let x = &mut pt;

4 let y = &mut pt; // ERROR: cannot borrow pt as mutable twice
5 . // additional code that uses x

In the example above, we have now chosen to create unique, rather than shared, references to
pt. However, since our program attempts to do so twice, we encounter an error similar to the one
we had in the first place — when we tried to move pt twice. The astute reader might notice that

IThe use of “such” here is rather intentional as dynamically guarded mutation, e.g. using a Mutex, is still allowed through a
shared reference. Indeed, this is precisely what makes such guards useful when programming.
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another important change happened — we added some additional code afterward that somehow
makes use of x. This is important because of a feature in Rust known as non-lexical lifetimes (or
NLL for short) [Matsakis 2016a; Turon et al. 2017]. With non-lexical lifetimes and no uses of x in
the ensuing code, the compiler would figure out that the uniqueness of unique references would
not really be violated since x is never used, and thus the program is able to pass the borrow checker.

Similar to the last example, the borrow checker also prevents us from mixing mut-able references
(which ought to be unique) with shared references, as in the following example:

1 struct Point(u32, u32);

2 let mut pt: Point = Point(6, 9);

3 let x: &'a mut Point = &mut pt;

4 let y: &'b Point = &pt;

5 // it

6 // ERROR: cannot borrow pt while a mutable loan is live
7 . // additional code that uses x and y

In this case, we’ve changed the borrow expression on line 4 to create a shared, rather than unique,
reference. We’ve also chosen to add explicit type annotations to our bindings on lines 2—4. This
again produces an error because Rust forbids the creation of a shared reference while a mutable
loan exists. Here, we use the word loan to refer to the state introduced in the borrow checker
(which records that the loan’s uniqueness and its origin) by the creation of a reference. Regions? in
Rust (denoted 'a, 'b, etc.) can be understood as collections of these loans which together statically
approximate which pointers could be used dynamically at a particular reference type. This is the
sense in which Rust’s regions are distinct from the existing literature on region-based memory
management [Fluet et al. 2006; Grossman et al. 2002; Tofte and Talpin 1994, 1997].

While we were unable to create a second reference to the same place as an existing unique
reference in our past examples, Rust allows the programmer to create two unique references to
disjoint paths within the same object, as in the following example:

1 struct Point(u32, u32);

2 let mut pt: Point = Point(6, 9);

3 let x: &'a mut u32 = &mut pt.o;

4 let y: &'b mut u32 = &mut pt.1;

5 // no error, our loans don't overlap!

In this example, we’re borrowing from specific paths within pt (namely, the first and second
projections respectively). Since these paths give a name to the places being referenced, we refer to
them as places. Here, we see Rust employs a fine-grained notion of ownership that allows unique
loans against non-overlapping places within aggregate structures (like structs, enums, and tuples).
Intuitively, this is safe because the parts of memory referred to by each place (in this case, pt. 0
and pt.1) do not overlap, and thus they represent portions that can each be uniquely owned.

Rust allows supports an additional pattern that weakens conventional notions of flexible alias
protection. In particular, Rust allows the programmer to create a unique reference by borrowing
from one they already have. However, the programmer is unable to use the old reference until the
reborrowed one ends. We can see this reborrowing at work in the following example:

1 struct Point(u32, u32);

2 let mut pt: Point = Point(6, 9);
3 let x: &'a mut u32 = &mut pt.o;

ZHistorically, Rust has used the term lifetime, rather than region, but recent efforts on a borrow checker rewrite called
Polonius have transitioned to using the term region [Matsakis 2018]. We discuss Polonius further in §4.4.



Oxide: The Essence of Rust 1:5

4 let y: &'b mut u32 = &mut *x;
5 // can use y, cannot use x until we drop y

In this example, we borrow the first projection of pt (pt.0) and then reborrow it by creating a
borrow to *x. We then can use y in the continuation, but won’t be able to use x until y is dropped.

2.3 Formalizing Rust

Notably, in Oxide, these programs are largely unchanged. The main differences from Rust are
threefold. First, we annotate the type of every binding, including adding bindings and annotations
for local lifetime variables. Second, acknowledging that mut plays two distinct roles in Rust, we
focus on its essential use (as a qualifier for the uniqueness of a reference), and removed the syntactic
restriction on reassigning a binding. That is, while Rust allows the programmer to mark let bindings
asmut to enable the bound variable to be reassigned, we omit this annotation, and allow all bindings
to be mutated when it is safe to do so. Finally, we shift the conceptual terminology we use to
discuss regions/lifetimes. In particular, as regions here approximate the origin of references, we
choose a more precise term, approximate provenances, and refer to their variable form ('a, 'b, etc.)
as provenance variables. Translating our last example into Oxide gives us the following:

1 struct Point(u32, u32);

2 letprov<'x, 'y> {

3 let pt: Point = Point(6, 9);

4 let x: &'x uniq u32 = &'x uniq pt.o;
5 let y: &'y uniq u32 = &'y uniq pt.1;
6}

7

// no error, our loans don't overlap

Here, our type annotations on lines 3-5 (i.e. for each let binding) are now required, and we
replaced mut and the lack of an annotation with two qualifiers uniq and shrd respectively. We also
annotate the references with the local provenance 'x and 'y which themselves are introduced by
the new letprov binding on line 2. The remainder of the program is otherwise unchanged. As in
the Rust version, the Oxide version type checks without error because the origins of the loans are
disjoint. That is, x can only have originated from pt.0 and y only from pt.1.

During type-checking, Oxide will track sets of loans for the provenance variables bound with
letprov (ie., 'x and 'y). Specifically, after line 4, ' x will be mapped to the loan set { “"9pt.0 }
and, after line 5, 'y will be mapped to { “"*9pt.1 }. Moreover, when type-checking each borrow
expression, Oxide looks at the existing loans in its environment to determine that all of the live
loans (e.g., between line 4 and 5, the live loans are just the loans that ' x maps to) are disjoint from
the place being borrowed (which on line 5 is pt. 1). At runtime, the program evaluates with a stack
o that satisfies an environment I'. That is, ¢ maps variables to values whose types are given in T".

Information Loss. Though all the examples we’ve discussed thus far have a precise origin for
every reference, provenances are, in general, approximate due to join points in the program. For
example, in an if expression, we might create some new set of loans in one branch, and a different
set of loans in the other branch. To ensure that the system is sound, we need to be conservative
and act as if both sets of loans are live. As such, we combine the environments from each side of
the branch. We will come back to this with a more formal treatment in §3.2.

2.4 Oxide, More Formally

We’ve now seen enough to start to describe Oxide in more formal detail. First, we note that since
information about loans must flow between expressions, we must somehow be able to track this
flow in our type system. To do so, we use a typing judgment in an environment-passing style. The
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Fig. 1. The essence of Oxide.

shape of our judgment is ¥; A; T' +[e]: 7 = I”, where 3 is the global environment denoting the
top-level function definitions of the program, A is the type environment tracking in-scope type and
provenance variables and their kinds, and I' is the stack typing mapping both variables to their types
and provenances to their associated loan sets. The output environment I'’ denotes the stack typing
to use when type checking expressions after this one. This is essential in capturing the substructural
aspects of Oxide as e may “consume resources”, changing ownership/borrowing state from I to I”.

Places and Place Expressions. Before we can look at some typing rules, there is one remaining piece
to understand: the distinction between places 7 and place expressions p. While places give a name
to a precise part of memory (e.g., pt or pt. 0, which gives a path through a struct), place expressions
also include dereferences of places (e.g., #x or (xx). 1. This dereferencing is the source of the gap
in their meaning — since a reference’s provenance can only be statically known approximately, a
place expression during type-checking has to be thought of as representing potentially many places.
We'll see later that places alone aren’t enough to describe all abstract addresses in Oxide that arise
at runtime — we will need to generalize places to a richer address abstraction that we call referents
(§3.3) which subsume places. Each reference will be represented as a pointer to a specific referent,
and so place expressions p at runtime will always be directly evaluated to a single referent R.

Borrow Checking. In Figure 1, we see two typing rules that capture the essence of how Oxide
models Rust’s ownership semantics, but to understand them, we’ll need to understand the crucial
ownership safety judgment in their premises: A; T +,, p = { ®p }. We can read it as saying “in the
environments A and I, it is safe to use the place expression p w-ly, where w is either uniq or shrd.
That is, if we have a derivation where w is uniqg, we know that we can use the place expression p
uniquely because we have a proof that there are no live loans against the section(s) of memory
that p represents. T-Move checks if 7 is unig-ly safe because we know that it is only safe to move a
value out of the environment when there are no aliases to it.

Further, when we have a derivation where w is shrd, we know that we can use the place
expression p sharedly because we have a proof that there are no live unique loans against the
section(s) of memory that p represents. In the case of borrowing (as in T-Borrow), these two
meanings correspond exactly to the intuition behind when an w borrow is safe, and the loan-set
output from the derivation (called a borrow chain) tells us what loans this use of p will create.

Since it is precisely this ownership safety judgment that captures the essence of Rust’s ownership
semantics, we understand Rust’s borrow checking system as ultimately being a system for statically
building a proof that data in memory is either uniquely owned (and thus able to allow unguarded
mutation) or collectively shared, but not both. To do so, intuitively, ownership safety looks at all
of the provenances found within I', and ensures that all the loans they contain are not in conflict
with the place expression p in question. For a uniq borrow, a conflict occurs if any loan maps to
an overlapping place, but for a shrd borrow, a conflict occurs only when a uniq loan maps to an
overlapping place. Now, this intuition provides only a partial picture since ownership safety must
do more in order to support reborrowing; we return to these details in §3.2.
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2.5 Non-Lexical Lifetimes in Oxide

In Oxide, we allow non-lexical lifetimes through a restricted form of weakening provided by the rule

T-Droe. To illustrate how T-Drop in combination with our environment-passing typing judgment

enables non-lexical lifetimes, let us consider a variant of an earlier example where we produce two

unique pointers, but our first unique pointer is instead not used in the remainder of the program:
struct Point(u32, u32);

1
2 letprov<'x, 'y> {
3 let pt: Point = Point(6, 9); T-Dror o
let X iq Point = &' . ¢ I'(r) =1,
4 et x: &'x uniq Point = &'x uniq pt; o it .
5 let y: &'y uniq Point = &'y uniq pt; AT ] rfe]: ™ =T
SX
6 . // additional code using y, but not x AT r[e]: ™ =Ty
7}

Normally, when we attempt to type check the expression being bound to y with x still bound, we
are unable to type check the expression for y since it would produce a second ostensibly “unique”
reference to pt. However, we can drop x from our context by marking it dead, ending all of the loans
in 'x, and allowing us to successfully proceed with the rest of the program. This corresponds to a
bottom-up reading of our T-Drop rule, shown to the right of the example. The notation T'[7 > 75" |
in the premise captures marking the type of 7 as dead After applying this rule, if x was used in the
rest of the program, we would encounter a new point where we cannot make a typing derivation
since our typing rules do not allow us to use variables at dead types. However, since x is not used,
the rest of the program will succeed since it necessarily did not depend on x’s existence. Intuitively,
this rule says references that are no longer used may as well not exist.

In the rest of the paper, we explore the formalism in more detail along with the possibilities and
consequences of this new model for Rust.

3 OXIDE

We now present Oxide formally. The remaining formal details are present in the appendices,
including the syntax (§A), statics (§B), including all typing rules (§B.4), well-formedness rules (§B.1)
and additional judgments (§B.5), metafunctions (§C), and the complete operational semantics (§D).

3.1 Syntax

Figure 2 presents most of the syntax of Oxide. In Oxide, we annotate references with ownership
qualifiers o, indicating whether the reference is shared (shrd) or unique (uniq). We use these
rather than their equivalents in Rust (no annotation and mut respectively) because the terms more
accurately reflect the semantic focus on aliasing, rather than mutation. Indeed, in Rust, a value of
the type &&mut u32 cannot be mutated (because we have a shared reference to a unique reference),
and a value of the type &Cell<u32>° can be mutated through the method Cell: : set. In this sense,
the official name mut in Rust should be thought of as an accident of history, rather than something
that appropriately reflects intuitions about how the language works.

Places and Place Expressions. As discussed at a high-level in §2.2, place expressions p and places
m are names for paths from a particular variable to a particular part of the object stored there,
whether that be a field of a struct, or a projection of a tuple. One might think of place expressions
as a sort of syntactic generalization of variables. They are analogous to what are called 1values
in C. Place expression contexts p™ are used in various parts of the formalism to decompose place
expressions p into an innermost dereferenced place, *7, and an outer context p=.

3Cell1<T> is a Rust standard library type that provides a “mutable memory location” that allows mutation in its APL.
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Variables x Functions f Type Vars. a Frame Vars. @
Concrete Prov. r Abstract Prov. o Strings str Naturals m,n k
Path q = €| ng
Places Toi= Xxgq
Place Expressions p = x| =p | pn
Place Expression Contexts p” == O | =p" | p".n
Provenances p = olr
Ownership Qualifiers ® = shrd | uniq
Loans t = “p
Kinds K = % | PRV | FRM
Base Types 8 = bool | u32 | unit
Sized Types ™tou= P la| &o™ | [ha] | &, .,
(0]
| V<p,p,a>(", ..., ) — 7' wherepi:o;
Maybe Unsized Types == S| [
Dead Types S0 = 1'51T | (&3P, ..., P
Maybe Dead Types o= SR (X, Lt
Types T | X
Constants ¢c == ()| n| true | false
Expressions e = cl|p| &owp| &owple] | &roplér..é] | p=e
| letprov<r>{e} | letx:t=ej; es | e1; €2
[ e o xnen) = gt {e} | ef::<5, D, (61, ..., &)
| ifer{ex}else{es} | [é1,...,én] | (é1,..., én)
| ple] | forxine; {ez} | whileej{ez} | abort!(str)
Frame Expressions = o | F
Global Environment > e | X, ¢
Global Entries £ fnf<e, o, a>(x1:7f", ..., xp: 1)) — 7' wherepr:oz{e}
Type Environment A = e | A, a:*x | A,o:PRV| A, ¢p:FRM | A, o> o’
Frame Typing F o= o| F,x: | F,r>{t}
Stack Typing I' == e |THF

Fig. 2. Syntax of Oxide

Provenances. Provenances p have two forms: abstract provenances g (pronounced var-rho) and
local provenances r. Abstract provenances correspond to lifetime variables 'a, 'b, etc. in Rust,
and are used polymorphically in function types to indicate that they are agnostic to the particular
provenances of references. Local provenances, by contrast, carry concrete information in the stack
typing I consisting of a set of loans. A loan “p indicates a possible origin (p), qualified by whether
the loan is unique or shared (). Intuitively, each loan tells us a single possible origin for a reference,
while a provenance maps to all possible origins. As we will see in §3.2, provenances are essential to
enabling our type system to guarantee the correct use of unique and shared references.

Types and Kinds. Oxide has three kinds «: the kind of ordinary types %, the kind of provenances
PRV, and the kind of frame typings FRM. (Frame typings are relevant for closures, as we’ll see below.)
We abstract over variables of each kind in Oxide and, to aid the reader, we have separate syntax for
each: a, p, and ¢, respectively. Since Rust is a fairly low-level language, Oxide makes a syntactic
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distinction? between a few different sorts of types: sized & initialized types 7!, maybe-unsized &
initialized types 7, sized & dead types z°°, and sized & maybe-dead types 7°*. Note that slices
[7%"] are the only unsized type as they represent dynamically-sized segments of an array.

The bulk of types in Oxide are sized & initialized types, which include base types 7°, type
variables «, arrays [7%'; n], tuple types (', ..., 7,)), reference types &p w 7, and function types

V<@, o0, a>(", ..., 7)) EA 72" where p7 : oz. With the exception of references, any types that
occur within these types are themselves required to be both sized and initialized.

The two interesting types here are reference and function types. For reference types &p w 7™, we
include both the provenance p and ownership qualifier w in the type which allow us to understand
statically both a reference’s origin as well as its aliasing requirements. We allow potentially unsized
types under references since the reference itself will always have a fixed size regardless of what
it points to (e.g. 64-bit on a 64-bit machine). For function types, there are three notable features.
First, each function type can possibly include a frame expression ® over the arrow indicating what
bindings, if any, were caught up in the closed environment (when nothing is captured, we put
nothing over the arrow). Next, functions are polymorphic in type and provenance variables, as well
as in frame variables ¢ to enable the use of higher-order functions. Finally, functions can relate
types with abstract provenances using outlives bounds, where g; : o, means p; outlives ;.

Expressions. Expressions e in Oxide are numerous, but largely standard. For example, our con-
stants ¢ consist of the unit value (), unsigned 32-bit integers n, and boolean values true and
false. The most interesting expressions in Oxide are the ones we’ve already seen by example:
place expression usage (written simply p) and borrowing (with several forms that we will explain
shortly). The former should be thought of like variable expressions that behave linearly (removing
the place from the environment after use) for non-copyable types, and traditionally for copyable
types. There are three borrowing forms overall, and all work fundamentalley the same — they are
each used as introduction forms for references. The simplest case is written &r w p, introducing an
w-reference with provenance r directly to the place 7 that the place expression p evaluates to. The
next form borrows from p|e] instead of simply p, and is used to borrow an element out of an array
or slice p at the index given by e. The final form borrows from p|e;..e;], and is used to borrow a
slice of p using the range given by e; and e,.

In these last two cases, one might wonder “why are indexing and slicing not places themselves?”
The answer comes in two parts: (1) indexing and slicing take arbitrary expressions, while places
are entirely static, and (2) unlike tuple projections which have a fine-grained notion of ownership,
indexing and slicing affect the ownership of the array or slice overall. This second part means that
while you can create two unique references to different projections of the same tuple, you cannot
create two unique references to different indices of an array.

The remainder of our expressions are standard or discussed already, but we will draw attention
to a few points of note. Our closure syntax follows the syntax of Rust, and thus uses vertical bars to
denote the closure’s parameters. As in Rust, closures are not polymorphic; only global functions may
be polymorphic and specify outlives bounds. We use function application when applying closures as
well as global functions. Hence, function application additionally includes polymorphic instantiation
written using Rust’s turbofish syntax (: : <>). Finally, abort!(str) indicates irrecoverable failure,
and thus terminates the program with the given string as a diagnostic message.

Several expressions have subexpressions €, which denote sequenceless expressions (grammar
elided). These are identical to expressions except that they may not contain any (nested) sequencing

4One may wonder why these types don’t all have their own kinds. Since type polymorphism is restricted to sized & initialized
types, we have not needed additional kinds. We could support more rich type polymorphism by enriching the kind system.
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or let expressions. This allows us to control the effects that happen to our stack typing between
expressions that should be thought of statically as evaluating at the same time.

Environments. As we have already seen in §2.4, we have three environments for type-checking
in Oxide. First, we have a global environment ¥ that consists of top-level function definitions. Next,
we have a type environment A that contains type variables a, provenance variables o, and frame
variables ¢, with their respective kinds. Additionally, it tracks outlives relations o :> p’, which
correspond directly to the outlives bounds in function definitions and types.

Finally, we have a stack typing I' which is organized as a sequence of frame typings ¥ . Frame
typings track in-scope variable bindings x and their types, as well as in-scope local provenances r
and their corresponding loan sets. The information in the stack and frame typing together describes
the shape and validity of the stack o at runtime. The separation into frames is useful for closures:
when typing a closure in environment I', we add a new frame with appropriate bindings to the end
of T to type-check the body of the closure. We assume that all variables x and provenances r in T’
are unique (no reuse/shadowing allowed, and we assume implicit alpha-renaming to enforce name
uniqueness). More significantly, I' and ¥ are ordered. We rely on the ordering and on frames in
several ways as we’ll point out — e.g., when deciding if one provenance r outlives another and to
ensure we only drop places in the current frame.

3.2 Type System

Figure 3 presents a selection of Oxide typing rules. In every rule, we highlight the expression
being typechecked with a . As described in §2.4, the shape of our typing judgement is
> AT+ E] : 7 = I'": we type-check e in environments ¥, A, and T, producing I'” which is the
stack typing for the continuation of e. These rules rely on the subtyping and outlives judgments
(Figure 5) and the ownership safety judgment (Figure 4), which we’ll discuss below. We elide the
various well-formedness judgments (for types, stack typings, etc.); see the appendix (§B.1).

Moving. The T-Move rule, which was first introduced in §2.4, type-checks place usage that must
move the value out of 7. Here, we are restricted to places, rather than the more general place
expressions because Rust disallows moving values from under references. As such, it requires three
things: (1) = must be able to be used unig-ly (checked using the ownership safety judgment in
Figure 4, discussed later); (2) 7 must have a sized type 7°" in I'; and (3) the type of 7 is noncopyable.
Requirement (1) is needed to ensure that we do not invalidate any existing references to 7 by
moving it. Requirement (3) says we should use T-Cory, which is more permissive, when x has a
copyable type. When the premises hold, the output environment updates the type of x to include
a dagger — marking it dead — reflecting that it has been moved after type-checking the expression.

If the type is instead copyable,” we use T-Copy which requires that p is safe to use as shrd. We
leave the output environment unchanged since the value will be copied from the stack at runtime.

Borrowing. In §2.4, we also introduced T-Borrow, which requires that the place expression p be
safe to use (again checked with ownership safety, Figure 4), and if so, updates the loan set for r to
incorporate the new borrow chain { £ } from ownership safety. It is important to note that although
simple uses of T-Borrow (such as directly borrowing a newly-bound variable) only introduce trivial
provenances — in general, these provenances are approximate. We will see below how they are
combined via subtyping (Figure 5) and when type-checking branches to yield larger loan sets.

SWe've elided definitions of copyable and noncopyable, but they’re straightforward. Intuitively, a type is safe to copy if
none of its constituent parts are unique. Thus, all types that don’t contain a unique reference are copyable. Generic types
are always non-copyable. In Rust, copyable is actually the Copy trait, but copyable can be thought of as special casing it.
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Fig. 3. Selected Oxide Typing Rules
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Fig. 4. Ownership Safety in Oxide

Ownership Safety. Figure 4 presents the rules for ownership safety, which we’ve already explained
at a high level in §2.4. What we did not explain earlier is how ownership safety handles reborrowing.
The full form of the judgment is A; T +7 p = { ®p }, which says that p is w-safe under A and T,
with reborrow exclusion list 7, and may point to any of the loans in “p (called the borrow chain).
The first rule, O-SarePracE, checks if a place 7 is w-safe by looking at each loan in every provenance
r” in T and either (1) making sure that if either that loan or w is uniq then 7 does not overlap with
the loan; or (2) checking that all references in ' with provenance r’ are in the reborrow exclusion
list (meaning we need not check if there is overlap with ).

The next two rules check if a place expression p is w-safe, decomposing the place expression into
a place expression context p with 7 in the hole. The last two lines of premises for both essentially
ensure that either (1) or (2) holds, but each one adds to the incoming reborrow exclusion list when
checking (2) by collecting any additional places dereferenced in p. Both rules also check w < w,
(defined as the reflexive closure of shrd < uniq) in order to ensure that the reference has sufficient
permission to be used, preventing a dereference of a uniq reference in a shrd context.

Unlike O-DererABs, O-DErer is dereferencing a reference 7 with a concrete provenance r. As
such, we can look at the loans present for r in the stack typing. These loans consist of both direct
loans to places r; which correspond to a possible origin for the reference, and indirect loans to place
expressions p; which capture how this reference was reborrowed from other references. As such,
when we recursively check for the safety of these origins, we append the reborrow origins (the 7;
prefixes of these p;) to the reborrow exclusion list. This means that they will not be considered as
possible conflicts in the rest of ownership safety. At the end, we union together the borrow chains
from all the possible origins to determine our final borrow chain. We also include an additional
loan “p"[#7x] to indicate that this use was reborrowed from *s.

Subtyping and Outlives. We examine subtyping next (Figure 5) since some of the typing rules
discussed below require it. The subtyping judgment A; T + 7; < 7, = T says 77 is a subtype of
7, under A and I', producing I''. We produce an output I'’ with updated provenances to be used
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when typing the continuation after an appeal to subtyping. Note that our subtyping judgment is
not allowed arbitrarily, but instead is used specifically in T-Ler and T-BRANCH.

Subtyping is largely standard excepting the output stack typing: it is reflexive and transitive;
covariant for arrays, slices, tuples, and shared references; non-variant for unique references which
support mutation. A reference type is a subtype of another if the provenance on the subtype outlives
the provenance on the supertype (S-SHAREDREF and S-UNIQUEREF).

The outlives judgment (Figure 5) A; T + p; :> p, = I’ says p; outlives p, under A and
I', producing I'". Every provenance outlives itself (reflexivity). An abstract provenance outlives
another if there’s a corresponding outlives relation in A (OL-ABSTRACTPROVENANCES) or if we can
transitively put together outlives relations from A (OL-Trans). ® OL-LocALPROVENANCEs says that r
outlives r; if it occurs earlier than r, in T'. It also requires that there not exist any references with
the provenance r; which have been reborrowed (VY : &rywt € T. Br'. @1 € T(r)).

The last two rules say when a local provenance outlives an abstract one and vice versa. In essence,
a local provenance r can only outlive an abstract provenance p (OL-LocaLProvABsProv) if r was
reborrowed. The first two premises check for reborrowing: r’s loan set must be non-empty (otherwise
there is no reborrow), and must consist solely of place expressions p (since place expressions, unlike
places, contain dereferences, which identifies this as a reborrow instead of a borrow). The third
premise collects all the provenances p; that annotate any references dereferenced in each place
expression p; (see the place-expression type-computation judgment A; T+, p : 7, {p } in the
appendix (§B.5) ), while the last premise ensures that all of these outlive o. The final rule, OL-
AssProvLocaLProv, says that an abstract provenance always outlives a local provenance. This
is subtle but makes sense because any abstract provenance g is bound in a top-level function
(recall that closures don’t abstract over provenances), while a local provenance r must be bound by
letprovs inside the function body. Ultimately, any local provenance r’ that gets substituted for o
upon application will already exist before r (even for recursive calls), which means it outlives r.

Branching and Sequencing. The next two rules illustrate how stack typings are threaded through
larger programs since the form of our typing judgment requires each rule to specify its continuation’s
stack typing. T-Brancu uses the stack typing I that we get from typing the conditional e; when
typing each of the two branches. The type 7°" ascribed to the overall expression must be a supertype
of the types of both branches and equal to one of them. Additionally, branching uses a union
operation U to combine the output stack typings from each branch to produce the final stack
typing I'” for the overall expression. This union requires that types of bound variables x in the
two stack typings be equal (which potentially demands use of T-Drop and T-SussumpTioN When
typing the branches), and unions the loan sets for each provenance r from both stack typings. Note
that we only need to union stack typings with identical domains — we type-check both branches
under I so they produce output stack typings with the same domains (since let and letprov
are the only means for introducing variables and provenances, but both are lexically scoped), and
subtyping does not change the domain of stack typings from input to output.

When typing e;; e;, we type-check e, under the stack typing I7 we got from type-checking e;. But,
importantly, we apply a metafunction gc-loans(-) to Iy to empty out the loan sets of provenances
not used in the stack typing before typing e, because e; may have been a unique reference that is
thrown away at runtime before moving on to e;. Without garbage collecting loans, Oxide would
reject programs that are safe and accepted by Rust. Specifically, gc-loans(I') empties out the loan
set of each r that does not appear in any types in I or in 7.

%We do not need transitivity for concrete provenances beyond what we can already conclude from the remaining OL rules.
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Fig. 5. Subtyping and Outlives Relations in Oxide

Binding. In Oxide, T-LeT is interesting in two ways. Similar to sequencing, T-LeT uses the meta-
function gc-loans(-) to eliminate any loans that might be unnecessary as a result of e; potentially
being promoted to the annotated type 7). Additionally, in the output stack typing from e;, we see
that our binding for x must have a dead type 7°° with the whole binding being dropped in the
overall stack typing I; output from T-LeT (since the scope of x ends at that point). The requirement
that the type be dead means we must have either used T-Move to move out of that binding or we
must have explicitly used T-Drop on x in the derivation for e;.

Assignment. Assignment is interesting in a few ways. First, assignment is broken up into two
rules T-AssioN and T-AssiGNDEReF where the former is able to assign to a place = that is dead, and
the latter is able to assign to a place through a reference (i.e. by using dereferencing). Otherwise, the
two rules are essentially the same: they type-check the expression we’re assigning, they compute
the type of the place or place expression we’re assigning to, they check that that place or place
expression is safe to use uniquely, and they check that the two types are compatible with subtyping.
Finally, we use the operation I' & p to remove any loans prefixed by #p from all loan setsin I'.

Closures and Application. Closures in Oxide correspond to move closures in Rust which move or
copy their free variables from the outer environment into the closure’. As such, T-CLosURE must

"Rust’s standard closures implicitly introduce borrowed temporaries for all the free variables, and so we can recover this
behavior via a simple, local transformation to move closures.
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Referent R == x| Rn| R[n] | R[ny..nz]

Expressions e = | o1, ..., vn] | dead | framede | shifte | ptrR
| g, Ix1:2, oo x| o o {e})

Values o == c¢| (v1,...,00) | [o1, ... on] | [o1, ..., 0n] | f | dead | ptrR
[ s, It o x| = i {e})

Value Contexts V == O (v1,...,V,...,00) | [v1, ..., Vi, oo, Vs oo, 5]

Stacks o == e |ofg

Stack Frame ¢ 1= e|g,xP0

Fig. 6. Oxide Syntax Extensions for Dynamics

compute the captured frame by looking at the free variables (and free provenances) of the closure’s
body, and it must mark dead (add daggers to the types of) any variables in the stack typing with
non-copyable types. The captured frame is suspended over the arrow in the function type to keep
track of the fact that the data caught up in the closure is ultimately still alive (and thus must be
considered in ownership safety). We elide the simple rule for top-level function definitions, which
gives a function named f the type that f is annotated with in ¥, relying on the well-formedness of
3 to know that this is okay.

The rule for application (T-Arp) is essentially an ordinary function application rule in environment-
passing style, with two exceptions: (1) frame, type, and provenance variables are substituted in all
the types since functions are polymorphic, and (2) application must check that the outlives relation
(defined in Figure 5) holds for all the bounds specified in the function type.

Values and Aggregates. The typing rules for base types (T-u32, T-Truk, T-FALSE, etc.) are standard,
and leave the type environment unchanged in their output. Aggregate structures like tuples check
the types of their components while threading through the environments in left-to-right order.
This left-to-right ordering for type-checking corresponds to the ordering implemented by Rust’s
type checker and borrow checker. The formalism of Oxide omits a specific treatment of structs, but
we note that they are essentially the same as tuples, only featuring a tag that must also be checked.
Our implementation which we discuss in §4.3 relies on exactly this approach to support structs.

Remaining Rules. The remaining rules in Figure 3 are straightforward or covered earlier. Elided
typing rules all concern arrays and are given in the technical appendix (§B.4).

3.3 Operational Semantics

For our operational semantics, we extend the syntax of Oxide in Figure 6 with terms that only arise
at runtime. First, to be able to specify what “address” a pointer points to, we introduce an abstract
form of memory addresses called referents. Referents R essentially record what the offsets are from
a variable on the stack in order to specify a precise “memory address,” (e.g., a particular element
of an array or tuple, or a particular slice of an array). Next, we introduce value forms including
pointers to referents, and closures packaged with their environment ¢. Additionally, we include
some administrative forms: (1) dead (the dead value), (2) framed e which is evaluated under and
drops the top stack frame when eliminated, (3) shift e which is similar but drops the last binding
when eliminated, and (4) [v;, ..., v,]] which is a dynamically-sized slice of an array. Figure 6 also
includes stacks o which are a sequence of stack frames ¢, and value contexts V which allow array
values to be decomposed with multiple holes when dealing with slices.

In Figure 7, we present a selection of our small-step operational semantics which is defined using
Felleisen and Hieb [1992]-style left-to-right evaluation contexts over configurations of the form
(03 [e]). Since our semantics uses referents R as an abstract version of memory addresses, some of



1:16 Aaron Weiss, Olek Gierczak, Daniel Patterson, Nicholas D. Matsakis, and Amal Ahmed

Jl—p':‘[x]URHUdﬁfal—pDXxURHv.

‘ cFPIXRIR o ‘ read: “R in a context p computes to R’ which maps to v in ¢
P-DEREFPTR
P-REFERENT P—PROJ orOX Ry U,'_’ ptrmo
crR|_xo crp xR YR (vo, ooy 0y -oe s Un) crp xR0
crOXRIR— 0 ok p[Oi] x Ry | Ravi > v; orpxal xRy I R2 > 0
St (o:[e]) — (o [¢)
E-Move E-Copy E-BORrROW
orrn]_P0 orpl_m—vo orFpllR—_

Sk (o3 [7) = (o[x > dead]; [o]) Sk (o [p) = (o [0]) ZF(U;‘&rwp‘)a(a;‘ptrR‘)

E-AssiGN

E-SEQ E-LETPROV crplV  p=plx]
Zr(oi[oe) = (@ie]) sr (o [letprovar> {0} ) > (@3 [0]) Bk (os[p=0) > (olx o VIl [O)
E-LET E-SHIFT
O P Ty T vy S e Py
E-CLOSURE
free-vars(e) = xy free-nc-varsy (€) = Xne Ge=o0 |X—f
S (a;‘ lx1:7}, ..., xniTy| > o {e} ‘) — (U[xncHdead];’ (Ge» |x1:77, ooy xpiTy| > 7 {e})‘)
E-ArrCLOSURE E-F
o =(ge, Ix1iT}, L xniTyl > S {e}) “HRAMED
S+ (o ) — (obge, x1 - 01, ..,,xnb—>vn;) S+ (ohg; ) — (o3 )
E-WHILE

Z}-(o—;‘whileel (e} \)_> (a;\ifel {ey; whileey {ez} yelse { ()} \)

Fig. 7. Selected Place-expression Evaluation Rules (top) and Reduction Rules (bottom)

our rules rely on a notion of place-expression evaluation, ¢ + p || R — o (Figure 7, top), which
should be read as: p computes to R, which maps to v in o.

The evaluation rules are straightforward: E-Move returns a value by moving it off of the stack o,
replacing it with dead. E-Cory copies the value from the stack. E-Borrow creates a pointer value to
the referent R. Branching is completely standard, hence elided. Assignment, similar to E-Copy and
E-Borrow, uses a place-expression evaluation rule but a slightly different “get-context” version,
o+ p ||l V (elided), which just returns the context V surrounding the value at our desired address
as it sits on the stack bound to a variable. Then, assignment updates the stack by maintaining this
context when it updates x (mapping it to V[v]).

Binding and the Stack. Bindings are interesting in that they introduce our two administrative
forms, framed e and shift e. For instance, in E-LET, we step to shift e rather than e alone in
order to ensure that the binding for x is well-scoped and ends when it should (seen in E-Suirt). In
E-AprrCrosURE, we similarly step to framed e to ensure that after evaluating the body of the closure
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we drop the stack frame from that function call (seen in E-Framep). Both E-Suirt and E-FRaMmED rely
crucially on the fact that our stack o is ordered — they must match the most recent entry.

3.4 Well-typed Oxide programs won’t go wrong!

We prove syntactic type safety for Oxide using progress and preservation [Wright and Felleisen
1992]. The proofs of these lemmas are fairly standard — using structural induction on the typing
derivation in both cases — but rely on additional formal machinery to address the fact that evaluation
can make provenances more precise as it, for instance, follows one particular side of a branch.

LEMMA 3.1 (PROGRESS). If X; &; T + E] "= T’ and X+ o :T, then eithere is a value, e is
an abort! (...),or3c’,¢’. X+ (o3 [e]) = (0; ).

The Progress lemma says that if we can type-check e under a valid global environment ¥ and stack
typing ' and we have a stack o that satisfies this stack typing T, then either e is a value, an abort!
expression, or we can take a step. We’ve elided the X + o : I' judgment as it’s straightforward. The
proof proceeds by structural induction on the typing derivation for e, and relies on lemmas that tell
us that we can find values for places and place expressions at runtime when our o is well-formed.

LEMMA 3.2 (PRESERVATION). If X; &; T k[e]: 7] =TIy and 2+ o:T and + (o; [e]) —
(o7; ) , then there exists I; such that X + ¢’ : I, and ;eI + ' = T, and

2 f
o; FJQ b1y < 7' = T and there exists T, such thatTy =T U T,

The Preservation lemma says that if e has type 7;' under a valid global environment % and
stack typing T', have a stack o that satisfies the stack typing I', and can take a step to an updated
configuration (o”; ), then there exists some intermediate stack typing I; that our updated stack
o’ satisfies and under which the expression e’ type-checks with a potentially more-specific type ;'
and output stack typing 1“12.

With Lemma 3.1 and Lemma 3.2 in hand, we can prove the following type safety theorem
(Theorem 3.3) by interleaving the usage of progress and preservation. Full proofs of these and all
supporting lemmas are included in our technical appendix.

THEOREM 3.3 (TYPE SAFETY). If3; o; o +[e]: 7 = I and+ 3 then, 2 + (o; [e]) =" (o’; [0]) or
the evaluation of e steps to an abort expression or otherwise diverges.

Notice that Type Safety, Progress, and Preservation all restrict their attention to expressions
with sized & initialized types 7%. This is because expressions only ever have sized & initialized
types, while values of unsized or dead types only exist as part of the stack and other machinery.

4 (IRON) OXIDE IS RUST

To show that Oxide is a faithful formal model for the (core) Rust borrow checker, we work through
a number of example programs in Rust, and their corresponding form in Oxide. Then, in §4.3, we
describe a prototype type-checker for Oxide and how we’ve used it to test our semantics against the
official borrow checker. Finally, in §4.4, we draw connections between Oxide and Polonius, a new
streamlined implementation of Rust’s borrow checker using techniques from logic programming.

4.1 Liveness

One of the primary goals of Rust’s borrow checker is to statically ensure that there are no use-after-
free errors for references since they are a common class of bugs and even security vulnerabilities
when doing systems programming in C. To see how it works, we’ll look at a small example:
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1 let msg = {

2 let m = ("Howdy", "Pals");

3 &m.0 // ERROR: m.@ does not live long enough
I H

5 msg

In the block spanning lines 1-4, we declare a tuple of one element on line 2, and then create a
reference to it on line 3. Since Rust is largely an expression-based (rather than statement-based)
language, when we evalute this block, it will return the value we get from &m. 0. However, after
doing so, m drops out of scope, and since it is on the stack, it is then necessarily destroyed. If this
program was allowed, we would then have a dead pointer forward on the stack, which would be
very bad. Fortunately, Rust’s borrow checker detects this, and instead reports an error — protecting
us from our mistake! Let’s look at how the same program would work in Oxide:

1 // Tp=e
2 letprov<'msg, 'm> {

3 // T1="msg—{}, 'm— {}

4 let msg: &'msg shrd String = {

5 // T =T

6 let m: (String, String) = ("Howdy", "Pals");
7 // T3 =Ty, m: (String,String)

8 &'m shrd m.@ // ERROR. 7 = &’ mshrd String

9 // Ty="msg > {}, 'm> { hrdmo }

10 }; // ’m is no longer valid at this point.
1 msg
12}

To translate to Oxide, we again made the usual set of changes — annotating bindings with types,
and adding explicit letprov and shrd qualifiers. To aid comprehension, we also added comments
that describe the state of the stack typing I" while type-checking the program. Like the Rust version,
the Oxide version statically produces an error, but to understand why we must cover a few facts.
First, recall that our rule for let binding (T-LeT) removes bound variables from the environments at
the end of the binding (seen on line 9). Further, note that the type we derive for & 'm shrd m.0 has
provenance 'm mapped to { $"9m.0 }. Then, since type well-formedness requires that the places
present in the loan sets for each provenance be bound, we are unable to prove that the type of the
expression being bound for msg is valid. That is, e; e; Iy + &’m shrd String does not hold.

4.2 Conditional Control Flow

It is also important for the borrow checker to be able to deal appropriately with conditional control
flow. As mentioned in §2.3, it is essential to treat conditional loans as live in order to have a sound
analysis. To see how Oxide handles conditional control flow, we will look at two examples in Rust
and Oxide— one that type-checks and one that does not. We’ll start with the former:

1 struct Point(u32, u32);

2 let mut pt: Point = Point(3, 2);
3 if cond {

4 let x = &mut pt.o;

5 *X = 4;

6 ) else {

7 let p = &mut pt;

8 (*xp).1 = 5;

s}
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In Rust, we declare a mutable binding pt to a Point value. Then, we branch on an unknown
boolean variable cond, and in one case uniquely borrow the first projection of pt before assigning
it a new value. In the other case, we uniquely borrow the whole of pt, and then mutate its second
projection through this reference. Since Rust identifies that only one of these will happen in any
program, it is okay for the two unique references to refer to overlapping parts of memory. The
program is largely the same in Oxide (though we have again included comments marking the state
of the environments during type-checking):

1 struct Point(u32, u32);

2 // Ip=e

3 letprov<'a, 'b> {

4 // Ti="am—{}, 'b—{}

5 let pt: Point = Point(3, 2);

6 // TIp =Ty, pt : Point

7 if cond { // I3=1%

8 let x: &'a uniq u32 = &'a uniq pt.o;

9 // Ty="ar {9t 0}, b {}, pt : Point, x : &’ auniqu32
10 *X = 4;

11 /] T5 =1y

12 O/ To=0

13 Yelse { // 7 =D

14 let p: &'b uniq Point = &'b uniq pt;

15 // Tg="a— {}, ’b> { "9pt } pt : Point, p : & buniqPoint
16 (*p).1 = 5;

17 // Tg =Ty

18 () // I“m:l"z

19 Y // Tiu=Tp UTg) =T

20 )

As usual, mut has been replaced with the more appropriate unig. We can now see more formally
how this example type-checks. In particular, when we get to the branch on line 7, according to
T-BrancH, we check the type of each side of the branch under the same environment I, (visible in
the annotations on lines 8 and 16). Since they have the same input environment, they are each able
to create their own unique reference to parts of pt (lines 9 and 17). Then, the bindings to x and p
both end at the end of their respective branch before returning unit (lines 13 and 21). This means
that when we union the output environments of each branch on line 21, we get exactly their input
environments I, meaning that the loans in each branch have necessarily ended.

However, it’s also possible for loans to outlive the scope they are created in. We will explore this
kind of situation in our next example:

let mut m: u32 = 6;

1

2 let mut n: u32 = 5;

3 let x: &u32 = &n;

4 if false {

5 X = &m;

6 3}

7 &mut m; // ERROR: cannot borrow m mutably while already borrowed
8 . // additional code using x

In this example, we declare two mutable bindings m and n on lines 1 and 2. Then, on line 3,
we create a shared reference to n and bind it to x. On line 4, we branch, and assign to x a shared
reference to m instead. Then, after the branch ends, we try to mutably borrow m. Even though we
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can see that the branch is dead code (since the condition is always false), the borrow checker will
not inspect the value and will instead give us an error saying that we cannot borrow m mutably
twice. The program is again similar in Oxide (and again annotated with environment I'):

1 letprov<'a, 'b, 'c> {

2 // Ty="am{}, ’b={}, "c—{}

3 let mut m: u32 = 6;

4 // FL:D),m:u32

5 let mut n: u32 = 5;

6 // ngl"l,n:u32

7 let x: &'a shrd u32 = &'a shrd n;

8 // Ts="ar> {Mrdn } 'bis {}, c> {}, m: u32, n : u32, x : & ashrdu32
9 if false { // Iy =13

10 x := &'b shrd m;

11 // Ts="ar {hrdn} 'bis {shrdn ) e {}, m: u32, n : u32, x : & ashrdu32

12 O/ Tg=Ts

13 Yelse { // I =13

14 O/ Ig=1y

15 Y/ To=Ts U Ig =

16 /7 Tas { shrdy shrdp oy Sop sy goshrdp e s {3, m o w32, no: u32, x ¢ &’ashrdu32
17 &'c unig m; // ERROR: cannot borrow m uniquely while already borrowed

18 ... // additional code using x

19}

Now, using the Oxide version of the example, we can explain more formally why the program
fails to type-check. On line 7, when we borrow from n, we produce a reference of type & 'ashrdu32
and add it to our stack typing as the type of x (line 7). Then, in the first half of the branch, we assign
to x a shared reference to m (line 11). According to OL-OVERRIDELOCALPROVENANCES (via T-ASSIGN),
this will cause us to replace the loans associated with 'a with the loans associated with 'b (namely
{ sh™dm }), but in the other side of the branch, we don’t change 'a and so it remains the same (lines
12 and 18 respectively). When we exit the branch, in T-Branch, we will combine the two stack
typings from each side, resulting in the unification of the loan sets associated with each provenance
in each side of the branch. The result (as seen on line 19) is that 'ais { s""®m, s""n }. Thus, when
we attempt to derive ownership safety in T-Borrow for the borrow expression on line 21, we find
an overlapping shared loan against m in the loan set for 'a and yield an error.

passing disqualified
borrowck | nll | heap | out-of-scope library | enums | statics & consts | traits | uninitialized variables | misc.
89 119 63 40 50 40 93 40 81

Fig. 8. Tested Semantics Results

4.3 Tested Semantics

We set out at the onset to solve a particular problem — there is no high-level specification of the
Rust programming language and its borrowchecker. If there were, this would be the point where
we might present a proof that every expression that type checks in Oxide also type checks in
Rust and vice versa. Since doing that is not possible, we follow Guha et al. [2010] in developing
a tested semantics of Oxide typechecking. We have built an implementation of our Oxide type-
checking algorithm, OxipeTC, alongside a compiler, called Repucer, from a subset of Rust (with a
small number of additional annotations) to Oxide. In addition to the features described in §3, our
implementation supports Rust’s structs by treating them as tagged tuples or records. The combined
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ReDUCER-OXIDETC tooling has allowed us to use tests from the official borrow checker (borrowck)
and non-lexical lifetime (n11) test suites to validate Oxide’s faithfulness as a model of Rust against
its implementation, rustc. The results of this testing is summarized in Figure 8.

For the 208 passing tests, we can compile the test case into Oxide with Repucer and then use
OxipeTC to either successfully type check the program or to produce a type error. We compare this
type checking result to the expected behavior according to the rustc test suite. All 208 tests either
type check when rustc does so, or produce an error corresponding to the error produced by rustc.

The remaining 407 tests were taken out of consideration on the basis of being out-of-scope
for this work. There were 20 categories for exclusion, the majority of which had fewer than 10
applicable tests. Figure 8 includes the 6 largest categories: (1) heap allocation, (2) out-of-scope
libraries, (3) enumerations, (4) statics and constants, (5) traits, and (6) uninitialized variables. One
specialized category (multithreading) was folded into out-of-scope libraries in this table, with
the miscellaneous column aggregating the remaining smaller categories: control flow, casting,
first-class constructors, compiler internals dumping, function mutability, inline assembly, macros,
slice patterns, two-phase borrows (discussed in §6.2), uninitialized variables, universal function-call
syntax, unsafe, and variable mutability (discussed in §2.3).

Combined, heap allocation and out-of-scope libraries (of which the former is a specialization
of the latter) make up for the largest excluded category with 103 tests, and is the most immediate
avenue for future work as we will discuss in §6.1. The next largest category, traits, accounts for 93
tests. Though the trait system is in some ways novel, the bulk of its design is rooted in the work
on Haskell typeclasses and their extensions. As such, we feel that they are not an essential part
of Rust, though exploring the particularities of their design may be a fruitful avenue for future
work on typeclasses. We are working on extending our implementation with sums to support
enumerations. Many of the other categories describe features (e.g., macros, control flow, casting,
first-class constructors, statics, and constants) that are well-studied in the programming languages
literature, and in which we believe Rust has made relatively standard design choices.

The last issue to discuss involving the tested semantics is the aforementioned annotation burden.
This burden comes directly out of the syntactic differences between Oxide and Rust as seen in §3.1,
and so are fairly minor. The most immediately apparent need is to provide a provenance annotation
on borrow expressions, which we handle using Rust’s compiler annotation support. In our tests,
a borrow expression like &’a uniq x appears as #[1ft="a"] &mut x. However, we reduce the
need for this by automatically generating a fresh local provenance for borrow expressions without
an annotation. This suffices for the majority of expressions without change. Relatedly, one might
also expect to see the introduction of letprov throughout. To alleviate the need for this, our
implementation automatically binds free provenances at the beginning of each function body.

The other main change we had to make relates to the use of explicit environment polymorphism
in Oxide. In Rust, every closure has a unique type without a syntax for writing it down. To work with
higher-order functions, these closures implement one of three special language-defined traits (Fn,
FnMut, and FnOnce) which can be used as bounds in higher-order functions. We compile the use of
these trait bounds to environment polymorphism in a straight-forward manner (turning instances
of the same Fn-bound polymorphic type into uses of function types with the same environment
variable), but need to introduce a way of writing down which environment to use at instantiation
time. We use a compiler annotation (#[envs(c1, ...,  cn)]) on applications which says to
instantiate the environment variables with the captured environments of the types of these bindings.
If the bindings are unbound or not at a function type, we produce an error indicating as much.

Aside from these two changes, there are a handful of smaller changes that we made by hand
to keep the implementations of Repucer and OxipeTC simpler, though the need for these could
be obviated with more work. Our implementation does not support method call syntax, and so
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we translate method definitions (which take self, &self, or &mut self as their first argument)
into ordinary function definitions with a named first argument at the method receiver’s type.
Relatedly, some of the tests used traits in a trivial way to define methods polymorphic in their
receiver type. Much as with other methods, we translated these into ordinary function definitions
and used a polymorphic type for the receiver. Further, rustc allows for a number of convenient
programming patterns (like borrowing from a constant, e.g. &0) which are not supported by our
implementation. To deal with these cases, we manually introduced temporaries (a process that
rustc does automatically). As a simplification for the type checker, OxieTC only reports the first
error that occurs in the program. To ensure that we find a correspondence between all errors, we
split up test files with multiple errors into one file per test.

Finally, an earlier version of our implementation required type annotations on all let bindings,
and so currently the majority of tests include fully-annotated types. We later came to the realization
that our typing judgment is very-nearly a type synthesis judgment as in bidirectional typechecking,
and so the implementation now supports unannotated let bindings by giving the name the type
synthesized from the expression being bound. This works for all expressions except abort! which
can produce any type and thus requires an annotation. Further, if the programmer wishes to give
the binding a broader type via subtyping, they must provide it with an annotated type.

4.4 Polonius

Polonius [Matsakis 2018] is a new alias-based formulation of Rust’s borrow checker that uses
information from the Rust compiler as input facts for a logic program that checks the safety of
borrows in a program. Much as we have done with Oxide, Polonius shifts the view of lifetimes to a
model of regions as sets of loans. Similar to Oxide’s provenances, Polonius’ regions are a mechanism
for approximating the possible provenances of a given reference, and as described by Matsakis
[2018], a reference is no longer valid when any of the region’s constituent loans are invalidated. In
Oxide, we take an analogous view: a reference type is valid only when its constituent loans are
bound in the stack typing I'. Though we have not formally explored the connection, based on the
commonality between both new views on lifetimes, we feel that Oxide corresponds to a sort of
type-systems formulation of Polonius.

5 RELATED WORK
5.1 Semantics for Rust

Patina. Reed [2015] developed Patina, a formal semantics for an early version of Rust (pre-1.0)
focused on proving memory safety for a language with a syntactic version of borrow checking and
unique pointers. Unfortunately, the design of the language was not yet stable, and the language
overall has drifted from their model. Also, unlike Oxide, Patina made concrete decisions about
memory layout and validity which is problematic as Rust itself has not yet made such commitments.

Rusty Types. Benitez [2016] developed Metal, a formal calculus that, by their characterization,
has a Rust-like type system using an algorithmic borrow-checking formulation. Their model relies
on capabilities as in the Capability Calculus of Crary et al. [1999], but manages them indirectly
(compared to the first-class capabilities of Crary et al. [1999] or Morrisett et al. [2007]). Compared
to Rust and our work on Oxide, Metal is unable to deal with the proper LIFO ordering for object
destruction and their algorithmic formulation is less expressive than our declarative formulation.

RustBelt. In the RustBelt project, Jung et al. [2018] developed a formal semantics called Agys;
for a continuation-passing style intermediate language in the Rust compiler known as MIR. They
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mechanized this formal semantics in Iris [Jung et al. 2017] and used it to verify the extrinsic safety
of important Rust standard library abstractions that make extensive use of unsafe code. Their
goal was distinct from ours in that we instead wish to reason about how programs work at the
source-level, and our goals are fortunately complementary. While we argue in Sec. 6.1 that we can
treat unsafe code in the standard library as an implementation detail of the language, the work by
Jung et al. on RustBelt provides further justification by allowing us to say that what we model as
primitives can be compiled to their verified MIR implementations.

5.2 Practical Substructural Programming

As a practical programming language with substructural typing, Rust does not exist in a vacuum.
There have been numerous efforts in the programming languages community to produce languages
that rely on substructurality. Though different in their design from Rust, these languages sit in the
same broader design space, finding a balance between usability and expressivity.

Mezzo. Pottier and Protzenko [2013] developed Mezzo, an ML-family language with a static
discipline of duplicable and affine permissions to control aliasing and ownership. Similar to Rust,
Mezzo is able to have types refer directly to values, rather than always requiring indirection as in
work on ownership types [Clarke et al. 1998; Noble et al. 1998]. However, unlike Rust, Mezzo uses a
permissions system that works as a sort of type-system formulation of separation logic [Reynolds
2002]. By contrast, Rust relies on a borrow checking analysis to ensure that its guarantees about
aliasing and ownership are maintained. In Oxide, we formalized this analysis as the ownership
safety judgment which determines if it is safe to use a place uniquely or sharedly in a given context.

Alms. Tov and Pucella [2011] developed Alms as an effort to make affine types practical for
programming. Unlike Rust, Alms more closely follows the ML tradition, and relies on an interest-
ing module system to design resource-aware abstractions. Within Alms module signatures, the
programmer can annotate abstract types with kinds that denote whether or not they should be
affine. They use abstract affine types in modules to build explicit capabilities into the function
signatures within the module which enforce correct use. By contrast, in Rust, everything is affine
and unrestricted types are approximated through the use of the Copy trait.

Resource Polymorphism for OCaml. Munch-Maccagnoni [2018] has recently proposed a
backwards-compatible model of resource management for OCaml. Though not yet a part of OCaml,
the proposal is promising and aims to integrate ideas from Rust and C++ (like ownership and
so-called “resource acquisition is initialization” [Stroustrup 1994]) with a garbage-collected runtime
system for a functional language. Similar to our efforts in understanding Rust, they note the rela-
tionship that Baker’s work on Linear Lisp [Baker 1994a,b, 1995] has to modern efforts for practical
substructural programming. As Munch-Maccagnoni note themselves, there is much to be learned
from Rust in these kinds of efforts, and we hope that Oxide provides a stronger footing for doing so.

Cyclone. Grossman et al. [2002] developed Cyclone, whose goal was to be a safe C alternative.
To do so, they rely on techniques from region-based memory management [Tofte and Talpin
1994, 1997]. However unlike Rust, regions in Cyclone indicate where an object is in memory (for
example, if it is on the stack or the heap). As noted early on in §2.2, the meaning of regions in Rust
(and Oxide) is different. Provenances correspond to static approximations of a reference’s possible
origins, without requiring any realization to a particular memory model. Similar to our effort to
develop Oxide, Grossman et al. [2002] and Fluet et al. [2006] developed formal semantics to build
an understanding of the essence of Cyclone.
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Fig. 9. Extending Oxide with Vectors

6 DISCUSSION AND FUTURE WORK
6.1 A Tower of Languages

Following the proposal by Weiss et al. [2018], we take the view that, although Rust’s standard library
contains a great deal of unsafe code, this reliance on unsafe is ultimately an implementation detail
of the language. In many other languages, key data structures like hash maps are implemented as
built-in types within the interpeter or compiler. In Rust’s case, HashMap happens to be implemented
using unsafe code, but it is no less safe than such built-ins. Bugs within this code are taken seriously
as the library is relied upon by millions of lines of code. Instead, what is essential to the soundness
of Rust overall is that the API that these standard library abstractions present are safe at the types
they are given. To that end, we wish to build on Oxide with extensions for individual abstractions
that ultimately increase the expressive power [Felleisen 1991] of the language.

Following Matsakis [2016b] and Weiss et al. [2018], we consider the most important of these ab-
stractions to be Vec, the type of dynamically-sized vectors (which adds support for heap allocation),
Rc, the type of reference-counted pointers (which adds support for runtime-checked sharing), and
RefCell, the type of mutable reference cells (which adds support for runtime-guarded mutation).
Though these extensions are beyond the scope of this paper, we show a sketch of an extension for
heap allocation in Figure 9, which adds support for Vec to Oxide. We leave the full extensions and
their metatheory to future work.

The extension comes in a few parts. First, we extend the grammar of types to include a poly-
morphic vector type Vec<z>. Then, we extend the grammar of expressions with some of the key
operations on vectors. Vec:<r>:new() is used to create a new empty vector with the element
type 7. Then, e;.push(e;) and e.pop() are used to add and remove elements from the vector, while
e1.swap(ey, e3) is used to swap the values in the vector at indices e; and es. Finally, of course, e.len()
yields the current number of elements stored within the vector. Notably, the typing rules in our
sketch directly follow the types as defined in Rust’s Vec API, suggesting that they are essentially
special cases of Oxide’s rule for function application (T-Arp).

6.2 Two-Phase Borrows

In working on non-lexical lifetimes, Matsakis [2017] introduced a proposal for two-phase mutable
borrows in Rust. The goal of these two-phase borrows is to resolve a long-standing usability issue,
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referred to as the “nested method call” problem, where Rust’s borrow checker might force the
programmer to introduce temporaries to prove that code like vec.push(vec.len()) is safe. To
understand where the problem comes from, we will have to look at how method calls expand in
Rust. For example, vec.push(vec.len()) desugars to the code on the left below:

1 let tmp@ = &mut vec; 1 let tmpl = &vec;

2 let tmpl = &vec; 2 let tmp2 = Vec::len(tmpl);

3 let tmp2 = Vec::len(tmpl); 3 let tmp@ = &mut vec;

4 Vec::push(tmp@, tmp2); 4 Vec::push(tmp@, tmp2);

Without two-phase borrows, the example on the left behaves like one of our early examples in
§2.2. That is, we cannot create an immutable reference on line 2 because the mutable loan from line
1 is still live. Further, non-lexical lifetimes are no help — the loan on line 1 needs to be live until
line 4. However, intuitively, we know that this code is safe since the mutable loan is not actually
needed until line 4. We could resolve the problem here by desugaring to the code on the right.

Unfortunately, this desugaring in general is subtle. Still, the idea of reordering suggests a weaken-
ing of the type system to make the two expansions equivalent to the borrowchecker. This weakening
is precisely two-phase borrows. When a mutable borrow occurs for a method receiver, the loan is
marked reserved. Reserved loans then act as if they are shared until the method is applied.

While Oxide does not currently support two-phase borrows, we could imagine extending our
grammar for ownership quantifiers w with a new form reserved, which behaves precisely like a
shrd-loan until the program requires uniqueness at which point it is raised to a unig-loan. However,
this would likely require some additional machinery in order for the ownership safety judgment to
make these transitions at the use site of values with reserved loans, complicating our type system.

6.3 A Rusty Future

Oxide gives a formal framework for reasoning about the behavior of source-level Rust programs.
This reasoning opens up a number of promising avenues for future work on Rust using Oxide.

Mechanized Metatheory for Oxide. Though we have paper proofs in our technical appendix (§3.4)
for all the theorems presented here, we have begun an effort to mechanize the semantics in Coq.
This has a number of advantages. First, as with most efforts for mechanized metatheory, we can
establish even more confidence in our current results. Further, we can expand the mechanization
to incorporate other important theorems. Finally, other researchers can use the mechanization as a
starting point for their work and know that their changes have not violated type safety.

Formal Verification. One of the unfortunate gaps in Rust programming today is the lack of
effective tools for proving properties (such as functional correctness) of Rust programs. There are
some early efforts already to try to improve this situation [Astrauskas et al. 2018; Baranowski et al.
2018; Toman et al. 2015; Ullrich 2016], but without a semantics the possibilities are limited. For
example, the work by Astrauskas et al. [2018] builds verification support for Rust into Viper [Miiller
et al. 2016], but uses an ad-hoc subset without support for shared references. We believe that our
work on Oxide can help extend such work and will enable further verification techniques like those
seen in F* [Swamy et al. 2016] and Liquid Haskell [Vazou et al. 2014].

Verified Compilation. Rust’s memory safety guarantees lend themselves well to security-critical
applications. However, the existing compiler toolchain (leveraging LLVM [Lattner and Adve 2004])
does not lend itself well to preserving these kinds of guarantees. As such, another avenue for
future work using Oxide would be to build an alternative verified compiler toolchain, perhaps by
compilation to Vellvm [Zhao et al. 2012] or CompCert’s Clight [Blazy and Leroy 2009].
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Security. We also view Oxide as an enabler for future work on extending techniques from the
literature on language-based security to Rust. In particular, one could imagine building support for
dynamic or static information-flow control atop Oxide as a formalization (for which we can actually
prove theorems about these extensions) alongside a practical implementation for the official Rust
compiler. Further, we would like to prove parametricity for Oxide to develop support for relaxed
noninterference through type abstraction as done in recent work by Cruz et al. [2017].

7 CONCLUSION

We have presented Oxide, a formal model of the essence of Rust. Oxide features a novel presentation
of ownership and borrowing from the perspective of Rust, and reformulates Rust’s algorithmic
borrow-checker as a declarative substructural type system. We proved type safety for Oxide using
syntactic techniques (§3.4). We implemented the Oxide type checker in OCaml along with a compiler
from Rust to Oxide, and validated our semantics against a suite of over two-hundred tests from the
official rustc test suite. As alluded to in Sections 1 and 6, we hope Oxide will serve as a basis for
further research using Rust, and more broadly on safe and correct systems programming.
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A OXIDE SYNTAX

Variables X
Concrete Prov. r

Path

Places

Place Expressions

Place Expression Contexts

Provenances
Ownership Qualifiers
Loans

Kinds
Base Types
Sized Types

Maybe Unsized Types

Dead Types
Maybe Dead Types
Types

Constants
Expressions

Sequenceless Expressions

Frame Expressions

Global Environment
Global Entries

Type Environment
Frame Typing
Stack Typing

Functions f
Abstract Prov. o

o>

n ™M

- >

1:29
Type Vars. a Frame Vars. @
Strings str Naturals m,n, k
€| ng
x.q
x| xp | pn
ol «p" [ pn
elr
shrd | uniq
“p
* | PRV | FRM
bool | u32 | unit
B lal| & | [0 | (&, ...,
P
V<@, 0, a>(r}', ..., 1)) — r'wherepr oz
TSI | [TSI]
s | (&%, ..., )
TSI | TSD | (TSX, . TrSlX
TXI | TSX
() | n| true | false
c|lp| &wp | &rowple] | &rwpléi..éa] | p=e
letprov<r>{e} | letx:7t5"=eq;e; | e1; €2
lx1: 20, oo xpi | o o {e} | ef::<5, P, ">(é1, ..., én)
ifer{ex}else{es} | [é1,....¢én] | (&1, ..., én)
ple] | forxine; {ex} | whileej {ez} | abort!(str)
c|lp| &wp | &rowplé] | &rwplér..éa] | p=¢é
letprov<r>{é} |
lx1: 2%, o xpit| o ot {é} | éru<®, p, 1> (81, ..., éy)
ifér{éxtelse{és} | [é1,....8e] | (é1,..., ¢én)
plé] | forxiné; {éx} | whileé; {éx} | abort!(str)
o | F
e | 32, ¢
fnf<g, o, a>(x1:1f", ..., xp: 1)) — 7' wherepi:oz{e}
| A a:x | A, g:PRV | A, ¢:FRM | A, o>
o | F,ox X | F,r—>{t}
o | ThHF
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B STATICS
B.1 Well-Formedness Judgments

read: “Y is well-formed”

WEF-GLOBALENV
VeeX. St e

FX

read: “¢ is a well-formed function definition in %~

WF-FUNCTIONDEFINITION
A=¢@:FRM, 0:PRV, 01 >0z, a:x  {o1}S{e} {oz}c{o}
Z;A;ohxl:rf’,...,xn:r,i'l—E]:‘rjsﬁzl"' A;H—T}Igzﬁ[:-

SHnf<@, 0, a>(x1:77, ..., xp:7) — 7, wherepr oz {e}

read: “A is well-formed”

WE-TVAREMPTY WEF-TVAREXTENDENV WEF-TVAREXTENDPROV WEF-TVAREXTENDTYPE

e FA, ¢:FRM A, o:PRV FA, a:x

WEF-TVAREXTENDOUTLIVES
01:PRV € A 02 :PRV € A

FA, 01> 02

read: “T is well-formed under ¥ and A”

WF-STACKTYPING
S ArT places(¥) € dom(T'h F)
dom (%) #dom(T) Vx:teF. 5 M ThHFrT
WEF-EMPTYSTACKTYPING Vrs (£} € F.V9p € {2} 3 A T F b p: o

SiAre S ArTHF

read: “%, A, and T are well-formed.”

WF-ENVIRONMENTS
X FA 2 ArT

2 AT
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> A TH®

read: “® is a well-formed captured environment”

WF-ENVVAR WF-Env
A(@) = FRM S AFTHFe
M Tre ¥ A TrFe

read: “p is a well-formed provenance”

WE-LocaLProv WF-ABSTRACTPROV
r € dom(T) A(p) = PRV
AN;TrP A TR

read: “z is a well-formed type under 3, A, and T”

WF-REF
WE-TVAR (T(r)=0v3«p el(r). Iy . A; T e p: 7. 77 occurs in 7))
WF-BASETYPE Ala) =% S A TR
> AT > ATra S AT & 0™
WF-ABSTRACTREF WE-TupPLE
A(p) = PRV > NANTrHT Vie{l...n}.E;A;Fl—r?x
S ATH& 0T SATHEES, o, 50

WEF-FuncTion
5 A THO Z;A,q):FRM,g:PRV,le>Qz,oz:*;l"l—z'ﬁl

WE-U WF-ARRAY
Vie{1l...n}.3;A, ¢:FRM, 0:PRV, o1 :> 02, a: x; T F 7' -UNINIT S ATk
+ CA- ST,
2 AT V<o, 0, E>(Tf’, I Tf:) ﬁ Til where p1 : 02 AT % ATk [ n]
WF-SLICE
ATk

5 AT R[]
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B.2 Subtyping & Provenance Subtyping

ANTr s =>T

read: “77 is a subtype of 7, under A and T, producing I'"”

SR S-TRANS S-ARRAY
~REFL ATrgSsm=T AT rp<sn=I" ATrsn=T
ANTro s =T ANTrn <=1 A;Tr[r;n] S [ n] =T
S-SHAREDREF
S-SLICE A Trpr:>py=T
A;FFT1$T2=>F, A;F,P-T1$T2=>r,,
ATr[] S [] =T A; T+ &pyshrd oy < &pp shrd, = T7
S-UNIQUEREF
A Trpy:>py=T S-TUPLE
A;r”—‘t’lSTz:?F” A;F'l—r25r1=>1“" Vie{l.A.n}.A;l"n_ll—riSTlf=>l",-
A; TH&pruniqr < &ppuniqry = I7 NTH(n oo th) St ... 7)) =Ty
S-UNINIT
NTr s =T
AT 58" =T
A; erl :>p221“' ‘
read: “p; outlives p; under A and T, producing I'””
OL-TRANS
OL-R OL-ABSTRACTPROVENANCES ATror >0 =T
~REFL 01:PRVEA  3:PRVEA p1:>ps€A AT Fopi>p3 =T
ANTrp:>p=T A Tror:>02=T A;Trpp:>p3 =T
OL-LOCALPROVENANCES
Vr:&rnwtel.Ar. ®xm eT(r)
ry occurs beforer; inT
AN Trrp>ry=T[ro {T(r) UL(r2) }]
OL-LocAaLProvABsProV
n s . s
Lip(r)={®p }#0 Vmpznxn Vie{l...n} A Dorshrdpi:_ pit OL-ABsProvLocaLPrOV
o:PRVEA Vie{l...n}Vje{l...m}NTij1rpij>0=>Tij o:PRVEA r € dom(T)
A Tiobr:>0=Tym, AN Tro:>r=T

AN Trpr>p=T

OL-BounDs
Vie{l...n}. A Tiqgkpi>p;=T;

AN Torp>p =1,
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B.3 Ownership Safety

ANTHE p= {@p } |where A;Th, p= { @p }means A; T+, p= { @p }.

read: “p is w-safe under A and T, with reborrow exclusion list 77, and may point to any of the loans in ®p”

O-SaFePLACE ,
Vi {€}eT. (V2 p[n'] € {t}.(w=uniqV o =uniq) = x’#x)
vV 3r &' o' T €T AV 2 & o' T eT. ' € {7 }))

ATHE 7= {91}
O-DEREF
[(r) = &r wx T T(r)={<pi} pi =pF il [ORyors
Vie{l..n}ATHE 7 pOlp] = { @p] )
V' {¢} el. (V“’/p € {f}.(w=uniqV ' =uniq) = p#p”[+x])
V(@nr &' T eT AV & o' eT.x € {7, T, 1 }))

AT Hi pPlem] = {@p], ... @pp, “p°len] }
O-DEREFABS
T'(7) = &0 Wy Tn AT pPlam] i T © S oy
VP {f}el. (V¥p € {F}.(0 =uniqV o’ =uniq) = p#p[sx])
V(3 &' T eT AVA &' T €T 7 € {7, 7))

A; T pPlar] = { ©pP[xr] }

B.4 Typing

Z;A;F»—E]:r:l“’ ‘Where F3; AT and ;A0 T+ ¢

read: “e has type 7 under %, A, and T', producing output context I'”

T-MoVE ) T-Copy _
A;1—"‘uniq”:)‘{umq”} AsTrsprap = { £}
I'(z)=1" noncopyabley, 7' A; Thgprg p o 7% copyabley 7%

Z;A;FI-ZTS!::’I‘[EP—)TSIT] Z;A;FD—:TSI=>1"

T-BorRROWINDEX

T-Borrow S ATr[e]:u2=T T'(r)=0
[(N=0 ATr,p={l} AT bop={l} AT ryp:t™
A;Fl—wp:TXI TX!:[TS!; nJVTx':[TS'J
Z;A;Fl—:&rwrx‘zF[rb—){Z}] S AT & wplel ]| &rwr =T [re {7}]
T-BORROWSLICE

2;A;F|—:u32:>1"1 %;A;Flk:u32ﬁrz L(r) =0
MNDrop={t} ATy p:[r]

> A;Fl—m:&rw[‘rs'] =>hLlre {£}]

T-INDEXCOPY B
Z;A;FI—E]:U322F/ NT Frshrap= {0}
copyabley 7' AT bshrg p i T ™ = [ n] v o =[]

Z;A;FI-:TSI:>F'
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1:34
T-BRANCH
T-SEQ 2;A;ﬂ:bool:>r1 z;A;rﬁ:r;I:rz
Z§A;r"?’[f[=>r1 E;A;FII-:TSS’:/B =g vl =5
5 A; geloans(D) ke |3 = I ALrg s =T, ALrg s =T Tulj=TI
% ATk e e n =D S ATHife (e }else (e} |77 =T
T-LET
TLETPROV AT H =T ATrg s ST
SAT, re {(Jr[e]: =T, ro {0} 35 A; ge-loans(Iy, x : 7)) r—:‘rgI >0, x: ™
3 A; T+ | letprov <r> {e} [: " =T Z;A;r’_:‘r;l:rz
T-AssIGN
L ATH[e]: =0 Ii(n) =7 T-ASSIGNDEREF
(= VA Ty bynig m = { "M }) SATH e =0 AT kinig P 7y
AT r < =T ATy kunigp = {} ATivrn sty =T
LATHr=e|iumit=>T[zo M ex LATHp=e|iunit=T"6p
T-WHILE T-FORARRAY

z;A;n:bool=>r1 Z;A;I‘ﬂ—:unit:l‘g > A;I‘»—:[TS'; nl=n

Z;A;in—:boolzﬂ“z Z;A;le—:unit:ﬂ"z Z;Agl"l,x:rSIl-:unitzl‘l,x:rsn
S; AT whilee {ez) |:unit =T, z;A;n:unit:n

T-FORSLICE

Z;A;n:&pw[r“]:n

SAT, xc &pwrs‘l—:unit:ﬁ,x s

T-FuncTION
S(f)=fnf<g, o, a>(x1:7)", ..., xp:7,) — 7, wherepy:pz {e}
S AT r: V<3, 0, @>(, ..., ) — rwherepripr =T
T-CLOSURE
free-vars(e) \ x = x5 free-nc-varsr(e) = Xpc 7 = free-provs(T'(xy)) , free-provs(e)

s kle]ig =T F

Fe
ST ST 4
,Ty) = =T

Fe=r=>T(r), xp : Tlxp) 5 A Tlxne = Tlxne) 18 Fe, x1 2 1) .00y xn

E;A;FI—‘|x1:r151,...,x,,:r,51[| - {e} |: (g, ...

T-Aprpr

> M THD NTrp DIRAVE N ol
A 5,1 - = = ST sy Pe —_—
TN T k| ép V<o, 0, a>(r)', ..., 1) — TfWhel"egl.Qz:)Fo
Vie{l  n} S ATk [a]i g [ Pl [T/al 2T ATaro[Plo] > o1 1P /] =Ty

ATk éf::<5, P, T>(é1, ..., én) :T]Sc‘ [q’/q,] [?/o0] [ ] =Ty
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T-UnN1T

T-u32

Z;A;F!—:unitﬁr

T-ABORT
Z;A;n:r“:r’
T-TrUE
% A;T+[true]:bool =T
T-TupLE
ViE{lu.n}.Z;A;D—_ll—:Tf':)l"i
ST (61, ooy ) |1 (), o) =T
T-Srice
Vie{l...n}.Z;A;I“i_ll—:TS'=>1"i
A TR [ér, ..., én] | [ ] =T,

B.5 Additional Judgments

read: “w is less than w’ in the qualifier ordering”

QO-REFL

w S w

S ARSI

read: “T is related to I'” under 3 and A”

R-Env
F2 AT

AT

z;A;n:u32:>r

T-FALSE
Z;A;Fl—:boolﬁr
T-ARRAY

Vie{l...n}AZ;A;l"i_ll—:TSIﬁl"i

ot [l =y

T-Dror
(7)) =1

Z;A;F[nHT,S;T]I—E]:rSXzFf
Z;A;Fl—E]:Tsxﬁrf

QO-SurDUNIQ

shrd < uniq

dom(T) = dom(T”)

Vx : 7 € IV. Vr that occurs in 7. T'(r) =T/ (r)
Vr € dom(T). T(r) =T/ (r) VI'(r) = 0
Vi € dom(T). T () =T(x) VI'(x) =T ()"

SART ST

N Treypir, {p}

read: “p in an w context has type 7 under A and T, passing through provenances in p”

TC-Var
I'(x) =1"

TC-Proj
ATrop: (g, ..o, o), {pp}

A Tryx:7 0

TC-DEREF
ATryp:&po' o, {pp}

w5 o

A Trepi:tr, {pp}

A Trp:>pp=Tp

A Trysp:T {pp. p}

read: “p in an w context has type 7 under A and I’

AN Tryp:t=0NTryp:T, _
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C METAFUNCTIONS

free-nc-varsy (e) = all the variables x free in e which are bound to values in o that are non-copyable.
free-nc-varsr (e) = all the variables x free in e which are bound to types in I' that are non-copyable.
71 # 715 = 711 is not a prefix of 7y and iy is not a prefix of 7y and 7y # 7.

(TM,x :7) U (Ipyx = 7) = (L U),x:7
TLr:{tH VYU Tpr:{€})) = MUL),re {6}
(Tihe) U (T2 he) = N UT;je

o U e = e

places(I') = {7}

places (o) = 0
places (T, rim {@p }) = {7m| “ip; € {®p }A(pi=nVpi=p°[+x]) } U placesT
places (I', x : 7) = places (I'je) = places (I)

DV-PROJECTION

DV-EnD vi.q > CBo

v.e w OBV (00, «ovs Uiy ooy Up)dg (09, ..., C, ..., 0p)BO

olx.q— v] =0[x— Clv]]
where o(x).gq~ CH_

o(x.q)=v
where o(x).q~ _Bo

D-ProjecTioN
D-EnD

Ti.q~ T BT

T.ewOBT (705 v Tis oo Tn)ig~ (T0, ..., T, o.n, Tn) BT

INr]=T'

I'[x.q— 7] =T[x — o[7]]
where T(x).qw o8 _



Oxide: The Essence of Rust

I'(x.q) =1
where T'(x).gq~ _B7T

noncopyabley 7

noncopyables, 7° = L
noncopyabley a =T
noncopyabley &_ uniq _=T
noncopyabley &_ shrd _ =1
noncopyables V<_>(_) > _=1
noncopyabley [7; _] = noncopyableys 7

noncopyablesy [7] = noncopyables 7

noncopyables, (z,...) = noncopyables 7 V ...

copyabley 7

copyabley 7 = = noncopyabley 7

r1 occurs beforer; inT

OC-OccursBASE OC-OccurRsEXTENDFRAME OC-OccursNEWFRAME
r1 € dom(T) r1 occurs beforery inT ry occurs beforery inT
ri occurs beforery inT, rp = {¢} ry occurs beforer, inT, 7 ry occurs beforer, inThF

ge-loans(T)

ge-loans(T) =T [r - 0]
where 7 = { r € dom(T) | Vz € cod(T), r does not occur in 7 }

I'e> p =I" where dom(T') = dom(I") and
Vr.T'(r)={ “p" €T(r) | p’ # p°[+p] } and
Vr. T (x) =T"(x)
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D DYNAMICS

Referent R = x| Rn | R[n] | R[n..nz]

Referent Context R°® == O | R%.n | RP[n] | R%[n;..n2]

Expressions e = ... | o, ..., 0n] | dead | framede | shifte | ptr R
[ ey gt oo xnrry] = i {e})

Values v = c¢|(v1,...,0n) | o1, ..oy 0n) | [Oo1, ..., 0n] | f | dead | ptr R
| G, lxi:tf', .o x| = ' {e})

Eval. Contexts C = O

&pwplC] | &pwp[C.é] | &pw plo.C]
letx: 7t =C; e | letprov<r>{C}
p=C | C;e | framedC

shift C | shiftprov C
C:<®, p, 1> (61, ..., én)

0:<®, P, T>(01, ...y Omy C, 61, ..., én)
pICl | if C{ei }else{ex}
forxinC{e}

(01, ..., Om, C, €1, ..., én)
[Ul, eees Om, C, él, DI én]
Value Contexts YV = ol (0,....V,...,0m) | [o1, oo, V1s ooy, Vs o, 0n]
Stacks o e | ohg
Stack Frame ¢ == e |g,xP0
WE-REFID WEF-REFPROJECTION WF-REFINDEXARRAY
T'(x)=1" LTER:(g, ..., 1)) »TrR: [ n] 0<i<n
S Trx:" 5TrERI:T T rF R[]
WF-REFINDEXSLICE WEF-REFSLICEARRAY WF-REFSLICESLICE
% TrER:[] »TrR: [ n] 0<i<j<n > TrR: ] i<j
% TrR[E]: ™ 5T R[i.j]: [7Y] 5T R[i.j]: [77]
ER-Ip ER-PROJECTION ER-INDEXARRAY
o(x)=0o ocrFRUVX(v, ..., Vi, ..., Un) orFRYVX[vg, ..., i, ..., Un]
ocrx|Oxo orRil V[(w, ...,0, ..., 0n)] X0 ok R[i] | VI[lvw, ..., O, ..., op]] X0;
ER-INDEXSLICE ER-SLICEARRAY
ocbFRUVx[oo, ..os 0ks .- Onl orRIVx[o, ..., 0, ..., 05, ..., vp]
o+ Rkl V]w] ... [O] ... [on] X visk ok R[ij1 1 VIlw, ..., &/, 0 o]l ¥ [ors .- 5]

ER-SLICESLICE
orRIVX[o, ..., 0, ...,05, ..., 0a]

o+ R[i..j11 Vo] ... [O] ... [@] ... [op] X [vi, ..., vj]
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read: “p computes to R, which maps to v in &

LetokpP[x] | R o=0crp"Xxx || R 0.

read: “p computes to a value in o with the context V”

Leto b pP[x] |l V=0rp®xx | Vxo.

cFPIXRIR o

read: “R in a context p” computes to R’ which maps to v in ¢

P-DEREFPTR
P-REFERENT P-Projy orOxX R | _ptrr
oc+-R|_xuo crp xR U Ra (vos oo iy ooy Un) orpxx R0
crFOXR|IR— 0 ok p[Oi] x Ry | Raei > v; ok pP[+O] X Ry | Rz > 0
P-DEREFINDEXPTRARRAY P-DEREFINDEXPTRSLICE
orOX Ry | _ ptr Ry[i] ocrOX Ry | _ ptr Re[i]
UFPDXR2UR3H [Uo, e Uiy ey, Z}n] O'I-pDX'RZU,R:;l—)[[Uo, oo Uy veny Z)n]]
ok pP[+O] x Ry | Rs[i] > v; ok p [0l X Ry | Rs[i] - o;
P-DEREFSLICEPTRARRAY P-DEREFSLICEPTRSLICE
ocrOxX Ry | _ ptr Ry[i..j] ocrOxX Ry | _ ptr Ry[i..j]
O’FPDXRzuRgH [U(), e Uiy e Uy e, Z)nJ GFpDXR2UR3l—>|ID(), cees Uiy een 5, Uy e, vn]]
o+ pP 0] X Ry || Rsli..jl e [oi, ..., 5] o+ pP[+0] X Ry || Rsli..jl = [oi, ..., 5]

LTI-pDXRU(VXU‘

read: “R in a context p" computes to a value in o with the context V”

PC-DEREFPTR

PC-REFERENT PC-Proy oraoxRy | _xptrax
oFR|Vxo TP XRUV X (0, ooy iy ooy Un) orp x| Vxo
crOXR|VXov ok pP[Oi]l XV I V[(v, ..., O, ..., on)] X0; orpP[xO] X Ry | VX0

PC-DEREFINDEXPTRARRAY PC-DEREFINDEXPTRSLICE
orOX Ry | _xptr R[i] orOX Ry | _xptr Ry[i]
UI—pDXRzﬂ(VX[U(), R ¢ I Z)n] ai—prRZU(Vxﬂvo, A N Z)n]]
orp[x0]l xRy L V[[vo, ..., 0O, ..., op]] X 0; orpP 0] X Ry | V[w] ... [O] ... [on] X v;
PC-DEREFSLICEPTRARRAY
ocrOxX Ry | _xptrRa[i..j] oFpP "X R UV X[vo, ..., 05, ooy U, o.., Unl
o rp [ xRy U VI[[eo. ..., /7, L op]]x [0, ..., 9]

PC-DEREFSLICEPTRSLICE
orOX Ry | _xptrRe[i..j] b p "X R UV X[ug, ooy vy ooy 05, ..n, O]

kP [GD)] xRy U VIwo] ... [O] ... [O] ... [va] X [0z, ..., vj]
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read: “o satisfies I’ under global context 3"

WF-STACKFRAME
YSto:T dom(g) = dom(F)|x

WF-StaACKEMPTY Vx € dom(g). Z; &; THF | (ohg)(x) |: (THF)(x) = THF

Ste:e Stobs:ThF

% Tre: Fe
read: “g satisfies ¢ under ¥ and I’

WEF-FRAME
dom(¢) =dom(Fo) |y Vx €dom(c). % i ThFe k[ 60 [ Folx) > TH T
% Tre: Fe

‘ E;A;FI—E]:T:F’ ‘where FX AT and ;AT kR T

T-SHIFT T-FRAMED T-POINTER
5 MTHe]: =T, x o L ATHe]: =TT > TrR[x]: ™ “r eT(r)

% AT [shifte]: " =T S AT k[ framede]: % = I’ % AT ptr R[] |1 &rw e =T

T-CLOSUREVALUE
free-vars(e) \ x = x5 = dom(F¢) |x 7 = free-provs(T'(xy)) , free-provs(e) = dom(¥F) |,

5 Trge: Fe S M ThFe, x1 0 15 oo, Xp rflll—E]:rﬁlzl"'h?—'
7
50T (e, Ixi:)', oo, xpiTy)| — Tﬁl{e})‘:('rs', oL Th S isT
T-DEAD

Z;A;FI—:TSII;‘2F

St (o3 [e) = (o [¢))

read: “o and e step to o’ and e’ under ¥”

E-MovE E-Cory E-BorrOW
orr]_—0 orpl_mo orpllR— _
Z!—(a;)—>(0'[rm—>dead];) Z"(O';)_’(O';) 2!—(0;‘&r(up‘)—>(a;‘ptrﬂ‘)
E-BORROWINDEX E-BORROWSLICE
orplR— (oo, ..., vy] 0<n;j<n orplR— (v, ..., v 0<n;<nyg<n

(o [srosin)) - o Rm) 3 [sropinl] - (oo R )

E-BorrROWINDEXOOB
orpl_w o, ..., on] n;<0vVn;>n

2+ (o; ) — (o3 ‘ abort!(“attempted to index out of bounds”) ‘)
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E-BorrOWSLICEOOB

orpl_m o, ..., vl n<0vVny>nVny,<0Vny>nvVng>ny

S+ (o; m) — (o3 ’ abort!(“attempted to slice out of bounds”) |)

E-INDExCoPY

E-INDEXCoPYOOB
orpl_+ oo, ..., Opys ot Onl orpl_mlo, ..., vnl ni<0Vvn;>n
S+ (o3| plni] ) — (o3 W) >+ (o; ’p[ni] ) — (o3 ’ abort!(“attempted to index out of bounds”) )
E-FRAMED E-SHIFT
S+ (b [ framedo]) — (o3 [0)) S+ (o, x> 05 [shifto)) - (o [0)
E-IFTRUE E-IFFALSE
Sk (o ] if true {e; Yelse {e; ) \) = (o3 [e1)

S+ (o; ’ if false {e; }else {e; } ‘) — (o; )

E-LETPROV E-LET
s () - @E) 5w [ed )~ (o a[smie)
E-S E-AssiGN
P crplV  p=p7lx]
2k (o3 [ e]) > (o3 [e) k(i [p=0) = (elx o VIoll [O)
E-WHILE

Z!—(o;’whileel (e} \)—> (o;’ifel (eg; whilee; {e2) Jelse { ()} \)

E-FORARRAY

RS (a;’forxin [oo, -

.,onl{e} ‘)—)(a,xr—)vo;’shifte; for x in [0y, .

..,Un]{e}‘)

E-FORSLICE

crR_— (o, ..., 0, s 0j, oo, On] i<j i =i+1

S+ (o; ’ for x inptr R[i..j] {e} ‘) — (o, x > ptr R[i]; ’ shifte; forxinptr R[i'..j] {e} ‘)

E-FOREMPTYARRAY

Sk (o5 | forxin[] {e} ) = (e[ O)

E-FOREMPTYSLICE

S+ (o; ’ forx inptr w[n..n] {e} ‘) — (o3 )

E-CLOSURE
free-vars(e) = xr free-nc-vars, (€) = Xne Ge=0 |x7‘
S+ (o3 ’ |x1:7}, ..., xniTy| = 7 {e} ‘) - (a[xnc'—)dead];’ (Ge» |x1:75, ooy xpiTy| > T {e})‘)
E-ApPCLOSURE )
of ={Ge, Ix1:77, .o, xnityl = 7 {e})

E-ArpPFUNCTION

S(f)=fnf<@, o, a>(x1:7], ..., xn:7,) — 7, wherep:o’ {e}

3+ (o ’f::<6, r, F>(01, .

> o) ) = (ohx o,

ey Xn o O | Framed e[* /5117 /511 el )

E-EvaLCrx
St (o3 [e) = (s ) E-EVALCTXABORT
Zk(oi| Clel ) = (o5 CIeT)

3+ (o3 | Clabort!(str)] ‘) - (o; ’ abort!(str) |)
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E METATHEORY
E.1 Supporting Lemmas
LemMmA E.1 (CanonicAL Forms). If 3; A; T+ 7 =T then

(1) if r = bool, thenov = true orov = false.
(2) ift =u32, thenv =n.
(3) if r = unit, thenov = ().
(4) ift = &p w 7%, then v is of the form ptr R.
(5) ift = &p w [t*], then v is of the form ptr R[i..j].
(6) ift=V<p, 0, a>(r", ..., 1)) — twhere oy : 03, thenv is of the form f.
(7) ifr=(", ..., ) 5 7, thenv is of the form (o, |x1:17)", ..., xp:7)| — 7 {e}).
(8) ift = [t'; n], then v is of the form [v1, ..., vy].
(9) ift = [7'], theno is of the form [uy, ..., v,].
(10) ift = (z1, ..., ), thenv is of the form (vy, ..., vy).
Proor. By inspection of the grammar of values and typing rules. O

LEmMA E.2 (WELL-FORMED REFERENCES EVALUATE TO WELL-TYPED VALUES). If3; T'F R : 7
andX v+ o:T,thenoc+R |V xvo.

Proor. We proceed by induction on X; T' + R : 7. There are six cases: WF-RerIp, WF-REFPROY],
WF-REFINDEXARRAY, WF-REFINDEXSLICE, WF-REFSLICEARRAY, and WF-RerSLICESLICE. Each of these cases
has a corresponding evaluation rule:

WF-RErID ER-Ip
I'(x)=1" o(x)=0
S Trex:7¥ crx|Oxo

For the base case, we consider the frame of ' which contains x. By inversion of WF-StackFrame for
the portion of the derivation X + ¢ : T pertaining to that frame, we have Vx € dom(g). 3; &; ThF F

(obg)(x) |: (TEF)(x) = I'hF. Focusing on our particular x, we have both that o(x) = v and
that 3; ¢; THF +[o]|: (TEF)(x) = 'y F, finishing the case. The remaining cases follow:

WF-REFPROJECTION ER-PRrROJECTION
Z;FFRZ(TSI, e, T?!, ) ocrRUVX(vg, ..’ iy .uv» Up)
TR ot Ril V[(v,...,0, ..., 0n)] X0
WEF-REFINDEXARRAY ER-INDEXARRAY
5 TrR: [ n] 0<i<n orFRyVX[vg, ..., i, ..., Un]
% Tk R[i]: ™ o+ R[]I V[[v, ..., O, ..., vu]] X;
WEF-REFINDEXSLICE ER-INDEXSLICE
T rER:[Y] cFRUVx[oo, ..o’y ks .- Onl
% T R[] : ™ o+ Rk V][w] ... [O] ... [on] X 033k
WEF-REFSLICEARRAY ER-SLICEARRAY
5 TER: [ n] 0<i<j<n orRIVX[vy, ..., vi, ..., 0j, ..., 0n]
% Tk R[ij]: [ ok RlijIU VI, ..., o/ o o] X [ois ..., 05]
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WE-REFSLICESLICE ER-SLICESLICE
»TrER:[Y] i<j crRUVx[og, ..., vi, .y 05, ..., vp]
% Tk R[i.j]: [7™] o+ R[i.j11 VIw] ... [@] ... [O] ... [on] X [0, ..., )]

The proof for each case is identical: apply the induction hypothesis and then Lemma E.1 and
then the evaluation rule on the right. For the well-typed portion, apply inversion on the typing
rule for the appropriate value. O

LeEmMa E.3 (PLACE ExPRESSIONS REDUCE). IfA; T vy p:t¥ andX o :T, thenorp | R— o
and3; A;Tr[o]: 79 =T,

Proor. We proceed by induction on A; T ,, p : 7. There are three cases: TC-Var, TC-Proy, and
TC-DEREF.

TC-VAr P-REFERENT
T'(x)=1" orR| _xuo
A Thex:785 0 crOXRIR— 0o

For TC-Var, we consider the piece of the derivation for ¥ - ¢ : T’ (from our premise) for the frame
containing x. By inversion on WF-StackFraMg, we have Vx € dom(g). 2; &; THF +| (ahi¢)(x) |:

(ThF)(x) = I'hF. This immediately gives us that o(x) = v and that>; A; T +[o|: 7 = T. To
construct our premise for P-REFerenT, we apply ER-Ip to o(x) = v.

TC-Proj P-Proj
NTrop: (', o, o), {Pp ) o pP X R U Ra (Vo5 oy Viy oy Uy)
A Trepizt, {pp} ok pP[0i] x Ry | Ra.i > v;

For TC-Proj, we apply our induction hypothesisto A; T vy, p: (7%, ..., 7', ..., 1)), {pp }
from the premise of TC-Projandgeto + p | R —> vand 3; A; T + : (o', ..., ) =T
Then, by Lemma E.1, we know that v must be of the form (v;, ..., v;, ..., v,). We can use this and
the definitionof o p | R > vtogeto+ p" xx R > (v1, ..., v;, ..., v,) (Where p°[x] = p).
This is precisely the premise of P-Proj and thus we can use that. We also have by inversion of
T-Tuete for ; A; TR [o]: (7', ..., 7', ..., 1)) = T that 3; A; FI—:TiSI =T.

TC-DEREF

ATryp:&po' 7, {pp} w<o NTrp>pp=Tp
A Trexp:, {pp,p}

For TC-Derer, we apply our induction hypothesis to A; T+, p : &p 0’ T, {p, } to get
crplR—ovandZ; A; T+ : &p o’ ™ = T. Then, by Lemma E.1, we know that v must of
the form ptr R. We now have five subcases to consider depending on whether R is of z, Rs[i], or
R[i..j], and for the latter two, whether 7" is [7%"; n] or [7%].
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P-DEREFPTR
orOXR | _+ptrm
crp xR0

orp[xa]l xRy I R2 > 0

P-DEREFINDEXPTRSLICE
crOX Ry | _ ptr Re[i]
O'I-pDXﬂzﬂﬂgi—)[U(), cees Ui,

5 Un]]

P-DEREFINDEXPTRARRAY
orox Ry | _ - ptr Re[i]

orp xRy U Rs— [wo, ..., i, , Un |

o+ p[x0] x Ry || R3[i] = o;

P-DEREFSLICEPTRARRAY
ocrax Ry | _ ptr Re[i..j]
Ukpnxﬂzﬂﬂgi—) [Uo,

> Uiy oen s Uj, ey Onl

ok pP[+0] x Ry U Rs[i] - o;

P-DEREFSLICEPTRSLICE

orp[xa] x Ry | Ralij]l = [oi, ..., o]

ocrOxX Ry | _ ptr Re[i..j]

O'l—pDX'Rz.UR3i—>|[Uo,... ,Un]]

v;]

s Ui, ...,Uj,

ok pP[+a] X Ry | Ra[ij] = [oi, ...,

In all these cases, we know structurally that p” = O since TC-DErer has no context outside of
the dereference. So, for each of them, we need to be able to show O+ R || R’ — v’. Inversion on
T-PoiNTER gives us X; I' + R : 7. We can then apply Lemma E.2 to get £ + T || V X v. Then, we
can apply P-RererenT to this to produce the derivation we need to apply the appropriate rule. For
P-DEReFINDEXPTRARRAY and P-DEREFSLICEPTRARRAY, we apply Lemma E.1 to get that the value is
an array. For P-DERerINDEXPTRSLICE and P-DEREFSLICEPTRSLICE, we apply Lemma E.1 to get that the
value is a slice value. O

LEmMA E.4 (REDUCIBLE PLACE EXPRESSIONS CAN ALsO COMPUTE A CONTEXT). Iforp J R v
and R # R[i..j], theno+p | V.

Proor. The proof proceeds by induction on o + p || R +— o by cases. Since the two judgments
share an identical inductive structure, we essentially pair the corresponding rules as follows:

P-REFERENT PC-REFERENT
ocrR|_Xuo crR|Vxo
crOXR| R0 crOXR|Vxo
P-Prog PC-Proyj
orp"X R YR (0o, vvs Uiy ovns Up) orp"XRUVX (00, ..., 0y ..., 0n)
ok pP[0i] x Ry | Rai> v; ok pP[0i] x VI V[(v, ..., 0O, ..., 0n)] X0
P-DEREFPTR PC-DEREFPTR
orOXR | _+ptrm orOXR | _Xptrz
orp"xT R0 orp x| VXo
orp[x0] xR U Ry >0 orp[x0] xR | V xo
P-DEREFINDEXPTRARRAY PC-DEREFINDEXPTRARRAY
ocrOX Ry | _ ptr Re[i] ocrOx Ry | _xptrR,[i]
orpIX R U R [vo, vy 0y ovn, Oy orp"X R U VX[vo, ooos Uiy oty U
o+ pP[¥0] X Ry U Rs[i] - o; orp [« xRy U V[[vo, ..., O, ..., on]] X 05
P-DEREFINDEXPTRSLICE PC-DEREFINDEXPTRSLICE
orOX Ry | _ o ptr Re[i] orOX Ry | _xptrRy[i]
orpP xR U Ry [, ..., i, , onll ok p" xR | Vx[uw, ..., v, , onll
ot p°[x0] X Ry || R3[i] = o; ot pP[+x0] X Ry | V] ... [O] ... [on] X v;




Oxide: The Essence of Rust 1:45

P-DEREFSLICEPTRARRAY
ocrOxX Ry | _ ptr Ra[i..j]

oFp "X R U R [vo, ...\ 05, oy 0, oo, Op]
o+ pP[+a] x Ry | Rs[i.j] = [oi, ..., o]
PC-DEREFSLICEPTRARRAY
orOX Ry | _xptrRyli..j] orp" xR U Vv, ..., 0, ..., Vj, ..., Up]
ok PG X Ry U V][oo, ..., &7, o] x [0, - 5]

P-DEREFSLICEPTRSLICE
ocrOx Ry | _ ptr Re[i..j]

orp "X R U Rs [[0o, ooy 0sy oey U5, onn, O]
O'}-pD[*D]Xﬂllle[i..j] i—)'[l)i, PN Z)j]]
PC-DEREFSLICEPTRSLICE
ocrOX Ry | _xptrRa[i..j] obpX R LV x[oo, oovy vy oo, 05, ..n, Oa]
orp P[] xRy | V[wo] ... [O] ... [O] ... [oa] X [0i, ..., vj]

LemMA E.5 (REDUCED PLACE EXPRESSIONS PRODUCE VALID REFERENTS). IfX Fo:Tandotp |
R[] = v, thenZ; T + R[] : T¥

Proor. We start by rewriting o + p | R[] — o with its definition to get o + p” X x ||
RE[x] +— v where p = p"[x]. We then proceed by induction by cases (note this means our
induction hypothesis is really about the rewritten form).

P-REFERENT WF-RErID
orFR|_Xo T'(x)=1"
crOXRIR—0o S Thx:™

P-RererenT only applies if the context is O which is only the case if our original place expression
was x. We can rewrite with this knowledge to see that we really have o + x || _ X v in our premise.
Inversion on ER-Ip gives us o(v) = Then, we consider the frame of I' which contains x. By inversion
of WF-StackFraMme for the portion of the derivation ¥ + ¢ : T pertaining to that frame, we have

Vx € dom(g). 3; &; THF +|(obs)(x)|: (TEF)(x) = T'hF. Focusing on our particular x, we

have both that I'(x) = v. We can then apply WF-RerID.

P-Proj WEF-REFPROJECTION
crp xR U Ra— (vo, oo\ 0y oov s Up) STER:(g, oo, 1t oo, 1))
ok p[0i] x Ry | Ravi > v; 5TrERI:T
Applying the induction hypothesis to o + p® x R; | Rz — (vo, ..., vi, ..., 0,) gives us
M THFRy: (2, ..., TiSI, ..., T1). We can then apply WF-REFPROJECTION.
P-DEREFPTR

ocrOXR | _ptrz
orpXT R0

orp" [0l X Ry | Rz > 0
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Applying the induction hypothesis to o + p” X 7 || Ry > v givesus Z; T' + R, : 7

P-DEREFINDEXPTRARRAY
orOx Ryl _ ptr Re[i] WF-REFINDEXARRAY
orp xR U Rs > [vg, ..’ 05y ovns Oy T rRR: [ 0] 0<i<n
o+ pP[xa] x Ry | Rs[i] - o; 5Tk R[] : o
Applying the induction hypothesis to o + p® X Rz | R3 — [vo, ..., vi, ..., v,] gives us

3; T+ Rs : [7%; n]. Then, we can apply WF-REFINDEXARRAY to get 3; T' + Rs[i] : %%

P-DEREFINDEXPTRSLICE
orOX Ry | _ ptr Re[i] WEF-REFINDEXSLICE
orp" xRy U Rs = oo, ovvs 05y et v 5TER: [
ot p"[x0] X Ry || R3[i] = o; % T R[i]: ™
Applying the induction hypothesis to o + p" X Ry || Rs — [[vo, ..., v, ..., vu] gives us

3; '+ Rs : [7¥]. Then, we can apply WF-RerINDEXSLICE to get 2; ' + Rs[i] : 7%

P-DEREFSLICEPTRARRAY
orOX Ry | _ptr Rp[i..j] WF-REFSLICEARRAY
orp X Ry Rs— [wo, ..., 05, ooy 0f, .o, Up] 5T ER: [ 0] 0<i<j<n
or pP[+a] x Ry U Rs[ij] o [or. ... o5] ST rF R[] [
Applying the induction hypothesis to o F p" X Ry | R3 = [vg, ..., vi, ..., 0j, ..., U] gives

us 2; I' F R3 : [7%; n]. Then, we can apply WF-RErSLICEARRAY to get 3; T' + Rs[i..j] : %%

P-DEREFSLICEPTRSLICE
orOX Ry | _ptrRoli..j] WF-REFSLICESLICE
orp"X R U Ry oo, ovvs 03y ooy 05, on, O] TR Y] i<j
o+ pP[+a] X Ry || Rs[i..jl = [oi, .., v5] 2T R[] ™)
Applying the induction hypothesis to o + p? X Ry | R3 — [[vg, ..., vi, ..., v}, ..., v,] gives
us %; T' + R : [¢%']. Then, we can apply WF-RerSLICESLICE to get 2; T' + Rs[i..j] : % O

LeEmMA E.6 (REDUCED PrLACE ExPRESSIONS HAVE RooTs IN LOAN SETS). If 2+ o :T,0F p ||
RO[7] — v, and&; T+, p = { £}, then R = R°[n] and “7 € { ¢ }.

ProoF. We proceed by induction on e; T +,, p = { ¢ }. There are ordinarily three cases: O-
SAFEPLACE, O-DEREF, and O-DererABs. However, O-DEREFABs requires the type variable context to
contain entries, and thus can be immediately discharged by contradiction. This leaves us with only
O-SAFePLACE and O-DEREF.

O-SAFEPLACE ,
V' {€} el (V2 p[n'] € {€}.(w=uniqV o =uniq) = n’#x)
V(3 &' T eT ANVA & o' T €T. 7 € {7 }))

A;FI—ZTII:\{“'TL'}
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O-SarePLack tells us that our p is in fact a place 7 meaning that it does not contain any dereferences.
As such, we know that o + p || R7[x] +— v must have been derived using a combination of P-
RerereNT and P-Proj corresponding to the structure of 7. The resulting referent in such a case is
precisely 7 (meaning R" = 0O), which we know is in the output immediately from the definition of
O-SAFEPLACE.

O-DEREF
(7)) =&r oy tx I(n={“pi}  pi=p?Plm] ® < O
Vie{1l...n} AT " p00p] = { @p; }
Vi {2} el. (V“p € {T}.(w=uniqV o’ =uniq) = p#p°[+1])
vV (3nr &' T eT AV : & o' T eT. ' € {7, T, 1 }))

AT pPlem] = {@py, oo @pp s “pPlen] )

In the premise of O-Derer, we have a number of ownership safety derivations corresponding to
each of the loans for the pointer being dereferenced. Since we know we have a dereference, we
know that we must have derived ¢ + p || R%[ 7] — v using one of the five dereference rules at the
appropriate point (P-DEREFPTR, P-DEREFINDEXPTRARRAY, P-DEREFINDEXPTRSLICE, P-DEREFSLICEPTRARRAY,
and P-DererSLicePTRSLICE). Each of which share a common premise (at least when sufficiently
generalized): o + p” X Ry || R3 — ov. Here, R, corresponds to the referent of the pointer we are
dereferencing. As such, we know that one of the derivations of ownership safety corresponds to
that particular referent. So, we can apply our induction hypothesis and get that “z € { w_pl' } for
the appropriate ownership safety derivation numbered i. The final output is the union of all of
these sets, and thus we can generalize to “7 € {‘*’_p{, e @ph L, OpTar ) O

LEmMA E.7 (SUBTYPING PRESERVES VALUE TYPING). IfX; A; T + :r=>TandA; T <
=T thenS; A, TV Flo]: =T

Proor. We proceed by induction on the subtyping judgement. The only cases that don’t follow
immediately by induction and application of premises are S-UNIQUEREF and S-SHAREDREF, and in
both cases the only interesting part of the proof is the outlives constraint.

Proceeding by induction on the outlives constraint, the only interesting case is
OL-LOCALPROVENANCES.

OL-LOCALPROVENANCES
Vr:&riortel. Ar. ®sxmx eT(r)
r1 occurs beforery inT

A Trry>ro=T[ra— {T(r) UL(r) }]

So we want to show that 3; A; T'[r, > T'(1) UT(2)] + 7= I[ry > T'(1) UT(2)]. We
proceed by induction on the value typing.

T-POINTER
T rFRY[x]: “x eT(r)

S ATH| ptrRP[n] | &rw ™ =T

The T-PoinTeRr case is immediate, because by inspection of the referent well formedness, there is
no reliance on loan sets, and the loan is preserved since the loan sets only grow.
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T-CLOSUREVALUE
free-vars(e) \ X = X7 = dom(%) |x 7 = free-provs(I'(xyr)), free-provs(e) = dom(¥¢)|r

5 Thge: Fe S ATHFe, x1 1), oo, X T,SIII—E]:T,S,I:F'I:]T
Fe
0T H| (Ges Ix1:7) s oo, x| — rﬁ'{e})‘:(rf’, LT ST

We proceed by induction on the body of the closure. The only interesting cases are those that use
ownership safety, which are T-Movg, T-Copy, T-Borrow, T-BORROWINDEX, T-BORROWSLICE, T-INDEXCOPY,
and T-AssioNDEREF. The only interesting part is the ownership safety judgement itself, but since
we’re only unioning together two loan sets, the disjointness condition is mostly immediate, since
those places would have been considered anyway. The only potential problem is that r is excluded
in a reborrow chain and not ry, but then the only way for all of the pointers with r; to be added to
the exclusion list is if all of them were reborrowed, but this is disallowed by the reborrow restriction
on r; in OL-LOCALPROVENANCES. ]

LeEmMA E.8 (SUBTYPING PRESERVES WELL FORMED StAcks). If S +oc:Tande; T'F1, <y = I
thenX +o:T.

Proor. We proceed by induction on the stack typing derivation.

WEF-STACKFRAME
Yro:T dom(g) = dom(F)|x

Vx € dom(g). Z; &; THF +| (obhg)(x) |: THF)(x) >ThHF WF-STACKEMPTY

Stobg:ThTF Ste:e

The WF-StackEmpry case is immediate. In the WF-StackFrame case, we get the well formedness
in the premise from our induction hypothesis. What’s left to show is that for all of the values v in
the stack frame, they remain well typed in I'’. This follows from applying Lemma E.7. O

LeEmMA E.9 (VALUES CHANGE ENVIRONMENTS IN LIMITED WAYS). If X; A; T+ 17 =TI, then
S ART ST

Proor. We proceed by induction on the structure of the typing derivation. Since we assume that
the expression being typed is a value, we need only consider the cases that can be used to type a
value.

For many cases, the output environments are precisely the input environments, and thus this holds
immediately. These cases are T-Unit, T-u32, T-TRUE, T-FALSE, T-POINTER, T-FUNCTION, T-CLOSUREVALUE,
and T-DEAD.

For T-Turie and T-Array, knowing that we have a value means that all of the subterms are
themselves values, and thus we can apply our induction hypothesis to them in sequence (relying
on the transitivity of < for stack typings).

This leaves us with one remaining case: T-Drop.

T-Drorp i
T(n) =1 Z;A;F[ﬂ»—)rfrﬂ]}—@:rsxﬁrf
3 A;I‘ngfsxﬁl‘f
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For T-Drop, we apply our induction hypothesis to =; A; I'[z — T;IT] F[e]: ™ = Ty which tells
usthat3; A+T[n +— rff] < I'y. Then, by R-Env, we have that £; A+ T < T'[r T,STIT]. Then, by
transitivity, we have ¥; A+ T' < Iy. O

LEMMA E.10 (PRESERVATION OF TYPES UNDER SUBSTITUTION).
W) IS A, a:xTr[el: =T and; A; T+ 7/, thenS; A; Tk [e[” [ol | 7[7 [al = T'[7 /ol

(2) IfZ; A, 0:PRV; T k[e]: 7= T" and A; T+ p, then ; A; T k| e[ /o] |1 7[P /o] = T'[P/,]
B) IfS; A, g:FRM; T+ [e]: =T andS; A; T+ @, thenS; A; Tk e[/, | 7[%/p] = T'[*/4]

Proor. By induction on the typing derivation. O

LeEMMA E.11 (TYyPE COMPUTATION IS PRESERVED IN RELATED ENVIRONMENTS). If3; A+T < T
andA; T vy, pPlx] i1, {p} andT () =T'(x), then A; T’ v, pP[n] 1 7, {p }.

Proor. We proceed by induction on the type computation derivation. TC-Var follows immediately
by the same type hypothesis, and TC-Proy follows from applying the induction hypothesis. All that
is left is TC-DEREF.

TC-DEREF
ATryp:&pao' o, {pp} ws o AN Trp:>pp =Ty

A Tr,xp:T {pp.p}

First, we can apply the induction hypothesis to get the type computation for p. Then, all that’s
left is to show the outlives constraint, but this is immediate because A is unchanged and both T
and I'” have the exact same domains.

O

LEmMA E.12 (OWNERSHIP SAFETY PRESERVED IN RELATED ENVIRONMENTS). IfA; T’ "E p={rt}
and¥; A+ T ST andA; T vy, p : 7% and p = p°[ 7] andT (1) =T (), then A; T Fof p = {t}.

Proor. We proceed by induction on the w-safety derivation, for which there are three cases to
consider.

O-SAFEPLACE ,
V' {€}el. (VY p"[n'] € {€}.(0=uniqV o =uniq) = n’#x)
vV(@3nr &' o' T el AV & o' T eT. ' € {7 }))

MTHE 7= { “7 }

We’d like to show that O-SarePLack can be applied with context I'". First, note that for any r’, if
the right side of the or is true for I' with 7 then it will be true for I'" with 7. That is, if all of the
pointers with provenance r’ in I are in the exclusion list 7z, then all of the pointers with provenance
r’ in I are also in the exclusion list 7. Therefore, the only cases we need to consider are where r’
occurs in pointers in T’ and T’ that do not occur in 7.

Since the only allowed change to loan sets is emptying, and an emptied loan set has the left side
of the disjunction as vacuously true, and if the loan set is the same we have the condition from the
ownership safety in the premise, we are done.
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O-DEREF
() =&r wx Tx F(r):{ipL} pi=pFlmil SO
Vie (1. n) AT T 0] = (Op] )
Vi {€}el. (VY p € {f}.(w=uniqV o =uniq) = p#p”[+r])
vV (3nr &' T eT A(VA & o' eT. ' € {7, T, }))

ATz pPlexl = { @pl, ... @pp, “plen] }

Firstly, we have that I'(;r;) = I''(s;), because I'’(7;) must be an initialized type by the type
computation premise, and the only changes in types between I and '’ allowed by the environment
relation is dropping some types to uninitialized.

Second, note that I'"(r) = I'(r) since I'"(;r) being a reference with provenance r means we can’t
empty the loan set. So we proceed by applying the induction hypothesis for all n loans, noting that
the type computation requirement follows from the well formedness of T"’.

Finally, we have to show the statement about no conflicting loans, but here the argument is
identical to that in the O-SarePrack case. If the loan set is empty then we’re done, otherwise we just
use the ownership safety premise.

O-DEREFABS
F(ﬂ):&anTn Air"wpm[*ﬂ]i‘l' w S WOy
V' {¢} el. (V“’/p e {f}.(w=unigV o =uniq) = p#p”[+x])
V((3r &' T eT ANVA & o' T €T € {7, 7 }))

A; TR pPwr] = { ©p°[xr] }

This case proceeds similarly to the O-Derer case, but with an added application of Lemma E.11
to get the type computation, and no application of any induction hypothesis. O

LEmMA E.13 (TypEs ARE WELL FORMED IN RELATED ENVIRONMENTS). If3; A + T < IV and
% A; T+ o and Vr that occur in 7™, T (r) =T'(r), then 3; A; TV + 7%,

Proor. We proceed by induction on the type well formedness derivation. The only case that
doesn’t follow directly from induction and the fact that A is unchanged between the two related
environments is WF-REF.

WEF-REF
(T(r)=0v3I®p €T(r). Iy A; Ty p: 7. 7 oceurs in 7))
S A TR

S AT - & ™

Firstly we apply our induction hypothesis to get that 3; A; T’ + 7;". What's left to show is the loan
set condition on r. If " (r) = 0, then we’re done. Otherwise, we just need that the type computation
still holds, which we get from Lemma E.11. We know the places in these place expressions all have
the same type in I' and I"” because between these two contexts the only changes allowed that could
cause problems here are dropping one of these places, but then I'” would not be well formed since
there would be an invalid loan.

]

LEmMA E.14 (RELATED ENVIRONMENTS REMAIN WELL FORMED). If2; A+ T < TV andr 25 A; TH T
then+ 3; A; T/ Fe.
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Proor. From the well formedness of ' jj 7, we know that the places and disjointness conditions
both hold. By Lemma E.13, noting that =; A + T ¥, < I'" b ¥, is immediate, we know that the
types remain well formed in the environment. We also have the well formedness of I as a premise
of the related environments judgement. All that’s left to show is the loan set condition. But for this
all we have to show is that each place computes to some type, which follows from Lemma E.11. We
know the types of the places in each place expression remain the same because the only allowed
changes between I and I' are that places can be dropped and loan sets emptied, but if one such
place was dropped, then I’ would have not been well formed. O

LEMMA E.15 (RELATED INPUT ENVIRONMENTS PRODUCE SimiLAR OUTPUT ENVIRONMENTS). If:

OE;A;Fli—:T1=>F2

° Z;A;F1F:T2:>F3

e X ART STY

OE;A;F{I—:ﬁ:}FZ’

) Z;A;F1'|—272:>F3'

e AL ST

e XA+ ST

o Vx € dom(Iy), [r(x) = I3(x) and T, (x) = I, (x)

e Vr that occur in ey ore; or 7y or 7y, I1(r) = T (r)

thenVr € dom(I1), if T, (r) = 0 and T)(r) # 0, thenT3(r) = 0, and if T;(r) = 0 and T, (r) # 0,
then T3(r) = 0.

Proor. The proofs for both statements in the conclusion follow identically, so without loss of
generality it suffices to show that if I; () = 0 and I}/ (r) # 0, then I;(r) = 0. Note there are two
cases to consider: that the loan set was empty all along, or that the loan set was at some point non
empty, but then got garbage collected.

First, at some point between I} and I), r mapped to a non empty set of loans but then was
garbage collected. In this case, I must not contain any references that contain r, since otherwise it
would have been invalid to garbage collect r. But then since I'; and I’} agree on types, it must be
the case that it was also garbage collected in I}, which is a contradiction with the fact that I} (r) is
non empty, so this case is impossible.

Second, at each step of the derivation between I/ and I, » mapped to empty. If T (r) also was
empty, then this means I;(r) is also empty, and we’re done. Otherwise, r was garbage collected
between I and I]. But then r must be free in e, for loans to have been added between I’/ and I3,
which means the loan set could not have been emptied between Ity and I'/, which is a contradiction.

O

LEmMMA E.16 (OUTLIVES PRESERVES RELATED ENVIRONMENTS). If A; T' + p; > py = I, and
5 ArT T andv 35 A; T, and T(p1) =T (p1) and T (p2) =T (p2), then A; T + p1 :> py = T,
andX; A+ T, ST andT,(p1) =T,(p1) and T, (p2) =T, (p2)

ProOF. Proceed by induction on the outlives derivation. OL-RerLProv, OL-TraNsProv, OL-
AssProvLocarProv, and OL-ABSTRACTPROVENANCES are immediate.

OL-LocarProvAssProv follows from additionally applying Lemma E.11. The condition on the
place having the same type follows from the fact that p is a loan and I'’(r) is not emptied, so we
could not have dropped the place.

This leaves one case: OL-LOCALPROVENANCES
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OL-LOCALPROVENANCES
Vr:&riwtel.Ar. ®xx eT(r)
r1 occurs beforer, inT

A Trrp>ry=T[rpge {T(r) UL(r2) }]

Since I’ (ry) =T'(r1) and I (r2) = T'(ry), I’ (r)UL’(r2) = T (r;)UT’(ry). The rest of the conditions
are immediate: the equality on r; and r;’s loan sets, and well formedness. O

LEMMA E.17 (SUBTYPING PRESERVES RELATED ENVIRONMENTS). IfA; T+ 7' < 7' = T, and
;AT T andr 35 A; T, and Vr that occur in ) or 7, T'(r) =T'(r), then A; T' F 1) S 13 = T,
and¥; A+ T, < Ty, and Vr that occur in 73" or 7,', T, (r) = I (7).

Proor. Proceed by induction on the Subtyping derivation. The only interesting cases are S-
SHAREDREF and S-UN1QUEREF, both of which proceed by Lemma E.16 in addition to applying the
induction hypothesis. o

LEMMA E.18 (EXPRESSION TYPING PRESERVED IN RELATED ENVIRONMENTS). Let e be a surface
expression as defined on page 1. If ¥; A;THF +[e|: 1 = 4T and % A+ THF < T'HF and
free-vars(e) = Xy C dom(F)|x and Vr € free-provs(e). r € dom(¥), and Vr that occur a type in
F(xp),T(r) =T'(r) thenZ; A; T'JF v [e]: 1 =T T and3; A v T, 4F, < Ty F, and Vr that
occur a type in F (xr), o (r) =T, (r).

Proor. Proceed by induction on the typing derivation for e. In the cases of T-ABorT, T-FUNCTION,
T-Uni1t, T-u32, T-Trug, and T-FaLsk, the results are immediate.

In the cases of T-LETProv, T-WHILE, T-FORARRAY, T-FORSLICE, T-CLOSURE, T-TupLE, and T-Array, they
all follow immediately from induction hypotheses.

For each of the following cases, the convention is that the statement in the box is our assumption,
and we want to prove the same statement with I'” replaced for each T'.

T-BRANCH
Z;A;Fhi‘-‘i—:boolznhﬁ Z;A;Flh?'ll—:rZSI:FZhﬁ
E;A;rlhﬁI-IT§I:>F3h7‘_3 TS!:TZSIVTSI:‘L';I
A;FZhEFTSIST312FZshﬁs AQFSh%FT§IST513FSShﬁS DshFos U Tss h F3s =To i Fo

Z;A;Fh?l—‘ifel{ez}else{eg} = TLhF

By our induction hypothesis we get that 3; A; T"§ F + :bool = I} §F,and 25 A; TV 71 +
: bool = I} %7, and =; A; T/ i 71 F: bool = I F3 with X; A+ [ 1§17, < I § %, and
S AFL T < 14

Next we want to show that A; Ty i + + < 13 = T, 5%, 2 A+ b Fos < T 0 Fas,
A TEFsr+ 503t = 0 B Fag, and 35 A+ Tsg | F35 < I B F3s, which all follow from applying
Lemma E.17. To do this lemma application, we just need to show that for all  in 7J, 75" and ¥,
I'(r) = I"(r) which follows from the premise.

Finally, we need to show that Z; A + I, § %, < I, § 5. The well formedness condition on T,
follows immediately since all types are the same as in I, and I; and the loan sets are just unioned,
meaning reference types remain valid and we can compute types for all loans.

The equal or empty condition follows from the fact that I} and I’; both agree on types by
Lemma E.15, which means they drop exactly the same entries. For any provenances emptied, either
the same provenances are emptied, or the provenance was emptied in the corresponding smaller

context I, or I5. Otherwise the loan sets are untouched.
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Finally, both of these are preserved when adding on the same frame, so we’re done.

T-LET
z;A;rhfﬂ:r?:nnﬁ A TigF S < = Dl Fs

35 A; ge-loans(Tys b Fis, x @ 1) F i =>hiF, x P

Firstly, we apply our induction hypothesis to get that e; is well typed with input environment
I'"h F and output environment I'| § 1 with 3; A + Ty i %7 < T § 7. Then, we apply Lemma E.17
to get ; A + Ty Fis < T, § F1s. In order to apply this lemma we need to know that for any r
that occur in 7} or 7, I1 i 1 (r) = I} § F1(r), which we have as a conclusion from the previous
application of the induction hypothesis.

To apply our induction hypothesis on e; and finish the case, we need that
%; A+ ge-loans(Iys § Fis, x = 7)) < ge-loans(T i Fis, x @ 731). But this is immediate by definition
since gcloans can only empty loan sets for provenances for which there are no types that contain
them, which is allowed by S-Env.

Our final obligation to apply the induction hypothesis is that for any r that occurs in a type in
F1s but is not in 4, we need that ge-loans(Iys i F15) (r) = ge-loans (T, i F15) (). We already have
that Ty, b F15(r) = I} b F15(r), so we just need to know that 3 : 7 € Iy, where r occurs in 7, and
s b Frs () = T1s f 7/, (). But we said that r is contained in a type in ¥, so the place for that type
is one such place, so we cannot empty the loan set.

T-SEQ

z;A;rhﬂ:r?:rnfﬁ

%5 A; ge-loans(Ty | 1) + = LER

Z;A;Fh?"-k:rglzl"gh"fé

Firstly, we apply our induction hypothesis to get that e; is well typed with input environment
'y F and output environment I} { %y, with %; A + T1hF; < I) § F1. We need to know that
%; A+ ge-loans(I' | 71) < ge-loans(I § 1) before we can apply our induction hypothesis to finish
the proof. But this fact is trivial by the definitions, since gc-loans can only empty provenances that
are not in initialized types in the context, which is allowed in S-Env.

Our final obligation to apply the induction hypothesis is that for any r that occurs in a type
in #7 but is not in 7, we need that gc-loans(T § #1) (r) = gc-loans(T} § #1)(r). We already have
that Ty h F1(r) = I/ § F1(r), so we just need to know that 3 : v € I', where r occurs in 7, and
I § F1 () = I] § F1 (). But since oxcprov occurs in a type in ¥, the place that maps to that type
is such a place.

T-Dropr )
T(r)=7} SATCEA[r- o [r[e]: ™ =>Th%
L MTEF [ e]: ™ =TT

In order to apply our induction hypothesis and finish the case, we only need to show that
5% Ar(THF)[r — T;IT] < (I"§F) [ + '], which is immediate by the definition of related
contexts. Note that (T"§F)[7 +— T,STIT] is well formed because (T'§F)[7 — T,Srﬁ] is well formed.
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There cannot be any loans to 7 because in the (I § ) [x +— Tff] because those loans would be
there in (T F) [ — ']

T-Arp

SATHFr®  ATHFrp S ATHTF
5 A;ruﬂ:\ka, S G o where gr ez = Ty 7o
Vie {1 n}b S AT 8%k [& ] [ P le] [T /el = Tib 7
N Tl Fnro2[Plol > 01 [Plo] = Tl Fp

7 [P/ 1P/ [T el = T T

A THFF

éf::<5, ﬁ, ﬁ>(é1, ey én)

In the case of T-Arp, we firstly must prove the well formedness properties:

o 3 A; T"hF + @. Since A is unchanged, WF-Env is the only interesting case.

WEF-Env
S ArTHFR T

3 A THF R Fe

Let ® = ¥,.. We want to show that - 2; A; T'§F | F. given + =; A; ThF i F, which is
immediate from Lemma E.14.

e A; T’ F F p, which is immediate from the premises since related loan environments have
the same domains and A is the same.

o 3 A; T} F + %, which is immediate from Lemma E.13. We just need that for the prove-
nances that occur in the type, their loan sets are unchanged, but we get that from the premise,
because the function argument is either: locally defined, in which case it can only use and
produce types accessible in the context; an argument, in which case its arguments are also
part of the argument type; or a global function, in which case these types do not contain any
non abstract provenances which are replaced with concrete provenances all in F.

For the rest of the application case, we can apply our induction hypothesis on the function and
the arguments, additionally applying the substitution lemma, Lemma E.10, where needed. The last
part about outlives follows from Lemma E.16, where we have the condition on the loan sets from
the conclusion of the application of the induction hypothesis.

In the cases of T-Move, T-Copy, T-Borrow, T-BORROWINDEX, T-BORROWSLICE, INDEXCOPY, they all
follow from the induction hypothesis and additionally applying Lemma E.12 and Lemma E.11. Note
we get the place having the same type requirement from the fact that the place must be in ¥ since
it is a free variable.

The remaining cases of T-AssioN and T-AssiGNDERreF proceed similarly. Firstly, we apply the
induction hypothesis on the expression, then Lemma E.12 and Lemma E.11, and finally we get well
formedness and relatedness on the output environment by applying Lemma E.17. Note we get the
place having the same type requirement for type computation from the fact that the place must be
in ¥ since it is a free variable.

O

LEMMA E.19 (REFERENT WELL FORMEDNESS PRESERVED IN RELATED ENVIRONMENTS). If%; A+
I sTand>; T+ RO°[x] : v and T (x) =T'(x), then 3; T’ + R°[n] : ¥
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Proor. Proceed by induction on the referent validity derivation. The only case that doesn’t
follow immediately from premises and the induction hypothesis in WF-RerIp, which follows from
the equal types premise. O

LEmMA E.20 (VALUE TYPING PRESERVED IN RELATED ENVIRONMENTS). If¥; e T’ < I7, then:

(1) If3; ;T r[0]: T(x) =T, then¥; o; T +[0]: T'(x) = T".

2 If3;Trg:Fe, thenX; T kg : Fo.

Proor. Proceed by simultaneous induction on the typing derivation and the stack frame well
formedness.

(1) Since we know the expression is already a value, we restrict ourselves only to those cases
that type values: T-Unrt, T-u32, T-TrUE, T-FALSE, T-TupLE, T-ARRAY, T-DEAD, T-POINTER, and
T-CLOSUREVALUE.

For T-Unir, T-u32, T-DEAD, T-TrUE, and T-FaLsk, this holds trivially. For T-TupLg, and T-Array,
this holds directly by repeated application of our induction hypothesis. This leaves us with
four cases.

T-CLOSUREVALUE
free-vars(e) \ X = X7 = dom(¥F) |x 7 = free-provs(I'(xy)) , free-provs(e) = dom(¥¢)|r

5 Trge: Fe S M ThHFe, x1 0 10, ey Xp T,S;D—E]:‘rﬁlﬁl“’hf
7
SN T | (Ges Ix:t) s oo xpity | — Tﬁ‘{e})‘:(rsx, L Th S =T

For the T-CLosUREVALUE case, firstly we want to show X; I'” + ¢ : F.. This follows immediatedly
from (2).

Then to finish the closure case, it suffices to show

% & T'fFe r[e]: 7' = I, i F, which follows immediately from Lemma E.18.

T-POINTER
TR 7] “r eT(r)

AT ptrROx] | &rw ™ =T

If x was dropped, then I (x) = I'(x)". Then the proof follows immediately from T-Deab.

If x was not dropped, then I'(x) = I'"(x). All that is left to show is that that the referent
remains well formed, and the loan “s isinI'’(r). The first condition follows from Lemma E.19.
The second condition is immediate because the only potential changes allowed in the related
environment to loan sets is emptying the loan sets of provenances if there’s no references with
the provenance in their type, and this particular reference is a reference with the provenance,
so emptying the loan set is ruled out.

(2) The proof amounts to showing that Vx € dom(%;),%; &; T § 7 : Fe(x) = ThTe
implies X; o; IV b F¢ m : Fe(x) = T Fe. This proceeds directly from applying (1),
since X; o I < T/ implies X; o +r T ¥, S T/ | F.

O

LEmMA E.21 (VALUE TYPING FIXED ON OUTPUT ENVIRONMENTS). If3; A; T+ :7 = I, then

> A; T’F:T=>F’.

Proor. Immediate by induction on the typing derivation. The only non immediate case is T-

PoiNTER, where we also need to apply Lemma E.19. O
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LeEmMA E.22 (StAcK VALIDITY 1S INVARIANT UNDER LOAN CONTEXT UPDATE). IfX + o : T and
FX; A T[r—= {€}] andT(r) =0 thenS v+ o:T[r {€}].

Proor. We proceed by induction on the stack validity. There are two cases, WF-StackEmpry, and
WF-StACKFRAME. WF-STACKEMPTY is impossible, since we already know that r is in T'.

WF-STACKFRAME
ro:T dom(g) = dom(F) |x

Vx € dom(¢). s & T 7+ [ (0be) (%) |: (TEF) (x) = T4 F WEF-STACKEMPTY
Srtohbs:ThF Sre:e

In the case of WF-StackFraMmE, we mostly just have to show that the values remain well typed in
the updated environment. For the remaining I'", if r € I/, then we apply the induction hypothesis,
otherwise we just apply the derivation from the premise.

To show that the values in the stack are still well typed in I'[r > {£}], we proceed by induction
on the typing derivation with I'. The only interesting case is T-CLOSUREVALUE.

T-CLOSUREVALUE
free-vars(e) \ X = x5 = dom(%¢) |x 7 = free-provs(T'(xy)) , free-provs(e) = dom(¥F) |,

5T rge: Fe A THFe, x1 0t Tf', e, Xp ot r@'r@:rﬁ‘zr’hf
Fe
0T R (Ges Ix1:7g, oo, xpity | — Ti'{e})‘:(r“, o) ST

For this case, we proceed by induction on the expression typing derivation. The interesting
cases are all of the cases which use ownership safety: T-Move, T-Copy, T-BorrOW, T-BORROWINDEX,
T-BorrOWSLICE, T-INDEXCopy, and T-AssiGNDErer. What we want to know is that that ownership
safety is preserved given the addition of these loans. In all of these cases cases, this is immediate
because these places are by definition disjoint from the ones outside of the closure in the loan
set. O

LEmMA E.23 (STACK VALIDITY Is PRESERVED IN RELATED ENVIRONMENTS). If ¥ + ¢ : T and
S;er I <TI', thenXro:T".

Proor. We proceed by induction over the well typedness of the store.

WF-STACKFRAME
Sto:T dom(g) = dom(F) |x

Vx e dom(c). 3 & TH 7+ [ (aho)(x) |- THA (x) = ThF WEF-STACKEMPTY
Stohg:ThF Yre:e

The interesting case is when the stack is non empty. Then we have that 3 + ¢ : ' and want
to show that ¥ + oli¢ : I'"hF. The requirement on the domain is immediate since related
environments have the same domains. What’s left to show is that the values in the store remain
well typed under the new environment. This follows from repeated applications of Lemma E.20 O

LEmMMA E.24 (STACK VALIDITY 1S PRESERVED WHEN POPPING A STACK FRAME). IfX F olc:THF,
then>+ro:T.

Proor. Immediate by inversion on WF-StackFrRaME which gives us = + o : T'. O
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LeEMMA E.25 (STACK VALIDITY 1S PRESERVED UNDER WELL-TYPED EXTENSIONS). IfX + ¢ : T and
%N TrH[o]: " =T, thenSro, x—o:T, x: 1%

Proor. This proof follows directly from the definition of WF-STACKFRAME.

WF-STACKFRAME
Sto:T dom(g) = dom(F)|x

Vx e dom(g). Z; &; THFF| (ohg)(x) |: THF)(x) =>ThHF

Stohe:THF

In particular, inversion of WF-StackFrame on X + ¢ : I' gives us well-formedness for the remainder

of the stack, dom(¢) = dom(¥)|, and Vx € dom(g). Z; &; THF + | (cho)(x)|: (THF)(x) =
I F. We can then see that the well-formedness of the remainder of the stack is unaffected, and
that the domains when extended with x remain equal. The last obligation is to show that the v is
well-typed in the current stack typing, but we already have that from our premise. Thus, we can
apply WF-StackFrame with the extended stacktoget X + o, x —» v : T, x : %0 O

LeEmMA E.26 (VALUES ARE WELL-TYPED AT SUPER-TYPES). If Z; A; T + : " = T, and
A Tir+ 5= T, thenS; AT ko) o7 = TV,

Proor. We proceed by induction on the value typing relation.

In the case of T-TurLe, we need to apply the induction hypothesis for each entry which has a
changed type, and Lemma E.7 for each entry which does not.

In the case of T-Array, we just apply the induction hypothesis to each entry.

T-POINTER
T FRY[x]: “r eT(r)

AT H|ptr R[] |: &rew e =T

For the T-PoinTER case, we proceed by induction on the subtyping judgement. The only interesting
cases are for reference types. From there, we proceed by induction on the outlives relation, for
which the only interesting case is OL-LOCALPROVENANCES.

OL-LOCALPROVENANCES
Vr:&rortel. . Ar. ®sx eT(r)
ry occurs beforer; inT

A Trr>r,=T[rpe {T(r) UL (r) }]

The T-PoinTER case is immediate. We know that the referent type is preserved since we do not
change any types in the context, and we know the loan is preserved since loan sets only grow.
In all other cases, we know the types cannot change, which means I' = I/, so we are done. O

LEMMA E.27 (STACK VALIDITY IS PRESERVED BY ASSIGNMENT). IfX F o : T andX; &; T :
™ =T and &; It bypig p: ¥ and A; T F 2% S ™ = T/, 0+ p | V, and either 7 = °° or
o T buniq p = { £} and p = p°[x], then:

1) Z+rolx—>V[o]] : T[] b pifp=m, and

@) Zrox—>V[]]: T pifr™ =13
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Proor. First, note that by applying Lemma E.21 we get 2; o; I3 + |0 |: 7" = I and by applying
Lemma E.23, we get that X ¢ : I}.

Next, note that ¥ + ¢ : I’ follows from applying Lemma E.8. Then we get 3; ; I m :
I'"(x) = T’ by firstly applying Lemma E.26 to get 3; o; I’ +- |0 | : 7 = I, and then noting by a
quick induction that ¢ + p || V and X + ¢ : " means that all of the other values in V have their
corresponding types, so plugging in v for the hole produces a well typed value. Therefore, we get
that X + o[x > V][o]] : T".

Next, there are two cases, depending on whether p = 7 or not. If not, then we just need to show
that = + o[x = V[v]] : T’ & p. We know that r°* = 7', so we just need to show all values in the
store remain well typed, for which the only interesting case is pointers. For pointers, we need to
show that their loan is preserved by this operation, but this is immediate: referants cannot contain
dereferences, so the loan that the typing derivation was using could not have been a removed loan.

If p = n, the reasoning proceeds similarly, but we instead wish to prove that 2 + o[x — V[o]] :
[z > 8] b p. If = ¢°°, then " & m = ["" because any such loans that would be removed
would be invalid since they would point to an uninitialized type. Otherwise, the reasoning proceeds
exactly as above in the p case. O

LEMMA E.28 (GARBAGE-COLLECTING LOANS PRESERVES STACK VALIDITY). If ¥ + o : T, then
3+ o : ge-loans(T).

Proor. Consider the definitions of gc-loans(I") and R-Env.

R-Env
FX AT FX AT dom(T) = dom(T”)
Vx:7 €I’ Vrthat occursin 7. T'(r) = T'(r)
Vr € dom(T).T(r) =T'(r) VI'(r) =0
Vr € dom(T). I'(x) = [(x) VI'(x) = [(x)"

S ArT 5T

We know that gc-loans(I") can set a provenance’s loan set to () only if that provenance does not
occur in the type of any bindings in I'. This corresponds exactly to the definition of R-Env which
says that all provenances which do occur in the type of a binding in I' must have the same loan set,
and otherwise they are also permitted to be 0. Thus, we have directly that =; A + ' < ge-loans(T').

We can then apply Lemma E.23 to conclude X + o : gc-loans(T). O
LeEMMA E.29 (FUNCTION DEFINITIONS ARE SELF-CONTAINED).
Ifr 3; 8T and 3(f) = fn f<p, 0, a>(xy: 1}', ..., xp: 7)) — 7' wherepy: o, { e}, then
;@ :FRM, 0:PRV, 01 > 05, a:x; Tlxy & 770, .., Xy TZII—:T]S,’=>F.
Proor. Begin by noting that WF-FuNcTIONDEFINITION gives us that
3; ¢ :FRM, 0:PRV, o1 :> 0z, a:x; ey = 1)%, ..., X, 2 Ty F[e]: T}I = T’. We also have by
inspection of the typing rules that I’ = e j ¥’ for some frame ¥'. Then by T-Framenp, it suffices to
show that 3; ¢ : FRM, 0 : PRV, 01 :> 05, a:x; Ty = 1%, ..., xp ¢ 7)) I—E]:T}I =>T'hF’ . But

note that this is immediate. The typing derivation with e and the current frame means that there’s
absolutely no reliance on context outside xj, . .. x,, and these places are necessarily completely
disjoint from places in I' since any provenances in their types must be abstract. O
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E.2 Progress
LEmMA E.30 (PROGRESS). If Z; ; I' + E] ' =T’ and X+ o :T, then eithere is a value, e is

an abort! (... ),or3c’,¢. X+ (o; [e]) = (0; ).

Proof. We proceed by induction on the derivation X; ;T +[e]:7=T" .

Case T-MoveE:
From premise: We want to step with:
T-MovEe )
A; T bungq = { M9 } E-MovVE
I'(n)=1" noncopyabley 7' ocrx|_+0

> AT I—:TSI ENEAS TSlT] I+ (o ) — (o[ dead]; )

Applying Lemma E.3 to A; T Fyniq 7 = { "9 }, A; T Funigq 7 ¢ 7 (from T'(7) = 7! by TC-Prack),
and 3 + o : T to conclude that o + 7 || _ + 0. Thus, we can step with E-Move.

Case T-Cory:
From premise: We want to step with:
T-Cory B
ATrshrap= {1} E-Copy
A; Thshrg p it copyables 7% orpl_Po

Z;A;FD—:TS':>F ZI—(o‘;)—)(O‘;)

Applying Lemma E3to A; T bghrg p = { £}, A; T bsprg p : 7%, and = + o : T to conclude that
o+ p ||l _ > v. Thus, we can step with E-Copy.

Case T-Borrow:

From premise:

T-BorrOW B
T'(r)y=0 N Tryp={t}
AN Tryp: ™
Z;A;Fl—:&rwrmﬁf[ﬂ—) {t}]
We want to step with:
E-BORrROW
orplR— _
Sr (o-;‘&rwp‘)—> (o-;‘ptrR‘)

Applying Lemma E3to A; T+, p = {€},A; T+, p: 7, and X + o : T to conclude that
o+ p |l R+ _. Thus, we can step with E-Borrow.

Case T-BORROWINDEX:
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From premise:

T-BorRROWINDEX
A TH[e]:us2 =T I'(r)=0
AT vrpp=> {1t} AT vy pe ™
TXI — [TSI; n] \V TXI = [TSI]

S ATH &rople]|:&ror™ =T [r— {}]

We proceed based on whether or not e is a value. If it is not, we can decompose our expression into
the evaluation context &p w p[0O] and redex e. Then, by applying our induction hypothesis to the
typing derivation for e, we know either that e is an abort! expression or it e steps to some e’. In
the former case, we can step with E-EvaLCtxABorT. In the latter case, we can plug e’ back into our
evaluation context and step with E-EvaLCtx.

If e is a value, we would like to step with one of:

E-BORROWINDEX
orp R [vy, ..., vy] 0<n;<n

Sk (0| & wplni] ) — (o [ ptr RIm] )

E-BoRROWINDEXOOB
orpl_+— (v, ..., vn] nj<0vn;>n

S+ (o;| &rw *p[n;i] |) — (o; | abort!(“attempted to index out of bounds”) |)
p p

Since e is a value, we can apply Lemma E.9 to get =; o + I' < I'". Applying Lemma E.23, then gives
usXro: I

Then, we can apply Lemma E3to A; T b p = { €}, A; T/ b, p: 7, and = + o : T to get
otrp | R+ v By Lemma E.1, we know that v = [0y, ..., v,] since the type tells us the shape of
the resultant value.

Since we wish to step with one of E-BorrowINDEX and E-BorrowINDEXOOB, we should observe
that we now have their shared requirement: o + p || R — [0, ..., vy]. Their other obligations
are a bounds check which together are a tautology (i.e. one of them must hold). Thus, we can step
with the appropriate rule based on whether or not the bounds check succeeds.

Case T-BORROWSLICE:

From premise:

T-BORROWSLICE

2;A;F|—:u32:>F1 Z;A;Fli—:u32=>l“2 L(r) =0

A; r2"wP=>{?} A; FZ"wP:[TSI]

> A;Fl—m:&rw[rS'] =>hLlre {£}]

The proof proceeds along similar lines as for T-BorrowINDEX. We proceed based on whether or not
e; and ey are values.

If e; is not a value, then we can decompose our whole expression into the evaluation context
&p w p[O..e;] and redex e;. Then, by applying our induction hypothesis to e;, we know either that
e steps to some e] or is an abort! expression. In the former case, this satisfies our requirement since
we can plug e’ back into our evaluation context. In the latter case, we can step with E-EVALCTXABORT.

If e; is a value and e; is not a value, then we can decompose our whole expression into the
evaluation context &p w p[v;..0] and redex e;. Then, by applying our induction hypothesis to e,
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we know either that e, steps to some e; or is an abort! expression. In the former case, this satisfies
our requirement since we can plug e’ back into our evaluation context. In the latter case, we can
step with E-EvALCTXABORT.

If e; and e; are values, we would like to step with one of:

E-BORROWSLICE
orpllRw- [vy, ..., vy] 0<n <ny<n

S+ (o;

&r o p[ny..nz] ‘) - (o; ‘ ptr R[ny..nz2] )

E-BorrowSLICEOOB
orpl_mlow, ..., o] n<0vVny>nVny<0Vny>nVn;>ny

S+ (o;| & w p[ny..nz] |) — (o; | abort!(“attempted to slice out of bounds”) |)
P p

Since e, is a value, we can apply Lemma E.9 to get ; o + I' < I'. Then, since e; is also a value,
we can apply Lemma E.9 to get =; o - I} < I3. Then, by transitivity, we get %; o - I' < Iy. Then,
applying Lemma E.23 givesus X + 0 : [5.

Then, we can apply Lemma E3to A; Ik, p = (T}, A Th kg p:[t™],and Z + o : T, to get
o+ pl R+ v. By Lemma E.1, we know that v = [vy, ..., v,] since the type tells us the shape of
the resultant value.

Since we wish to step with one of E-BorrowSrice and E-BorrowSLICEOOB, we should observe
that we now have their shared requirement: ¢ - p || R = [vp, ..., v,]. Their other obligations
are a bounds check which together are a tautology (i.e. one of them must hold). Thus, we can step
with the appropriate rule based on whether or not the bounds check succeeds.

Case T-INpDExCoOPY:

From premise:

T-INDEXCOPY B
Z;A;FI—E]:U32=>F' AT bsprgp= { €}
copyables 7% A T bshra p i T ™= [ n]l v =[]

Z;A;FI—:TSIzF'

We proceed based on whether or not e is a value. If it is not, we can decompose our expression into
the evaluation context p[O] and redex e. Then, by applying our induction hypothesis to e, we
know either that e steps to some e’ or is an abort! expression. In the former case, this satisfies our
requirement since we can plug e’ back into our evaluation context. In the latter case, we can step
with E-EvALCTXABORT.

If e is a value, we would like to step with one of:

E-InDEXCoOPY E-INDEXxCOPYOOB
U"PH_’_’[UO,~~~,Uni,~~~,Un] orpl_m[ow, ..., v, nj<0vn;>n
S+ (o; ) - (o3 ) >+ (o ’p[ni] ‘) - (o3 ’ abort!(“attempted to index out of bounds”) )

Since e is a value, we can apply Lemma E.9 to get =; o + I' < I'". Applying Lemma E.23, then gives
usX rFo: T

Then, we can apply Lemma E3to A; T b p = { €}, A; T/ b, p: 7, and = + o : T to get
otrpl _+ v. By Lemma E.1, we know that v = [vg, ..., vy,] since the type tells us the shape of
the resultant value.
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Since we wish to step with one of E-INpExCory and E-INpExCorYOOB, we should observe that
we now have their shared requirement: o + p |} _ + [ovg, ..., v,]. Their other obligations are a
bounds check which together are a tautology (i.e. one of them must hold). Thus, we can step with
the appropriate rule based on whether or not the bounds check succeeds.

Case T-SEQ:

From premise:

T-SEQ
Z;A;l"l-:rflzrl
3 A; ge-loans(Iy) + i =D

Z;A;TF:TZSI=>F2

We proceed based on whether or not e; is a value. If it is not, we can decompose our expression
into the evaluation context O; e; and redex e;. Then, by applying our induction hypothesis to e;,
we know either that e; steps to some e] or is an abort! expression. In the former case, this satisfies
our requirement since we can plug e back into our evaluation context. In the latter case, we can
step with E-EvALCTXABORT.

If e; is a value, we can step with:

E-SeQ

St (oi[voe) = (o:[e)

Case T-BRANCH:

From premise:

T-BRANCH
LA TH[e]:bool =Ty B ATir[e]:n =0
Z;A;rl}-ﬂzfglﬁrg TSI:TSI\/‘[SI:;I
ANLrn TSI, R N Lur; =T

Z;A;Fl—‘ifel{ez}else{%} ‘:TSIﬁl“'

We proceed based on whether or not e; is a value. If it is not, we can decompose our expression
into the evaluation context if O { e; } else { e3 } and redex e;. Then, by applying our induction
hypothesis to e;, we know either that e; steps to some e or is an abort! expression. In the former
case, this satisfies our requirement since we can plug e; back into our evaluation context. In the

latter case, we can step with E-EvALCTXABORT.

If e; is a value, we would like to step with one of:

E-IFTRUE E-IFFALSE

Sk (o;|if true {e; }else {ey } ‘) - (o; ) T+ (o;|if false {e; }else {ez } ‘) - (o3 )

Since e, is a value, applying Lemma E.1 tells us that e, is either true or false. In the former case,
we can step with E-IFTrue and in the latter case, we can step with E-IrFaLsE

Case T-LET:
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From premise:

T-LET
SATHe =0 ADrg s =T
%5 A; ge-loans(Iy, x @ 7)) + iy =0, x P

We proceed based on whether or not e, is a value. If it is not, we can decompose our expression
into the evaluation context let x : 7)) = O; e; and redex e;. Then, by applying our induction
hypothesis to e;, we know either that e; steps to some e or is an abort! expression. In the former
case, this satisfies our requirement since we can plug e; back into our evaluation context. In the

latter case, we can step with E-EvALCTXABORT.

If e; is a value, we can step with:

E-LeT

Case T-LETPrOV:

From premise:

T-LETPROV B
LAT, ro {Jrle]: =T, re (£}

% A;TH|letprov<r>{e} |: " =T’

We proceed based on whether or not e is a value. If it is not, we can decompose our expression into
the evaluation context letprov <r>{ O} and redex e. Then, by applying our induction hypothesis
to e, we know either that e steps to some e’ or is an abort! expression. In the former case, this
satisfies our requirement since we can plug e’ back into our evaluation context. In the latter case,
we can step with E-EVALCTXABORT.

If e is a value, we can step with:

E-LETPROV

S+ (o; | letprov<r> {0} |) = (o; )

Case T-ASSIGN:

From premise:

T-AssiGN
E;A;FI—E]:TS’:'IH Iy (m) =7
(™ = VA Ty byniq 7 = { "9 })
AT g™ =T

S ATHr=e]iumit=>[ro M er

We proceed based on whether or not e is a value. If it is not, we can decompose our expression into
the evaluation context p := O and redex e. Then, by applying our induction hypothesis to e, we
know either that e steps to some e’ or is an abort! expression. In the former case, this satisfies our
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requirement since we can plug e’ back into our evaluation context. In the latter case, we can step
with E-EvALCTXABORT.

If e is a value, we would like to step with:

E-AssIGN
orplV  p=p°[x]

S+ (o; — (o[x— V][v]]; )

Since e is a value, we can apply Lemma E.9 to get =; o + I' < I'". Applying Lemma E.23, then gives
usX rFo:T".

Then, we can apply Lemma E3 to A; IV +, p = {?Y,A; T p: and X + o : I to get
orFpllR— 0.

Finally, we apply Lemma E.4 to get o + p || V. This allows us to apply E-AssIGN.

Case T-FORARRAY:

From premise:

T-FORARRAY

Z;A;Fl—:[‘rs';n]:rl
AT, x rs‘l—:unit=>rl,x : 5P

We proceed based on whether or not e; is a value. If it is not, we can decompose our expression into
the evaluation context for x inO { e } and redex e;. Then, by applying our induction hypothesis
to e;, we know either that e; steps to some e{ or is an abort! expression. In the former case, this
satisfies our requirement since we can plug e; back into our evaluation context. In the latter case,

we can step with E-EVALCTXABORT.

If e; is a value, we would like to step with one of:

E-FORARRAY

S+ (o;| forxin[oy, ..., on] {e} ‘)—>(o,xr—>vog‘shifte; forxin[oy, ..., o] {e} )

E-FOREMPTYARRAY

St (o;|forxin[] {e} )—>(a;)

Since e is a value, then by Lemma E.1, we know that e; is of the form [o;, ..., v,].If n > 0, then
we can step with E-ForARRray, and if n = 0, then we can step with E-FOREMPTYARRAY.

Case T-FORSLICE:

From premise:

T-FORSLICE

Z;A;Fl—:&pw[TS']:Fl

SAT, xc &pwrs‘l—:unit=>1"1,x %

We proceed based on whether or not e; is a value. If it is not, we can decompose our expression into
the evaluation context for x inO { e, } and redex e;. Then, by applying our induction hypothesis
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to ey, we know either that e; steps to some e] or is an abort! expression. In the former case, this
satisfies our requirement since we can plug e; back into our evaluation context. In the latter case,
we can step with E-EVALCTXABORT.

If e; is a value, we would like to step with one of:

E-FORSLICE
crRU_+—[or, oo, 0y ey U, onn, Op] i<j i"=i+1

S+ (o; | forxinptr R[i..j] {e} ‘) — (o, x > ptr R[i]; ‘ shifte; forx inptr R[i'..j] {e} |

E-FOREMPTYSLICE

Sk (o3 ’ for x inptr w[n..n] {e} ‘) - (o; )

If e; is a value, then by Lemma E.1, we know that e; is of the form ptr R|[n;..n,]. Further, by
inversion of T-PoinTer for the typing derivation of e;, we get 3; T' + R[i..j] : . By inversion of
WF-REFSLICEARRAY Oor WF-REFSLICESLICE (one of which must apply since the referent ends in a
slice), we know thati < j.Ifi < j, we step with E-ForStice and if i = j, we step with E-FOREMPTYSLICE.

Case T-CLOSURE:

From premise:

T-CLOSURE
free-vars(e) \ x = x5 free-nc-varsr (e) = Xpc 7 = free-provs(T'(xy)) , free-provs(e)
Fe=r—T(r), xp : T(xf) AT xne = TOne) T 10 Fe, x1 2 ot ooy xn 2 T l—E]: I F
7.
S0TH| x:io), oo xpity | = o {e} | (", ..., ) = =T
We want to step with:
E-CLOSURE
free-vars(e) = xy free-nc-varsg (€) = Xne Ge=o0 |X—f

Br (o[l ooxniml o 5 {e) )= (ol o deadl: [ (e it xniml o g {e)))

Since free-vars(-) and free-nc-vars,(-) are total, we can always step with E-CLoSURE.

Case T-Arp:
From premise:
T-Arp
> A THO ANTrp 5 AT R ot
(I)C —
AT l—: V<@,0, a>(1), ..., 1) — TJSJ wherep; 0z = T
Vie{l.. nb AT r[&] ' o Plol [T/al 2T A Taro [Pl >0 [P/] =T,
AT H| épu<®, b, T0> (81, ..o, ) [ 77 [P/p] [P /o] [T ]al = Tp

We proceed based on whether or not ey is a value. If it is not, we can decompose our expression into
the evaluation context O:<p’, 7>(ey, ..., e,) and redex es. Then, by applying our induction
hypothesis to er, we know either that ey steps to some e} or is an abort! expression. In the former
case, this satisfies our requirement since we can plug e’. back into our evaluation context. In the

f
latter case, we can step with E-EvALCTXABORT.
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Next, we’ll proceed based on whether or not each expression e; is a value. If any of them are not, we
can decompose our expression into the evaluation context vf::</?, > (v1,...,0m,0,€1,...,€y)
and redex e;. Then, by applying our induction hypothesis to e;, we know either that e; steps
to some e or is an abort! expression. In the former case, this satisfies our requirement since
we can plug e/ back into our evaluation context. In the latter case, we can step with E-EvALCTXABORT.

If er is a value and every e; is a value, we would like to step with one of:

E-ApPCLOSURE
Uf:<§c, |x1:TIS,---,xn:T;S1| - Tf.{t?})

E-AppPFuNcTION
S(f)=fnf<@, o, a>(x1:7], ..., xn:7,) — 1) wherep:o' {e}

Zh (o \f::<6, P (01, e vn) ) = (Ghx1 01, e, X o 03 | Framed e[* /5117 /5117 J2] )

Since ey is a value, then by Lemma E.I, we know that it either has the form

(oc, |x1:7", ..., xp:1y| — ©'{e}) orf. Then, since all of the e; are values, then

we can step using either E-AppCLOSURE or E-APPFUNCTION respectively.

Case T-UNIT:

From premise:

T-Un1iT

E;A;Fr—:unit:l"

By inspection of the value grammar, we know that () is already a value.

Case T-u32:

From premise:

T-u32

2;A;F|—:u32:>F

By inspection of the value grammar, we know that n is already a value.

Case T-TRUE:

From premise:

T-TRUE

S AT k[ true]:bool =T

By inspection of the value grammar, we know that true is already a value.

Case T-FALSE:
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From premise:

T-FALSE

% AT+ [ false]:bool = T

By inspection of the value grammar, we know that false is already a value.

Case T-TUPLE:

From premise:

T-TupLE
Vie{1l... n}.Z;A;ri_ll-:rfI=>ri

Z;A;rol- él,...,én) Z(TTI,...,T,SII)ﬁrn

We'll proceed based on whether or not each expression e; is a value. If any of them are not, we can
decompose our expression into the evaluation context (vy, ..., vy, O, €1, ..., €y) and redex e;.
Then, by applying our induction hypothesis to e;, we know either that e; steps to some e; or to an
abort! expression. In either case, this satisfies our requirement, since we can plug e; back into our
evaluation context.

If every expression e; is a value, then the whole expression is a value by the definition of values.

Case T-ARRAY:

From premise:

T-ARRAY

Vie{1l... n}.Z;A;I‘i,ll—:TS'::»I‘i
e [l 1P =

We'll proceed based on whether or not each expression e; is a value. If any of them are not, we can
decompose our expression into the evaluation context [0y, ..., v, O, €1, ..., €] and redex e;.
Then, by applying our induction hypothesis to e;, we know either that e; steps to some e or to an
abort! expression. In either case, this satisfies our requirement, since we can plug e; back into our
evaluation context.

If every expression e; is a value, then the whole expression is a value by the definition of values.

Case T-ABORT:

From premise:

T-ABORT

By definition, abort!( ...) is an abort! expression.

Case T-FRAMED:
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From premise:

T-FRAMED
> A;FI-E]:TSI =>T'hF

Z;A;FF:TS[:>F,

We proceed based on whether or not e is a value. If it is not, we can decompose our expression into
the evaluation context framed O and redex e. Then, by applying our induction hypothesis to e, we
know either that e steps to some e’ or to an abort! expression. In either case, this satisfies our
requirement, since we can plug e’ back into our evaluation context.

If e is a value, then we would like to step with:

E-FRAMED

S+ (ol [framedo)) - (o: [0)

In order to do so, we need to know x € dom(o). Fortunately, we know from our assumption that
3+ o:T (via WF-Stack). The premise of WF-Stack tells us that dom(o) = dom(T'), and thus the
x € dom(T) from the premise of T-Framep is sufficient to tell us that x € dom(o). Thus, we can
step with E-FRAMED.

Case T-POINTER:

From premise:

T-POINTER
T R[x]: o “x el(r)

S A TH|ptrRP[n] | &rw e =T

By inspection of the value grammar, we know that ptr 7z is already a value.

Case T-CLOSUREVALUE:

From premise:

T-CLOSUREVALUE
free-vars(e) \ X = x5 = dom(¥¢) |x 7 = free-provs(I'(xy)) , free-provs(e) = dom(¥¢)|r
5 Tkge: Fe SN THFe, x1 0 1), oy Xp ‘[,‘?I—E]:Tf,‘::or’hf
0T H| (Ges Ix1:t)s oo x| = ) {e})‘: (7', ... ) % =T
By inspection of the value grammar, we know that (o, |x;: 7', ..., x5 : 7| — 2 {e})is
already a value.
Case T-DEAD:
From premise:
T-DEAD

]

Z;A;FD—:TS{:>F

t . .
The type 7% is not in the grammar of 7%'. Thus, we have a contradiction.
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Case T-Drop:

From premise:

T-Drop )
I'(n) =1y Z;A;r[ﬂ"—)T,S;‘]l-E]:Tsxﬁrf
> A;TD—E]:TSX=>1"f

By R-Env, we have that 3; ¢ I < T[7 - TISTI#]. Then, applying Lemma E.23 with 2 + ¢ : T (from
our premise) givesus X + o : I'[7 — rfrﬁ]. We can then apply our induction hypothesis to this and
3; & T[> 3] k [e]: ™ = Iy to reach our goal.



1:70 Aaron Weiss, Olek Gierczak, Daniel Patterson, Nicholas D. Matsakis, and Amal Ahmed

E.3 Preservation
LEMMA E.31 (PRESERVATION). If 3; ;T r[e]: 7y = Iy and 2+ 0:T and I+ (o; [e]) —
(o7; ) , then there exists T; such that > + o’ : I; and X; e;T; + sy = Iy and

f
o FJZ b1y < 1) = T and there exists T, such thatTy =T U T,

Proof. We proceed by induction on the derivation 3; &; T r[e]|: 7= Ty

Case T-MoOVE:

From premise:

T-MovE )
A; T byniq r = { Y97 }
I'(m) =1" noncopyabley 7

T

S MTHA ] =T -]

Since e = 7, by inspection of the reduction rules, we know that e steps with the following rule:

E-MovE

ortm|_+uo

S+ (o; ) — (o7 — dead]; )

We then pick I to be | I'[7 — rSf] , and need to show:

St ol dead] : Tz 7' | Applying Lemma E23 to ; ¢ + T < I'[n r“f]
(immediate by R-Env) and ¥ + ¢ : T (from premise)
givesus X + o : I'[n — TSIT]. Then, since we know
>; &[> TSIT] = o = I'[r TSI?] (by T-
DEeap), we can conclude X + o[z +— dead] : T'[7 TSIT].
S o T[7 > o | Flo]: =T '] | Applying Lemma E.3 to & ' Fyniq 7 = { uniaz 1
o; T Fyniq 7 : 7°" (immediate by TC-Prace with I'(x) =
™), and X+ o: T givesus 3; o; T + : 7' = T. Then,
by applying Lemma E.20 with 3; ¢ + T' < T'[x TSIT]
(immediate by R-Env), we can conclude 3; o; I'[7 +—
e [0]: " = T[r - .

o [z TSIT] Fl s ST - TSI."] Immediate by S-ReFL.

aAr,.T[x — TSI%] UL, =T[r+ TSIT] I,b,=T[r TSIT]

Case T-Cory:
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From premise:

T-Cory B
A Trshrap={¢}
A; Trghrg p i T copyables, 7

Z;A;FI-:TSI:>F

Since e = p, by inspection of the reduction rules, we know that e steps with the following rule:

E-Cory
orpl_+o

2k (o [p]) = (o3 [0])

We then pick I to be , and need to show:

Sto:T Immediate from our premise.
S e Tr[v|: 7" =T | Applying LemmaE.3t0o &;T bsprg p = {£}, 9 T bsprg p: L and X ko : T
givesus X; o; T+ =T
¢ T+ 5" =T | Immediate by S-ReFL.
IA,TUTL,=T [,=T

Case T-BorRROW:

From premise:

T-BorrOW _
I'(r)=0 ATryp={t}
A; Ty p: @

> A;Fl—:&rmf”:>1"[r|—>{?}]

Since e = &p w p, by inspection of the reduction rules, we know that e steps with the following
rule:

E-BOorRrROW
orpllR— _

ZF(G;’&rwp‘)H(U;’ptrR‘)

We then pick T} to be | T'[r — { £ }] |, and need to show:

Sro:Tlre {2}] Apply Lemma E.22 to X + ¢ : I (from our premise) and +
Y; o; T[r  {£}] (from our premise) gives us 3 + o : T'[r > {£}].
S eTk|ptrR|: & w =T; | Applying LemmaES5toX +o:T,ando+p | R — _ gives us
%; T+ RU[x] : . Then, note that referent well-formedness does
not depend on the contents of loan sets. This means we can also
conclude ; T[r +— {£}] F R°[n] : T
Applying LemmaE6toX o :T,orp || R+— _,and e; T F,
p= {f}givesus R = R[] and “z € {?}.
Finally, we can apply T-PoinTER to the two facts above to get
Yo [r=>{f}]r|ptrR|: & wr™ =T[r— {f}].
o +&rwr™ s & oM =1; | Immediate by S-RerL.

AL UL =T; L =T
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Case T-BOoRROWINDEX:

From premise:

T-BorRROWINDEX
%A TH[e]:un2=T T'(r) =0
AT v p= {2} AT by p:t™
TX! - I'TS!; Tl] V TXI = I'TSI‘I

S ATH &rople] | &rot =T [r- {}]

Since e = &p w p|[e;], by inspection of the reduction rules, we know that e steps with the following
rule:

E-BORROWINDEX
orp R [vg, ..., vy] 0<n;<n

>+ (o ‘ &r w p[n;i] ‘) — (o3 ‘ ptr R[n;] |

E-BoRROWINDEXOOB
orpl_+— (v, ..., v4] nj<0vn;>n

S+ (o;| &r w = pn;] |) = (o; | abort!(“attempted to index out of bounds™) |)
p p

Then, for each possible rule, we’ll pick I separately. The cases proceed as follows:

For E-BorrOWINDEX, We pick I} to be | T’[r > { £ }] |, and need to show:

Sro:T[re {f}] Applying Lemma E.9 to the typing derivation (from T-
BorrowlInDEX) for e (which we know is a value from E-
BorRROWINDEX) givesus X; o - I < T,
Then, applying Lemma E23to X; e r I’ < IMandX F o : T
(from premise) givesus X + o : I,
Finally, applying Lemma E.22 to X + o : I'” givesus X + ¢ :
I'[r = {}].
3 o I k| ptr R[n;] |: &rw e = I; | Applying Lemma E.9 to the typing derivation (from T-
BorrowlINDEX) for e (which we know is a value from E-
BorrowINDEX) givesus X; o - I < T,
Then, applying Lemma E23to X; ¢ T < [YandXr o : T
(from premise) givesus Z + o : I,
Applying Lemma E5t0 2 + ¢ : IV, ando + p | R -
[00, ..., vy] givesus Z; T” + R7[x] : 7. Then, note that
referent well-formedness does not depend on the contents of
loan sets. This means we can also conclude 3; I'[r +— {¢}] F
RP[x] : . We can then apply WF-RErFINDEXARRAY Or WF-
REFINDEXSLICE to get 3; IV [r — { £ }] - RO[x][n;] : T
Applying LemmaE.6toX +o: T, c-p | R [vg, ..., v,],
and &; IV F, p = { ¢} givesusR=R|[rx] and “7r € {¢}.
Finally, we can apply T-PoinTER to the two facts above to get
;e T[r={f}]r|ptrR[nm]|: &rw ™™ =T[r— {f}].
e Lit&rors&ror™ =1, Immediate by S-ReFL.

T UL, =1 L =T

For E-BorrowINDEXOOB, we pick I} to be , and need to show:
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Sto:T This is given as an assumption.
¥; o; T +|abort!(...) |: & w7 =T | An abort! expression is well-typed (at any type) via the rule
T-ABORT.
o Tr&rwts&rwrt™=T Immediate by S-ReFr.
L, VT, =T; I, =T;

Case T-BORROWSLICE:

From premise:

T-BORROWSLICE

Z;A;n:u32:>r1 Z;A;Fll—:u32:l"g L(r) =0

A§r2"wpz>{?} A;FZ"wp:[TSI]

3 A;ka:&rw[ﬁ'] =>DLlr- {}]

Since e = &r w ple;..ez], by inspection of the reduction rules, we know that e steps with the
following rule:

E-BORROWSLICE
orplRw—= oy, ..., v,] 0<n  <ny<n

2t (o ’ &r w pny..ny] ‘) — (o3 ’ ptr R[ni..nz] )

E-BorrowSLICEOOB

orpl_m[w, ..., o] n<0VvVny>nVny<0Vny>nVng>ny

S+ (o;| &r w p[ny..nz] |) = (o; | abort!(“attempted to slice out of bounds”) |)
P p

Then, for each possible rule, we’ll pick I; separately. The cases proceed as follows:

For E-BorrOWSLICE, we pick I} to be | I [r > { £ }] |, and need to show:
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Sro:Lp[r— {f}] Applying Lemma E.9 to the typing derivation (from T-
BorrowSLICE) for e; (which we know is a value from E-
BorrOWSLICE) gives us X; @  I' < Iy. Then, applying
Lemma E.9 to the typing derivation (from T-BorrRowSLICE)
for e, (which we know is a value from E-BORROWSLICE)
gives us 3; e + I7 < I,. Then, by transitivity, we have
3 ok T < T

Then, applying LemmaE.23to%; e r I < I;andXF o : T
(from premise) gives us X + ¢ : I3. Finally, applying
LemmaE.22to X+ o: Ty givesus S+ o : Ty[r > { £}].

3 & T; k| ptr R[ni..nz] |: &r o [7] = I; | Applying Lemma E.9 to the typing derivation (from T
BorrowSLICE) for e; (which we know is a value from E-
BorrOWSLICE) gives us X; @  I' < Iy. Then, applying
Lemma E.9 to the typing derivation (from T-BorRrROWSLICE)
for e; (which we know is a value from E-BORROWSLICE)
gives us X; o - I} < I3. Then, by transitivity, we have
2, ok < I,

Then, applying LemmaE.23to¥;e - I' < I andX o : T
(from premise) gives us X + o : I.

Applying Lemma E5to X + o : I,ando F p | R —
[vg, ..., vy] gives us 3; I, + R[] : 7. Then, note
that referent well-formedness does not depend on the
contents of loan sets. This means we can also conclude
% 0r = {€}] v R[] : . We can then apply
WF-REFSLICEARRAY Or WF-REFSLICESLICE to get X; T/ [r —
{€}] - RO[x][ny..n2] : T

Applying Lemma E6to X F 0 : I, o+ p | R —
[0, ..., o], and &; Ik, p = {?}givesus D€ {?}.
Finally, we can apply T-PoinTER to the two facts above to
gets; o T[r - {7}] I—‘ptr‘ R[] [n1..15] \;&rmm =

I[[r—{?}].
o ir&ro[t] & o[t =T; Immediate by S-ReFL.
dl,.I; U I, =1I; TO = T,-

For E-BorrowSLICEOOB, we pick I to be , and need to show:

Sto:T This is given as an assumption.
3; o; T+ |abort!(...) |: & w [z] = " | An abort! expression is well-typed (at any type) via the
rule T-ABORT.

e Tr&rw[r] s&rwl[rh] =T Immediate by S-ReFr.

AL, U, =1; I, =1;

Case T-INpDEXCoPY:
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From premise:

T-INDEXCOPY B
LATHe]us2=T AT kepeg p= {7}
copyables %' A T bshra p i T ™= [ n] v =[Y]

Z;A;FI—:TSIzF'

Since e = p[e;], by inspection of the reduction rules, we know that e steps with the following rule:

E-InDEXCOPY
U"PU_'_’ [vo, ..., Unjs ovns o]

=+ (o3 | plndl | = (o3 [om ]

We then pick I; to be , and need to show:

Sto:T’ Applying Lemma E.9 to the typing derivation (from T-INpexCory) for e
(which we know is a value from E-INpExCopy) gives us 3; o - ' < I'.
Then, applying LemmaE.23to ¥; @ - I' < IV and X + ¢ : I (from premise)
givesus X + o : I

DI S ;1= I’ | Applying Lemma E.9 to the typing derivation (from T-INpExCory) for e
(which we know is a value from E-INpExCopy) gives us 3; o F I' < I'.
Then, applying LemmaE.23to ¥; e - I' < IV and 2 + ¢ : I (from premise)
givesus X + o : I

Applying Lemma E3 to @; I Fghrg p = { €}, ® T Fehra p : 7%, and
>+ o : T’ T-Suce (based on whether 7' = [7%; n] or [r%'] respectively),
wegetVie {1...n} Z; AT ¢ : ™ = T’ (after accounting
for the fact that the constituent expressions are values and the output
environment matches the input environment). Thus, we can pick out
specifically that =; A; T’ + = T,

o '+ 5" =" | Immediate by S-Rerr.
A, UT, =T I,=I"
Case T-SEQ:

From premise:

T-SEQ
> A;I‘F—:TTI=>F1
>; A; ge-loans(Ty) =0

Z;A;rl—:rglzl"z

Since e = ey; ey, by inspection of the reduction rules, we know that e steps with the following rule:

E-Sko

St (os[ve) = (o [e])

We then pick I} to be | gc-loans(I}) |, and need to show:
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3+ o : ge-loans(Ty) Applying Lemma E.9 to the typing derivation (from T-Skg) for e;
(which we know is a value from E-Seq) givesus 2; o + I' < I.
Applying Lemma E.23 with this and ¥ + ¢ : ' (from premise)
gives us X + ¢ : I'. Then, applying Lemma E.28 gives us X + ¢ :
ge-loans(I).

3; o; ge-loans(Iy) + : 7' = T, | Immediate from the premise of T-Skq.

e LEls =0 Immediate by S-ReFL.
T, LU, =0 I, =1,

Case T-BRANCH:

From premise:

T-BRANCH
ZATk[er]:bool =Ty N ATir[e]: 5 =D
Z;A;Flr—nzrglzl"g =t vt =4
A: T ST ST 7 . ST SI ’ ’ ’ _
s s =1 ATk ST =15 Lul;=T

Z;A;Fl—’ifel{ez}else{e3} ‘:15121“'

Since e = if e; { e; } else { e5 }, by inspection of the reduction rules, we know that e steps with
the following rule:

E-IFTRUE E-IFFALSE

St (o; ’ if true {e; }else {e; } ‘) - (o; ) S+ (o;|if false {e; }else {e; } ‘) - (o3 )

Then, for each possible rule, we’ll pick I; separately. The cases proceed as follows:
For E-IFTruE, we pick I to be , and need to show:

Sto:Ty Applying Lemma E.9 to the typing derivation (from T-Branch) for e,
(which we know is a value from E-IFTruE) gives us 3; o  I' < IY. Then,
applying Lemma E.23 with this and X + ¢ : T’ (from premise) gives us
koI

> eI F ;% = I | Immediate from premise of T-Branch.

o Lt st =T, | Immediate from premise of T-BraNCH.
A, ul, =T I, =T

For E-IrFaLsE, we pick I to be , and need to show:

Sro:Ty Applying Lemma E.9 to the typing derivation (from T-Branch) for e;
(which we know is a value from E-IFFALsE) gives us X; o + I' < I'. Then,
applying Lemma E.23 with this and ¥ + ¢ : T' (from premise) gives us
Yro:I.

S eIk ;7' = T3 | Immediate from premise of T-BRANCH.

o G+ <" =T, | Immediate from premise of T-BRANCH.
A, LUl =T I, =TI, (note that YU commutes)

Case T-ASSIGN:
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From premise:

T-ASSIGN
Z;A;Fk@:rﬂzﬂﬁ Iy (n) = %%
(TSX =P VA T Funiq T = { g )
AT r <=1

Z;A;Fl—:unit:F/[nr—)TS‘]Bn

Since e = 7 = e,, by inspection of the reduction rules, we know that e steps with the following
rule:

E-AssSIGN
orplV  p=p°[x]

S+ (o; — (o[x+— V[v]]; )

We then pick I} to be ’ I'"[7 — %] & 7|, and need to show:

Stoln- Vo] : Uz b Applying Lemma E.27 to ¥ + ¢ : T (from
our premise), >; o; T : ™ = I (from
premise of T-Assion and knowledge that e is a
value from E-AssioN), ®; I byniq 7 : 7°° (im-
mediate by TC-Prace on I () = %), &; T +
™' < ™ = T’ (from premise of T-AssioN),
o+ || V (from premise of E-Assign), and
X = 70V 0; T} byniq 7 = { 97 } (from
premise of T-Assign) gives us X + o[x
V0o]]: T'[nr — ] &> 7.

S e[t Bt cunit = [z - ] & 7 | Immediate by T-UnrT.

o I"[x ] &>+ unit S unit = [z ] & | Immediate by S-RerL.
AL,V [t e aul, =o' en L=T'[r—r1>nx

Case T-AsSIGNDEREF:

From premise:

T-ASSIGNDEREF
LATHe]:ti =T AT kunigp i 7y
ATy bgnigp = {€} ATrl st =T

Z;A;Fl—:unit:}»l“'&p

Since e = p = e4, by inspection of the reduction rules, we know that e steps with the following
rule:

E-AssSIGN
orplV  p=p°[x]

Sk (o = (o[x = V[o]]; )
We then pick I} to be , and need to show:
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Stolre V[o]]:T'ep Applying Lemma E.27 to X + ¢ : T (from our premise), ; o; ' +
: 7 = T} (from premise of T-AssiGNDErerF and knowledge
that e is a value from E-AssioN), ; T} Fynigq p : 7°F (from premise
of T-AssiGNDEReF), o; I + % < % = I’ (from premise of
T-AssiGNDEREF), 0 F p || V (from premise of E-Assion), and
®; [ Funiq p = { ™97 } (from premise of T-AssiGNDEREF) gives
us X +o[x > V[v]] : ' & p.

Y, el Bpr :unit = I" & p | Immediate by T-Unir.

o, "> prunit sunit =" p | Immediate by S-ReFL.

A, epUIl,=T"sp L,=T"bp

Case T-LET:

From premise:

T-LET

Z;A;n:rf‘ﬁrl ATirg s =T
’ SI SI SD
3; A; ge-loans(I7, x : ‘L'a)l—:‘r2 >h,x: 1

Since e = let x : % = ey; ey, by inspection of the reduction rules, we know that e steps with the

following rule:

E-LeT

We then pick I} to be ’ ge-loans(I, x :

)

, and need to show:

SFo, x> o:geloans(IY, x : 75)

Applying Lemma E.9 to the typing derivation (from
T-Ler) for e; (which we know is a value from E-
LeT) gives us %; o + I' < Ij. Then, we can ap-
ply Lemma E.23 to get  + o : Iy. Then, applying
LemmaE.8 to e; I} + ;' < 7' = I} (from premise
of T-Ler) gives us X + o : I|. We can also apply
LemmaE.26 to 3; A; T +[o]: 7;' = T (from premise
of T-Let) and A; T; + 7' < 7' = I (from premise
of T-LeT) gives us ; A; I’ + E T =T

Then, apply Lemma E.25to X + o : If and 3; A; TV
: = IVgivesusE ko, x> v : IV, x: 3. We
can then apply Lemma E.28 to conclude £ + o, x —
v : ge-loans(I7, x : 7).

3; o; ge-loans(Iy, x : 7)) F M =

Immediate by applying T-Suirt to the derivation
3; o; ge-loans(Iy, x : i) F[e]: ) = L, x : T
(from premise of T-LET).

oLt s =0

Immediate by S-ReFL.

dl,. L UIl,=I,

=D

Case T-LETPrOV:
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From premise:

T-LETPROV B
AT, ro {}rle]: =T, ro {1}

3 A;TH| letprov<r>{e} |: " =T’

Since e = letprov <r> { e }, by inspection of the reduction rules, we know that e steps with the
following rule:

E-LETPROV

o e (01] - @ [3)

We then pick I} to be , and need to show:

Sto:T Applying Lemma E.9 to the typing derivation (from T-LErProv) for e (which
we know is a value from E-LETProv) gives us 2; @ + I' < I'". Then, applying
Lemma E.23 with this and X + ¢ : I’ (from premise) givesus X + o : I".

3 &I r[o]: " = I | We know from E-LETProV that e is a value v. Thus, we can apply Lemma E.21
toX; T r[o]: " =T, rm {fltogets; &; T/, ris {¢} Flo]:
=T, r—{f}

We now wish to show that =; ¢; T/ : " = T’. By inspecting
the grammar of values and their typing rules, we know that the only
values who depend on the context are pointers and closure values. But

by inversion on X; e; T F ’letprov <r>{v} ‘ : 0 = T, we know

that 3; e; I'” + . Since the type is valid without the frame, we know
that the values cannot depend on that frame. Thus, we can conclude
R O;F'I—:TSI=>F'.
o "+ 5" =" | Immediate by S-RFL.

A, U, =T I,=I"

Case T-WHILE:

From premise:

T-WHILE

z;A;n:boolzrl Z;A;Fll—:unit=>F2

Z;A;Fg»—:boolzﬂ"g Z;A;Fgl—:unitzﬂ"g
3 A; T H|whilee; {ex } [:unit =1,

Since e = while e; { e; }, by inspection of the reduction rules, we know that e steps with the
following rule:

E-WHILE

El—(o;’whileel{eg} ‘)—)(U;’ifel{egg whileei {e;} Yelse{ ()} )

We then pick I} to be , and need to show:
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Xro:T

Immediate from our premise.

SeTr[eiunit=T

We would like to build a derivation to show that the expression
ife; { ey; whileey { e} }else{ ()} iswell-typed. We thus start by
applying T-BRANCH.

This requires us to show three things. First, 3; &; T' + : bool =
I’ which we have from the premise of T-WwuiLt. Second, X; o; I7 +
’ez; whilee; { e} ‘ :unit = I,. We build this by applying T-Seg to
>, eIk :unit > L and 3; e I + L =
. The former is directly in the premise of T-WuiLe and the latter can
be built by applying T-WaiLe to 3; A; I + : bool = I and
ATk : unit = I, both from the premise of our original

T-Waite. Finally, we need to show X; A; I + :unit = I, which is
immediate from T-Unit.

o, I Funit Sunit=1,

Immediate by S-ReFL.

A, Lul,=T, I, =0
Case T-FORARRAY:
From premise:
T-FORARRAY

Z;A;TI—:[TSI;n]=>T1
SAT, x rs‘l-:unit:l"l,x : P

following rule:

Since e = for x in e; { ez }, by inspection of the reduction rules, we know that e steps with the

E-FORARRAY

Zl—(a;’forxin [og, ..., on] {e} ‘)—>(a,x»—>vo;’shifte; forxinfoy, ..., on] {e} )

E-FOREMPTYARRAY

S+ (o;|forxin[] {e} )—)(O‘;)

Then, for each possible rule, we’ll pick I; separately. The cases proceed as follows:

For E-ForARRAY, we pick I to be , and need to show:
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Srto, x>0, x ™

Applying Lemma E.9 to the typing derivation (from T-ForRARRAY)
for e; (which we know is a value from E-ForRARRrAY) gives us
3; o + I' < I;. Then, we can apply Lemma E.23 to get X - ¢ : I}.

Applying Lemma E.21 to the derivation 3; &; T | [vg, ..., v,]

[z n] = I givesus X; o; I7 + M [5% n] = I.

Then, using inversion (of T-Array), we get 3; o; I} + T =
I'. Finally, applying Lemma E25to 2 + ¢ : [y and 2, A; I +
:TSI=>F1 givesusX ko, x >y : Iy, x : L

;e I, x ¢ r“l—:unitzl“l

We need to build a derivation for the expression
shift e; for x in [0y, ..., u,] { e } . The bottom of this
derivation will be T-Seq which requires us to show that
>; eI, x : 1 r |shifte| : unit = Iy and that
I F’Forxin [o1, ..., 0n] {e} ‘:unit:ﬂ.

To show X; &; I, x : 7+ :unit = Iy, we apply
T-Surrrto 3; @ Iy, x : 7% F[e]:unit = Iy, x : 7°° (from the
premise of T-FORARRAY).

To show X; ; I} I—’forxin [o1, ..., on] {e} ‘ :unit = I,

we apply Lemma E.21 to the derivation X; &; I' | [vg, ..., vn]

[z n] = Iy toget ; o, I F M : [75 n] = 1.

Then, we rewrite the derivation (inverting and then reapply T-

ARrray) to exclude vy giving us ; o; I + 2 n—

1] = I4. Finally, we apply T-ForARrrAY using this combined with
eI+ E] :unit = I} (from the premise of T-FORARRAY).

eo; [1 Funit Sunit =14

Immediate by S-REFL.

EIFD.FI Y l"o :Fl

FO = Fl

For E-ForREmPTYARRAY, We pick I; to be , and need to show:

Sto:T Immediate from our premise.

S e Tk :unit = ' | Immediate by T-Unrr.

o; THunit sunit =T | Immediate by S-RerL.

AT UT,=T I,=T

Case T-FORSLICE:
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From premise:

T-ForSLICE

z;A;n:&pw[rS‘]:rl

AT, x &pwr“l—:unitzl"l,x s

Since e = for x ine; { e, }, by inspection of the reduction rules, we know that e steps with the
following rule:

E-FORSLICE
crFRU_= o, ..., 0, ..., 05, ..., U] i<j i'=i+1

3+ (o; | forx inptr R[i..j] {e} ‘) - (o, xr—)ptrR[i];‘shifte; forx inptr R[i'..j]1 {e} |

E-FOREMPTYSLICE

for x inptr z[n..n] { e} ‘) — (o; )

S+ (o;

Then, for each possible rule, we’ll pick I; separately. The cases proceed as follows:

For E-ForStice, we pick I} to be ’ I, x : & o ‘ and need to show:
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Sto,xptrRng] Ty, x : &ro ™

Applying Lemma E.9 to the typing derivation (from T
ForSuice) for e; (which we know is a value from E-FOrSLICE)
gives us 3; @ + I' < I'. Then, we can apply Lemma E.23
to get 2 + o : I}. Applying Lemma E.21 to the derivation

Y; o Tk ptrR[i..j]|: &rw [r%] = I givesus X; o; I +
ptr R[i..j] |: &r o [t¥] = I3. Then, using inversion (on

T-PoinTER), we get X; I + R[i..j] : o (where 7 = [ n]
or [r%]) and “x € I1(r) (where R = R"[x]). We can in-
vert WF-REFSLICEARRAY or WF-RErSLIcESLICE (based on 7*7)
for 3; I1 + R[i..j] : 7 and then apply WF-REFINDEXARRAY
or WF-RerFINDEXSLICE appropriately to get 2; It - R[i] : 7.

We can then use T-POINTER to get 3; o; I + m :
&r w %" = I. Finally, applying Lemma E.25to 2 + 0 : I}
and 3; A; Ty + : &r o ™ = I gives us
Yrto, x> ptrRng] Ty, x : &rort®

> eI, x &rwr“»—:unit:l"l

We need to build a derivation for the expression
shift e; for x in ptr R[n}..nz] { e } . The bottom of
this derivation will be T-Seq which requires us to show

that >; e; Iy, x : 75T+ :unit = I3 and that

%; o, Iy k| forx inptr R[n].nz] { e} ‘: unit = I.

To show >; &; Iy, x : 5+ :unit = I, we
apply T-Surrrto X; &; Iy, x : 7% Fle]:unit = I, x @ 7%
(from the premise of T-FORSLICE).

To show X; ¢; I} + ’forx inptr R[nj.n2] {e} ‘
unit = T3, we apply Lemma E.21 to the derivation

3, & T'kiptrR(ny.ng] |: &rw[r™] > Iitogets; o; 1 +
ptr R[n;..nz] | : &r w [r*"] = Ii. Then, we rewrite the

derivation (inverting and then reapply T-PoINTER) to in-

crement n; to nj giving us X; ¢; Iy + |ptr R[nj..ny] | :

&rw [7%"] = I. Finally, we apply T-ForStick using this com-
bined with X; &; T} +[e]: unit = I} (from the premise of
T-FORSLICE).

o, [ Funit Sunit=1

Immediate by S-REFL.

dl,.IT I, =0

E, = 1"1

For E-ForEmprySLIcE, we pick I to be , and need to show:

Sto:T Immediate from our premise.

;e Tk :unit = ' | Immediate by T-Unrr.

o; [ +unit sunit =T | Immediate by S-ReFL.

A,TVI,=T I,=T

Case T-App:
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From premise:

T-Arp
> A THD ANTrp DRVAVE B
Dc —_—
AT I—: V<3, 2, @> (5}, ..., T =5 ciwheregiier = T
Vie (1 .n} S ATk [6 i [ Plol [T/al 2T ATaro[Plo] > 0117/l =Ty
ATk éf::<5, P, T>(é1, ..., én) :T]S(I [®/p]11P/0] [l =Ty
Since e = ef::</?, 51> (ey, ..., ey), by inspection of the reduction rules, we know that e steps

with the following rule:

E-ArrCLOSURE
oF = {Ge, lx1:7}, ..., xniTy| = 7o {e})

E-AppPFuNcTION
S(f)=fnf<@,o, a>(x1:7}, ..., xn:7,) — 7, wherep:o' {e}

Sk (o ’f::<5, 7 >0, . on) \> = (ohx1 = 01, ..., Xn o o | Framed e[* /5117 /5117 al )

Then, for each possible rule, we’ll pick I; separately. The cases proceed as follows:

SI

For E-AprCLOSURE, we pick I} to be ’ Lo, x = o, ...

, Xp : 7,0 |, and need to show:
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ZFOJ:ri

Applying Lemma E.9 to the derivation for vy gives us %; o + T' < Tj.
Then, applying Lemma E.9 to the derivations for every v; gives us Vi €
{1...n}. 3; e+ Ij_; < I By transitivity, we then have 3; o + T < Tj,.
Since the function being applied is a closure, we know syntactically that
it does not have where bounds, and thus I}, = I},. Thus, we can rewrite
thistobe 3; e + ' < T,

We can then apply Lemma E.23 withX + o : T toget X + o : [},.

Then, inversion of T-CLosureVALUE for the typing derivation for vy gives
us %; T + ¢. : . We can then invert WF-FraMme here to get dom(g) =
dom(%)lx Vx € dom(g). 3; &; T + : Fo(x) = ThFe which
we can then use with 3 + ¢ : [}, in WF-StackFraMmE to get X + of¢,. :
Iy b Fe.

Finally, we repeatedly apply Lemma E.25 to the derivations for the argu-
ments (v; ... v,)toget X o’ : T}

Z;O;Fib—:fjsc’=>1“b

Applying Lemma E.9 to the derivation for vf gives us X; o + T' < Tj.
Then, applying Lemma E.9 to the derivations for every v; gives us Vi €
{1...n}.3; e+ Ij_; < T By transitivity, we then have ; o + T < Tj,.
Since the function being applied is a closure, we know syntactically that
it does not have where bounds, and thus I}, = I},. Thus, we can rewrite
this to be X; o I < I},. Adding the same frame 7 to both sides gives
us 3; o + ' 7o < Iy b 7. Further, adding identical argument entries to

both sides givesus ; e T Fe, x1 = )%, ..., xp 2 T STpHFe, x1 -
., Xt T

Inversion on T-CrosureVaLve for the typing derivation of
v gives us free-vars(e) \ X = Xy = dom(F)ly, T =
free-provs(I'(xr)), free-provs(e) = dom(¥F)|,, and %; A; ThFe, x;
oL Xy T R[e] i = T

We can then apply Lemma E.18 with all of these facts to get
e T Fe, x o 1, L X, 2Ty F ] T;I = I, B F. We can then
apply T-Framep to get ; & T, B e, %1 : 770, ..., % 2 Ty Fe]: r}‘ = TI}.

o;l—‘bl—‘[}IST}Iﬁrb

Immediate by S-ReFL.

dIp U T, =1}

I =1}

1

For E-ArpFuncrion, we pick I tobe [Ty hx; @ 7§%, ..., x, : 7,' | and need to show:
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Srol T Applying Lemma E.9 to the derivation for vs gives us
3; o  I' < I§. Then, applying Lemma E.9 to the deriva-
tions for every v; givesusVie {1...n}. 3; e+ [;_; < T

Inversionon e; I, I o, [P_/ej > 04 m = I} gives us a
sequence of outlives relations with intermediate contexts.
Applying Lemma E.16 to each of them and then combin-
ing the result by transitivity gives us =; o + I}, < Ij.
Combining both by transitivity, we have =; o + I' < T}.
We can then apply Lemma E.23 with ¥ + o : T to get
koI

We can apply WF-STACKFRaME to get X + ohe : I} fe.
Then, we repeatedly apply Lemma E.25 to the deriva-
tions for the arguments (v; ... v,) to get X F oljx;
U1, ..., Xp 0Tl 0 )Y, L, Xy T

% e T; F:r}‘ [5/5] ["/3] [™/z] =T, | Applying Lemma E.29 with + 3; e; T, and %(f) =
fnf<p,o,a>(x1:1)", ..., xu:7))) — 7)'wherep; : p2{e}
(from the premise of on E-AppFUNCTION) gives us
%; @ :FRM, 0 :PRV, 01 :> 05, ot : x; Tphxy - T, Xy

o+ [franede]: 1% = T,

We then repeatedly apply Lemma E.10 for all of
our type, provenance, and environment variables to
get X; o I hx; S % : R

a1 e Xn : Ty

: w517 /gl 7 /al = Ty where each
w5 =7 [Pl [P/o] [T /al.

e+t s =10 Immediate by S-ReFL.
LI, T, =T, I, =1}

Case T-FUNCTION:

From premise:

T-FuncTIiON
S(f)=fnf<@, 0, a>(x1:1)", ..., xn: 7)) — 7, wherepr:pz{e}
AT l—: V<@, 0, a>(t}", ..., 7)) — 1)'wherep; oz =T
Sincee =V<p, a>(7;', ..., 7)) — r.', by inspection of the reduction rules, we know that e steps

with the following rule:

E-FuncTioN
S(f)=fnf<@, o, a>(x1:7], ..., xn:7,) — 1) wherep:o' {e}

2+ (o ) - (o3

We then pick I} to be , and need to show:

(o, forall<g, o, a>|x1:7}, ..., xn:7p] = 72 {e}))

Sto:T Immediate from our premise.
3;e;T+|e |: 7 =T | By T-CLOSUREVALUE since o, is empty, and we know that the body itself is
well-typed as a consequence of inversion on WF-FuncTioNDEFINITION for f.
o I'+7 st=T | Immediate by S-RerL.
L, Tul,=T I,=T
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Case T-CLOSURE:

From premise:

T-CLOSURE
free-vars(e) \ x = x5 free-nc-varsr(e) = Xpc 7 = free-provs(T'(xy)) , free-provs(e)
Fe=re—=>T(r), xg : T(xp) 3 A Txtne = T(xne) 10 Fer x1 2 14, ooy X0 2 Ty "E]: o =>T'hF
> A;F»—’ lxi:y, oo xniny | = i {e} | (L)) E =T
Since e = forall<y, p, a>|x;:7}', ..., x: 7| — 7' {e}, by inspection of the reduction rules,
we know that e steps with the following rule:
E-CLOSURE
free-vars(e) = xr free-nc-varsy (€) = Xne Ge=0 |?
Sk(o| it x| o T {e) ‘) - (a[xnct—)dead];’ (Gev X175, o xntS] = 5 {e})])

We then pick T; to be | T [xpe = T'(x,c)t] | and need to show:

3 F o[ Xne — dead] : T[xpe - T(xnc)T] | Compared to T, we know that I'[x,. + I'(xpc)"] has more
things marked dead and no other changes. Thus, we can
apply R-Env to get ; @ b T < T'[xne — T'(xnc)T]. Then, we
can apply Lemma E.23 to get = + o : T'[xpe — T(x00)T].
Since dead is good at every dead type 7°° by T-Deap, we
can then build a new derivation using that rule instead for
every xp. that is now at a dead type. This gives us ¥ r
o[xpe — dead] : T[xpe = T(xpe)t].

DTS : =T Immediate by inversion of T-Crosure and application of
T-CrosureVALUE. Note that they have identical premises.
e <=1 Immediate by S-ReFL.
A, I; I, =TI; I, =1;

Case T-SHIFT:

From premise:

T-SHIFT
> A;FI—E]:TS’:F', x : 70

% AT r[shifte]: o =T

Since e = shif't e;, by inspection of the reduction rules, we know that e steps with the following
rule:

E-SHIFT

Zl—(cr,xr—)v';)—)(cr;)

We then pick I} to be , and need to show:
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Srto: T/

By inversion of WF-StackFrameon X + o, x — o' : TV, x : %, weget X +
o :I;,dom(g, x — 0v’) =dom(F, x : 7°°)|4, and Vx € dom(c ¢, x —
o). % & HF, x k| (ohg, x » 0)(x) | LEF, x + v0)(x) =
LyF, x 7°°. Note that I; §F = T’. We can then immediately see
that the above implies dom(¢) = dom(¥ )|, and Vx € dom(chg, x
0'). 2 & iHF + (b F)(x) = I F. Thus, we can apply

WEF-STACKFRAME to get 2 + ¢ : I i ¢ which can be rewrittenas X + o : T”.

2;.;1"|—:1—51:>1"’

We know from E-Suirt that e is a value v. Thus, we can apply Lemma E.21
toX; ;T rH[o]: " =T, x : rPtogetX; & T', x : ™ r[0v]: ¥ =
I, x : .

We now wish to show that =; ¢; I'" + : ™ = TI". By inspecting
the grammar of values and their typing rules, we know that the only
values who depend on the context are pointers and closure values. But by
inversion on X; e; I' + : 0 = T, we know that >; e; IV + 754
Since the type is valid without the frame, we know that the values cannot
depend on that frame. Thus, we can conclude %; o; I'' n T = T,

R S

Immediate by S-REFL.

AL, I U T, =T

L,=T"

Case T-FRAMED:

From premise:

T-FRAMED
> A;FFE]:TS! =>T'hF

Z;A;TI-:TSIZ:»F/

rule:

Since e = framed e;, by inspection of the reduction rules, we know that e steps with the following

E-FRAMED

S+ (b [ framedo]) — (o3 [0))

We then pick I} to be , and need to show:

Sro: T/

Applying Lemma E.24to X F obg: T'hF givesus X+ o : .

E;O;F’I—:TSI:H"’

We know from E-Framep that e is a value 0. Thus, we can apply Lemma E.21
toX; &; ThHF + T =S T'hF toget Z; o T/HF' + S =
I'gs’.

We now wish to show that %; ¢; I'" + : ™ = TI’. By inspecting
the grammar of values and their typing rules, we know that the only
values who depend on the context are pointers and closure values. But by

inversionon X; &; I' +| framed v |: 7 = I/, we know that >; e; I’ + 75

Since the type is valid without the frame, we know that the values cannot
depend on that frame. Thus, we can conclude %; o; I’ =T,

o 'l s =T

Immediate by S-REFL.

AL, I U I, =T

L,=T"

Case T-Drop:
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From premise:

T-Drop )
I(x) =1 Z;A;r[ﬂr—)‘[f;‘]p-E]:Tsx:rf

Z;A;FI—E]:Tsxﬁrf

Since T-Drop applies to any expression e, we cannot determine anything about what rule we
stepped with. So, we will instead try to apply our induction hypothesis to the typing derivation in

the premise of T-Dror (3; o; I'[7 — rfrﬁ] F E] : 7 = Ty) . To do this, we need to establish the
premises of our inductive hypothesis.

Namely, we need to show:

1) S & T[r | Fle]: ™ =Ty,

@ Zro:Txe ],

3) Sk (03 [e]) — (o' [¢).

(1) follows immediately from our premise.

(2) follows almost directly from our premise, which tells us that % + ¢ : T'. We just need to show
that the value at x (where x is the root of ) is still valid at its new type. Fortunately, it’s old
derivation works almost perfectly except for typing the part that corresponds directly to x.
In this case, we can use T-Deap on the value to get the new derivation with that part of the

aggregate structure at the uninitialized type ‘L’,SZIJF
(3) follows immediately from our premise.
This allows us to use our induction hypothesis to conclude that there exists I’/ such that:
(5)Zro': T,
©) S o T/ H|e']: v =T,
(7) o F’ F1/ < =T, and
(8) Il,. F U I, =TIf.

E.4 Type Safety

THEOREM E.32 (TYPE SAFETY). IfS; ¢; @ +[e]: 7 = I and+ 3, then X + (o [e]) —* (0; [v])
or evaluation of e aborts or diverges.

Proor. By the interleaved use of Progress and Preservation. O
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