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Dedicated to Daniel P. Friedman.

“No, 'm not going to grad school; I can’t even imagine writing a dissertation.”
— Me, responding to Dan






ABSTRACT

Dependently typed languages have proven useful for developing large-scale fully verified
software, but we do not have any guarantees after compiling that verified software. A
verified program written in a dependently typed language, such as Coq, can be type
checked to ensure that the program meets its specification. Similarly, type checking
prevents us from importing a library and violating the specification declared by its types.
Unfortunately, we cannot perform either of these checks after compiling a dependently
typed program, since all current implementations erase types before compiling the
program. Instead, we must trust the compiler to not introduce errors into the verified
code, and, after compilation, trust the programmer to never introduce errors by linking
two incompatible program components. As a result, the compiled and linked program
is not verified—we have no guarantees about what it will do.

In this dissertation, I develop a theory for preserving dependent types through
compilation so that we can use type checking after compilation to check that no errors
are introduced by the compiler or by linking. Type-preserving compilation is a well-
known technique that has been used to design compilers for non-dependently typed
languages, such as ML, that statically enforce safety and security guarantees in compiled
code. But there are many open challenges in scaling type preservation to dependent
types. The key problems are adapting syntactic type systems to interpret low-level
representations of code, and breaking the complex mutually recursive structure of
dependent type systems to make proving type preservation and compiler correctness
feasible. In this dissertation, I explain the concepts required to scale type preservation
to dependent types, present a proof architecture and language design that support type
preservation, and prove type preservation and compiler correctness for four early-stage
compiler translations of a realistic dependently typed calculus. These translations
include an A-normal form (ANF), a continuation-passing style (CPS), an abstract
closure conversion, and a parametric closure conversion translation.
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TYPOGRAPHICAL CONVENTIONS

I use a combination of colors and fonts to make distinctions between terms in different
languages clear. Often, programs from more than one language will appear in the
same equation. While which language each program belongs to will be clear from the
structure of the equations, I use colors and fonts to make the distinction more apparent.
These colors and fonts are chosen to be distinguishable in color, in grayscale, and with
various forms of color blindness.

Each chapter will involve at least two languages: a source and a target language.
Source languages expressions and metavariables are typeset in a blue, non-bold, sans-serif
font. Target language expressions and metavariables are typeset in bold, red, serif
font. These different fonts do not indicate particular languages—they only indicate
source and target. I will remind the reader which language is which each time a new
language is introduced.

For languages other than source and target languages, such as examples of concepts
or from related work, I use a black, non-bold, serif font.

I use emphasis to introduce a word with a technical definition—i.e., a specific technical
use that may differ from the normal English definition.

Typographical Note. [ will remind the reader of these typographical conventions in
the section I first use them, or when languages change, in a typographical note like this.
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ONE ROAD SHOULD NOT BE TAKEN

Two roads diverged in a blue and red wood,
A colorful forest of derivation trees.

I’'m no traveler; I, therefore, could—

and, as a scientist, because I should—
followed each one into its leaves.

In one, I found the theory fair;

This I suggest; the other is worse.

In that, the types, one’s mind ensnare;
Though it can work, I hereby declare.
Really, I beg you, just use the first.
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EXECUTING A VERIFIED PROGRAM

.. . I begin this dissertation
In the beginning, computer programs were created. This was fine and was useful for i o story; 1 will get

doing math, and many programmers wrote many interesting programs. Sometime after, technically precise
computers were created and began to execute computer programs. This has made a lot Star’?mg in the next
of people very angry and been widely regarded as a bad move.! section.
After computers were created, they became the primary readers and writers of
computer programs. Some programs are written and read by humans, but most are
written by compilers and read only by the computer. Hopefully, the compiler translates
an input source program that is simple for a human to read and write into an executable—
a, possibly optimized, program suitable for execution.
A computer will, faithfully and without question, execute the program it is given to
execute. This is unfortunate because the program that the computer reads is almost
never the one that the programmer intended to be executed. The resulting execution
will surprise the programmer and enrage the user.
If we are very lucky, a bad execution will happen despite the best efforts of the
programmer. Ideally, the programmer will have spent substantial effort trying to avoid
letting a computer execute the wrong program. The programmer will have designed
their program and reasoned about that design before ever writing a single line of code.
Then, each line of code will have been written carefully. Surprisingly, we do occasionally
get this lucky in practice.
Despite our luck, inevitably, the programmer will have been wrong. Probably, the
design will have been flawed. Likely, the code will have had errors. So the computer
will have faithfully executed an erroneous implementation of a flawed design.
Programming is fundamentally an act of communication and, as such, is susceptible to
miscommunication. The programmer communicates, via their program, some process, or
task, or other information. The program communicates this very precisely. So precisely,
in fact, that it can be understood not only by other programmers, but by a “rock we
tricked into thinking”.? But, humans and rocks think very differently. The programmer
often fails to understand how literally rocks think, and the rock fails to understand that
the programmer doesn’t always say what they mean what to say.
To avoid miscommunication, we can teach computers to verify their understanding of
a program with the programmer through program verification—separately specifying  Technically, verification

what the programmer meant for the program to do, and then, before executing the only checks that the
program does what we

program, making the computer verify that the program does what the programmer said we meant for it to

meant for it do. A werified program is a program implementation with a specification ;, o, miscommunication
J

is still possible. For this
dissertation, I assume

1 From Adams (1980).

2 @daisyowl. https://twitter.com/daisyowl/status/841802094361235456. March 14 2017. .
this is good enough.
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Although, if it was
compiled with a verified
compiler, it is probably a
correct unverified
ezecutable.

| EXECUTING A VERIFIED PROGRAM

and a proof that the implementation meets the specification. By verifying a program, we
reduce miscommunication and thus reduce program errors, by providing high assurance
that the programmer and the computer are “on the same page”—the programmer has
written what they expect to happen, then written the program, and the computer has
agreed that the program will indeed do what is expected.

Program verification is useful for reducing program errors but, thanks to compilers,
essentially no verified program has ever been executed. I make this statement more
precise later in Section 1.3, but for now, here is what I mean. Recall that compilers,
not programmers, write most programs, and this is particularly true of executables. To
produce a verified program, a compiler would have to transform the program implementa-
tion, its specification, and its proof, which is beyond the scope of current compiler design.
Even if the compiler were proven to satisfy some compiler correctness specification and
could compile a verified source program, the compiler would not produce a verified
target program. That is, we could not get an executable implementation complete with
an executable-level specification that corresponds to the original specification and an
independently checkable proof that the executable meets its specification. Contemporary
verified compilers only transform the implementation. We may think that composing
the proof of correctness for the compiler with the proof of correctness for the program
yields a proof that the generated executable is verified, but this (typically) only tells us
that the executable reduces to the same value as the original verified program, not that
the executable meets the original specification. Evaluation to the same value is a weak
specification: it requires the compiler only operates on whole programs and does not
capture (for example) security properties that guarantee secret values aren’t leaked to
attackers. Thus even when a programmer has gone through the trouble of verifying a
program, the program that actually executes is an unverified executable.

In this dissertation, I theorize a solution to the problem of compilers transforming
verified programs into unverified executables. Before I can precisely describe this
theory, I must precisely describe program verification and the problems that arise when
attempting to compile programs, verified or not.

1.1 PROGRAM VERIFICATION AND DEPENDENT TYPES

The key elements of program verification are:

1. a specification, which describes the intended behavior or properties of a program
and is independent of the program’s implementation,

2. an tmplementation, which describes in code how to accomplish the goal of the
program (this is what we typically think of as a program),

3. a proof, which witnesses the fact that the implementation meets its specification.

There are many ways to instantiate the above elements into a system for program
verification, and additional criteria we wish to consider for a given instantiation. For
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example, we want specifications to be simple to understand and write, and expressive
enough to capture full functional, safety, and security properties. We also want proofs
to be easy to check, and ideally for the proof system to be logically consistent—i.e.,
the existence of a proof should imply that the implementation does actually meet the
specification.

A particularly common and useful (as discussed shortly) way to implement program

verification is by using dependent types (in particular, full-spectrum dependent types)?.

In the terminology of typed programming, dependent types allow for types, the language
for statically describing program behaviors, to depend on (i.e., to include as part of
the language of types) some or all terms, the language for dynamically implementing
programs. This is in contrast to traditional typed programming language, such as Java
or ML, in which there is a phase distinction between types and terms, meaning types
exist at compile-time and cannot refer to terms, which exist later at run-time. This
restricts what specifications can be expressed in types. Full-spectrum dependent types
refers to the ability of types to depend on arbitrary terms, instead of only part of the
language of terms. In that case, there is no syntactic distinction between types and
terms—together, they make up a single language of expressions.

As an example of program verification with dependent types, consider attempting to
verified the following operations on lists from a standard typed language such as ML.

length : List A -> Nat
length

append : List A -> List A -> List A
append

In this example, we declare that the term length has the type List A -> Nat, meaning
that it is a function that takes a List A as input and produces a Nat as output. In a
type system with phase distinction, List A, ->, and Nat are all drawn from the language
of types, while length and append are in the language of terms.

In a full-spectrum dependently typed language, we could write the above example
with the more precise type below thus using type checking to verified a correctness

property.

length : List A -> Nat
length

append : (11 : List A)
-> (12 : List A)
-> {1 : List A | length 1 == length 11 + length 12}

append

3 These were once called fully dependent types (Xi, 1998), but contemporary work uses term jfull-

spectrum (Weirich et al., 2017).

25

Henceforth, I use the
unqualified dependent
types to mean
full-spectrum dependent

types.
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In this example, we name each argument to append when describing its type. The first
argument is named 11, and the second is 12. Then, we can refer to that argument,
the term, in the type. We can also write other arbitrary terms in the types. We use
this to declare that the output of append is a List A, named 1, such that the length
of 1 is equal to the sum of the lengths of 11 and 12. This means that not only does
append return a List A, but a List A of a particular length, capturing a correctness
specification in the types.

Using dependent types, we can build a program verification system that satisfies
all desired criteria listed earlier. We write specifications using types (in particular,
dependent types), and write implementations in the terms of the dependently typed
language. The proofs are represented by the annotations and additional terms in the
implementation itself and are checked via type checking; for example, the implementation
of a function may include an additional argument whose type represents a precondition,
and the term passed in for that argument represents a proof that the precondition holds
if the term is well-typed.

1.1.1  The Virtues of Dependent Types

DEPENDENT TYPES SIMPLIFY SPECIFICATION BY AVOIDING SPECIFICATION PUNS
Dependent types simplify reading and writing specifications and increase assurance that
the specification describes the actual implementation by avoiding specification puns.

In languages without full-spectrum dependent types, such as those with indexed
types or refinement types, types cannot directly refine all terms. Instead, types can
only depend on a subset of terms or a separate language of type-level computations.
This prevents types from directly refining the behavior of some terms and introduces a
gap between the specification and the implementation. Instead, either the rest of the
behavior is unspecified or a separate specification-level model of the implementation
must be constructed and the implementation proven to correspond to this model. This
gap can introduce specification puns, meaning a specification refers to something that is
like the implementation but is technically defined differently—i.e., a specification that
exploits two possible meanings of what looks like the same expression.

For example, in a language with refinement types and phase distinction in which
types may depend on (and only on) first-order data, we cannot directly prove the same
correctness property for append that we saw earlier. Instead, we write the example from
earlier as follows.

length : (1 : List A) -> Nat
length = ...

length' := ...

append : (11 : List A)
-> (12 : List A)
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-> {1l : List A | length' 1 == (length' 11) + (length' 12)}
append = ...

Unlike before, we cannot refer to length, a term, directly in the type of append. Instead,
we must write a separate, type-level, version of length—called length' in this example,
for clarity—and use a separate, type-level, version of +. This is a pun; really, length"
has a different definition than length, even though a sufficiently clever language might
let us name them both length by maintaining the names in two different namespaces.
Similarly, the + used in the type is not the run-time addition function, although anyone
who reads the specification might reasonably assume it is.

Pragmatically speaking, specification puns create two problems. First, a programmer
must write any definition that is used in a specification twice, and pass these two
representations around everywhere that specification is used. Instead of simply using
the term length to specify the behavior of append, we must duplicate length in the
types. Second, without doing additional work, we are less confident that the run-time
program is correct, since we can only prove correctness of type-level copies. For example,
we do not know that the run-time function length corresponds to the type-level version
length', and so it is unclear that append actually returns a list whose length is the
expected value, as opposed to one whose length' is the expected value. We would first
have to prove that length and length' coincide, which is difficult in the general case.

This problem of specification puns arises in program verification using program
logics and logical frameworks. In program verification based on these frameworks, the
specification and proof languages are separate from the implementation language. This is
an advantage in one sense—there is more freedom in how programs can be implemented
vs how they are specified and proven—but a disadvantage since it introduces puns.

For example, Proof-Carrying Code (PCC') (Necula, 1997) has been used to address
the problem of generating verified executables discussed earlier, but relies on a logical
framework and runs into the problems of puns. Necula (1997) uses the Edinburgh
Logical Framework (LF') to encode specifications and proofs about assembly code, and
develops a compiler that can produce verified programs for programs whose specifications
are expressed and provable in first-order logic. However, LF used this way requires a
phase distinction, so specifications and proofs cannot refer to assembly directly, and
there are puns. For example, addition either refers to assembly addition instruction
ADD or the LF constant +. To prove that the assembly code ADD rl,r2, rl—which
shuffles bits in registers—produces the value 1 in rl, the logic actually asks that we
prove rl + r2 = l—which represents mathematical addition on integers. For this proof
about rl + r2 = 1 to represent anything about the assembly instruction ADD, we must
ensure some correspondence between the LF constants and the assembly code, thus
creating additional work and making it less clear that specifications correspond to
implementations. In the case of our append example, to verify our implementation
of append from above, we first add the LF constant length', then demonstrate that
length' in the logic corresponds to length, then prove that append is correct.
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The expressivity of
dependent types depends
on which axioms are
admitted in the particular
language, which I discuss
further in the next
chapter.
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With full-spectrum dependent types, we avoid the problem of puns by directly using
any term in any type, decreasing programmer effort and increasing confidence. As
seen earlier, the type of append can be written using full-spectrum dependent types as
follows.

append : (11 : List A)
-> (12 : List A)
-> {1 : List A | length 1 = (length 11) + (length 12)}

This requires no separate type-level definition length', and instead use the run-time
function length directly in the specification of append.

DEPENDENT TYPES SIMPLIFY PROOF THROUGH ABSTRACTION Dependent types
are extremely expressive as a specification and proof system. The earlier example was
a simple programming example, but dependent type systems are also able to express
sophisticated mathematical theorems and frameworks, such as category theory (Gross
et al., 2014; Timany and Jacobs, 2015). This means program verification using dependent
types can easily leverage abstract mathematical concepts and proofs. They have also
been used to encode program logics (Nanevski et al., 2008; Krebbers et al., 2017), thus
allowing the programmer to embed alternative program verification systems if they so
desire. In short, dependent types can express whatever specifications and proofs we
want, and by starting from dependent types we capture a range of program verification
systems instead of just one.

Usually, this gain in expressivity of the logic comes at a cost of expressivity as a
programming language. For example, dependently typed languages such as Coq and
Agda disallow expressing arbitrary loops—every term must be provably terminating,
so they cannot express arbitrary general recursive functions. This is because non-
termination can easily introduce inconsistency, since the usual typing rules for recursive
functions will give an infinite loop any type and thus introduce a proof of any specification,
or break decidability of type checking, since checking a type that contains a term may
require partially evaluating that term causing the type checker itself to diverge on
infinite loops. However, it is possible to regain non-termination while maintaining
logical consistency or decidability by separating possibly diverging programs from proofs
via a modality (Jia et al., 2010; Casinghino et al., 2014; Nanevski et al., 2006; Nanevski
and Morrisett, 2005; Swamy et al., 2013).

The extra expressivity can also come at the cost of automation. For example, Necula
(1997) restricts specifications to those expressed in first-order logic. This is a loss for
expressivity, but a gain for automation and simplifies the design of the compiler: the
compiler can generate proofs automatically, rather than requiring the user to write them
and designing the compiler to transform and preserve them.
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A dependently typed program has never been executed. Only machine code is ever
executed, and so far there is no dependently typed machine code.

Instead, dependently typed programs are first type checked, then compiled (sometimes
called extracted) to some executable. For example, Coq* programs are typically compiled
to OCaml, or Haskell, or sometimes Scheme. During this process, all types are erased,
even when the target is OCaml or Haskell, which are typically considered typed languages.
This means that after compiling dependently typed programs, we no longer have the
specification or a machine-checkable proof of correctness for the executable.

In Coq, we could prove some data invariant, use that to safely write optimized
functions, then compile to OCaml. For example, we could write a Coq function that
returns the head of a list without checking whether the list is empty or not, as long as
the length is statically guaranteed to be non-zero.

Inductive List (A : Set) : Nat -> Set :=
| nil : List A ©
| cons : forall (h:A) (n:Nat), List A n -> List A (1 + n).

Definition head {A} {n : Nat} (v : List A (1 + n)) :=
match v with

| cons = h _ t=>h
end.
(* Example invalid := head nil. x*)
Example valid : (Nat -> Nat) := head (cons _ (fun x => x) 0 (nil _)).

This declares List to be an inductively defined datatype, parameterized by some element
type A and indexed by a Nat, which statically represents the length of the List in the
type. There are two constructors for Lists: nil, which produces a List of As of length
0, and cons, which expects an element h and a list of length n and produces a List of
length 1 + n. We then define head to take a non-empty List, i.e., a term v of type
List A (1 + n), and simply return the h field of the cons. Note that we don’t need to
consider the case for when v is nil, since the type guarantees that can never happen.
We can create and type check a simple example by calling head on a List of length 1
containing the function fun x => x.
After compiling head to OCaml, we have the following function.

let head _ = function
| Nil -> Obj.magic __
| Cons (h, _, _) -> Obj.magic h

4 https://coq.inria.fr/
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Figure 1.1: Transforming a Verified Coq Program into an Unverified Executable

(xx val valid : nat@® -> nat@ xx)

let valid =

First, notice that the code is littered with Obj.magic, an unsafe cast operation, and
has none of the original types. Essentially all static checking from OCaml’s type system
is turned off. What was originally a well-typed verified program is now an unverified,
and in fact, unsafe program. Next, notice that this OCaml implementation behaves
differently than the implementation in Coq. In Coq, we could prove that head only
received non-empty lists, and could omit the null check. In OCaml, this is no longer
true and the compiler inserts a case for Nil whose behavior is mysterious.

In a typical Coq workflow, we would next link this OCaml program with other
unverified components, such as some program driver—a top-level function to initialize
the main loop or a user interface—then compile the program to assembly using OCaml’s
compiler, and possibly link with low-level code such as cryptography libraries or run-time
systems. The left side of Figure 1.1 shows a diagram of this workflow. Unfortunately,
as seen on the right side of Figure 1.1, this workflow leads to producing an unverified
executable from the verified Coq program by introducing miscompilation errors and
linking errors. In this diagram, the arrows represent compilation, while the harpoons
represent linking.

Miscompilation errors are errors introduced into a program as a result of a program
error in the compiler. For example, suppose a compiler is designed to perform the
following optimization, reordering conditional branches to maximize straight-line code.

if e then e; else e; — if (not e) then ey else e;

However, if the compiler is implemented incorrectly, it may instead perform the following
incorrect transformation, introducing a miscompilation error.

if e then e; else e5 — if (not e) then e else ey

The conditional is negated, but the branches are not switched. Now, when e; should
have executed, es will, and vice versa, even if the original program was verified.

Real miscompilation errors are unlikely to be so simple to understand, and there are
lots of them (Yang et al., 2011). For example, at the time of writing, there is 1 open
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compilation error in the Coq to OCaml compiler’, and at least 3 open miscompilation
errors in the OCaml compiler®.

Miscompilation errors can be greatly reduced by compiler verification—applying
program verification to the compiler itself by proving that the compiler always produces
programs that equate, in some way, to the input program. This is the approach taken by
projects like the CompCert C compilers (Leroy, 2009), the Cake ML compiler (Kumar
et al., 2014), and the CertiCoq compiler (Anand et al., 2017). Of course, the compiler
itself is written and verified in a high-level language and then compiled. At the very
least, this means we can never execute the verified compiler, and at worst, leaves us
vulnerable to “trusting trust” attacks (Thompson, 1984). But, this has been shown
effective at reducing miscompilation errors in practice; only two miscompilation errors
have been found in the verified CompCert C compiler, compared to the hundreds in
other compilers (Yang et al., 2011). And these two errors were caused by the unverified
driver linked into the verified code.

Standard compiler verification does not rule out a more insidious problem—/[inking
errors—as demonstrated by the two errors in the verified CompCert compiler. Linking
errors are errors introduced when linking two components of a program when one
component violates some specification of the other or of the over all program. This can
happen when linking two verified components if we never check that the specifications
are compatible, or when linking an unverified component with a verified one. Trying
to describe errors in CompCert as an example is too complex, so instead, consider the
function head, introduced earlier, which has a precondition expressed in its type that it
is only called with a non-empty List. If we ever link it with a component that calls
head with an empty list, this would be a linking error: the resulting execution would be
undefined.

In a strongly typed source language, linking errors should not be possible, but linking

typically happens after compiling and compiler target languages are not strongly typed.

As we saw in the above example, after compiling from Coq to OCaml, the compiled
version of the function head is essentially untyped. This is also true of the assembly
produced by the OCaml compiler.

As a result, it is easy to introduce linking errors in executables, even when produced
from verified programs. Recall from Figure 1.1 that it is standard practice to compile
Coq code to OCaml, then link with some program driver. We can introduce a linking
error by linking with one line of code in OCaml using the verified List functions from
Coq. First we add another verified Coq function, applyer, which applies the first
element of a List of functions to the first element of another List.

Definition applyer {n : Nat} (fs : List (Nat -> Nat) (1 + n))
(ns : List Nat (1 + n)) :=
(head fs) (head ns).

https://github.com/coq/coq/issues/7017. Accessed Aug 3 2018.
https://caml.inria.fr/mantis/view_all_bug_page.php. Accessed Dec 3 2018. Filtered for major,
crash, or blocking unresolved open issues, and manually inspected for miscompilation bugs.
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This is compiled to the following OCaml code. As in the Coq program, this simply
applies the first element of the list of functions to the first element of the list of natural
numbers. Notice that it uses Obj.magic to essentially disable type checking, since
extracted code may not be well-typed in general.

(xx val applyer : nat@ -> (nat@ -> nat@) list -> nat@ list -> natO *x)

let applyer n fs ns =
Obj.magic head n fs (head n ns)

Next, we link with the following line of code in OCaml. This line exists in a separate
module from applyer and simply tries to call applyer on two non-empty lists. The
programmer who wrote this module may be relying on the type checker to detect errors,
and may not know that the module they are using has used 0Obj.magic.

let _ = applyer 1 (Cons (0, 0, Nil)) (Cons ((fun x -> S x), 0, Nil))

This line could almost be mistaken for a well-typed use of applyer. It calls the function
with a list of numbers and a list of functions on numbers. Unfortunately, the
arguments are in the wrong order, so OCaml attempts to call the number 0 as a
function, and crashes.

This simple error does not even take advantage of OCaml’s inability to check dependent
types. We could, in principle, ascribe OCaml types to applyer, and rule this linking
error out. However, in general, it is easy to construct examples that rely on dependent
types, higher-order invariants, or freedom from state and non-termination (since Coq is
purely functional). Even a fully annotated OCaml program with no uses of Obj.magic
cannot check these, and it is easy to violate each when linking in OCaml. Furthermore,
eventually we compile the program to assembly, which has no type system, and it is
likely that when we link in assembly (with low-level libraries, run-time environments,
drivers, etc) we can easily cause linking errors there too.

The simple example we’ve just seen shows that, after all the trouble of verifying a
program, the state-of-the-art gives the programmer few guarantees. They have thrown
away the help of the type checker, must manually reason about all the invariants
when linking, and have no systematic way to check that the compiler has correctly
implemented the verified program. This example function is a relatively simple program;
C compilers, operating systems, cryptographic primitives and protocols, and other
high-assurance software developed in dependently typed languages are not simple, and
we cannot expect a programmer to manually check all the invariants after compiling
and linking these programs. This is a problem: the end result of program verification,
after the compilation and linking, is an unverified program. What good is the effort
spent on program verification under these conditions?!
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1.3 PRESERVING THE VERIFIED-NESS OF A PROGRAM

Admittedly, there is much work on developing verified compilers and this work is being
extended to dependently typed languages. A verified compiler is proven to be free of
miscompilation errors, typically stated as a refinement: if the source program evaluates
in the source semantics to a value, then the compiled program executes to a related value
in the target semantics. For example, the CompCert C compiler mentioned earlier is a
verified compiler for a subset of C called Clight (Leroy, 2009). The CakeML compiler is
a verified compiler for ML (Kumar et al., 2014). Work is ongoing to develop CertiCoq,
a verified compiler for Coq (Anand et al., 2017). By combining the compiler correctness
theorem with the correctness of the original Coq program, CertiCoq supports preserving
the verified-ness of the source program—as long as we never link with anything. We end
up with the guarantees described in Figure 1.2. We use verified compilers to assembly
to rule out miscompilation errors. However, this still leaves the possibility of linking
errors.

A compiler that guarantees correctness of separate compilation, what I'll call a
separate compiler, is verified to be free of linking errors as long as all components
being linked are compiled with the same verified compiler. Separate compilers exist for
non-dependently typed languages, such as SepCompCert, an extension of the CompCert
to support separate compilation (Kang et al., 2016). CertiCoq has support for separate
compilation, so it can provide the guarantees in Figure 1.3. As long as all components
are compiled, separately, linking between those components is guaranteed to be safe, and
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Figure 1.4: Verified Compositional Compilation into an Unverified Executable

the resulting program is still verified in the following sense: by composing the original
proof of correctness and proof of correctness of separate compilation, we have a proof
that the executable will behave according to the original specification when linked with
other verified components that have been compiled with the verified separate compiler.
Unfortunately, there is no way to automatically check that linking will be safe, although
we will know it will be true. There may still be unverified drivers or low-level libraries
we need to link with, so linking errors are still possible, and we have no way for the
automatically check for them, i.e., for the machine to detect and report potential linking
errors prior to linking.

A compositional compiler excludes further linking errors by specifying what target
language components are safe to link with independently of the compiler used to produce
those components, if any. For example, CompCompCert allows linking between Clight
programs and x86 programs, as long as there is a safe interaction semantics specifying
their interoperability (Stewart et al., 2015). Pilsner allows safe interoperability between
an ML-like language component and an assembly component as long as there exists a
PILS relation between the assembly and some ML component, and the interoperability
between the two components at the ML-level is safe (Neis et al., 2015). The details of
these cross-language relations is not important; the point is the kinds of linking they
support. These both lead to the guarantees like those in Figure 1.4, in which it is
possibly to safely interact with components that were not verified and then compiled
with a verified compiler. In this diagram, the dotted arrows represent the relation
specifying interaction between assembly components and Clight components so that the
programmer can reason about linking with assembly in terms of some Clight behaviors.
However, because there is no general way to automatically check the safety of the
assembly components—i.e., to check for the existence of a PILS relation or interaction
semantics specification—these too still admit some linking errors. There is no existing
work on a compositional compiler for dependently typed languages.

They key problem with the above separate and compositional compilers is not in
their guarantees—it’s fine to restrict what we can safely link with—but in automatically
detecting possible linking errors. All information about what is it safe to link with is
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Figure 1.5: Verified Compilation into a Verified Executable

in the theorems about the compilers, and none of that information is in the program
or components generated by the compiler, i.e., in the executable. This requires the
programmers to strictly follow the workflow and check the provenance of all components
before linking in order to consider the resulting executable verified. That is, part of
the proof that the executable is verified cannot be checked by a machine—it must be
checked and enforce by the programmer. In my view, calling the resulting executable
verified is only true with a trivial definition of the word—the program is verified if
the programmer can, after spending enough effort and without any quickly checkable
artifact, convince themselves that they have taken a verified program and not introduced
any miscompilation or linking errors.

To call an executable verified, we need a way to describe in the language of the
executable what linking is permitted, what is not, and give a procedure by which
a machine can automatically verify that no miscompilation or linking errors have
been introduced during compilation and linking. Only then have we preserved the
verified-ness in a meaningful way, and only then could we ever execute a verified
program. Diagrammatically, this mythical compiler would support the guarantees
seen in Figure 1.5. This would allow compiling and linking with arbitrary correctly
annotated assembly without giving a specification of that assembly in terms of some
other languages. The annotations would be used to prove the absence of linking errors.
We could compile into an annotated assembly, check that the assembly still meets its
specification, then use that specification to automatically detect safe linking and possible
linking errors. After linking, then, and only then, could we erase the annotations to
generate machine code, and use a standard verified compiler to prove that the machine
code is still verified. Since there is no more linking, there is no more risk of linking
errors at the machine-code-level.

We can preserve the verified-ness of a verified program developed in a dependently
typed language by designing a type-preserving compiler for dependently typed languages,
i.e., by preserving dependent types and well-typedness through compilation. I discuss
type preservation further in Chapter 3, but for now the idea is this: by preserving all
the dependent types through compilation into the target language of the compiler, all
specifications are preserved and can be used at link time to rule out linking with code
that violates the specification. Since well-typed programs also represent proofs, the
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compiler also preserves the proof through compilation. We can then check that the proof
is still valid according to the preserved specification, verifying that no miscompilation
errors were introduced that violate the specification. Since the specification is still
around at the low-level, we can use type checking to enforce that specification on
external components before linking. The end result of compiling a verified program in a
dependently typed language with a type-preserving compiler is still a verified program,
in a meaningful sense of the word verified—the machine can automatically check the
whole proof, and detect and rule out linking errors.

And all we have to do is develop a compiler that can automatically translate dependent
types into equivalent dependent types describing low-level code (eventually, assembly
code), transform programs in such a way that the program can be executed on a low-level
machine (eventually, on hardware), and transform proofs about high-level functional
code into proofs about low-level assembly code that can be automatically and decidably
checked.

To see how preserving types detects and prevents errors, consider the miscompilation
error from earlier. Suppose we start with the following conditional expression, but this
time, we give it a specification using dependent types.

e : if x then A else B
e = if x then el else e2

Now the expression e has a dependent type: when x is true, then the type is A, otherwise
the type is B. If a miscompilation error occurs as before, then we get the following
expression.

e+ = if (not x) then el else e2

But now, we can detect the miscompilation via type checking. We expect that
e+ : if x then A else B, but instead find that e+ : if (not x) then A else B.
As these types are not equal, type checking reveals something has gone wrong with
compilation.

Note that if the source specification is weak, then this does not necessarily guarantee
freedom from miscompilation errors, so we must still verify the compiler to rule out all
miscompilation errors. But it turns out that merely by preserving dependent types, we
are almost forced to build a proven correct compiler, i.e., a compiler that guarantees
that programs run to the equivalent values before and after compilation; I discuss this
in Chapter 3.

The big benefit of type preservation is that linking errors are easily ruled out via
type checking. In the earlier example, linking with the following line of code caused our
verified program to crash.

let _ = applyer 1 (Cons (0, 0, Nil)) (Cons ((fun x -> S x), 0, Nil))

By preserving types into the target language and, importantly, ensuring the target type
system expresses the same invariants as the source, we would be forced to show that
this is well-typed with respect to the original type:
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applyer : forall n : Nat, List (Nat -> Nat) (1 + n) ->
List Nat (1 + N) -> Nat

Just as we would see in Coq, the type system would automatically report the various
type errors: that 1 and 0 are OCaml ints, not the compiled form of Coq Nats; the first
List contain functions not Nats; and vice versa for the second List.

With dependent types, type preservation offers us a final benefit: proof-carrying code
is possible for essentially arbitrarily expressive specifications. Types (i.e., specifications)
are preserved through the compiler into the executable. With dependent types, the types
can express essentially specifications—full-functional correctness, safety, and security
properties. Well-typedness (i.e., proofs that implementations satisfy specifications) is
also preserved. At the end of a type preserving compiler, we have the implementation
with its specification and can independently check the proof.

With a verified dependent-type-preserving compiler from Coq to dependently typed
assembly, we could live the dream—we could use type checking to rule out linking
errors, link the components into a whole program, type check the program to have
a machine-check proof that the specification still hold independent of any trust in
a compiler, linker, or implementation, and—as a final step—erase types and run the
program. The program that executes would be guaranteed to be the one the programmer
intended to execute!

1.4 THESIS

In this dissertation, I demonstrate that, in theory, we can design the mythical compiler
just described for a dependently typed language such as Coq, and I describe that theory.
My thesis is:

Type-preserving compilation of dependent types is a theoretically viable
technique for eliminating miscompilation errors and linking errors.

This thesis is only a first step toward the grand story described earlier in this chapter.

I demonstrate this thesis by studying four translations which model the front-end of a
type-preserving compiler for a realistic dependently typed calculus. These translations
are the A-normal form (ANF) translation, continuation-passing style (CPS) translation,
and two variants of closure conversion. The aim is to support all the core features
of dependency found in Coq and preserve them through these standard compiler
translations. I pick Coq as the “ideal” dependently typed language due to the significant
number of contemporary verified programs developed using Coq, the accessibility of
examples of linking errors, and the availability of a simple core calculus (the Calculus of
Inductive Constructions, CIC') corresponding to its core language. In the final chapter,
Chapter 8, I review these translations, summarize the lessons, and explain some of the
remaining open questions.

In this dissertation, I do not go beyond demonstrating that type preservation is
theoretically viable. I leave many practical questions unaddressed to focus on the theory
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Figure 1.6: Compilers in this Dissertation

of preserving dependent types. By the end of this dissertation, I will not be able to
compile all of Coq, but I will be able to support all the core dependent-type features
found in CIC. I will also not be able to target assembly, but I will show a design that
scales to realistic dependently typed functional languages, such as Coq, and show this
design works with common compiler transformations for functional languages.

1.5 CONTRIBUTIONS OF THIS DISSERTATION

The compiler translations I develop are described in Figure 1.6. On the left are
translations that scale to all the core features of dependency found in Coq. I present
these first as they should scale to Coq in their current form, and they are simpler to
understand, although I developed these last based on lessons learned and problems
exposed when developing the translations on the right. The core calculi used for these
translations are based of the Extended Calculus of Constructions (ECC) (Luo, 1990).
On the right are extensions of the translations that, historically, have been studied
and used for type preservation. The core calculi for these translation are based on
the Calculus of Constructions (Coquand and Huet, 1988). In their current form, these
translations do not scale to some features of dependency.

Below, I summarize the contributions in this dissertation and explain how this
dissertation is organized. I also include an appendix for each language and translation
with complete definitions.

ESSENCE OF DEPENDENT TYPES In Chapter 2, I introduce dependent types formally.
I start by discussing the key features of dependency, i.e., what makes dependent types
dependent. Then I present a calculus, ECCP, that is used as the source language for
the translations in Chapter 4 and Chapter 5. ECCP includes the core features of
dependency found in Coq, although it omits features inessential to dependency, such as
recursive functions.

TYPE-PRESERVING COMPILATION In Chapter 3, I introduce type-preserving compila-
tion and compiler correctness formally. I start with a brief history of type-preserving
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compilation. I then discuss the key difficulties in developing a type-preserving compiler
for a dependently typed language, and present the proof architecture used throughout
this paper. I also discuss type-preserving compilation as a technique for semantics
modeling, which I use to prove logical consistency of my dependently typed target
languages.

A-NORMAL FORM In Chapter 4, I give a type-preserving A-normal form (ANF)
translation from ECCP to ECC4, an ANF-restricted variant of ECCP with a machine-
like evaluation semantics. The ANF translation is used to make control flow explicit
by naming intermediate computations. I show how ANF can fail to be type preserving
with dependent types, and how to recover type preservation. I discuss the relation to
the well-known failure of type preservation for CPS.

ABSTRACT CLOSURE CONVERSION In Chapter 5, I give a type-preserving abstract
closure conversion from ECCP to ECCYC. Since ECCA is a restriction of ECCP, the
translation also applies to ECC4, and I show that the closure conversion preserves ANF.
Closure conversion (CC') is commonly used in functional languages to make first-class
functions simple to allocate in memory, but this variant of type-preserving closure
conversion is not commonly used. I show why the commonly used closure conversion
translations do not scale to some features of dependency, whereas abstract closure
conversion does.

This chapter was previously published as Bowman and Ahmed (2018). Compared
to the published version, this chapter is extended to include dependent conditionals
(discussed in Chapter 2), and a proof that ANF is preserved through the abstract closure
conversion. It also includes a correction to the structure of the proof of one lemma; the
theorems are unaffected.

CONTINUATION-PASSING STYLE In Chapter 6, I give a type-preserving Continuation-
Passing Style (CPS) translation from CoCP” to CoC*. I start by restricting ECCP
to CoCP, which excludes a key feature of contemporary dependently typed languages
(higher universes). I discuss historical problems preserving dependent types through
CPS translation, and how we can overcome these problems in some settings. I develop
a type-preserving CPS translation for CoC” and prove compiler correctness, but also
show that translation is not type preserving for ECCP. In Chapter 8, I conjecture how
this translation could be extended to translate all of ECCP.

This chapter was previously published as Bowman et al. (2018). The chapter is
essentially the same as the published version, but includes a correction to the structure
of the proof of one lemma; the theorems are unaffected.

PARAMETRIC CLOSURE CONVERSION In Chapter 7, I give a type-preserving para-
metric closure conversion translation from CoCP to CoCCC. I extend commonly used
closure conversion translations based on existential types to dependent types. I show
that this translation is type preserving and prove compiler correctness for CoCP, but
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demonstrate that this translation is not type preserving for ECCP. In Chapter 8, I
conjecture how this translation could be extended to translate all of ECCP.

coNcLusioNs In Chapter 8, I summarize the lessons of the four translations presented
in this dissertation. I conjecture how these lessons extend to the final two compiler
translations necessary for a prototype type-preserving compiler to assembly, and how the
CPS and parametric closure conversion target languages might be extended to support
the missing features of dependency. I end by speculating about future work—problems
that will need to be addressed to make that compiler not merely theoretically viable,
but practical.



2 ESSENCE OF DEPENDENT TYPES

In this chapter, I formally introduce full-spectrum dependent types. I am not making
any advances in type theory; all the features I present are well-known and commonly
used in contemporary dependently typed languages. Therefore, I avoid any detailed
discussion of the meta-theory or mathematical semantics of dependent types and focus
on the interpretation and use of these features as a programming language and program
verification system.

I start by introducing the key features of dependency, that is, features whose expres-
sions e haves types that refer to a sub-expression of e. These are the features that
distinguish dependently typed languages from standard typed languages, and are all
found in contemporary dependently typed languages such as Coq, Agda, Idris, and F*.

I then build a dependently typed source calculus, ECCP, with each of these features.
ECCP is the basis for the source language used in the rest of this dissertation; I use
it as the source language for Chapter 4 and Chapter 5, although, I remove one key
feature from ECCP starting in Chapter 6. Recall that I use Coq as my “ideal” source
language as its core language is relatively close to a small core calculus and it is used
for many large-scale program verification projects. ECCP is close to Coq in terms of
the features of dependency, although it is missing two pragmatic features—recursive
functions and computational relevance—that are orthogonal to dependency, which I
discuss in Chapter 8. If we can develop a type-preserving compiler for ECCP, it ought
to be possible to scale type preservation to Coq.

2.1 ESSENTIAL FEATURES OF DEPENDENCY

Typographical Note. In this section, I use a black, non-bold, serif font to typeset
examples of semantic rules and expressions for a dependently typed language that is
never completely defined.

The following features represent the core type theoretic structure found in contempo-
rary dependently typed languages. If we must restrict or omit any of these features to
build a type-preserving translation, then it cannot scale to Coq without further work.

Each feature below consists of some typing rules, some run-time reduction rules used
to run programs, and some equivalence principles used to decide equivalence between
types while type-checking. Equivalence should be sound with respect to reduction, i.e.,
if e reduces to €, then e is also equivalent to ¢’. This is what allows reduction to take
place in the type system, and thus how types can compute and refine terms. I omit
explicit equivalence rules when I have given the reduction rules.
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2.1.1  Higher Universes

Recall that in full-spectrum dependent types, there is no syntactic distinction between
terms and types—there are only expressions—so we need to describe the type of a
type. Universes are the types of types, and higher universes make it possible to write
specifications about types, or specifications about specifications about types, and so
on. This is useful for formal mathematics and generic programming, both of which are
commonly done in dependently typed languages.

The typing rules for universes are given below.

FT FT
I' = Prop : Typeg I' - Type; : Type it

This presentation uses the usual presentation of universes a-la Russell, where we have
no syntactic distinction between what can appear on the left- or right-hand side of the
colon (:). There is one base universe, Prop, the type of types or type of propositions.
Prop itself has a type, Typeg. I use the meta-variable U to refer to either Prop or
some higher universe Type;.

When source programmers can write down universes other than a single base universe,
i.e., when the programmer can write down Type g or Type; and not just Prop, the type
system has higher universes. By disallowing the programmer from writing any universe
other than the base universe, we can get away with exactly two universes: Prop, which
the programmer can use, and its type Type o, which only the type system can use when
type checking Prop. In this case, Prop is often written as x and Typeg is written [J.
With higher universes, each universe Type; also needs a type, Type;41.

Some languages, such as Coq and F*  use multiple base universes with different
interpretations. For example, Coq uses two base universes, Set and Prop, where
(loosely speaking) terms whose types have type Set are interpreted as computationally
relevant (i.e., as program implementations), while terms whose types have type Prop
are interpreted as computationally irrelevant (i.e., as proofs with no run-time behavior).
I ignore this kind of distinction for this dissertation.

Cumulativity is a pragmatic feature related to higher universes found in some depen-
dently typed languages. It allows a type in a lower universe to also implicitly inhabit a
higher universe; it is a form of subtyping for universes. Coq supports cumulativity, while
Agda does not. With cumulativity, the following typing rules are admissible, although
they are usually derived from a subtyping judgment.

FT FT 1<j
I' - Prop : Type; I' = Type; : Type;

Universes support no reduction rules or equivalence principles.

Digression. Universes are used in the type system as a type-level witness to being a
type. Recall that we have no syntactic distinction between terms and types, but universes
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can give us a way of classifying terms and types. An expression e of type U (either Prop
or Type;) is a type, whereas an expression e of type A such that A is not a universe is
a term.

Despite this, types may still be required at run-time, contrary to our intuition about
terms and types. Deciding whether an expression is computationally relevant is still
an active area of research (Tejidédak and Brady, 2015). For example, Coq provides a
distinction between its two base universes, so deciding whether expressions in those
universes are relevant is simple. But for higher universes, a sound and approximate
static analysis is used. Work on explicit relevance annotations does not have a complete

story for arbitrary inductively defined data or recursive functions (Mishra-Linger, 2008).

2.1.2 Dependent Functions

Dependent functions give the programmer the ability to write functions whose result
type refers by name to the arguments of the function. This allows encoding pre and

postconditions on the function and representing theorems with universal quantification.

The typing rules for dependent functions are given below.

'k A: Type; Iz: A B : Type; Nx:AkFe: B
I'FMx:A.B: Type; F'FAzx:Ae:1llx:A.B

I'e:Mxz:A.B ke : A
I'eeé : Ble/x]

As with all types in a dependent type system, types themselves have types. Therefore, we
have a typing rule for the type of dependent functions Il z: A. B, whose type is a universe
Type;. Dependent function types are introduced by the usual anonymous function
Az : A.e and eliminated through application e €. In the typing rule for application,
we see dependency—the sub-expression €’ is copied into the type system to instantiate
x. This copying is the key problem in type preserving compilation, essentially because
we need to transform both e’s interpretation as a program for compilation and e’’s
interpretation as a type-level expression for type-checking.

Dependent functions support the usual run-time operation, S-reduction, defined

below.
I'F(Az:Ae) ea > erfex/x]

It is undesirable to allow n-reduction in the presence of other common features in
dependently typed languages, as it breaks subject reduction (preservation of types under
reduction).

Ax:Afxib, f
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For example!, if we combine the 7-reduction with cumulativity, then subject reduction
does not hold in the system. Suppose Az : A.f x : IIz: Typei. Type; but f : ITx:
Types. Type 1 due to cumulativity. After n-reduction, the type changes to a super-type of
the original term, hence subject reduction does not hold. As such, n-reduction is excluded
from Coq, which supports cumulativity. Agda, which does not have cumulativity,
supports n-reduction, but the feature is being reconsidered as it breaks subject reduction
when combined with dependent record types.?

While n-reduction is problematic, we can safely include n-equivalence for dependent
functions. Adding n-equivalence directly, instead of deriving it from n-reduction, avoids
the problems of combining n-principles with cumulativity. We can include n-equivalence
by adding the following (somewhat informal) equivalence rule.

when e is a function
I'Fe=Az:ex.

There are different ways to implement this equivalence, which primarily differ in how
to decide whether e is a function. The simplest technique is to make equivalence
type-directed and use the type of e to decide. Coq uses an untyped equivalence, which
I choose to adopt and present in the next section.

n-equivalence is included in some, but not all, dependently typed languages. Older
version of Coq omitted and current versions of F* exclude it, but recent versions of Coq,
Idris, and Agda include it.

Digression. Unfortunately, by adding n-equivalence instead of deriving it from n-
reduction, we (necessarily) complicate the judgmental structure of the dependent type
system. It means equivalence is not derived simply from the reduction, but is an auziliary
Judgment. FEach new judgment complicates the type system and any reasoning about
the type system, and means the choice of how the equivalence is defined will affect type
preservation. However, disrupting subject reduction is at least as problematic, since a
compiler might want to reduce terms, e.g., to perform optimizations. I discuss how the
choice of equivalence judgment affects type preservation further in Chapter 3.

There is an additional concern for typing dependent function when we have higher
universes—predicativity, i.e., what universe the type of the function argument can
have. The earlier typing rule for dependent function types is predicative because it
requires that the argument type have the same universe as the result type, i.e., the
function is quantifying over expressions that “live” in a universe no higher (“larger”)
than the universe of expressions the function produces. Dependent functions can also
support impredicative quantification, in which the function quantifies over expressions

This example is reproduced from the Coq reference manual, https://coq.inria.fr/distrib/current/
refman/language/cic.html
https://github.com/agda/agda/issues/2732


https://coq.inria.fr/distrib/current/refman/language/cic.html
https://coq.inria.fr/distrib/current/refman/language/cic.html
https://github.com/agda/agda/issues/2732
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in a higher universe than the expressions the function produces. A common way to
support impredicativity is to add the typing rule below.
' A: Type; I'x: A+ B : Prop
I'FIlz:A. B:Prop

Impredicative dependent functions strictly increases the expressivity of the type system.
For example, with impredicativity we can encode the polymorphic identity function as
f:MMa:Prop.a— « and apply it to itself (f (ITa: Prop.a— «) f) : lla: Prop.a — a.
Without impredicativity, we could not write this example.

However, impredicativity can easily lead to inconsistency. Martin-Lo6f’s original
presentation of type theory allowed arbitrary impredicative quantification (Martin-Lof,
1971) by declaring Prop : Prop, but is inconsistent (Girard, 1972) (which I understand
via Coquand (1986), as I'm not sufficiently fluent in French to read the original). We
can also get inconsistency by allowing impredicativity at more than one universe in the
hierarchy (Girard, 1972) (again, via Coquand (1986)); note that the above impredicative
rule allows impredicative quantification only when the dependent function is in the
universe Prop. Impredicativity is also inconsistent when combined with some axioms,
such as set-theoretic excluded middle and computational relevance.

The above tension between additional expressivity and inconsistency makes impred-
icativity a contentious feature. Some dependently typed language allow it, some reject
it entirely, and some meet somewhere in between. Current versions of Agda reject
impredicativity, making it impossible to build certain models such as an embedding of
impredicative System F in Agda’s base universe Set. By default, Coq allows impred-
icativity in Prop but not Set, to support set-theoretic reasoning about programs in
Set which must be computationally relevant. Dependent Haskell (Weirich et al., 2017),
a dependently typed variant of Haskell, allows arbitrary impredicativity and gives up
logical consistency in favor of a more expressive but still type safe language.?

Digression. Dependent function types are also called 11 types, dependent products,
indexed Cartesian products, or Cartesian products of a family of types. The latter
names suggesting products seem to be commonly used in mathematical settings, and are
related to how dependent functions are given mathematical semantics. As product is
suggestive of pairs, I exclusively use dependent functions to suggest their interpretation
as functions.

To give an intuition about their nature as pairs, we can view dependent functions
ITz: A. B as an infinite lazy pair Blzo/x] A Blxi/x]) A ...Blzi/z] A ..., for all x; : A.

While Dependent Haskell is a realistic contemporary example, the idea of admitting inconsistency in
favor of other pragmatic considerations was seriously considered much earlier by Cardelli (1986).
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The finite representation is a function. To see this concretely, we can encode a finite
lazy pair using dependent functions as follows.

Ax B = Ilz:bool.if zthen Aelse B
fste = e true
snde = e false
(e1,€e2) = Az :bool.if zthen e else ey

This requires booleans and dependent elimination of booleans, discussed later in Sec-
tion 2.1.4. The type of pairs A x B is defined as a dependent function that, when given
a boolean, returns is something of type A or B depending on the value of the boolean
argument. We provide true to get a A and false to get B. This yields a 2-element
pair, since there are two booleans. We can imagine that if the dependent function was
quantifying over a larger type, with infinitely many elements, how this could represent
an infinite pair.

2.1.3 Dependent Pairs

Dependent pairs allows programmers to write a pair in which the type of the second
component refers to the first component by name. This allows encoding an expression e
paired with a proof e that satisfies some specification, and representing theorems with
existential quantification.

The typing rules for dependent pairs are given below.

'+ A: Type; I'x: AF B : Type; ke : A 'k e9: Bley/x]
I'FXxz:A. B:Type; 'k (e1,e2)as(Xz:A.B):Xx: A.B
'e:Xx:A.B '-e:¥Xx:A. B
I't-fste: A I'Fsnde: Blfste/z]

Dependent pair types have the type Type; of each component. Unlike dependent
functions, it is always inconsistent to allow impredicativity for dependent pairs (Girard,
1972; Coquand, 1986). The introduction rule is a pair (e, e2) as ¥ x: A. B of components
e1, of type A, and ey of type Blej/x]. Note that since we cannot, in general, decide
how to abstract the type of es from the particular e;, pairs must be annotated. For
brevity, we omit the type annotation on dependent pairs, as in (e, e2). The elimination
form for dependent pairs are first fst e and second snd e projections of dependent pairs.
Like in the typing rule for application, in the typing rule for second projection snd e, we
see dependency—the first component of the pair e; can be referred to by the name x in
the type B of the second component.

The reduction rules for dependent pairs are the usual projection rules for pairs,
presented below.
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I'F fst <€1, €2> > €1
I'tsnd{ej,ez) g, e2

In this dissertation, I do not require additional equivalence rules, in particular, an
n-equivalence rule. n-equivalence is defined for dependent pairs in Agda (more generally,
for record types, which are iterated dependent pairs), but not in Coq. As I did not find
a need for n-equivalence of dependent pairs, I choose to follow Coq and omit it.

One may expect that we could encode dependent pairs using dependent functions,
similar to how we Church-encode pairs using functions, and thus expect dependent pairs
are not an essential feature. Such an encoding is not possible in general; for example, it
is not possible in the impredicative Calculus of Constructions (Streicher, 1989), and
thus not possible in Coq. Therefore, we need to consider dependent pairs as a separate
and distinct feature of dependency.

Digression. Dependent pairs are also called dependent sums, strong > types, indexed
disjoint union, disjoint unions of families of types, and (extremely confusingly, since it
is also used to refer to dependent functions) dependent products. As with dependent
functions, I choose to focus on their interpretation as pairs and use dependent pairs
exclusively.

We can view a dependent pair ¥z : A. B as an infinite sum Blzo/x] V Blx1/x] V
...Blz;i/x]... for all z; : B. To get an intuition for this, we can recover finite sums
using dependent pairs and booleans in a dual construction to dependent functions.

A+ B = XY x:bool.if z then Aelse B

inj; e = (true,e)

inj, € = (false,e)

caseeof r1.e1;x9.€9 = iffstethene;[snde/x;]elsees[snde/xs]

Strongly related to dependent pairs are existential types, a restriction of dependent
pairs that allows elimination only by pattern matching and where the first component
can never be depended upon in elimination. In fact, dependent pairs are sometimes
called strong dependent pairs while existential types are called weak dependent pairs; 1
exclusively used existential type or existential package. The typing rules for existential
types are below.

' A: Type; I'x: AF B: Type; ' A: Type; I'x: A+ B : Prop
I'Fdz: A B: Type; I'dz:A. B: Prop

F'e:A TFeé:Ble/]
[+ pack (e,eyasIz: A. B:3Jz: A.B

I'Fe:dz:A.B Ia:Az:BFeé:C I'EC: Type;
' - unpack (o, z) = eine’ : C

47

Encoding finite sums
using dependent pairs
also requires
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booleans, but I ignore this
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The introduction form is still a pair, although it is distinguished from dependent pairs
by the pack keyword. However, the elimination for requires pattern matching the type C
produced by pattern matching does not contain any reference to x or . This prevents
us from defining the second projection operation snd e when the type of the second
component of e depends on the first component. This restriction in the elimination rule
makes impredicative existential types consistent.

Existential types are not an essential feature for dependency since they can be
defined using dependent functions (Coquand, 1986). However, the ability to support
impredicativity makes them useful for some encodings and compiler transformations, as
I discuss further in Chapter 5 and Chapter 7.

2.1.4 Dependent Conditional

Dependent conditional refers to dependent elimination of a sum type, such as booleans
or (non-dependent) sums A + B. The key features are: (1) that the elimination form
is branching and (2) that the type of each branch can be different, depending on the
value e being branched on. This allows programming with branches that depend on the
value of the conditional and encoding theorems with (finite) disjunction.

I choose to use booleans with a dependent if. The key typing rules are below.

FT FT FT
I' - bool : Prop I' - true : bool I' F false : bool

Iy :bool- B :U I' e : bool I'F e; : Bltrue/y] I’ eq : Blfalse/y]
'k if ethene; elsees : Ble/y]

The introduction forms are the usual true and false, but notice that the elimination
form is dependent. When branching on an expression e, the type of each branch B can
be different depending on the value of e.

Digression. Some dependent conditional construct is necessary, although which partic-
ular construct doesn’t matter as each can be encoded with the other. We use the same
construction to encode finite sums using booleans and dependent pairs as presented in
the previous section, and encode booleans using finite sums as follows.

bool = 141
true = inj; ()
false = injy ()
ifethenejelsees = caseeof .ej; .eo

Digression. The dependent conditional is the only feature of dependency commonly
presented as positive type—essentially, a type whose constructors are considered primary
and whose elimination form is simply pattern matching on the constructors. This is
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Universes U == Prop | Type;

x| U|MNx:A.B|Ax:A.e|ee| Xx:A.B
(e1,e0)asXx:A.B | fste | snde | bool | true | false
ifethenejelsees | letx=eine

] Mx:A | Tix=e

Ezxpressions e,A,B

Environments I

Figure 2.1: ECCP Syntax

interesting, as it also introduces the most difficulty for type preservation, as I discuss in
Chapter 4 and Chapter 6.

It is unclear if this is because of the presentation as a positive type. The presentation
as a negative type requires a sequent calculus presentation where sequents support multiple
conclusions. This is not done in any dependently typed language, however, like type
preservation for dependent types, combining sequent calculus and dependent types has
been a long open problem and is still ongoing work (Miquey, 2018).

2.1.5 What About Inductive Types

Those familiar with dependent types may be surprised at the omission of a common
and seemingly critical feature from the feature set just presented: inductive types. Most
dependently typed languages—including Coq, Agda, Idris, and F*—feature primitive
inductively defined datatypes, which allow the programmer to add new datatypes over
which terminating functions can be defined. This both allows the programmer to
add new datatypes and simplifies logical consistency by providing a schematic way of
generating well-founded inductive structures. However, we can instead encode inductive
datatypes using the following features of dependency and recursive types. For example,
Altenkirch et al. (2010) give a dependently typed calculus in which inductive datatypes
are encoded using dependent functions, dependent pairs, dependent conditionals (all
introduced below), and recursive types. (This idea should be familiar from the simply
typed and even untyped settings.) Since recursive types introduce no new expressiveness
in terms of dependency, I consider them inessential.

22 A REPRESENTATIVE SoURCE CALCULUS

In this section I present ECCP, a source calculus with all the core features of dependency
described in the previous section. I include a complete reference in Appendix A, with
any elided portions of figures. I start by presenting the judgments related to type
checking, then move on to judgments related to evaluation and compilation.

49



50

| ESSENCE OF DEPENDENT TYPES

Typographical Note. In this section, I typeset ECCP as a source language, that is,
in a blue, non-bold, sans-serif font, because it will serve as a source calculus in later
chapters.

ECCP is meant to capture the features of dependency found in contemporary depen-
dently typed languages, such as Coq, without any features orthogonal to dependency and
type preserving compilation. This allows us to study type preservation and dependency
without worrying about extraneous details.

ECCP is also designed to simplify type preservation as much as possible while still
being a convincing representation of a realistic dependently typed language. I add
one feature that is not essential to dependency but simplifies some proofs—definitions,
which I introduce shortly. I also carefully design the judgmental structure of ECCP.
In particular, I choose to implement non-type-directed equivalence through (non-type-
directed) reduction. This complicates n-equivalence slightly, but greatly simplifies type
preservation as I discuss in Chapter 3. The choice is also justified—the Calculus of
Inductive Constructions, on which Coq is based, uses the exact same design.

2.2.1  Type System

The language ECCP is Luo’s Extended Calculus of Constructions (ECC) (Luo, 1990)
extended with definitions (Severi and Poll, 1994) and dependent conditionals (booleans
and dependent if). ECC itself extends the Calculus of Constructions (CoC') (Coquand
and Huet, 1988) with dependent pairs and higher universes.

I present the syntax of ECCP in Figure 2.1. As described in Chapter 1, there is no
explicit phase distinction, i.e., there is no syntactic distinction between terms and types;
there are only expressions. For clarity, I will usually use the meta-variable e to evoke
a term, and the meta-variables A and B to evoke a type. For variables, I usually use
Latin letters such as x and y to evoke a term variables, and Greek letters such as o and
[ to evoke a type variables. Of course, since there is no formal distinction, the above
conventions will break down. The expressions include all the features presented in the
previous section, plus let expressions let x=ein €', which are used to introduce definitions.
Note that let-bound definitions in ECCP do not include type annotations; this is not
standard, but type checking is still decidable, and it simplifies compilation (Severi and
Poll, 1994). I discuss how this affects the translation in Chapter 4.

All expressions are typed and reduced with respect to a local environment . Envi-
ronments contain assumptions or axioms x : A, which declares that the name x has type
A or, equivalently, that x is a proof of A, and definitions x = e, which declares that the
name x is defined to be the expression e. For simplicity, I typically ignore the details
of capture-avoiding substitution. This is standard practice, but is worth pointing out
explicitly anyway.

In Figure 2.2, I define the reduction relation [ - e> €', i.e., a single step of evaluation.
This reduction relation is used both for running programs and deciding equivalence
between types during type checking, therefore reduction is defined over open terms.
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M- (Ax:Ae) e g erlea/x]
IFfst(e;,e2) D>ny €1
[Fsnd(e;,e2) D>ny, €2
I+ iftruethenejelsees >,, e
[k if falsethenejelsees >, e
NEFx D>s e wherex =e €[
[Fletx=eine ¢ e[e//X]

Figure 2.2: ECCP Reduction

Fl-e>e; M-er>*e
— RED-REFL 7 RED-TRANS
NlNep*e lFep™e

Fhe >*e) Mx=¢Fe>*e)

—~ RED-CONG-LET

[Hletx=¢ejiney >* letx=¢]ine)

Figure 2.3: ECCP Conversion (excerpts)

While the reduction relation is untyped, i.e., not type directed, it is only guaranteed to
be terminating on well-typed terms. The reduction relation include all the reduction
rules presented previously in Section 2.1, plus the two reduction rules for definitions:
(1) é-reduction of a variable to its definition from the current local environment and (2)
(-reduction of a let-expression by substitution. As we will see in the typing rules for let,
definitions are introduced during type checking, not reduction, thus §-reduction and
(-reduction are not redundant.

In Figure 2.3, I give the main rules for the conversion relation I - e>*¢’. The remaining
congruence rules are entirely uninteresting; nevertheless, I define them in Figure A.3.
Conversion is the reflexive, transitive, congruence closure of the reduction relation—
it applies any reduction rule, any number of times, under any context. Intuitively,
conversion is used to normalize terms in types and to normalize type-level computation,
and thus decide type equivalence. It tells us when one type converts to another. It also
serves to define the for ECCP.
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The only surprising conversion rule is Rule RED-CONG-LET, which allows a definition
to be introduced when applying conversion to a let expression. This means there are
two, confluent, ways to evaluate a let expression: [ I letx=eine’ >¢ €'[e/x], or

x=ekFxD>se [[x=ekFxD>jse

Mx=ek e >*ele/x]

Fletx=eine >*letx=eine'[e/x] MEletx=eine >¢ €e'[e/X]

[Fletx=-eine >*e[e/X]

The advantage is that definitions, essentially a delayed substitution that is introduced
during type checking, allow d-reduction during type-checking. In a non-dependent
setting, we could just write an application anywhere we might write let, since the two
programs reduce to exactly the same thing. However, with definitions, d-reduction
essentially allows what would be a fS-reduction at run-time to happen during type-
checking, providing an additional type equivalence. For example, the S-reduction
(Ax:A.€') e>p €'[e/x] provide (syntactically, through substitution) the knowledge that
x = e, but only after the function is type checked and allowed to evaluate. Instead in
the let expression above, definitions record that x = e while type checking the body €/,
and provide the equivalence x = e via d-reduction. This is useful for type preservation,
as I show in Chapter 4 and Chapter 5.

Digression. Definitions aren’t necessary to get this additional equivalence. The same
effect can be achieved by simulating definitions using the identity type to provide an
explicit proof of equality x = e wvia an additional argument to a function. Then, by
eliminating this in the body of the function, the body is type-checked under the additional
equivalence. That is, we can define let x =eine’ using the identity type as follows.

letx =eine’ (A(x,p:x=-e).substpe) e (refl e)

Here, x = e is the identity type, a type representing the fact that two expressions are
equivalent. The elimination form subst , e’ essentially substitutes x by e in the type of €’
when p : x = e. The introduction form refl e can only introduce a proof that e = e, i.e.,
refle:e=e

However, defining let this way introduces significant indirection in what we’re trying to

express, and creates unnecessary function applications which could complicate compilation,
so I just add definitions to ECCP .

In Figure 2.4, I define definitional equivalence (also known as judgmental equivalence)
I - e=¢, which defines when two expressions are equivalent. Equivalence is defined as
conversion up to n-equivalence on functions, which is standard (Luo, 1990).

Note that n-equivalence rules do not look like the standard n-equivalence for functions
presented in Section 2.1, and do not actually check both sides are functions. For
example, in Rule =-7, the right side e, is just converted to an arbitrary €| and then
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e >*e MFex>®e

[Fel=ey
lFei>*Ax:Ae  They>*e) Mx:AFe=¢, x
:_nl
el =ey
e >*e) Mea>*Ax:Ae Mx:Ake)l x=e
=12
[Fel=ey
Figure 2.4: ECCP Equivalence
I'NFA<B
I'FA=B FrEA<A r-A'<B
<= =<-TRANS
IFA<B I'FA<B
<-Prop =<-CumMm
I+ Prop = Typeg [ Type; = Type it

FI—Al EAQ F,x1 IAQ l— Bl j BQ[Xl/Xg]
rl—ﬂxlel.BljﬂxzzAg.Bg

I‘I—Alez r,XliAgl—BljBQ[Xl/Xg] -9
-OIG
rl_ZX1:Al.BljZX2§A2.BQ o

Figure 2.5: ECCP Subtyping

applies €/ as a function. This trick allows us to define n-equivalence without making
reduction, conversion, or equivalence type directed, but still ensure that two expressions
are n-equivalent only when both behave as equivalent functions. Note, however, that it
ignores domain annotations, so the following apparently strange equivalence holds for

arbitrary A and B.

Ax:A.e=Ax:B.e

This is not a problem, since the type system will only use the equivalence relation after
checking that the terms are well-typed. In fact, this design choice is an advantage, as
discussed in Chapter 3. Because there is no explicit symmetry rule, we require two

symmetric n-equivalence rules.
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Figure 2.6: ECCP Typing (excerpts)

I include cumulativity through subtyping I = A <X B, Figure 2.5. Subtyping extends
equivalence with the cumulativity rules, allowing types in lower universes to inhabit
higher universes, and the standard congruence rules. Note that functions are not contra-
variant in their argument, but equi-variant. This is surprising and not strictly necessary;
it is used to support a simpler set-theoretic semantics.* However, it is standard (Luo,
1990), so I stick with it.

An excerpt of type system for ECCP in is given in Figure 2.6, and is mutually
defined with the well-formedness relation on typing environments. The typing rules
are essentially the same as presented earlier in Section 2.1, with the addition of the
typing rule for let, and the rule for subtyping, Rule CONV. The complete figure is given
in Figure A.6 in Appendix A. Rule LET gives a dependent type for let expressions;
note that in letx = eine’, the type Ble/x| contains the sub-expression e. But it also
binds x = e as a definition while type checking the body €’. This essentially allows the
dependency Ble/x| to be resolved “early”, as discussed earlier. Rule CONV allows any
expression e whose type is A to also be valid at the super type B, or, since subtyping
extends equivalence, when A = B. Because equivalence and subtyping are defined on

https://web.archive.org/web/20180913043136/https://pigworker.wordpress.com/2015/01/09/
universe-hierarchies/
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2.2 A REPRESENTATIVE SOURCE CALCULUS |

Source Observations v = true | false
Target Observations v == true | false
VRV
true ~ true false = false

Figure 2.7: Source and Target Observations

untyped syntax, we must also ensure that B is a valid type. The well-formedness rules
for environments are entirely standard.

2.2.2 Evaluation and Compilation

Typographical Note. In this section, I use a bold, red, serif font for target language
observations. For now, the target language is undefined, but the observations will be the
same in every target language.

An expression being type checked is different from program, i.e., an expression that
can be evaluated at run time. Expressions have arbitrary free variables and arbitrary
types. Programs are closed expressions that evaluate and produce easily distinguished
outputs. Programs must be closed or evaluation cannot proceed past some variables,
and must have outputs that a programmer can distinguish. For example, a programmer
does not want to try to distinguish between two functions, but can easily distinguish
between two booleans or two printed strings.

To formalize programs we first need to fix a notion of observation, the distinguishable
results of evaluating a program. Since ECCP is effect-free and strongly normalizing,
I define observations as boolean values in Figure 2.7. Observations should be simple
for the programmer to distinguish even across languages. 1 formalize this by defining
a cross-language observation relation ~. This relates source and target observations
in standard way—booleans are related across languages when they are the same. The
languages will change for each translation, but all language observations will also be
boolean values and use the same observation relation.

[+ e: bool Fe
MN-e Fe

Figure 2.8: ECCP Components and Programs

I formalize programs and program components via the judgments - e and [ + e
in Figure 2.8. A well-formed program component (or just component) is a well-typed
expression e that produces an observation when linked with a closing substitution (i.e.,
has type bool). A well-formed program is simply a closed component.
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eval(e) = v

evalle) = v ifFeand - -Fep*v

Figure 2.9: ECCP Evaluation

In Figure 2.9, I define the evaluation (meta-)function eval(e), which runs programs to
produce observations. This defines the run-time semantics of ECCP programs. It is this
semantics that the compiler will preserve to prove compiler correctness, as discussed in
Chapter 3.

Closing Substitutions ~ = - | y[x+> €]
r'—r\// e A rl_’*/ lFe: A
ey x: Al ylx— e Mx=ek y[x— v(e)]
V(e) =e
(e) =e x> €](e) = v(elx/e])

Figure 2.10: ECCP Closing Substitutions and Linking

For reasoning about separate compilation, I formalize linking for ECCP in Figure 2.10.
Free variables [ represent the imports to a component e, and their types represent the
interface for those imports. A closing substitution ~ represents the components that e
is linked with via (e). This is a meta-application of the closing substitution to e and
replaces each x € [ by an expression yx in the closing substitution. For linking to be
well-defined—i.e., for there to be no linking errors—the closing v substitution must be
well-typed, I' - ~, with respect to the same environment as e, [ F e : A. Typing for
a substitution 7 simply checks that each component [x — €'] € 4 in the substitution
has the corresponding type in I, i.e., ¢ : A when x : A € I'. For definitions in I', the
substitution must map to a closed version of the same definition.



3 TYPE-PRESERVING COMPILATION

In this chapter, I introduce type-preserving compilation at a high level, the particular
problems that arise in proving type preservation for dependent types, and the standard
proof architecture I will use in the rest of this dissertation.

Typographical Note. In this chapter I typeset a source language in a blue, non-bold,
sans-serif font, and a target language in a bold, red, serif font. Unless otherwise
specified, these languages are arbitrary except for the requirements presented in Chapter 2,
since the proof architecture and lessons apply generally to dependently typed source and
target languages.

3.1 A BRIEF HisTORY

I begin with a brief history of type preservation leading up to this dissertation. For a
more in-depth survey of the use this early history of types in compilation, see Leroy
(1998, Section 2 and 3).

Early compilers preserved types into intermediate languages (ILs) for optimization,
not for ruling out errors. Aho et al. (1986, Chapter 10) describe simple optimizations that
use types to specialize arithmetic operations, such as generating different instructions
for integer or floating-point numbers based on types. Leroy (1992) uses types in an
intermediate language to remove memory indirection introduced to support polymorphic
functions. Tarditi et al. (1996) develop TIL, a compiler for ML with type-directed
optimizations as a central feature. The TIL compiler preserved types down to a typed
intermediate language (hence the name TIL), in which types are used to optimize
polymorphic functions, loops, and garbage collection. The Glasgow Haskell Compiler
(GHC') employs a typed intermediate language, Core, and performs some type-based
optimizations in Core (Peyton Jones, 1996). The SML/NJ compiler was extended with
a typed intermediate language, FLINT, to support type-based optimization and study
how to reduce compilation overhead caused by preserving types (Shao et al., 1998). The
System F to Typed Assembly Languages (F-to-TAL) compiler was preserved all typing
structure down to a typed assembly language (TAL), and leverages types in the assembly
language for low-level optimizations such as array bounds check elimination (Morrisett
et al., 1999).

While initially used for optimization, early work on type-preserving compilation of
functional languages recognized the use of types for ruling out some miscompilation
errors. For example, the TIL compiler, while focusing on the use of types for optimization,
points out that the ability to type check the output of the compiler helps to find and
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fix miscompilation errors (Tarditi et al., 1996). The GHC team also recognized the
potential for ruling out miscompilation errors and developed a tool, Core Lint, for type
checking the output of each compiler pass. This use seemed to surpass other uses;
as the author, Simon Peyton-Jones, says “One of the dumbest things we did was to
delay writing Core Lint.” (Peyton Jones, 1996, section 8). The F-to-TAL compiler
uses types in the target assembly language and proves type safety, ruling out a class of
miscompilation errors from the entire compiler in the process: type and memory safety
errors are statically ruled out (Morrisett et al., 1999).

This work spawned an approach related to type preservation for ruling out both
linking errors and miscompilation errors, in particular, proof-carrying code. The work
on TIL is credited (Tarditi et al., 2004) with spawning the idea of proof-carrying code
(PCC) (Necula, 1997) and certifying compilation (Necula and Lee, 1998). The two ideas
are essentially similar. In PCC, the idea is to pair implementation code (executable) with
a correctness specification and a proof that the implementation satisfies its specification.
This allows ruling out linking errors by enforcing the specification when linking, and
removes the implementation from the trusted code base. Certifying compilation extends
this idea to compilers to remove the compiler from the trusted code base and eliminate
miscompilation errors. In a certifying compiler, rather than prove the compiler correct,
we design the compiler to produce both proof-carrying code, i.e., to produce or preserve
certificates (proofs) that the compiled code meets its correctness specifications.

PCC and certifying compilation can be viewed as instances of type preservation in
which we interpret type broadly as either intrinsic or extrinsic, i.e., as either Church
style or Curry style. Work on PCC and certifying compilation proceeded two veins: (1)
using intrinsically typed languages and (2) using extrinsically typed languages.

In intrinsically typed systems, such as in TIL and TAL, where types represent specifi-
cations, well-typed implementations represent proofs and type checking is proof checking.
The work on TIL describes an untrusted compiler that could produce fully optimized TIL
code and a client could automatically verify simple safety properties, such as memory
safety, by type checking (Tarditi et al., 1996). This guarantees absence of memory safety
errors introduced when linking two compiled components, i.e., it rules out linking errors
that violate memory safety. In TAL, the idea is carried out to the assembly level. Any
two TAL programs are guaranteed to be free of memory safety errors when linked, if
their types are compatible. Later work introduced DTAL (Xi and Harper, 2001), a
variant of TAL with indexed types, which could statically rule out memory indexing
errors. Chen et al. (2010) develop a certifying compiler from Fine, an ML-like language
with refinement types, to DCIL, a variant of the .NET Common Intermediate Language
with refinement types, capable of certifying functional correctness properties, such as
access control and information-flow policies.

In extrinsic type systems, such as the work of Necula (1997) and Necula and Lee (1998),
specifications and proofs are written in separate languages from the implementation.
Necula (1997) uses LF to represent specifications and proofs, and axiomatizes the
behavior of implementation primitives in LF specifications. Shao et al. (2005) take a
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similar approach, but use CIC as an extrinsic type system over a high-level functional
language.

Compared to extrinsic systems, intrinsic systems have smaller certificates by reusing
the implementation to represent the proof (Xi and Harper, 2001), and can avoid the
problem of specification puns. However, it is simpler to build certificates in extrinsic
systems, since the specification and proof can be designed and manipulated separately
from the implementation.

So far, work on certifying compilation and PCC has been limited to either extrinsic
systems or to restricted (i.e., non-full-spectrum) dependent types. This is apparently
due to the difficulty of automatically transforming proofs during compilation. For
example, Shao et al. (2005) point to using an extrinsic system explicitly because of a
known impossibility result regarding preserving dependent types through the standard
CPS translation (Barthe and Uustalu, 2002).

3.2 A MobDEL TYPE-PRESERVING COMPILER

F-to-TAL developed the standard model of a type-preserving compiler from a high-level
functional to a low-level assembly language. This work uses System F as a stand-in for
a functional source programming language. The target language, TAL, is a low-level
assembly-like language. F-to-TAL is structured as five passes, depicted in Figure 3.1. The
first two are so-called “front-end” translations, which make high-level functional control-
flow and data-flow explicit in order to facilitate low-level transformations. These are
the continuation-passing style (CPS) translation, and the closure conversion translation.
I’ll explain these two in detail shortly. The next three so-called “back-end” translations
make machine-level details explicit. These are: hoisting, a simple administrative pass
that lifts function definitions to the top-level; explicit allocation, which makes the heap
and memory operations explicit; and code generation, which makes machine details like
word size and registers explicit, and which implements high-level operations in terms of
sets of machine instructions.

In this dissertation, I focus on the two front-end translations as they introduce a
particular challenge for type-preserving compilation. They are standard translations
for studying type preservation (Minamide et al., 1996; Barthe et al., 1999; Shao et al.,
2005; Ahmed and Blume, 2008; Chen et al., 2010; Ahmed and Blume, 2011; New et al.,
2016). As I describe in the rest of this section, the translations fundamentally change
the meaning of types, particularly for higher-order expressions, by introducing explicit
distinctions into the terms described by types. By creating new distinctions during
compilation, a type-preserving compiler needs to automatically adapt specifications and
proofs to describe and proof the correctness of code with explicit distinctions.

Often we explain CPS in terms of making control flow and evaluation order explicit,
but I think of it as changing each type by imposing an explicit distinction between
computations, which evaluate at run time and may have effects, and values, which simply
exist and do not evaluate at run-time until they are composed with a computation. In
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Figure 3.1: Model Type-Preserving Compiler

most functional languages, prior to CPS translation, all terms are implicitly cast to
values through evaluation; this is helpful for equational reasoning. CPS translation
transforms every term into a computation that expects a continuation to which it
passes the underlying value when the computation is complete. This facilitates low-level
machine implementation since machines typically have such distinction, for example,
with values that exist in the heap and in registers and instructions (computations) that
manipulate those values.

To understand this, consider the following example. We might write the expression
e; = (Ax.x) true in ECCP which we think of as being equivalent to the value e, = true.
This is equivalent to true, but e; computes while es does not, so we need to make that
distinction explicit. Eventually, we need to implement e; as something like the following
pseudo-assembly, whereas we implement es as true.

// expects value in x and continuation in Kk

f:
ret = x;
goto Kk;
halt:
print(ret);
main:
k = halt;
X = true;
goto f;

When the program begins, it will initialize the continuation to halt, which will end the
program with the final observation. Then it will set a register or stack frame, x, to the
value true, and jump to the function f. Notice that A x.x makes no explicit distinctions
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between value and computation, but to generate the pseudo-assembly we need to know
that the body of the function x is not merely a value but a computation that will return
somewhere, unlike true which is merely a value to be passed around.

There are alternatives to CPS translation that make the same value vs computation
distinction, and each offer advantages and disadvantages for type preservation and
compilation. For example, the A-normal form (ANF') and the monadic-normal form
translations also impose this distinction. Unlike CPS; ANF and monadic form do not
make explicit changes to types but primarily modify syntactic structure. I discuss this
further in Chapter 4, but in short: by avoiding changing types significantly we can
simplify type preservation.

The closure-conversion translation is typically explained as about making first-class
functions easy to heap allocate, but, as in CPS, I prefer to view it as introducing
an explicit distinction—this time, a distinction between a wse of computation and
a definition of a computation. This is usually seen in functions because functions
are the only source-level abstraction for defining computations in many languages.
Prior to closure conversion, every first-class function can simultaneously define a new
computation and can be used immediately.

For example, in e; = (Ax.x) true from before, the function Ax.x is simultaneously
defined (i.e., it comes into existence), and used (i.e., it is immediately applied). After
closure conversion, all computation is represented by closed code, which defines the
computation generally and separately from its use. In the pseudocode example above,
we need to somehow separate the definition of (A x.x) as a labeled block of code f:, and
its use, i.e., the goto f;.

The primary difficultly in closure conversion is that defining a computation (e.g., a
function) implicitly captures the local environment, and using the computation implicitly
gives access to that local environment, regardless of where the computation is used. To
make the definition and use explicitly distinct, we must make this #mplicit environment
ezxplicit. We do this by introducing an ezplicit closure object, i.e., closed code paired
with the local environment the computation expects. The code part can be lifted to the
top-level while each use explicitly passes in the environment.

The main alternative to closure conversion is defunctionalization. While closure
conversion represents the implicit environment as an explicit object that is passed to
closed code, defunctionalization transforms every application into a case-split, and every
closure into a constructor for a sum. The constructor holds the local environment and
the case-split is responsible for setting up the local environment in the scope of the
code. This ensures that the local environment cannot be passed to untrusted code,
which would leak hidden local variables. Unfortunately, it requires a whole-program
transformation, so it cannot be used with separate compilation.

The goal of this dissertation is to build a model of the front-end translations of a
compiler. This solves the main challenges of transforming higher-order dependently
typed expressions, and informs the design of dependent-type-preserving translations
in general. After these two translations, we end up in a language analogous to a pure

subset of C with all higher-order expressions essentially encoded in first-order data.
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Then the challenges become about representing dependently typed machine concepts,
such as the heap and word sized registers.

3.3 THE DiFFicuLTy oF PRESERVING DEPENDENCY

Generally speaking, type preservation is difficult because when introducing new distinc-
tions we must automatically adapt specifications and proofs. After closure conversion,
specifications and proofs about a function with certain lexical variables must be adapted
to be valid in the global scope. After CPS, a value of type A has a fundamentally differ-
ent interface from computations of type A. Any specification that relied on expressions
being implicitly cast to values will need some explicit way to transform a computation
into a value.

The problem is worse for intrinsic dependent types because the compiler transforma-
tions disrupt the syntactic reasoning used by the type system to decide type checking.
To allow arbitrary low-level run-time terms to still appear in types, the type system
must be able to check proofs encoded in low-level abstractions. For example, in ECCP,
the type system decides equivalence by evaluating run-time terms during type checking.
This works well in high-level, functional languages such as the core language of Coq, but
evaluating low-level machine languages requires threading all the machine-state (e.g., the
heap or register file) through evaluation, so we must design a type system that captures
all of that necessary state. We would need to adapt all the typing judgments—reduction,
conversion, equivalence, subtyping, typing, and well-formedness—to track this state and
capture new invariants that are expressed explicitly at the low-level.

Each of the features of dependency introduced in Chapter 2 rely on this kind of
syntactic reasoning, which is disrupted by translation. For example, Barthe and Uustalu
(2002) show that the standard call-by-name (CBN) double-negation CPS translation
is not type preserving in the presence of dependent pairs. The problem is that the
typing rule Rule SND for second projection of a dependent pair, snde : Blfste/x],
copies the syntax fste into the type B. This represents evaluating e to a value and
taking the first projection. After CPS translation, such a term is invalid as there is a
computation vs value distinction, so target language version of the typing rule Rule
SND can no longer express dependency on a computation syntactically, the way it was
expressed in the source language. We end up needing some syntactic way to express
snd e : Blas-a-value(fst e) /x|, that is, to cast an arbitrary computation to a value but in
a way that is compatible with the low-level machine semantics we want the output to
use. (I discuss this example in greater detail in Chapter 6.)

There is an additional difficulty in proving type preservation in the presence of
dependent types—the proof architecture. I discuss this difficulty in detail next.
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3.4 PRoOVING TYPE PRESERVATION FOR DEPENDENT TYPES

In this section, I introduce the proof architecture I use in the rest of this paper, discuss
some difficulties that arise when attempting to prove type preservation for dependent
types, and how this particular architecture and the design of ECCP avoids them.

Typographical Note. Recall that the source language in a blue, non-bold, sans-serif
font, and target language in a bold, red, serif font, represent arbitrary source and
target languages.

Ultimately, our goal is to prove type preservation of some translation [e]. Semi-
formally (since so far this translation is undefined), this is stated in Theorem 3.4.1.

Theorem 3.4.1 (Type Preservation). If ' Fe: A then [t [e] : [A].

Type preservation states that if, in the source type system, the source term e is well-
typed with type A under the local environment [, then, in the target type system, the
translation [e] of e is well-typed at the translated type [A] under the translated local
environment [[7].

The proof of type preservation is typically by induction on the same structure over
which the compiler is defined. What this structure is depends on what information the
compiler requires to perform a transformation.

In an untyped setting, that structure is the structure (or size) of syntax. For example,
the untyped call-by-value CPS translation of Plotkin (1975) on the untyped A-calculus
is given below.

2] ¥ Mkka
Dze] ¥ Nk k (Ao [e])

le1 es] X Nk.[er] . [ea] (Azo.z1 22 k)

Note that the translation is easily defined by induction on the syntactic structure of
terms.

In a typed setting or in a type-preserving setting, the compiler must often be defined
over the typing derivation or the height of typing derivations. This is because, in
general, the compiler may need to make decisions based on types, or produce type
annotation in the target language. For example, if we try to adapt the above call-
by-value CPS translation to simply-typed A-calculus functions, we wind up with the
following incomplete translation.

not-really-def

[Ax:A. €] Ak:B'. k (Ax:[A].[e])
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The target language, being typed, requires a type annotation B’ for the continuation
k. To produce this annotation, the compiler requires the type A — B of the function
Ax: A.e. Instead, the translation should be defined over typing derivations, as follows.

Iz:AFe:B~e'
FFAz:Ae: A= B~ Ak:([A—=B]— 1).k Ax:[A].e")

This way, the translation has access to all typing information in order to produce type
annotations or use type information to inform the translation.

In a simply-typed setting, defining compilation over typing derivations poses no
problems. We can define the translation [e] of terms as short-hand, defined as follows.

[e] © o where T Fe: A~ e

The translation over syntax [e] is simply notation for the translation over typing
derivations, and we make the typing derivation [ - e : A an implicit parameter. Then
we prove Theorem 3.4.1 by induction over the typing derivation.

With dependent types, this simple recipe does not work because we must show many
mutually defined judgments are preserved, not just one typing judgment. The problem is
due to “the infernal way that everything depends on everything else”'. The judgmental
structure of the type system is much more complex—recall that we defined six judgments
just to define the ECCP type system—and the judgments can be mutually defined.
To prove type preservation, we must prove that each additional judgment is preserved.
Because those judgments are mutually defined, we cannot, in general, cleanly break
up the judgmental structure into separate lemmas—we may have to show that all
judgments are preserved in one large simultaneous induction. I'll introduce each of the
lemmas required by the judgmental structure of ECCP, before going into detail about
the problems of proving each judgment is preserved.

3.4.1  The Key Lemmas for Type Preservation

As the judgmental structure of typing gets more complex, we need additional lemmas
before we can prove Theorem 3.4.1.

For example if the type system allows substitution into types, we need a composition-
ality lemma, which states that translating first and then substituting is equivalent to
substituting first and then translating.

Lemma 3.4.2 (Compositionality). [A[A"/x]] = [A][[A]/x]

This requires some definition of type equivalence, =, which could be as simple as
syntactic identity. For dependent types, it must usually be definitional equivalence.
Intuitively, this is because a dependent-type-preserving translation must introduce new

1 From McBride (2010).
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equivalence rules for whatever feature is made explicit by the translation. (I discuss
this further in Chapter 8.)

In ECCP, we require compositionality, due to Rule App, Rule SND, and Rule LET.

For example, consider Rule App.

Me:Nx:A".B Freée A

App
M-ee :B[e'/X]

We know that [ - e; ey : Blea/x|, and must show that [[] - [e; ea] : [Ble2/x]]. Even
in the case that the translation is simply homomorphic on application, thus leaves
application alone, the target variant of Rule App will only tell us [I'] F [e1] [e2] :
[B][[e2]/x]. Thus, we either need to know [Bles/x]] and [B][[e2] /%] are syntactically
identical or, by Rule CONvV, equivalent. In general, they will not be syntactically
identical. For example, consider closure conversion, which is sensitive to the free
variables. If translating the function e = Ay.x, we end up with the following two
translations depending on whether we translate before or after substitution.

[el[le] /x] = ({(Ay,n.fstn, ())[[ex]/x] = ({Ay,n.fstn, ([er])))
[e[er/X]] = (Ay,n.[ed], ()

Translating before substitution will yield a closure environment in which the expression
[e1] is substituted in for x, while translating after substitution will yield an environment
with all free variables. (I discuss this example further in Chapter 5.)

If the type system has a type equivalence judgment then we must first prove that
equivalence preservation, i.e., that type equivalence is preserved, and then prove type
preservation,

Lemma 3.4.3 (Preservation of Equivalence). If = A =B then I - [A] = [B]

This states that if A and B are equivalent in the source, then [A] and [B] are equivalent
in the target.

In the Calculus of Constructions (CoC), similar to ECCP but without subtyping, we
require equivalence preservation due to Rule CONV.

MN-e: A rN-B:u rN-A=B
N-e:B

CoNv

When proving type preservation by induction on the typing derivation, we must consider
the case of Rule CONV: intuitively, for some translation, we will know by the induction
hypothesis that [e] has type [A], and must show that [e] has type [B]. This follows
easily by Rule CONV in the target language if [B] = [A], which we know if we have
equivalence preservation.

Depending on how equivalence is defined, we may need further supporting lemmas.
For example, in ECCP, we implement equivalence as conversion up to n-equivalence.
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Therefore, to show equivalence is preserved, we need to show reduction and conversion
are preserved (up to equivalence, since in general we don’t care that expressions reduce or
convert to syntactically the same, only that they reduce to some equivalent expression).

Lemma 3.4.4 (Preservation of Reduction). If I + e > € then [[] F [e] >* € and
[rFe=[¢]

This lemma is similar to compiler correctness theorems in that we don’t want to require
the translated term [e] to simulate the reductions of e in lock-step. Instead, we specify
this as a weak-simulation: it is sufficient for [e] to be convertible to some e’ that is
equivalent to [¢'].

Lemma 3.4.5 (Preservation of Conversion). If I - e>* ¢’ then [ F [e] >* € and
[rFe=[¢]

In a simply typed language, we could prove this lemma by induction on the length of
reduction sequences. However, the judgmental structure of conversion is not always so
simple. Recall that in ECCP, the congruence rule for let expressions, Rule RED-CONG-
LET, introduces a definition during conversion, i.e., we have the following rule.

MEe >*e) Mx=¢€Fe>*e
- " —— RED-CONG-LET
Fletx=ejiney >" letx =€) iney

This means that proving conversion is preserved must be by induction on the conversion
derivation, so we correctly capture the definition.

By specifying equivalence via reduction, we get an extra benefit: the three previous
lemmas, required for type preservation, also easily imply compiler correctness, as I
discuss shortly in Section 3.4.3.

If the type system has a subtyping judgment, then we must also prove that subtyping
is preserved.

Lemma 3.4.6 (Preservation of Subtyping). If '+ A < B then I = [A] < [B]

This states that if A is a subtype of B in the source, then [A] is still a subtype of [B] in
the target.

In ECCP, we extend conversion to subtyping to support cumulativity. We have the
following Rule CONV.

N-e:A NMN-B:U rN-A=<B
e:B

Conv

Similar to the discussion for Lemma 3.4.3, the proof of type preservation will require
showing that [e] has type [B], given that [e] has type [A] and A < B. By the target
language Rule CONV and preservation of subtyping, the proof is simple. However,
for certain translations, proving that subtyping is preserved can be challenging. For
example, the standard locally polymorphic answer type CPS translation relies on
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impredicativity, so it translates any computationally relevant type A : Type; into the
type Il a: Prop. (AT — «) — « : Prop. I discuss this translation further in Chapter 6,
but the important thing to observe now is that A exists in a higher universe, while [A]
must exist in the base universe Prop. This does not preserve subtyping.

With all of these lemmas, we will finally be able to prove that the typing and well-
formedness relations are preserved. The theorem we ultimately want is Theorem 3.4.1,
we must prove it via something like the following lemma.

Lemma 3.4.7 (Type and Well-formedness Preservation).
1 IfF T then F ]
2. If T Fe: A then [I]F [e] : [A]

Since well-formedness of environments and typing are mutually defined, we have to
prove these two by simultaneous induction on the mutually defined judgments.

3-4.2 The Problem with Typed Equivalence

The proof architecture presented in the previous section does not work if equivalence is
mutually defined with typing. This can happen with some formulations of dependent
types with strong n-principles. For example, we might want the following n-equivalence
for the unit type.

NlFe=():1

That is, every expression e should be equivalent to the unit value () at the unit type 1.
This requires that equivalence be defined over well-typed expressions.

Unfortunately, defining equivalence over well-typed expressions introduces a circularity
into the proof architecture for type preservation. If equivalence is typed, then we
must show type preservation before we can establish any equivalence about translated
expressions. But establishing type preservation requires showing equivalence is preserved.

For example, as discussed earlier, we require Lemma 3.4.2 (Compositionality) to prove
Theorem 3.4.1 (Type Preservation). But, compositionality must, in general, be proven
in terms of equivalence. If equivalence is typed, then we must show type preservation
before compositionality. But, since some type rules are defined by substitution, we must
show compositionality before type preservation. That is, we must:

e prove type preservation before compositionality, and
e prove compositionality before type preservation.

Similarly, as discussed before, we require Lemma 3.4.3 (Preservation of Equivalence) in
order to show type preservation. But if equivalence is typed, we cannot show preservation
of equivalence until we show type preservation. So we must:
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e prove type preservation before equivalence preservation, and
e prove equivalence preservation before type preservation.

And if equivalence is defined using substitution, we cannot show preservation of equiv-
alence until we show compositionality. But compositionality requires establishing
equivalence, which requires type preservation. We must:

e prove compositionality before equivalence preservation, and
e prove equivalence preservation before type preservation, and
e prove type preservation before compositionality.

To see the problem concretely, consider the CPS translation by double negation in the
presence of type equivalence rule Rule CoNV, but with a typed definition of equivalence.
Because CPS translation adds type annotations for continuations, we can end up with
the following translation.

FB:U~B [Fe:B~ep [FA:U~ A
lFe:A~Ak:(A— 1l).eg Ax:B.kx)

That is, when translating Rule CONV, we produce a computation which takes a contin-
uation k that expects some value of type A, but then we call k with a value of type
B. Unless A and B are equivalent, the domain annotations on this term make little
sense—why can we apply k, which expects a A, to x of type B? So we must first show
equivalence is preserved. To prove equivalence is preserved, we would need to show ep
is equivalent to e"Ak: (A — L).ep (Ax:B.)k x. If equivalence is typed, then we
need to show that et and ep are well-typed first.

Barthe et al. (1999) observe this problem in an early attempt at type-preserving CPS
translation of dependent types. Their solution is to give up domain annotations, thus
yielding undecidable type checking. This is unsatisfying if we want to rely on type
checking for ruling out miscompilation and linking errors.

Instead, in this work, I require an untyped equivalence for the source and target
languages. This is a strong requirement on the type theory, but not unrealistic; Coq
relies on an untyped equivalence, for example. By using an untyped equivalence, we can
prove equivalence between terms without regard to their domain annotations, and the
above translation of Rule CONV can be easily shown equivalent to e (by n-equivalence).
This breaks the circularity, and allows us to stage all the lemmas from the previous
section.

1. Lemma 3.4.2 (Compositionality)
2. Lemma 3.4.4 (Preservation of Reduction)

3. Lemma 3.4.5 (Preservation of Conversion)



3-4 PROVING TYPE PRESERVATION FOR DEPENDENT TYPES \

4. Lemma 3.4.3 (Preservation of Equivalence)

5. Lemma 3.4.6 (Preservation of Subtyping)

6. Lemma 3.4.7 (Type and Well-formedness Preservation)
7. Theorem 3.4.1 (Type Preservation)

A possible alternative is to prove all the lemmas simultaneously by one large mutual
induction, as stated below. I have not investigated this approach, as the sheer number
of cases and induction hypotheses to keep straight in one theorem seems daunting.

Conjecture 3.4.8 (Type Preservation (with Typed Equivalence)).
1. [ [ele'/x]] = [e][le'] /%]
2. IfT-e=¢€ then [+ [e] =[€]
3. If =T then F ]

4. IfTHe: A then [+ [e] : [A]

3-4.3 Type Preservation and Compiler Correctness

On its own, type preservation is a weak theorem, but the proof architecture just
presented and the structure of the dependent types essentially force us to prove a
standard compiler correctness theorem: correctness of separate compilation. The
statement of Theorem 3.4.1 (Type Preservation) only tells us that if the source term was
well-typed, then so is the target term. A compiler could trivially satisfy this property
by compiling every term to the unit value and every type to the unit type. It is unlikely
to satisfy all the lemmas in Section 3.4, but it would still satisfy Theorem 3.4.1 (Type
Preservation). To trust Theorem 3.4.1, we must at least add the translation of types to
the trusted code base, i.e., we must at least understand how types are translated. By

reading the translation of types, we can have confidence that the translation is non-trivial.

Even then, type preservation does not give many guarantees about how programs execute
unless the types are complete, full-functional specifications. Thankfully, the judgmental
structure of dependent types, and by defining equivalence in terms of conversion of open
terms, type preservation forces us to prove a stronger compiler correctness theorem:
that linking and then evaluating in the source is equivalent to translating and linking
and then evaluating in the target.

To specify compiler correctness, we need an independent specification that tells us
how observations are related to target observations, hence the definition of observations
in ECCP. For instance, when compiling to C we might specify that the number 5 is
related to the bits 0x101. Without a specification, independent of the compiler, there is

To investigate this approach, I suggest attempting this proof technique, with the help of a proof
assistant, for the abstract closure conversion in Chapter 5.
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no definition that the compiler can be correct with respect to. The best we could prove
is that the translation of the value v produced in the source is definitionally equivalent
to the value we get by running the translated term, i.e., we would get [v] = eval([e]).
This fails to tell us how [v] is related to v, unless we inspect the compiler. Thankfully,
it is simple to define related observations for dependently typed languages, since these
languages are usually error-, divergence-, and effect-free.

We must also formalize linking for each language, as we did in Chapter 2 for ECCP.
We define well-typed closing substitution v as in ECCP, and extend the translation to
closing substitutions point-wise.

Correctness of separate compilation, formally stated below, tells us that if e is a
well-typed source component, and 7 is a well-typed closing substitution, and linking ~
with e (written v(e)) then evaluating in the source produces an observation v that is
related to the observation produced by separately compiling + and e, linking, and then
evaluating in the target.

Theorem 3.4.9 (Separate Compilation Correctness). If I Fe, [ v, then eval(v(e)) ~

eval([+] ([e]))-

The proof of this theorem will always follow essentially the same structure, and is
expressed as the following commuting diagram.
eval(y(e)) —— [(e)]

eval([y([eD)]) —— [([eD]
This diagram in terms of equivalence suffices since = corresponds to /~ on observa-
tions, e.g., true = true iff true & [true] iff true ~ true. The diagram commutes since
eval(y(e)) = 7(e), since evaluation and equivalence are both defined in terms of conver-
sion, y(e) = [y(e)] by Lemma 3.4.3 (Preservation of Equivalence), [v] ([e]) = [v(e)],
by Lemma 3.4.2 (Compositionality), and eval([y] ([e])) = [7] ([e]), again because
evaluation and equivalence are defined in terms of conversion.

This recipe will not be exactly the same in all languages. For example, in Chapter 4 I
define a machine evaluation semantics separate from conversion in the target language.
To derive compiler correctness from preservation conversion we must show the machine
semantics coincide to or refine conversion.

This separate-compilation correctness theorem is similar to the guarantees provided
by SepCompCert (Kang et al., 2016) in that it supports linking with only the output of
the same compiler. We could support more flexible notions of linking—such as linking
with code produced by different compilers, from different source languages, or code
written directly in the target language—Dby defining an independent specification for
when closing substitutions are related across languages (e.g., (Neis et al., 2015; Ahmed
and Blume, 2011; New et al., 2016; Perconti and Ahmed, 2014)). This is orthogonal to
my thesis and I do not consider it further.

Of course, this correctness of separate compilation implies the usual “whole-program
correctness” theorem, typically called just compiler correctness, stated below.
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Corollary 3.4.10 (Whole-Program Correctness). If - e, then eval(e) =~ [eval(e)].

This simply states that any program evaluates to related observations before and after
compilation.

3.5 TYPE PRESERVATION AS SYNTACTIC MODELING

When designing new dependently typed (target) languages, we also need to prove type
safety and consistency of the type system to have confidence that the proofs we have
preserved are meaningful. There are many ways to do this: we can give a denotational
or a categorical semantics, or prove progress, preservation and normalization of the
operational semantics.

My preferred method is to reduce type safety and consistency to that of an existing
type theory via a type-preserving translation, i.e., by providing a syntactic model of the
target theory in another theory. This use of type preservation is common in the literature.
Bernardy et al. (2012) give a syntactic model of parametric Pure Type Systems (PTS)
by translation into an existing PTS, and show how to develop a parametric model of
CoC and use it to prove free theorems. Pédrot and Tabareau (2017) give a syntactic
model of CIC with effects by translation into a CIC. Boulier et al. (2017) discuss this
technique in detail and give several example syntactic models.

The ultimate theorems we wish to prove, type safety® and consistency, are stated
below. Typically, we think of type safety when interpreting expressions as programs,
and consistency when interpreting expressions as proofs.

Theorem 3.5.1 (Type Safety). If e then eval(e) is well-defined.

Type safety states that any well-typed program “evaluates correctly”. Recall from
Chapter 2 that in this context, this means that evaluation produces a value.

Theorem 3.5.2 (Logical Consistency). There does not ezist a e such that - e : L.

Logical consistency tells us that there is no closed well-typed proof of L, the false
theorem or uninhabited type.

To prove these two theorems, it suffices to give a type-preserving translation [e]°
from target terms to the model language, and prove that falseness is preserved. To
prove type preservation, we follow the same type-preservation recipe described earlier
in Section 3.4. The statement of preservation of falseness is given below.

Lemma 3.5.3 (Preservation of Falseness). [L]° = L

This states that the definition of the false in the target is modeled as false in the model
language.

I use type safety as opposed to type soundness. Soundness has too many meaning in this context—e.g.,
logical soundness—and safety helps us focus on the interpretation of this theorem as ensuring safe
execution of programs.
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The proof of each of the above theorems follows by a simple proof by contradiction.
For example, consistency follows because, if the target were not consistent then we have
a proof of L, and by type preservation and preservation of falseness, we could translate
that proof into a proof of L in the model, violating the consistency of the model. Since
the model is consistent, the target language must be as well.



4 A-NORMAL FORM

In this chapter, I develop the first of the two front-end translations for a type-preserving
compiler for ECCP: ANF translation. The target language for this translation is ECC4,
a variant of ECCP syntactically restricted to ANF. Recall from Chapter 3 that the
first translation in the model compiler imposes a distinction between computation and
values. A-normal form (ANF) translation accomplishes this goal and can take the place
of CPS translation in the model compiler. (In fact, ANF was introduced as the essence
of CPS (Flanagan et al., 1993).)

Digression. The A in A-normal form has no further meaning. The A comes from the
set of axioms and reductions introduced by Sabry and Felleisen (1992) to reason about
CPS. Flanagan et al. (1993) use the A as a label in a commutative diagram, observing
that there should exist a direct translation that produces a normal form equivalent to the
CPS/optimization/un-CPS process found in practice. The programs produced by this
translation are in normal form with respect to the A-reductions of Sabry and Felleisen,
i.e., in A-normal form.

I start by explaining the key problems that arise when preserving dependent types
through ANF translation and the main idea to my solution. I then move on to the formal
development of the target language, the translation, and proofs of type preservation
and compiler correctness. I conclude with a discussion of related problems, and a brief
comparison of CPS and ANF in the context of dependent-type preservation, but leave a
full discussion of CPS until Chapter 6.

Typographical Note. In this chapter, I define fized source and target languages. [
typeset the source language, ECCP, in a blue, non-bold, sans-serif font, and the target
language, ECC?, in a bold, red, serif font.

41 MAIN IDEAS

The idea behind ANF is to make control flow explicit in the syntax of a program
so transfer of control can be expressed as a jump. ANF encodes computation (e.g.,
reducing an expression to a value) as sequencing simple intermediate computations with
let expressions. To reduce e to a value in a high-level language, we need to describe
the evaluation order and control flow of each language primitive. For example, if e
is an application e; es and we want a call-by-value semantics, we say the language
first evaluates e to a value, then evaluates e; to a value, then performs the function
application. ANF makes this explicit in the syntax by decomposing e into a series of
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primitive computations sequenced by let, as in let xg = Ny, ..., x,, = N,, in N, where
each IN; is either a value or a primitive computation applied to a value. The ANF
translation of e; ey is the following.

let X1 = Nlo, X1, = Nlmxl = Nl
XQO = NQO’ e X2n = N2”7X2 - NZ
in (X1 Xg)

where [e;] = (let x;, = Ny,,...,x1,, = Ny, inNj)
[[62]] = (let X9, = N207 X9, = N2n in N2)

Roughly, we can think of this translation as let x; = [e;], x2 = [e2] inx; xo. This
rough translation is only ANF if e; and e, are values or primitive computations. In
general, the ANF translation reassociates all the intermediate computations from
[ei] and [es] so there are no nested let expressions. Once in ANF, it is simple to
formalize a machine semantics to implement evaluation by always reducing the left-most
computation, which will be a primitive operation.

The problem in developing a type-preserving translation for a dependently typed
language is that changing the structure of a program disrupts the dependencies described
in Chapter 2, 4.e., an expression €’ whose type and evaluation depends on a sub-expression
e. Recall that I call to a sub-expression such as e depended upon. This pattern happens
in dependent elimination forms, such as application and projection. For example, for
a dependent function e; : [1x: A. B, the application is typed as e; ey : B[ea/x]|. Notice
that the depended upon sub-expression es is copied into the type. If we transform the
expression e ey, we can easily change the type. For example, recall the ANF translation
for this expression given earlier.

let X1 = Nlo, ey X1, = Nl,”,Xl = N1
X290 = NQ(], X2, = Ngn,Xg = N2
in (x; x2)

Using the standard typing rule for dependent let (without definitions), the type of
the ANF translation above is [B][x2/x] (the type of the body), with all let-bindings
substituted into this type, i.e., roughly [B][x2/x][Na, /x2,][...][N2, /%2, ][N2/x3]. To
show type preservation, we must show that the target type system can prove that this
type is equivalent to the translation of the original type, i.e., [Bles/x]]. Intuitively, it
ought to be true that the intermediate computations (Ng, ..., No ,Ny) are equivalent
to [e2], since those are the computations that must happen to compute the value of e;.
Therefore, the two types ought to be equivalent.

But the intuitive argument that ANF ought to be type preserving is wrong. Instead
of the (x; x2) appearing in the body directly as above, consider the expression below in
which (x; x2) is bound and then used.

let...inlety = (x; x2)inf y where f : ([B][[e2]/x]) — C
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To show type preservation, we now need to reestablish a dependent type that is let-bound,
instead of in the body of a let. The type derivation fails, as follows.

fails
B (x1 x2) 1 [B][x2/x] oy [B][xe/x]Ffy:C
w.Flety =(x; x9)inf y : C[(x1 x2)/y]

This fails since f expects y : ([B][[e2]/x]), but is applied to y : [B][x2/x]. We cannot
show the two types are equal without substituting all the (elided) bindings as described
earlier, but that substitution happens after it is needed. The problem is that the
dependent typing rule for let only binds a depended-upon expression in the type of the
body of the let, not in the types of bound expressions.

The typing rule for let only allows dependency in the type of the overall expression—
that is, in the “output” of the typing judgment—but we need some way to thread
dependencies into the sub-derivations while checking bound expressions. For example,
if we could express dependencies in the input, something like ...x5 = [es] F (%1 x2) :
[Bl[[e2]/x], then we could complete the derivation and prove type-preservation. And
this is exactly the intuition we formalize.

We formalize this intuition using definitions (Severi and Poll, 1994) introduced in
Chapter 2. Recall that the typing rule for let with definitions is the following.

I'Fe: A I'x=eFe:A
IF'kletx=eine : A'le/x]

The definition x = e is introduced when type checking the body of the let, and can
be used to solve type equivalence in sub-derivations, instead of only in the substitution
A’le/x] in the "output" of the typing rule. While this is an extension to the type
theory (so one may worry that the ANF translation applies to fewer dependently typed
languages), it is a standard extension that is admissible in any Pure Type System
(PTS) (Severi and Poll, 1994), and is a feature already found in dependently typed
languages such as Coq.

Using definitions, we can prove that, under the definitions x5, = Ny ,...,x2, =

Ny, ,x2 = Ny produced from the ANF translation [es] (written defs([ez])), the
desired equivalence xs = [es] holds. We use hole([ez]) to refer to the innermost
computation produced by the ANF translation, in this case hole([Jes]) = No. Then we
can prove defs([es]) - hole(Jes]) = [e2] (formally captured by Lemma 4.2.5). Since
we also have the definition, xo = Ny, we conclude that defs([e2]) F x2 = [ea].

To formalize this type preservation argument, we need to step back and define the
ANF translation precisely. In the source, looking at an expression such as e; ey, we
do not know whether the expression is embedded in a larger context. This matters
in ANF, since we can no longer compose expressions by nesting, but instead must
compose expressions with let. This is why the above example translation disassembled
the translation of e; and ey into a new, larger, let expression. To formalize the ANF
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translation, it helps to have a more compositional syntax for translating an expression
and composing it with an unknown context.

I develop a compositional translation by indexing the ANF translation by a target
language (non-first-class) continuation K representing the rest of the computation in
which a translated expression will be used. A continuation K is a program with a hole
(single linear variable) [], and can be composed with a computation K[N] to form a
program M. In ANF, there are only two continuations: either [-] or let x = [-] in M.
Using continuations, we define ANF translation for functions and application as follows.

[Ax: Ace] K= Kax: ([ATL])- (Te] [-)]
[e1 e2] K = [e1] let x; = [-]in [ez] let xo =[] in K[x; x2]

This allows us to focus on composing the primitive operations instead of reassociating
let bindings.

The key typing rule for continuations is the following.

TFN:A TI,y=NFM:B
T'klety=[]inM:(N:A)=B

K-BIND

The type (N : A) = B of continuations describes that the continuation must be
composed with the term N of type A, and the result will be of type B. This expresses
syntactically the intuition that continuations must be used linearly to avoid control
effects, which are known to cause inconsistency with dependent types (Barthe and
Uustalu, 2002; Herbelin, 2005). Note that this type allows us to introduce the definition
y = N via the type, before we know how the continuation is used.! I discuss this rule
further in Section 4.2. The Lemma 4.2.4 (Cut) expresses that continuation typing is
not an extension to the target type theory, which is important to ensure ANF can be
applied in practice.
The key lemma to prove type preservation is the following.

Lemma 4.1.1. If I e : A and I',defs([e]) - K : (hole([e]) : [A]) = B, then
I'F[]K : B.

This lemma captures the fact that each time we build a new K in the ANF translation,
we must show it is well-typed, and that is where we apply the reasoning about definitions.
Proving that K has the above type requires proving I',defs([e]) F hole([e]) : [A].
For our running example, this means proving I',defs([e; e2]) F x1 xo : [Blea/x]].
Recall that x; %2 : [B][x2/x]. As we saw earlier, definitions allow us to prove that
I',defs([e; e2]) F x2 = [e2]; therefore, combined with compositionality ([Bles/x]] =
[Bl[[e2]/x], Lemma 4.3.3), the proof is complete! The earlier failing derivation now
succeeds:

This is essentially a singleton type, but as mentioned in Chapter 2, I avoid explicit encoding with
singleton types to focus on the intuition: tracking dependencies.
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Universes U := Prop | Type;

Values V = x| U | Ix:MM | Ax:M.M | Ex:M.M
| (V,V)asM

Computations N = V|VV|fstV |sndV

Configurations M, A /B == N | letx=NinM

Continuations K == []]|letx=[]inM

Figure 4.1: ECC# Syntax

Lemma 4.3.3 Lemma 4.2.5 succeeds!
defs(fer eo]) F (x1 x2) : [B]{[e2] /%] v : [B][[e2]/x]-fy: C
defs(fe; e2]) Flety = (x; x2)inf y : C[(x1 x2)/y]

4.2 ANF INTERMEDIATE LANGUAGE

The target language, ECC#, is an ANF-restricted subset of ECCP. For now, I exclude
dependent conditionals from ECCP and from ECC#; I return to them in Section 4.4. I
continue to use the same typing and conversion rules as ECCP, which are permitted to
break ANF when computing term equivalence during type checking. However, I define
an ANF-preserving machine-like semantics for evaluation of program configurations.
Note that this means the definitional equivalence is not suitable for equational reasoning
about run-time terms (e.g., reasoning about optimizations), without ANF translation
afterwards.?

Typographical Note. Although ECCA is a restriction of ECCP, I typeset it as separate
language for clarity, and use the shift in fonts to indicate an explicit shift in how I am
treating terms, i.e., as either ANF-restricted terms still suitable for evaluation, or as
unrestricted terms that we can type check but cannot run in the ANF semantics any
longer.

I give the syntax for ECC# in Figure 4.1. As discussed in Chapter 3, the goal is to
make an explicit distinction between values and computations. In ECCA, I do this by
imposing a syntactic distinction between values V which do not reduce, computations N

This ability to break ANF locally to support reasoning is similar to the language F; of Maurer et al.
(2017), which does not enforce ANF syntactically, but is meant to support ANF transformation and
optimization with join points.
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[K{M) =M |

K{(N) ' K[N]

K({letx=NinM)) % letx=NinK{(M))
K[y < K
K{(letx=[]inM)) = letx=[]inK{M))
|M[M//x] =M |
MM //x] € (let x = []in M){(M"))

Figure 4.2: ECC4 Composition of Configurations

which eliminate values and can be composed using continuations K, and configurations
M which intuitively represent whole programs ready to be executed. A continuation
K is a program with a hole, and is composed K[N] with a computation N to form a
configuration M. For example, (letx = [-]insnd x)[N] = let x = Ninsnd x. Since
continuations are not first-class objects in the language, we cannot express control
effects—continuations are syntactically guaranteed to be used linearly. > Note that
despite the syntactic distinction, I still do not enforce a phase distinction—configurations
(programs) can appear in types.

In ANF, all continuations are left associated, so substitution can break ANF. Note that
B-reduction takes an ANF configuration K[(Ax : A.M) V] but would naively produce
K[M[V /x]]. While the substitution M|V /x] is well-defined, substituting the resulting
term, itself a configuration, into the continuation K could result in the non-ANF term
let x = Min M’. In ANF, configurations cannot be nested.

To ensure reduction preserves ANF, I define composition of a continuation K and a
configuration M, Figure 4.2, typically called renormalization in the literature (Sabry and
Wadler, 1997; Kennedy, 2007). When composing a continuation with a configuration,
K {(M)), we essentially unnest all continuations so they remain left-associated.* Note
that these definitions are simplified because I am ignoring capture-avoiding substitution.

DIGRESSION ON COMPOSITION IN ANF In the literature, the composition operation
K({(M)) is usually introduced as renormalization, as if the only intuition for why it

The reader familiar with proof theory may wish to consider configurations and continuations as the same
term under a stoup (Girard, 1991), an environment expressing either zero or one linear computation
variables []; when the stoup is empty, we have a configuration and otherwise we have a continuation.
Some work uses an append notation, e.g., M :: K (Sabry and Wadler, 1997), suggesting we are
appending K onto the continuation for M; I prefer notation that evokes composition.



4.2 ANF INTERMEDIATE LANGUAGE \

K{(Ax:A. M) V] =5 K{(M[V/x]))
K[fst (V1,V2)] —om K
K[snd (V1,V3)] —r K
letx=VinM —, M[V/X]

M
—— REDA-REFL ; REDA-TRANS
M—*M M~—*M

|eval(M) =V |

evalM) = V ifkFMand M —*V and V4V’
Figure 4.3: ECC# Evaluation
exists is “well, it happens that ANF is not preserved under S-reduction”. It is not mere

coincidence; the intuition for this operation is composition, and having a syntax for
composing terms is not only useful for stating S-reduction, but useful for all reasoning

about ANF'! This should not come as a surprise—compositional reasoning is useful.

The only surprise is that the composition operation is not the usual one used in
programming language semantics, i.e., substitution. In ANF, as in monadic normal
form, substitution can be used to compose any expression with a value, since names
are values and values can always be replaced by values. But substitution cannot just
replace a name, which is a value, with a computation or configuration. That wouldn’t
be well-typed. So how do we compose computations with configurations? We can
use let, as in let y = Nin M, which we can imagine as an explicit substitution. In
monadic form, there is no distinction between computations and configurations, so
the same term works to compose configurations. But in ANF, we have no object-level
term to compose configurations or continuations. We cannot substitute a configuration
M into a continuation let y = []in M/, since this would result in the non-ANF (but
valid monadic) expression let y = M in M'. Instead, ANF requires a new operation to
compose configurations: K((IM)). This operation is more generally known as hereditary
substitution (Watkins et al., 2003), a form of substitution that maintains canonical
forms. So we can think of it as a form of substitution, or, simply, as composition.

I present the call-by-value (CBV) evaluation semantics for ECC4 in Figure 4.3. Tt
is essentially standard, but recall that S-reduction produces a configuration M which
must be composed with the current continuation K. This semantics is only for the
evaluation of configurations; during type checking, we continue to use the type system
and conversion relation defined in Chapter 2.
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TFK:(N:A)=B |

'EFN:A 'y=NFM:B
K-EMPTY K-BIND
I'E[]:(N:A)= A I'klety=[]inM:(N:A)=B

Figure 4.4: ECC* Continuation Typing

4.2.1  The Essence of Dependent Continuation Typing

I define continuation typing in Figure 4.4. The type (N : A) = B of a continuation
expresses that this continuation expects to be composed with a term equal (syntactically)
to the computation N of type A and returns a result of type B when completed. This
is the formal statement that N is depended upon (in the sense introduced in Chapter 2)
in the rest of the computation, and is key to recovering the dependency disrupted
during ANF translation. For the empty continuation [-], N is arbitrary since an empty
continuation has no “rest of the program” that could depend on anything.

Intuitively, what we want from continuation typing is a compositionality property—
that we can reason about the types of configurations K[N] by composing the typing
derivations for K and IN. To get this property, a continuation type must express
not merely the type of its hole A, but exactly which term N will be bound in the
hole. We see this formally from the typing rule Rule LET (the same for ECC4 as for
ECCP in Chapter 2), since showing that let y = N in M is well-typed requires showing
that y = N F M, that is, requires knowing the definition y = N. If we omit the
expression N from the type of continuations, we know there are some configurations
K[N] that we cannot type check compositionally. Intuitively, if all we knew about y
was its type, we would be in exactly the situation of trying to type check a continuation
that has abstracted some dependent type that depends on the specific N into one that
depends on an arbitrary y. I prove that continuation typing is compositional in this
way, Lemma 4.2.4 (Cut).

Note that the type of the result in a continuation type cannot depend on the term
that will be plugged in for the hole, i.e., for a continuation K : (N : A) = B, B does
not depend on IN. This is not important for ANF translation, but is interesting as it
provides insight into related work as I discuss in Section 4.4. The restriction is not
necessary, and is not true in all systems, but turns out to be true in ANF. To see this,
first note that the initial continuation must be empty and thus cannot have a result type
that depends on its hole. The ANF translation will take this initial empty continuation
and compose it with intermediate continuations K’. Since composing any continuation
K: (N :A)= B with any continuation K’ results in a new continuation with the final
result type B, then the composition of any two continuations cannot depend on the
type of the hole. This is similar to how, in CPS, the answer type doesn’t matter and
might as well be L.
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4.2.2 Meta-Theory

Since ECC4 is a syntactic discipline in ECCP, we inherit most of the meta-theory from
ECCP, notably: logical consistency, type safety, and decidability (Luo, 1990; Severi and
Poll, 1994). There are some new meta-theoretic questions to answer, though, such as:
Is ANF evaluation sound? Does continuation typing make sense?

First, I prove that ANF evaluation semantics is sound with respect to definitional
equivalence. That is, running in the ANF evaluation semantics produces an equivalent
value to normalization in the equivalence relation. The heart of this proof is actually
naturality, a property found in the literature on continuations that essentially expressed
freedom from control effects (Thielecke, 2003).

When computing definitional equivalence, we end up with terms that are not in ANF,
and can no longer be used in the ANF evaluation semantics. This is not a problem; we
could always ANF translate the resulting term if needed. To make it clear which terms
are in ANF, and which are not, I leave terms and subterms that are in ANF in the
target language font, and write terms or subterms that are not in ANF in the source
language font. Meta-operations like substitution may be applied to ANF (red) terms,
but result in non-ANF (blue) terms. Since substitution leaves no visual trace of its
blueness, I wrap such terms in a distinctive language boundary such as ST (M[M'/x])
and ST (K[M]). The boundary indicates the term is a target (7) term on the inside
but a source (S) term on the outside. The boundary is only meant to communicate
with the reader that a term is no longer in ANF; it has no meaning operationally.

First, I prove that composing continuation in ANF is sound with respect to substitution.

This is an expression of naturality in ANF: composing a term M with its continuation
K in ANF is equivalent to running M to a value and substituting the result into the
continuation K.

Lemma 4.2.1 (Naturality). K{M)) = ST (K[M])
Proof. By induction on the structure of M
Case: M = N trivial
Case: M =letx=N"in M.
Must show that let x = N in K{(M")) = ST (K[let x = N’"in M]). Note that this

requires breaking ANF while computing equivalence.

let x = N’ in K{(M'))

>¢ STK{M)[N'/x]) (1)
note that this substitution is undefined in ANF
= K{(ST(M'[N'/x]))) (2)
by ignoring capture-avoiding substitution
<* ST(K[letx =N'in M)]) (3)

by (-reduction and congruence O
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Next I show that the ANF evaluation semantics is sound with respect to definitional
equivalence. This is also central to my later proof of compiler correctness. To do that,
I first show that the small-step semantics is sound. Then I show soundness of the
evaluation function.

Lemma 4.2.2 (Small-step soundness). If M — M’ then - M =M’

Proof. By cases on M — M’. Most cases follow easily from the ECCP reduction
relation and congruence. I give representative cases.

Case: K[(Ax:A.M;) V] =g K{M;[V/x])
Must show that K[(Ax: A.M;) V] = K{(M;[V/x])
K[Ax:A. M) V]

>* ST(K[M,[V/x]]) by 5 and congruence (4)
= K{M;[V/x]) by Lemma 4.2.1 (5)

Case: K[fst (V1, V)] —r K[Vi]

Must show that K[fst (V, V)] = K[V], which follows by >, and congruence.
O

Theorem 4.2.3 (Evaluation soundness). - eval(M) =M

Proof. By induction on the length n of the reduction sequence given by eval(IM). Note
that, unlike conversion, the ANF evaluation semantics have no congruence rules, so this
can be proved on the length of reduction sequences.

Case: n =0 By Rule RED-REFL and Rule =.
Case: n =1+ 1 Follows by Lemma 4.2.2 and the induction hypothesis. O

I prove that plugging a well-typed term into a well-typed continuation results in a
well-typed term of the expected type. This theorem corresponds to the Rule CUT rule
from sequent calculus, and tells us that continuation typing allows for compositional
reasoning about configurations K[N] whose result types do not depend on N.

Lemma 4.2.4 (Cut). IfTFK:(N:A)=B and ' N : A then I' F K[N] : B.
Proof. By caseson I'FK : (N:A)=B
Case: I'-[]: (N: A) = A trivial

Case: 'tlety=[]inM:(N:A)=B

We must show that I' - let y =N in M : B, which follows directly from Rule LET
since, by the continuation typing derivation, we have that I';y = N - M : B and
y & tv(B). O
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‘defs(M) =T ‘

defs(M) =x; = Ny,...,x, =N,, whereM =letx;=Njin ...letx,=N,inN, ;

‘hole(M) =N ‘

hole(M) =N, where M = let x; =Njin ...letx, =N, inN,

Figure 4.5: ECC# Continuation Exports

To reason inductively about ANF terms, we need to separate a configuration M
into its exported definitions defs([IM]) and its underlying computation hole([M]). In

Figure 4.5, I define defs([M]) to be the definitions exported by the ANF term M.

These are the definitions that will be in scope for a continuation K when composed

with M, i.e., in scope for K in K{(M)). I define this as hole([M]), also in Figure 4.5.

Note that hole([M]) will only be well typed in the environment for M extended with
the definitions defs([M]).
I show that a configuration is nothing more than its exported definitions and underlying

computation, i.e., that in a context with the exports of defs([M]), hole([M]) = M.

In essence, this lemma shows how ANF converts a dependency on a configuration IV
into a series of dependencies on values, i.e., the names xq, ..., %, in defs([M]). Note
that the ANF guarantees that all dependent typing rules, like V' V' : B[V'/x], only

depend on values. This lemma allows us to recover the dependency on a configuration.

Lemma 4.2.5. defs(M) - hole(M)=M

Proof. Note that the exports defs(M) are exactly the definitions from the syntax of M.

Inlining those definitions via d-reduction is the same as reducing M via (-reduction.

M= (letx;=Njin...letx, =N, inN, ;) (6)
[>2L Nn+1[N1 ...Nn/Xl ...Xn] (7)
And hole(M) = N, 1 >§ N, [N ... N, /x...%,] O

4.3 ANF TRANSLATION

The ANF translation is presented in Figure 4.6. The translation is defined inductively on
the syntax of the source term, and is indexed by a current continuation. The translation
is essentially standard. When translating a value such as x, Ax: A.e, and Type;, we
essentially plug the value into the current continuation, recursively translating the
sub-expressions of the value if applicable. For non-values such as application, we make
sequencing explicit by recursively translating each sub-expression with a continuation

that binds the result of the sub-expression and will perform the rest of the computation.

83



84

| A~-NORMAL FORM

def
[[x]][[Iﬂ def Qiﬂ
[Prop] K e K[Prop|
[TypeJ K = K[Type,]
[Mx:A.BJK ¥ K[Ix:[A].[B]]
x:A K % KAx:[A] [e]]
[er o] K % [er]let x; = []in ([ez] let x5 = [ in K[x; x3])
[Ex:A.B]JK ¥ K[Zx:[A].[B]]
[(er,e2)asA] K % [er]letx; = []in [es] (let x = [] in K[((x1, x2) as [A])])
[fste] K def [e] let x = [] in K[fst x]
[snde] K def [e] let x =[] in K[snd x|
[letx=eine] K % [e]letx=[]in [¢]K

Figure 4.6: ANF Translation from ECCP to ECCA

Note that if the translation must produce type annotations for input to a continua-
tion, then defining the translation and typing preservation proof are somewhat more
complicated. For instance, if we required the let-bindings in the target language to have
type annotations for bound expressions, then we would need to modify the translation to
produce those annotations. This requires defining the translation over typing derivations,
so the compiler has access to the type of the expression and not only its syntax. |
discuss the implications of this in Section 4.4.

Next, I show type preservation following essentially the standard architecture presented
Chapter 3. A few additional lemmas are required, and some lemma statements are
non-standard, as I discuss next.

After proving type preservation, I prove correctness of separate compilation for the
ANF machine semantics. I use the same notion of linking and observations as defined
in Chapter 2. This proof is straightforward from the meta-theory about the machine
semantics proved in Section 4.2, and from equivalence preservation.

4.3.1  Type Preservation

To prove type preservation, I follow the same recipe as presented in Chapter 3. First, I
show compositionality, which states that the translation commutes with substitution,
i.e., that substituting first and then translating is equivalent to translating first and
then substituting. This proof is somewhat non-standard for ANF since the notion of
composition in ANF is not the usual substitution. Next, I show that reduction and
conversion are preserved up to equivalence, as is standard. Note that for this theorem,
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we are interested in the conversion semantics used for definitional equivalence, not in the
machine semantics. Then, I show equivalence preservation: if two terms are definitionally
equivalent in the source, then their translations are definitionally equivalent. Finally,
I can show type preservation of the ANF translation, using continuation typing to
express the inductive invariant required for ANF. The lemma for type preservation is
non-standard compared to the generic statement given in Chapter 3. The continuation
typing allows us to formally state type preservation in terms of the intuitive reason it
should be true: because the definitions expressed by the continuation typing suffice
to prove equivalence between a computation variable and the original depended-upon
expression.

Typographical Note. Recall from Section 4.2, I shift from the target language
font to the source language font whenever the term is no longer in ANF, such as when
performing standard substitution or conversion.

Before I proceed, I state a property about the syntax produced by the ANF translation,
in particular, that the ANF translation does produce syntax in ANF. The proof is
straightforward so I elide it.

Theorem 4.3.1 (Normal Form). [e] K' =letx; =Njin ...letx, =N, in K'[N,, ]

As discussed in Section 4.2, composition in ANF is somewhat non-standard. Normally,
we compose via substitution and compositionality is [e[e’/x]] = [e][[¢']/x], which says we
can either compose then translate or translate then compose. However most composition
in ANF goes through continuations, not through substitution, since only values can be
substituted in ANF. The primary compositionality lemma (Lemma 4.3.2) tells us that
we can either first translate a program e under continuation K and then compose it
with a continuation K', or we can first compose the continuations K and K’ and then
translate e under the composed continuation. Note that this proof is entirely within
ECCA; there are no language boundaries.

Lemma 4.3.2 (Compositionality). K'{( [e] K)) = [e] K’ {(K))

Proof. By induction on the structure of e. All value cases are trivial. The cases for
non-values are all essentially similar, by definition of composition for continuations or
configurations. I give some representative cases.

Case: e = x

Must show K'((K[x])) = K'((K[x])), which is trivial.

Case: e=T[Ix:A.B

Must show that K'((K[IIx : [A]. [B]])) = K'(K[IIx: [A]. [B]])), which is trivial.
Note that we need not appeal to induction, since the recursive translation does
not use the current continuation for values.
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Case: e = e ey

Must show that

K'((([ex] (let x1 =[] in ([ez] let x; = []in K[x1 x2])))})
([er] (et x; = []in ([e] let x; =[] in K'((K)) [x1 x2])))

The proof follows essentially from the definition of continuation composition.

K'((([e1] (let x; = []in ([e2] let x2 = []in K[x1 x2])))))
([ed] K'({(let x; = []in ([e] let xo = []in K[x1 x2])))))
by the induction hypothesis applied to e;
([er] (et x1 = [Jin K'({([e2] let x2 = []in K[x1 x2])))))
by definition of continuation composition
([er] (et xy = []in ([e2] K'{{let xo = []in K[x1 x2])})))
by the induction hypothesis applied to es
([er] (letx1 = []in ([e2] let x2 = []in K'((K))[x1 x])))

by definition of continuation composition

(8)

9)

(10)

(11)
O

Next I show compositionality of the translation with respect to substitution. While
the proof relies on the previous lemma, this lemma is different in that substitution is the

primary means of composition within the type system. We must essentially show that
substitution is equivalent to composing via continuations. Since standard substitution
does not preserve ANF, this lemma does not equate ECC4 terms, but ECCP terms that
have been transformed via ANF translation. We will again use language boundaries to
indicate a shift from ANF to non-ANF terms. Note that this lemma relies on uniqueness

of names.

Lemma 4.3.3 (Substitution). [e[e’/x]] K = ST (([e] K)[[€']/x])

Proof. By induction on the structure of e I give the key cases.

Case: e = x

Must show that [¢'] K = ST (([x] K)[[€']/x])

Case: e = Prop

Case: e =T[1x":

ST K[[e] /D)

= STK[X[[¢]/x)

= STKI[T))

= K{[¢]» by Lemma 4.2.1
= [¢]K by Lemma 4.3.2
Trivial.

A.B
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Must show that [[1x": A.B[e//x]] K = ST (([Mx" : A.B]K)[[¢']/x])

[Mx":A.B[¢'/X]] K
= [Nx:Al'/x.Be//X]] K
= K[IIx": [A[e'/X]]. [B[e'/x]]]
= K[Ix': ST(AI[] /x)). ST(BII[] /x])]
by the induction hypothesis
— ST(K[Ix': [A]. [B]][[¢] /x))
by definition of substitution
= ST(([NX: A.B] K)[[¢'] /x])
by definition

Case: e = ¢ ey

Must show that [(e; e2)[e//x]] K = ST (([e1 e2] K)[[€']/x])

[(er ex)le/ ] K
= [eile'/x] esle’/x]] K
by substitution
= [eile'/x]] letx; = []in [es[e'/x]] let x2 =[] in K[x; x]
by translation
= [[el[e’/x]]] let x1 =[] in ST (([eo] let xo = [[] in K[x1 XQ])[[[QI]] /%))
by IH applied to e;
[er] let x; =[] in [es] let xo = []in K[x; x2][['] /x][[€'] /]
by IH applied to es
= ST(([e1]letx; = []in [es] letx, =[] in K[x1 x2])[[e'] /%])
by substitution
= ST(([er 20 K)[[e'] /%))

by substitution

(21)

(22)

(23)

Since equivalence is part of the type system, to show type preservation, we must
show that equivalence is preserved. I first show that reduction is preserved up to
equivalence, then conversion, and finally that equivalence is preserved. The proofs are

straightforward; intuitively, ANF is just adding a bunch of {-reductions.

Lemma 4.3.4 (Preservation of Reduction). If e € then [[]F [e] = [€]-

Proof. By cases on I e >¢€'. I give the key cases.
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Case: [ FxD>g¢
We must show that [['] - [x] = [¢']
We know that x = ¢’ € I, and by definition x = [¢'] € [I'], so the goal follows by
definition.
Case: = Ax:A. el ex>geifes/x]
We must show [[']F [Ax:A.e; ea]] = [ei[ea/X]]

IP\X DA €1 eg]]
= [Ax:A.ei]letx; =[]in [er] let xo =[] inx; x2 (27)
= letx; = (Ax: [A].[e1]) in Je2] let xo = [-]inx; x2 (28)
>* [ee] let xo = [[]inAx: [A]. [e1] x2 (29)
= letxy =[]in (Ax: [A]. [e1]) x2(( [e2] ) (Lemma 4.3.2) (30)
= letxo = [e2] in (Ax: [A]. [e1]) x2 (Lemma 4.2.1) (31)
sc (vx: AL [ed]) [e:] (32)
>g ST ([ex]lle2]/%]) (33)
= [eile2/X]] (Lemma 4.3.3) (34)
O
Next I show that conversion is preserved up to equivalence.
Lemma 4.3.5 (Preservation of Conversion). If '+ e>*¢€' then [+ [e] = [¢]
Proof. By induction on the structure of I' e >* ¢’
Case: Rule RED-REFL, trivial.
Case: Rule RED-TRANS, by Lemma 4.3.4 and the induction hypothesis.
Case: Rule RED-CONG-LET
We have that [ letx =ejinep>*letx=e;ine’ and [ Fe>*¢€'.
We must show that [+ [letx=ejine] =[letx =ejiné€’]
[letx=ejine]
= [letx=-ejinyle/y]] (35)
= ST ([letx=-eyiny][[e]/y])
by Lemma 4.3.3 (Substitution) (36)
= ST ([letx=-eyiny][[e']/¥])
by the induction hypothesis applied to e >* ¢ (37)

= [[letx =erin y[e'/Y]]]
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by Lemma 4.3.3 (38)
= [letx=eine] (39)
O

The previous two lemmas imply equivalence preservation. Including n-equivalence
makes this non-trivial, but not hard.

Lemma 4.3.6 (Preservation of Equivalence). If [ +e=¢€ then [I'] F [e] = [€']
Proof. By induction on the derivation of [ - e =¢'.
Case: Rule = Follows by Lemma 4.3.5.

Case: Rule =-1;

By Lemma 4.3.5, we know [e] = [Ax:A.e;]. By transitivity, it suffices to show
[Ax:A.e] = [€].

By Rule =-7, since [Ax:A.e1]] = Ax: [A]. [e1], it suffices to show that [e;] =

[€] x
[ei]
= [[e/ XQ]] by the induction hypothesis (40)
= [e]letx; =[]inx; x; (41)
= (letx; =[]inx; x2){( [¢] » by Lemma 4.3.2 (42)
= letx; = [[e/]] inx1 Xo by Lemma 4.2.1 (43)
>c [€] x2 (44)
Case: Rule =-1y Essentially similar to the previous case. O

Since I implement cumulative universes through subtyping, we must also show
subtyping is preserved. The proof is completely uninteresting, except insofar as it is
simple, while it seems to be impossible for CPS translation (Bowman et al., 2018). I
discuss this further in Section 4.4.

Lemma 4.3.7 (Preservation of Subtyping). If [ e <¢' then [ F [e] = [€]
Proof. By induction on the structure of ' - e < ¢’.

Case: Rule <-=. Follows by Lemma 4.3.6.

Case: Rule <-TrRANS. Follows the induction hypothesis.

Case: Rule <-Prop. Trivial, since [Prop] = Prop and [Typeo] = Typey.

Case: Rule <-CuM. Trivial, since [Type;] = Type; and [Type ;1] = Type it1.
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Case: Rule <-P1.
We must show that [[']F [[Tx;: A1.Bi] 2 [Mxy: Ag. Bo]

By definition of the translation, we must show [I'] F IIx; : [A;].[B1] 2 TIxy:
[A2]- [B2]-
Note that if we lifted the continuations in type annotations A; and A, outside the

IT, as CBPV suggests we should, we would need a new subtyping rule that allows
subtyping let expressions. As it is, we proceed by Rule <-P1I.

It suffices to show that
a) [T+ [A1] =[Az], which follows by the induction hypothesis.
b) [I],x1 : [A2] F [B1] =X[B2][x1/x2], which follows by the induction hypothesis.

Case: Rule <-S1G. Similar to previous case.
O

I now prove type preservation, with a suitably strengthened induction hypothesis.
I prove that, given a well-typed source term e of type A, and a continuation K that
expects the definitions defs([e]), expects the term hole([e]), and has result type B,
the translation [e] K is well typed.

The structure of the lemma and its proof are a little surprising. Intuitively, we would
expect to show something like “if e : A then [e] : [A]”. I will ultimately prove this,
Theorem 4.3.10 (Type Preservation), but we need a stronger lemma first. Since the
translation is pushing computation inside-out (since continuations compose inside-out),
the type-preservation lemma and proof are essentially inside-out. Instead of the expected
statement, we must show that if we have a continuation K that expects [e] : [A], then
we get a term [e] K of some arbitrary type B. Of course, in order to show that, we
will have to show that [e] : [A] and then appeal to Lemma 4.2.4 (Cut). Furthermore,
each appeal to the inductive hypothesis will have to establish that we can in fact create
well-typed continuations from the assumption that [e] : [A].

Wielding our propositions-as-types hat, we can view this theorem as in accumulator-
passing style, where the well-typed continuation is an accumulator expressing the
inductive invariant for type preservation.

I begin with a minor technical lemma that will come in useful in the proof of type
preservation. This lemma allows us to establish that a continuation is well typed when
it expects an inductively smaller translated term in its hole. It also tells us, formally,
that the inductive hypothesis implies the type preservation theorem we expect.

Lemma 4.3.8. If for all T F e : A and [I],defs([e]) F K : (hole([e]) : [A]) = B
we know that [I'] F [e] K : B, then [I'],defs([e]) F hole([e]) : [A] (and, incidentally,

[T+ el - [AD)

Proof. Note that by Theorem 4.3.1 (Normal Form) and the definitions of defs([e]) and
hole([e]), [I'],defs([e]) F hole([e]) : [A] is a sub-derivation of [I'] - [e] : [A], so it
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suffices to show that [['] F [e] : [A]. By the premise [['] - [e] K : B, it suffices to show
that [-] : (_ : [A]) = [A], which is true by Rule K-EmpTY. O

Lemma 4.3.9 (Type and Well-formedness Preservation).
1. If =T then [
2. IfTFe: A, and [I'],defs([e]) F K : (hole([e]) : [A]) = B then [ F [e] K : B

Proof. The proof is by induction on the mutually defined judgments - and I' e : A.
The key cases are the typing rules that use dependency, that is, Rule SND, Rule App,
and Rule LET. I give these cases, although they are essentially similar, and a couple
of other representative cases, which are uninteresting. I strongly recommend that the
reader read the proof case for Rule SND, in which I take care to spell out the interesting
aspects of the proof.
Case: Rule ProOP

We must show that [[] - [Prop] K : B.

By definition of the translation, it suffices to show that [['] - K[Prop]: B.

Note that defs([Prop]) = -; this property holds for all values.

By Lemma 4.2.4 (Cut), it suffices to show that

a) hole([Prop]) = Prop, which is true by definition of the translation, and

b) Prop : [Typei], which is true by Rule ProP, since [Type ] = Type.

Case: Rule Lam
We must show that [[]F [Ax: A ] K: B.
That is, by definition of the translation, [['] F K[Ax: [A]. [¢]] : B.
Recall that defs([Ax: A’.€']) = -, since values export no definitions.
By Lemma 4.2.4, it suffices to show that [+ Ax: [A]. [¢'] : [Mx: A" B].

By definition, [[1x:A".B'] = IIx: [A’].[B’], we must show [+ Ax: [A'].[¢] :
IIx:[A].[B].

By Rule LaM, it suffices to show
[F1,x: [ATH[eT: B
Note that [I]+[]: (_ : [B']) = [B].
So, the goal follows by the induction hypothesis applied to I',x : A’ ¢’ : B’ with
K =[]
Case: Rule SND

We must show [I] F [snde] K : B, where [['],defs([snde]) - K : (hole([snde]) :
[B'fste/x]]) = Band Fe:Xx:A.B.
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That is, by definition of the translation, we must show,
[F]F [e]letx' =[]in K[snd x] : B.
Let K/ = letx’' =[] in K[snd x'].

Note that we know nothing further about the structure of the term we're trying
to type check, [e] K. Therefore, we cannot appeal to any typing rules directly.
This happens because e is a computation, and the translation of computations
composes continuations, which occurs “inside-out”. Instead, my proof proceeds
“inside out”: we build up typing invariants in a well-typed continuation K’ (that
is, I build up definitions in an accumulator) and then appeal to the induction
hypothesis for e with K’. Intuitively, some later case of the proof that knows
more about the structure of e will be able to use this well-typed continuation to
proceed.

So, by the induction hypothesis, applied to I e : X x: A". B’ with K’, to complete
this proof case, it suffices to show that: [[],defs([e]) F let x' =[] in K[snd x/] :
(hole([e]) : [Ex:A.B]) = B

By Rule K-BIND, it suffices to show that

a) [[],defs([e]) F hole([e]) : [Xx:A".B’], which follows by Lemma 4.3.8
applied to the induction hypothesis for [ +e: X x: A", B/

b) [],defs([e]),x = hole([e]) F K[snd x'] : B.

To complete this case of the proof, it suffices to show Item (b).

Note defs([snde]) = (defs([e]),x’ = hole([e])) and hole([snde]) = snd x’.
So, by Lemma 4.2.4 (Cut), given the type of K, it suffices to show that
[],defs([e]),x’ = hole([e]) - sndx’: [B[fste/X]].

By Lemma 4.3.3, [B[fste/x]] = [B'][[fste]/x].

By Rule Conv, it suffices to show that [I],defs([e]),x’ = hole([e]) F snd %’ :

[B1[[fste]/x].

Note that we cannot show this by the typing rule Rule SND, since the substitution
[B'][[fste] /x] copies an apparently arbitrary expression [fste] into the type,
instead of the expected sub-expression fst x’. That is, by the typing rules, all we
can show is that snd x" : [B'][fst x"/x], but we must show snd x’ : [B'][[fste]/x].
The translation has disrupted the dependency on e, changing the type that
depended on the specific value e into a type that depends on an apparently
arbitrary value x’. This is the problem discussed in Section 4.1. It is also where
the definitions we have accumulated in our continuation typing save us. We
can show that [fste] = fst x’, under the definitions we have accumulated from
continuation typing. This follows by Lemma 4.2.5.

Therefore, by Rule Conv, it suffices to show that [[], defs([e]),x’ = hole([e]) -
snd x’ : [B][fst x'/x].
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By Rule SND, it suffices to show [I'],defs([e]),x" = hole([e]) F x' : ¥ x:

[A]-[B'], which follows since, as we showed in Item (a), [e] : 2 x: [A]. [B].
Case: Rule App

We must show that [[] - [e; ex] K : B.

That is, by definition, [I'] F [ei] let x; = []in [es] let x5 = [[]in K[x; x5] : B.

Again, we know nothing about the structure of [e;] K’, so we must proceed
inside-out.

By the inductive hypothesis applied to ' - e; : B'[e; /%], it suffices to show that
[F],defs([ei]) F letx; =[]in
[ea] let xo =[] in K[x] x2] : (hole([ei]) : [Mx:A.B']) = B

To show this, by Rule K-BIND, it suffices to show
a) [I'],defs([e1]) F hole(fei]) : [[Mx:A".B’], which follows by Lemma 4.3.8

applied to the induction hypothesis for [ +e; : [Tx: A". B
b) [I],defs([ei]),x1 = hole([ei]) F [ex] let xo =[] in K[x; x3] : B
By the inductive hypothesis applied to [ - es : A’ it suffices to show that
[1,defs([ei]),x1 =hole(Jei]),defs([ez]) I let xo =[] in K[x; x3] : B.
By Rule K-BIND, it suffices to show
[F],defs([e1]),x1 = hole([e1]),defs([e2]),x2 = hole([es]) F K[x; x2] : B.
Let IV = [I'],defs([e1]),x1 = hole([e1]),defs([e2]), x2 = hole([es]), for brevity.
By Lemma 4.2.4 (Cut), we must show I - x; x5 : [B'[ea/X]].
By Lemma 4.3.3 and Rule Conv, it suffices to show I F x; x5 : [B'][[e2]/x].

As in the proof case for Rule SND, we cannot proceed directly by Rule APP, since
we see a disrupted dependency. This dependent application whose type depends
on the argument being the specific value [es] now finds the argument x5. (This
issue comes up in type-preservation for call-by-value CPS (Chapter 6).) But,
again, we know by Lemma 4.2.5 that under these exported definitions, [es] = xo.
So by Rule Conv, it suffices to show I F x; x5 : [B'][x2/x]. By Rule APP it
suffices to show

a) I'" F x; : TIx:[A’]. [B'], which follows by Lemma 4.3.8 applied to the induction
hypothesis for ' Fe; : Mx: A", B

b) I F xo : [A’], which follows by Lemma 4.3.8 applied to the induction
hypothesis for I F ey : A’
Case: Rule LET
We must show that [[] - [letx=e;ine] K : B.
That is, by definition, [ F [e;] let x; = []in [es] K : B.
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By the induction hypothesis applied to I' - e; : A, it suffices to show that
[F],defs([ei]) F letx; =[]in [es] K : (hole([ei]) : [A]) = B.
By Rule K-BIND, it suffices to show

a) [],defs([e1]) F hole(Jei]) : [[A]], which follows by Lemma 4.3.8 applied
to the induction hypothesis for I -e; : A,

b) ['],defs([ei]),x1 = hole([ei]) I [e2] K : B.

Item (b) follows from the induction hypothesis applied to ', x = e; - ey : B’ with
K (the same well-typed K that we have from our current premise), if we can show
that K is well typed as follows:

[[],defs([e1]),x1 = hole([ei]),defs([es]) F K : (hole([es]) : [B'[e1/x1]]) = B
Currently, we know by our premises that

[F],defs([letx; =ejines]) - K : (hole([letx; =ejines]) : [B'[e1/x1]]) = B

So it suffices to show that

a) defs([letx; =ejines]) = (defs([e1]),x1 = hole([e(]),defs([ez]))

b) hole([letx; =ejines]) = hole([es])

both of which are straightforward by definition.

Theorem 4.3.10 (Type Preservation). If '+ e: A then [I']F [e] : [A]

Proof. By Lemma 4.3.9, it suffices to show that [I['] F [] : (_ : [A]) = [A], which is
trivial. ]

4.3.2 Compiler Correctness

I prove correctness of separate compilation with respect to the ANF machine semantics.
I use the same definitions of linking and observations as in Chapter 2 for ECCP. It is
simple to lift the ANF translation to closing substitutions.

Correctness of separate compilation is non-standard compared to Chapter 3, in that I
define ANF semantics separate from conversion. This theorem states that we can either
link then run a program in the source language semantics, i.e., using the conversion
relation, or separately compile the term and its closing substitution then run in the
ANF machine semantics. Either way, we get related observations.

Theorem 4.3.11 (Separate Compilation Correctness). If [ + e and I = ~, then
eval(y(e)) =~ eval([] ([e]))-

Proof. Because = corresponds to &~ on observations, it suffices to show that the following
diagram commutes, which it does because eval(v(e)) = v(e) (by definiton), v(e) = [y(e)]
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(by Lemma 4.3.6), [v] ([e]) = [v(e)] (by Lemma 4.3.3), and eval([~] ([e])) = [7] ([e])
(by Theorem 4.2.3 (Evaluation soundness)).

eval(y(e)) —=— [v(e)]

ook :

eval([y([eD]) —— [v([eD]
Corollary 4.3.12 (Whole-Program Correctness). If - F e then eval(e) =~ [eval(e)].

4.4 RELATED AND FUTURE WORK

4.4.1 Comparison to CPS

ANF is usually seen in opposition to CPS, so I briefly discuss similarities and differences
between our type-preserving ANF and prior work on-type preserving CPS. ANF is
favored as a compiler intermediate representation, although not universally. Maurer
et al. (2017) argue for ANF, over alternatives such as CPS, because ANF makes control
flow explicit but keeps evaluation order implicit, automatically avoids administrative
redexes, simplifies many optimizations, and keeps code in direct style. Kennedy (2007)
argues the opposite—that CPS is preferred to ANF—and summarizes the arguments
for and against.

Most recent work on CPS translation of dependently typed language has focused
on expressing control effects. Pédrot (2017) uses a non-standard CPS translation
to internalize classical reasoning in the Calculus of Inductive Constructions (CIC).
Cong and Asai (2018a,b) develop CPS translations to express delimited control effects,
via shift and reset, in a dependently typed language. Miquey (2017) uses a CPS
translation to model a dependent sequent calculus. When expressing control effects
in dependently typed languages, it is necessary to prevent certain dependencies from
being expressed to maintain consistency (Barthe and Uustalu, 2002; Herbelin, 2005),
therefore these translations do not try to recover dependencies in the way we discuss in
Section 4.1.

My own CPS translation, Chapter 6 (published before writing this chapter as Bowman
et al. (2018)) does avoid control effects and seeks to develop a type preserving translation.
The new typing rule I add is similar to my Rule K-BIND in ECC4, and is used for
the same purpose: to recover disrupted dependencies. Unfortunately, that encoding
does not scale to higher universes, and relies on interpreting all functions as parametric
(discussed further in Chapter 8). By contrast, this ANF translation works with higher
universes and, since ECC4 is a subset of ECCP, the ANF translation is orthogonal to
parametricity.
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4.4.2 Branching and Join Points

The ANF translation presented so far does not support all of ECCP:; in particular,
it omits the dependent conditional. This is primarily for simplicity, as many of the
problems with ANF are orthogonal to dependent conditional. However, dependent
conditionals do introduce non-trivial challenges for ANF translation. In this section, I
give the translation and argue that it is type preserving.

It is well-known that ANF in the presence of branching constructs, such as if, can
cause considerable code duplication for branches. For instance, supposing we have an
(for the moment, non-dependent) if, the naive ANF translation is the following.

[if ethene; elsees] K = [e] let x = [-] inif x then ([e;] K) else ([e2] K)

Notice that the current continuation K is duplicated in the branches.

The well-known solution is to add a join point—essentially, a continuation that is
used only for avoiding code duplication in branch constructs. Using join points, we
would translate if as follows.

[if ethenejelsees] K = [e] let x = [-]inlet j=Ax": A. K[x/] in
if xthen [e;]letx; =[]in j x3
else [ex]letxs =[]in j xo

Instead of duplicating K, we create a join point j which is called in the branches.

Extending the translation to support join points requires (for decidable type checking)
that the translation generate a type annotation A for the join point, where A is the
translation of the type of the if statement. It is easy to extend the translation to
be defined on typing derivations; in fact, the rest of the translation defined in this
dissertation are defined on typing derivations, and the proof architecture described
in Chapter 3 is designed to support this. The only disadvantage is that structuring
the translation this way disallows typed equivalence, unless the problem discussed in
Chapter 3 can be solved.

The real problem arises when we have dependent conditionals, in which the result
type of the branches can depend on the scrutinee of the conditional. Recall that typing
rule for dependent if, reproduced below.

My:bool-B:U 'k e: bool I+ ey : Bltrue/y] [+ ey : Blfalse/y]
[+ ifethene; elsees : Ble/y]

We can describe the problem clearly using continuation typing. The ANF translation of
this term is with respect to continuation K : (hole([if ethene; elsees]) : [Ble/y]]) = B'.
However, the ANF translation will use K in an ill-typed way, producing in one branch
[er] K, and in the other branch [e;] K. For the first branch, for instance, we must show
that now K : (hole([e]) : [B[true/y]]) = B’. The definitions, defs([e]), introduced
by the translation of if are not sufficient to show that this type is equivalent to the
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type of K expected for the translation of if. I discuss an essentially similar problem
for CPS with dependent conditionals in Chapter 6.

We could resolve this, it seems, if we could assume that while type checking the first
branch that e = true, and similarly for the second branch that e = false. But one of
these is not true; we cannot have that both e = true and e = false. Since in ECC4
we require reduction under both branches during type checking, reduction under this
inconsistent assumption could cause divergence.

To enable us to make inconsistent assumptions like the above but ensure strong
normalization, my idea is to use explicit equality proofs and explicit coercions. The
coercions would block reduction until they have a proof of equality, and since we will
never end up with a proof that true = false, the inconsistent assumption can never be
used in reduction. But the coercion would allow the ANF translation to type check.

With this idea, the type rule for if would be the following.

My :boolFB: U
I+ e: bool [,p:e=truet e; : Btrue/y] [, p:e=false ey : Blfalse/y]

'+ if ethene; elsees : Ble/y]

Then, the ANF naive translation for dependent conditionals would be the following; I
give the join-point translation shortly.

[if ethenej elsees] K = [e] let x =[] in
if x then [e;]let x; =[] in K[subst , x1]
else [ey] let xo =[] in K[subst j, x;]

The term subst ;, e is an elimination for the identity type (derivable from only axiom
J, a standard axiom admitted in many dependent type theories), with the following
standard semantics. Recall that the result type of K cannot depend on the term in its
hole, so we do not need a similar conversion for the result of K.

I'x:AFB:U I'Fp:ejg=e I'te: Ble;/x] I'He: A
I' - subst , e : Blea/x] I'trefle:e=e

subst e c€ > €

The translation with join points is below, and requires no further additions.

[if ethenejelsees] K = [e] letx =[-]inlet j=Ax': A. K[x']in
if x then [e;]let x; =[]inj subst , x;
else [ey]let xo =[]inj subst , xo

The type annotation A would be the translation of the type source if expression. This is
why, formally, the translation must be defined over typing derivations instead of syntax.
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I conjecture that this translation would be type preserving, but a full investigation is
left as future work.

Cong and Asai (2018a) use a similar approach to extend the CPS translation presented
in Chapter 6 to inductive types with dependent case analysis.

4.4.3 Dependent Pattern Matching and Commutative Cuts

The above problem with dependent conditionals is exactly the problem of commutative
cuts for case analysis (Boutillier, 2012; Herbelin, 2009). Formally, the problem of
commutative cuts can be phrased: Is the following transformation type preserving?

K[if ethen e; else ea] ~~ if e then K[eq ] else K[es]

ANF necessarily performs this transformation, as shown in the previous section.

Ignoring ANF for a moment, in general this is not type preserving, and stack typing
shows why. Suppose that we have a non-ANF stack K with the following typing
derivation.

I,y :bool B : U My:Be/y]FB:U [+ ifethene elsees : B'[e/y']
[+ K: (ifethene; elsees : B'le/y']) = BJ[(if ethene; elsees)/y]

Note that the result type of this stack, B’, may depend on the term in the hole, since
this is not in ANF. The problem is that after the commutative cut, we must show that
Klei] and K|es]| are well-typed in the branches, which is not true in general since K
expects if ethen ey elsees.

If we add the equalities e = true and e = false while type checking the branches, as
proposed in the previous section, then it appears that we can make the terms Kle;] and
Kleo] well-typed, although it requires a generalization of Lemma 4.2.4. However, we
still cannot show the commutative cut is type preserving, since the result type B also
depends on the term in the hole. And now, the two branches of the if have different
types: Klei] : Ble1/y], while K[es] : Blea/y]. Since the branches of an if must have the
same type (up to equivalence), it appears that we must show e; = es.

In fact, what we need to show is essentially another, smaller, commutative cut. Viewing
B as a type-level stack, we must show BJif ethen e; else es] = if e then Ble] else B[es]. This
is smaller in the sense that the type of this type cannot contain a commutative cut. For
booleans, we could pursue this by adding yet another appeal to J, but this approach
does not scale to indexed inductive types.

But, there is a solution: we can make the commutative cut type preserving, even
for general inductive types. Boutillier (2012) give an extension to CIC that allows for
typing commutative cuts, in particular, by relaxing the termination checker. Explaining
the solution is out of scope for this work. I only want to point out two things. First, the
solution adds an environment of equalities to the termination checker, just as I propose
for stack typing and for typing if above. Second, the solution requires aziom K, a very
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strong requirement which is inconsistent with certain extensions to type theory, such as
univalence. This raises the question: does ANF in general require axiom K?

I conjecture the answer is no, and the reason is the interesting property we observed
in Section 4.2: in ANF, the result type cannot depend on the term in the hole. This
additional structure seems to avoid some problems of commutative cuts, and I hope
that it will be enough to scale ANF to indexed inductive types without additional
requirements on the type theory. I have one additional reason to be hopeful: even if
we need a stronger axiom than J, work on dependent pattern matching suggests that
univalence may replace axiom K for our purposes.

Recent work on dependent pattern matching creates typing rules similar to what
we suggest above to yield additional equalities during a pattern match (Barras et al.,
2008; Cockx et al., 2016). There is another unfortunate similarity: some work on
dependent pattern matching requires axiom K. In particular, Barras et al. (2008) give a
new eliminator for CIC which adds additional equalities while checking branches of an

elimination, and show that this new typing rule is equivalent to axiom K. Cockx et al.

(2016) discuss a proof-relevant view of unification, in the context of Agda’s dependent
pattern matching. They note that the heterogeneous equalities usually required by
dependent pattern matching require axiom K to be useful. They also take a different
approach, and build on an idea from homotopy type theory that one equality can “layer
over” another, to get a proof relevant unification algorithm that does not rely on K, and
yet yields the additional equalities for dependent pattern matching.

4.4.4 Dependent Call-By-Push-Value and Monadic Form

Call-by-push-value (CBPV) is similar to the ANF target language, and to CPS target
languages. In essence, CBPV is a A calculus in monadic normal form suitable for
reasoning about CBV or CBN, due to explicit sequencing of computations. It has values,
computations, and stacks, similar to ANF, and has compositional typing rules (which
inspired much of my own presentation). The particular structure of CBPV is beneficial
when modeling effects; all computations should be considered to carry an arbitrary
effect, while values do not.

Work on designing a dependent call-by-push-value (dCBPV) runs into some of the
same design issues that we see in ANF (Ahman, 2017; Vakar, 2017), but critically,
avoids the central difficulties introduced in Section 4.1. The reason is essentially that
monadic normal form is more compositional than CPS or ANF, so dependency is not
disrupted in the same way.

Recall from Section 4.2 that our definition of composition was entirely motivated
by the need to compose configurations and stacks. In CBPV, and monadic form
generally, there is no distinction between computation and configurations, and let is
free to compose configurations. This means that configurations can return intermediate
computations, instead of composing the entire rest of the stack inside the body of a
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let. The monadic translation of snd e from Section 4.1, which is problematic in CPS
and ANF, is given below and is easily type preserving.

[snde: Ble/y]] =letx = [e] insndx : [B][[e]/y]

Note that since let can bind the “configuration” [e], the typing rule LET and the
compositionality lemma suffice to show type preservation, without any reasoning about
definitions. In fact, we don’t even need definitions for monadic form; we only need a
dependent result type for let. The dependent typing rule for let without definition
is essentially the rule given by Vakar (2017), called the dependent Kleisli extension,
to support the CBV monadic translation of type theory into dCBPV, and the CBN
translation with strong dependent pairs. Vakar (2017) observes that without the
dependent Kleisli extension, CBV translation is ill-defined (not type preserving), and
CBN only works for dependent elimination of positive types. A similar observation
was made independently in my own work with Nick Rioux, Youyou Cong, and Amal
Ahmed (2018, presented in Chapter 6): type-preserving CBV CPS fails for II types, in
addition to the well-known result that the CBN translation failed for ¥ types (Barthe
and Uustalu, 2002).

If we restrict the language so that types can only depend on wvalues, then the extension
with dependent let is not necessary. This restriction seems sensible in the context of
modeling effects. Ahman (2017) in eMLTT, a co-discovered variant of dependent CBPV,
avoids dependent let altogether, but comes up with many useful models of dependent
types with effects. Ahman (2017), however, does not give a translation from type theory
into eMLTT, and it seems likely that an extension with dependent let would be required
to do so. (This would be necessary to build on eMLTT as a compiler IL.) However,
as Vakar (2017) points out, it is not clear what it means to have a type depend on
an effectful computation, and trying to do so makes it impossible to model effects in
dCBPV the way one would hope.

In eMLTT, stacks cannot have a result type that depends on the value it is composed
with, just as in our K-BIND rule. However, the dCBPV of Vakar (2017) does allow
the result type of stacks to depend on values, but only on values. It is unclear what
trade-offs each approach presents.



5 ABSTRACT CLOSURE CONVERSION

In this chapter, I develop the second of the two front-end type-preserving translations, a
so-called abstract closure conversion translation. Abstract closure conversion produces
closure converted code in which closures are primitives, rather than encoded using a
well-known datatype (Minamide et al., 1996). The goal of closure conversion is to
close all computation abstractions with respect to free variables so the definition of a
computation can be separate from its use. In ECCP, the only computation abstraction
is A, so we will be translating all A expressions into an explicit closure object. Intuitively,
the abstract closure object essentially represents closed code partially applied to the local
environment in which the code was defined. This is abstract compared to representations
of closures as a pair of the code and environment, since a pair supports more operations
(projection) than a closure. The abstract closure conversion ensures the only operation
defined on closures is application.

I begin by describing the key problems with type preserving closure conversion—
particularly why the standard parametric closure conversion fails—and the solutions,
then develop the closure conversion IL, and finally prove type preservation and compiler
correctness. As this pass is meant to follow ANF, I also prove that ANF is preserved.

Typographical Note. In this chapter, I typeset the source language, ECCP, in a blue,
non-bold, sans-serif font, and the target language, ECC®C, in a bold, red, serif font.

Digression. A wvariant of the translation presented in this chapter was independently
discovered by Kovdcs (2018). That translation differs primarily in its use of universes
ala Tarski. The author also spends some time discussing type-passing polymorphism,
which I do not discuss.

5.1 MAIN IDEAS

Closure conversion makes the implicit closures from a functional language explicit to
facilitate statically allocating code in memory. The idea is to translate each first-class
function into an explicit closure, i.e., a pair of closed code and an environment data
structure containing the values of the free variables. Code refers to functions with no free
variables, as in a closure-converted language. The environment is created dynamically,
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but the closed code can be lifted to the top-level and statically allocated. Consider the
following example translation.

[(Az.y)] = ((Anz.lety = (m1n) iny), (y))
[((Az.y) true)] = let (f,n) = (Anz.lety = (m1n) in y), (y)) in
f n true

I write [e] to indicate the translation of an expression e. We translate each function into
a pair of code and its environment. The code accepts its free variables in an environment
argument, n (since n sounds similar to env). In the body of the code, we bind the
names of all free variables by projecting from this environment n. To call a closure, we
apply the code to its environment and its argument.

This translation is not type preserving since the structure of the environment shows
up in the type. For example, the following two functions have the same type in the
source language. They are both functions on booleans, and ¥ is a free variable of type

bool.
Az.y : (bool — bool)

Az.z @ (bool — bool)

But after closure conversion when we encode closures as pairs, the two functions have
different types in the target language.

[(Az.y)] : ((bool x 1) — bool — bool) x (bool x 1)
[(Az.z)] : (1 — bool — bool) x 1

This is a well-known problem with typed closure conversion, so we could try the well-
known solution, called parametric closure conversion [Minamide et al., 1996, Morrisett
and Harper, 1998, Morrisett et al., 1999, Ahmed and Blume, 2008, Perconti and Ahmed,
2014, New et al., 2016], which represents closures as an existential package of a pair
of the code and its environment, whose type is hidden. The existential type hides the
structure of the environment in the type. (Spoiler alert: it doesn’t work for ECCP))

[(Az.y)] : 3Fa.(a — bool — bool) x
[(Az.z)] : Fa.(a — bool — bool) x «

This translation works well for simply typed and polymorphic languages, but when we
move to a dependently typed language, we have new challenges. First, the environment
must now be ordered since the type of each new variable can depend on all prior variables.
Second, types can now refer to variables in the closure’s environment. Consider the
polymorphic identity function below.

AA:Prop.Ax:A.x : [TA:Prop.lMx:A A

This function takes a type variable, A, whose type is Prop. It returns a function that
accepts an argument x of type A and returns it. There are two closures in this example:
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the outer closure has no free variables, and thus will have an empty environment, while
the inner closure A x: A.x has A free, and thus A will appear in its environment.

Below, I present the translation of this example using the existing parametric closure

conversion translation. The translation produces two closures, one nested in the other.

Note that we translate source variables x to x. In the outer closure, the environment
is empty (), and the code simply returns the inner closure. The inner closure has the
argument A from the outer code in its environment. Since the inner code takes an
argument of type A, we project A from the environment in the type annotation for
x. That is, the inner code takes an environment ns that contains A, and the type
annotation for x is x : fstns. The type fst ns is unusual, but is no problem since
dependent types allow terms in types.

(A(mi:1,A: Prop). (A(m : Prop x 1,x: fstns).x. (A, (1)), ()
Jay :Prop. (II(n; : a1, A : Prop).
Jag: Type;. (I (ng : ag,x : fstny). fstny) X az) X ay

We see that the inner code on its own is well typed with the closed type II (n; :
Prop x 1,x: fstny). fst ny. That is, the code takes two arguments: the first argument
n, is the environment, and the second argument x is a value of type fstns. The
result type of the code is also fst ny. As discussed above, we must hide the type
of the environment to ensure type preservation. That is, when we build the closure
(A(n2: Prop x 1,x: fstnsy).x, (A, ()))), we must hide the type of the environment
(A, ()). We use an existential type to quantify over the type c of the environment,

and we produce the type IT (ns : o, x : fst ny). fst ny for the code in the inner closure.

But this type is trying to take the first projection of something of type avy. We can only
project from pairs, and something of type a isn’t a pair! In hiding the type of the
environment to recover type preservation, we’ve broken type preservation for dependent
types.

A similar problem also arises when closure converting System F, since System F also
features type variables (Minamide et al., 1996; Morrisett et al., 1999). To understand
my solution, it is important to understand why the solutions that have historically
worked for System F do not scale to dependent types. I briefly present these past results

and why they do not scale before moving on to the key idea behind my translation.

Essentially, past work using existential types relies on assumptions about computational
relevance, parametricity, and impredicativity that do not necessarily hold in full-spectrum
dependent type systems.

5.1.1  Why the Well-Known Solution Doesn’t Work

Minamide et al. (1996) give a translation that encodes closure types using existential
types, a standard type-theoretic feature that they use to make environment hiding
explicit in the types. In essence, they encode closures as objects; the environment can
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be thought of as the private field of an object. Since then, existential types have been
the standard way to encode closure types has been all work on typed closure conversion.

However, the use of existential types to encode closures in a dependently typed
setting is problematic. First, let us just consider closure conversion for System F. As
Minamide et al. (1996) observed, there is a problem when code must be closed with
respect to both term and type variables. This problem is similar to the one discussed
above: when closure environments contain type variables, since those type variables
can also appear in the closure’s type, the closure’s type needs to project from the
closure’s (hidden) environment which has type a. To fix the problem, Minamide et al.
(1996) extend their target language with translucency (essentially, a kind of type-level
equivalence that we now call singleton types), type-level pairs, and kinds. All of these
features can be encoded in ECCP and most dependent type systems, so we could extend
their translation essentially as follows. (In fact, I present the extended translation in
Chapter 7.)

[(Mx:A.B)] défﬂa:U.Eln:a.Code(n’:a,y:n’:n,x: TA])- [B]

In this translation, we existentially quantify over the type of the environment «, the
term representing the environment n, and generate code that requires an environment n’
plus a proof that the code is only ever given the environment n as the argument n’. The
typing rule for an existential package copies the existentially quantified terms into the
type. That is, for a closure pack (A’ v,e) of type Jax: U.In: . Code (n': a,y:n' =

n,x: [A]).[B], the typing rule for pack requires that we show e : Code (n': A’ y:n' =
v,x: [A]). [B]; notice that the variable n has been replaced by the term representing
the environment v. The equality n’ = v essentially unifies projections from n’ with
projections from v, the list of free variables representing the environment.

The problem with this translation is that it relies on impredicativity. That is, if
(Mx:A.B) : Prop, then we require that [([x:A.B)] : Prop. Since the existential type
quantifies over a type in an arbitrary universe U but must be in the base universe
Prop, the existential type must be impredicative. Impredicative existential types (weak
dependent pairs) are consistent on their own, but impredicativity causes inconsistency
when combined with other features, including computational relevance and higher uni-
verses. For example, in Coq by default, the base computationally relevant universe Set
is predicative, so this translation would not work. There is a flag to enable impredicative
Set, but this can introduce inconsistency with some axioms, such as a combination of
the law of excluded middle plus the axiom of choice, or ad-hoc polymorphism (Boulier
et al., 2017). Even with impredicative Set, there are computationally relevant higher
universes in Coq’s universe hierarchy, and it would be unsound to allow impredicativity
at more than one universe. Furthermore, some dependently typed languages, such as
Agda, do not allow impredicativity at all.

A second problem arises in developing an 7 principle, because the existential type
encoding relies on parametricity to hide the environment. So, any 7 principle would need
to be justified by a parametric relation on environments. Internalizing parametricity for
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dependent type theory is an active area of research (Krishnaswami and Dreyer, 2013;
Bernardy et al., 2012; Keller and Lasson, 2012; Nuyts et al., 2017) and not all dependent
type theories admit parametricity (Boulier et al., 2017).

Later, Morrisett et al. (1999) improved the existential-type translation for System F,
avoiding translucency and kinds by relying on type erasure before runtime, which meant
that their code didn’t have to close over type variables. This translation does not apply
in a dependently typed setting, since dependent types can contain term variables, not
just “type erasable” type variables.

5.1.2 Abstract Closure Conversion

To solve type-preserving closure conversion for ECCP, I avoid existential types altogether
and instead take inspiration from the so-called abstract closure conversion of Minamide
et al. (1996). They add new forms to the target language to represent code and closures
for a simply typed source language. In this chapter, I scale their design to dependent
types.

I extend ECCP with primitive types for code and closures. I represent code as
A(n: Al x: A).e; of the code type Code (n: A’,x: A).B. These are still dependent
types, so n may appear in both A and B, and x may appear in B. Code must be
well-typed in an empty environment, .e., when it is closed. For simplicity, code only
takes two arguments.

n:A''x:AFe:B

. / . . . / . CODE
I'FAn:A''x:A.e:Code(n: A",x:A).B

I represent closures as ((e, €’)) of type IL1x: Ale’/n]. Ble//n], where e is code and €’ is
its environment. We continue to use Il types to describe closures; note that “functions”

in ECCP are implicit closures. The typing rule for closures is the following.

'e:Code(n: A" )x:A).B TFe:A

Cro
T+ {e,e) : Ix: Ale'/n]. Ble'/n]

We should think of a closure ((e, e’)) not as a pair, but as a delayed partial application
of the code e to its environment €’. This intuition is formalized in the typing rule since
the environment is substituted into the type, just as in dependent-function application
in ECCP.

To understand the translation, let us start with the translation of functions; this is
the key translation rule.

[Ax:A ] ¥ (A= (xi:[A]...). 1,x: let (x;...) =nin [A]).

let (x;...) =nin [e]), (x;...))

where x; : A; ... are the free variables of e and A
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The translation of functions is simple to construct. We know we want to produce a
closure containing code and its environment. We know the environment should be
constructed from the free variables of the body of the function, namely e, and, due to
dependent types, the type annotation A. The type of the environment, ¥ (x;:[A;]...).1
is the type of a dependent list describing the free variables, with a final element of
the unit type. This encodes the fact that type of each variable in the environment
can depend on the value of previous variables. (The syntax let (x;...) = nine is
syntactic sugar for nested projections from a list implemented with pairs, i.e., for
let x; =fstnin (let xo =fstsndnin (...let x,, = (fst snd ...sndnine)).)

The question is what the translation of 1 types should look like. Let’s return to the
earlier example of the polymorphic identity function. If we apply the above translation,
we produce the following for the inner closure. We know its type by following the typing
rules CLO and CODE above.

(A(ng: Prop X 1,x:fstng).x, (A, ())) :
I (x = (fst n)[(A, ()) /na]). (fst n2)[(A, ()) /ma]

We know that the code A (ns : Prop X 1,x : fst ny). x has type Code (Prop X 1,x:
fst ny). fst ny. Following CLO, we substitute the environment into this type, so we get
the following.

I (x : (fst na)[(A, () /n2]). (fst n2)[(A, ()) /n2]

So how do we translate the function type lNMx: A A into the closure type IT(x

(fstno)[(A, () /n2]). (fst na)[(A, ())/n2]? Note that this type reduces to IIx: A. A.
So by the rule CoNv, we simply need to translate MNx:A. A to IIx: A. A!

The key translation rules are given below.

[(Mx:A.B)

] < mx: [A].[B]
[(Ax:A.e)] &

(A2 (xi: [A]...),x:let (x;...) =nin [A]).
let (x;...) =nin [e]), (x;...))

where x; : A; ... are the free variables of e and A

Observe that, when the source is in ANF, this translation maintains ANF. A closure
ought to be a value, and therefore its sub-expressions should be values, and the translation
guarantees this. The body of the code should be a configuration, which is also true,
since for any configuration M, let x = N in M is a configuration. I show this in detail
in Section 5.3.3.

A final challenge remains in the design of our target language: we need to know when
two closures are equivalent. As we just saw, ECCP partially evaluates terms while type
checking. If two closures get evaluated while resolving type equivalence, we may inline
a term into the environment for one closure but not the other. When this happens,
two closures that were syntactically identical and thus equivalent become inequivalent.
I discuss this problem in detail in Section 5.3, but essentially we need to know when
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Universes U Prop | Type;

x| U| Code(x': A/,x:A).B | A(X':A')x:A).e
IIx:A.B | (e,€) |ee | Ex:A.B
(e1,e2)asXx:A.B | fste | snde | bool | true
false | if ethene;elsees | letx=eine | 1 | ()

FExpressions e, A, B

Figure 5.1: ECCY“ Syntax

two syntactically distinct closures are equivalent. The solution is simple: get rid of the
closures and keep inlining things!

[,x: At eife]/n] = eye),/n]
FF{(A(n:A")x:A).e),e)=((A(n:A,x:A).e),e))

Two closures are equivalent when we inline the environment, free variables or not,
and run the body of the code. We leave the argument free, too. We run the bodies of
the code to normal forms, then compare the normal forms. Recall that equivalence runs
terms while type checking and does not change the program, so the free variables do no
harm.

This equivalence essentially corresponds to an n-principle for closures. From it, we
can derive a normal form for closures ((e, e’)) that says the environment €’ contains only
free variables, i.e., € = (x;...).

The above is an intuitive, declarative presentation, but is incomplete without addi-
tional rules. I use an algorithmic presentation that is similar to the n-equivalence rules
for functions in ECCP, which I give in Section 5.2.

5.2 CLOSURE-CONVERTED INTERMEDIATE LANGUAGE

The target language ECCCC is based on ECCP, but first-class functions are replaced
by closed code and closures. I add a primitive unit type 1 to support encoding
environments. In Figure 5.1, I extend the syntax of expressions with a unit expression
() and its type 1, closed code expressions An: A’/ x: A.e and dependent code types
Code (n: A’,x: A).B, and closure expressions (e, €’)) and dependent closure types
ITx: A.B. The closed code expressions will eventually be separated from closures,
lifted to the top-level and heap allocated, as described in Chapter 3. The syntax of
application e € is unchanged, but it now applies closures instead of functions.

I define additional syntactic sugar for sequences of expressions, to support writing
environments whose length is arbitrary. A sequence of expressions €; ... represents a
sequence of length |i| of expressions e;,,...,e; . I extend the notation to patterns such
as x; : A; ..., which implies two sequences x;,,...,x;, and Ay,..., A, each of length
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FH({(Ax':Al,x:Ae, ) e >g ee/x][e/x]

Figure 5.2: ECC®C Reduction (excerpts)

e >*e TFey>*e

I'ej=ey

FFeip* (A(X':A)x:A).é€,e)
F'tes>*ey, T ,x:Alele/x]=¢e)x

=-CLO;
I'te =ey
Tre>* (A(X:Al,x:A).e)e)
Fke >*e) I,x:AFe| x=ele/x]
=-CLOs

I‘l—elzeg

Figure 5.3: ECC“C Equivalence

li|. I define environments as dependent n-tuples, written (e;...)as> (x;: A;...). I
encode dependent n-tuples using dependent pairs—(eg, (..., (e;, ())))— i.e., as nested
dependent pairs followed by a unit expression to represent the empty n-tuple. Similarly,
the type of a dependent n-tuple is a nested dependent pair type; 3 (x; : A;...) is
syntactic sugar for X xg: Ag.... X x;: A;. 1.

As with dependent pairs, I omit the annotation on n-tuples (e;...) when it is
obvious from context. I also define pattern matching on n-tuples, written let (x;...) =
€ ine, to perform the necessary nested projections, i.e., let xg =fste’in ...let x; =
fstsnd ...snd e’ ine, as described in Section 5.1.

In Figure 5.2, I present the reduction rules for closures. The conversion relation
I' - e >* €/, and evaluation function eval(e) are essentially unchanged from ECCP,
and are given in full in Appendix D. Note that S-reduction only applies to closures.
Code cannot be applied directly, but must be part of a closure. Closures applied to an
argument S-reduce, applying the underlying code to the environment and the argument.
All the other reduction rules remain unchanged.

In Figure 5.3, I present equivalence for ECCYC. The key difference is that I replace the
n-equivalence rules for functions by n-equivalence for closures. Even when n-equivalence
for functions is excluded from the source language, n-equivalence for closures is necessary
for proving Lemma 4.3.3 (Substitution).
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'-A=<B

T'HA=B FFA=<A’ 'rA'<B
<= =<-TRANS
'HA<B 'HA<B

<-Prop <-CuMm
I'F Prop <X Typey ' Type; X Type;t1

T'FAI =A,
I‘,n1 IA1 = All EA/2 I‘,n1 IAl,Xl : All = B1 jBQ[nl/ng][Xl/Xg]

<-CODE
I' - Code (1’11 . Al,Xl . AI])Bl j Code (IIQ . AQ,XQ : AIQ) B2 o

Fl‘AlEAQ F,X12A1|—B1jB2[X1/Xg] <
F"HXllAl.BleXQZAQ.BQ o

F"AleQ I‘,XliAQ'—BljBQ[Xl/Xg]

=-S1G6
'+ EXliAl.Bl '_<2X2:A.2.B2

Figure 5.4: ECC®® Subtyping

In Figure 5.4, I define subtyping. As usual, subtyping extends equivalence to include
cumulativity. The subtyping rules for code types are essentially the same as for dependent
function types.

I''x:A',x: A+ B:Prop

. : T-Cobpe-Propr
I' - Code (x' : A',x: A).B: Prop

I''x:A' x: AFB: Type;

: Y : ) T-CoDE-TYPE
' Code(x:A,x : A").B: Type;

x :Ax:AFe:B

CopEe
FFAX :A',x:A).e:Code(x': A',)x:A).B
I'e:Code(x': A';x:A).B e : A FIT
; — — CLo ———— T-UNIT
' ((e,e) : IIx: Ale'/x']. Ble'/x'] I'1:Prop
T
——— UNIT
'F({:1

Figure 5.5: ECCY“ Typing (excerpts)
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[e]° = e whereT'Fe: A

[1]° ' Na:Prop.Mx:a.a
T1O1° ' Na:Prop.Ax:a.x
[Code(x': A/,x: A).B]° = Nx:[A’]°.Nx:[A]°.[B]°
AN A x:A)e]° = AX:[A].Ax:[A]°. [e]°
[Ge. e = [e]° [T°

el € [e]° [T

Figure 5.6: Model of ECCY® in ECCP (excerpts)

I give the new typing rules for ECC®C in Figure 5.5; the full rules are given in
Appendix D, Figure D.7 and Figure D.8. Most rules are unchanged from the source
language. The most interesting rule is Rule CODE, which guarantees that code only
type checks when it is closed. This rule captures the goal of typed closure conversion
and gives us static machine-checked guarantees that our translation produces closed
code. Rule CLO for closures ((e,e’)) substitutes the environment €’ into the type of the
closure, as discussed in Section 5.1. This is similar to Rule App from ECCP, which
substitutes a function argument into the result type of a function. As discussed in
Section 5.1, this is also critical to type preservation, since the translation must generate
closure types with free variables and then synchronize the closure type containing free
variables with a closed code type. As with I types in ECCP, we have two rules for
well-typed Code types. Rule T-CODE-PROP allows impredicativity in Prop, while
Rule T-CoODE-TYPE is predicative.

Note that the impredicative rule, Rule T-CODE-PROP, is not necessary for type
preservation; we only need to include it if the source language has impredicative
functions.

5.2.1  Meta-Theory

I prove type safety and consistency of ECCCC following the standard architecture
presented in Chapter 3.

The essence of the model translation from ECCYC to ECCP is given in Figure 5.6.
The translation is defined inductively on the syntax of expressions. This includes only
the key translation rules. The translation [e]® = e models the ECCYC expression e as
the ECCP expression e. The remaining rules are given in Appendix D, in Figure D.14.!

In the previous version of this work (Bowman and Ahmed, 2018), this translation was defined by

induction on typing derivations. That presentation is verbose and not necessary for constructing a
model of ECCCC.
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As described in Chapter 3, I always assume I only translate well-typed expressions, so
the typing derivation for e is always an implicit parameter whenever we have [e]°.

[ model code An : A’;x : A.e as a curried function An: [A']°. Ax: [A]°. [e]°,
and a code type Code(n : A’,;x : A).B via the curried dependent function type
Mn:[A’]°. Mx:[A]° [B]°. Observe that the inner function produced in ECCP? is not
closed, but that is not a problem since the model only exists to prove type safety and
consistency. It is only in ECCYC programs that code must be closed. I model closures
((e,e’)) as the application [e]° [e']°—i.e., the application of the function [e]° to its
environment [e¢']°. T model () with the standard Church-encoding as the polymorphic
identity function, since ECCP does not include a unit expression. (We could just as well

add a unit expression to ECCP.) All other rules simply recursively translate subterms.
As discussed in Chapter 3, we first must prove preservation of falseness Lemma 5.2.1.

I encode the empty type, or invalid specification, L in ECC®C as T A : Prop.A. This
type describes a function that takes any arbitrary specification A and returns a proof
of A. There is only a proof of L if ECC®C is not consistent. Similar, we encode | in
ECCP as MMA : Prop.A. It is clear from the translation of dependent function types
that the translation preserves falseness. I use = as the terms are not just definitionally
equivalent, but syntactically identical.

Lemma 5.2.1 (Preservation of Falseness). [L]° = L

To prove type preservation, I use the standard architecture from Chapter 3. The

CC’C

proofs are straightforward, since the typing rules in EC essentially correspond to

partial application already.
Compositionality is an important lemma since the type system and conversion are
defined by substitution.

Lemma 5.2.2 (Compositionality). [(e[e’/x])]° = [e]°[[e]°/x]
Proof. The proof is by induction on the structure of e. I give the key proof cases.

Case: e = Prop

Trivial, since e = Prop cannot have free variables.

Case: e = x'.
There are two sub-cases:
Sub-case: x' = x Then the proof follows since [(x[e’/x])]° = [€']° = x[[e]°/X]

Sub-case: x’ # x Then the proof follows since [(x'[e’/x])]° = X' = X[[e']° /%]

Case: e =letx=-ejiney

Follows easily by the inductive hypotheses, since both the translation of let and
the definition of substitution are structural, except for the capture avoidance
reasoning.
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Case: e=1IIx:A.B

Follows easily by the inductive hypotheses, since both the translation of IT and
the definition of substitution are structural, except for the capture avoidance
reasoning.

Case: e = ((e1,e3))

Must show that [((e1,eq))[e//x]]° = [(e1,e2)]°[[e']°/x].

[(e1, ex)le’/x]]°
= [esle'/x], e2le’/x])]" (45)

by definition of substitution

= [eile'/x]]° [eale'/x]]° (46)

by definition of translation

= [ed’[[]"/x] Te2D°[[]" /] (47)

by the induction hypothesis applied to e; and e,

= [(er.e2)I°[[e]"/x] (48)

by substitution

Next I show that the model preserves reduction, or that our model in ECCP weakly
simulates reduction in ECC®C. This is used both to show that equivalence is preserved,
since equivalence is defined by conversion, and to show type safety.

Lemma 5.2.3 (Preservation of Reduction). If e > €' then [e]° >* [€/]°
Proof. By cases on e > €. The only interesting case is for the reduction of closures.

Case: (Ax' :A';x:A.e),€)) e>pele/x|[e/x]
We must show that
[(((Ax": A x: A.ey),€')) )] >~ [(es[e'/x'][e/x])]"

[((AX - A/ )x: Al ep), €) e)]]o

= ((AX: [A]° Ax: [A]°. [e]®) [€]°) [e]® by definition ~ (49)
>5 [es][[e]"/X1le]* /4 (50)
= [(eple’/x)[e/x])]° by Lemma 5.2.2  (51)

O

Now I show that conversion is preserved. This essentially follows from preservation of
reduction, Lemma 5.2.3.
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Lemma 5.2.4 (Preservation of Conversion). If I' e >* € then [I]° F [e]° >* [€]°

Proof. The proof is by induction on derivation I' - e >* €/.2 Each case is essentially
uninteresting, but we give a few representative cases.

Case: Rule RED-REFL

Trivial.

Case: Rule RED-TRANS
We have that e > e; and e; >* €. We must show that [e]° >* [e]°.

By Lemma 5.2.3 applied to e >* e;, we know that [e]° >* [e;]°, and by the
induction hypothesis applied to e; >* € we know that [e;]° >* [¢']°.

By ECCP Rule RED-TRANS, we conclude that [e]° >* [e]°.

Case: Rule RED-CONG-LET
F'tei>*e] T,x=¢€le"e)

RED-CONG-LET
We have '+ letx =e;ine; >* let x =€) in €,

We must show that [let x =e; ine]° >* [let x = €] in€),]°, which follows easily
by the induction hypothesis and by ECCP Rule RED-CONG-LET.

Case: Rule RED-CONG-CODE
LA >*A)
Cn:AlFAs>*A, T)n:Al x:AlFep*e
Wehave THFA(n:Ap,x:As).eb*A(n:Al,x:Al).€

RED-CONG-CODE

We must show that [A(n: Ay, x: Ay).e]’>* [A(n: A, x: A}).€]°.

By definition of the translation, we must show that An:[A;]°. Ax:[A2]°. [e]° >*
An: A Ax: [AL] [€]°-

By the induction hypothesis, we know that
a) [A4]° " [A]°
b) [Ax]” > [A5]°
c) [e]* >* [
The goal follows by two applications of ECCP Rule RED-CONG-LAM.

Case: Rule RED-CoONG-CLO

We must show that [{(e1,e2))]° >* [((€],e,)]°, given that e; >* €| and e, >* €,
which follows easily by the induction hypothesis and by the ECCP Rule RED-
CONG-APP.

O

2 In the prior version of this work (Bowman and Ahmed, 2018), this proof was incorrectly stated as by
induction on the length of the reduction sequence. This version is corrected.
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Next, I show that the translation preserves equivalence. The proof essentially follows
from Lemma 5.2.4, but we must show that the n-equivalence for closures is preserved.

Lemma 5.2.5 (Preservation of Equivalence). If e; = ey then [ei]° = [e2]°

Proof. The proof is by induction on the derivation e = €’. The only interesting case is

for n equivalence of closures.

Case: Rule = Follows by Lemma 5.2.4 (Preservation of Conversion).

Case: Rule =-CLO;
By assumption, we have the following.
a) e; D* (A(X' : Al,x:A).€e),¢€)
b) ey >* €
c) e1le//x'| =€}, x
We must show that [e;]° = [e2]°. By Rule =-7, it suffices to show:
a) [e1]° >* Ax: [A]°[[€']°/X]- [€1]1°[[€']°/X], which follows since:
[el]° o* [({A(x': A/,x: A). €], e’>>)]]o by Lemma 5.2.4 (52)
= (M [AT A (AT [e0]) [e]° (53)
> Ax: [AT[[e]7/x]. [e] ([T /] (54)

b) [e2]° >* [e,]° which follows by Lemma 5.2.4.

c) [e/]°1[€']°/X] = [e€5]° x, which follows by the inductive hypothesis applied
to e1[e//x] = e}, x and Lemma 5.2.2.

Case: Rule =-CL0O9 is symmetric.

O

Lemma 5.2.6 (Preservation of Subtyping). If I' - A < B then [I']° + [A]° < [B]°

Proof. The proof is by induction on the derivation of I' H A <B. All cases are completely
uninteresting, but I give a few representative cases anyway.
Case: Rule <-=

Follows by Lemma 5.2.5.

Case: Rule <-CumM

Must show [Type;]° < [Typet+1]°. By translation, we must show that Type; <
Type ;41 which follows by the ECCP Rule <-Cuwm.
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Case: Rule <-CODE

Must show [Code (n; : Ay, x; : A}).B1]° < [Code (ny : Ay, x5 : AL). Bs]°. By
translation, we must show that M ny:[A;]° Mx;:[A]]°. [B1]° = Mno:[A]% Mxy:
[AL]°.[B2]° By Lemma 5.2.5 (Preservation of Equivalence), we know that
[A1]° = [A}]° and [A, = AL]°. By the induction hypothesis, we know that
[B1]° < [B2]°. The goal follows by two applications of the ECCP Rule <-Pr.

O

We can now show the final lemma for type safety and consistency.
Lemma 5.2.7 (Type and Well-formedness Preservation).
1. If £ T then + [I']°

2. IfT'Fe: A then [T]°F [e]°: [A]°

Proof. 1 prove parts 1 and 2 by simultaneous induction on the mutually defined judg-
ments - I" and I' - e : A. Most cases follow easily by the induction hypothesis.

Case: Rule W-EMPTY

Trivial.

Case: Rule W-DEF

We must show that - [(T',x = €)]°. By Rule W-DEF in ECCP and part 1 of the
inductive hypothesis, it suffices to show that [[']° - [e]° : [A]°, which follows by
part 2 of the inductive hypothesis applied to I' F e : A.

Case: Rule W-Assum

We must show that = [(T',x : A)]°. By Rule W-Assum in ECCP and part 1
of the inductive hypothesis, it suffices to show that [[']° - [A]° : [U]°, which
follows by part 2 of the inductive hypothesis applied to I' = A : U.

Case: Rule Prop

It suffices to show that = [I']°, since [Prop]° = Prop, which follows by part 1 of
the inductive hypothesis.

Case: Rule T-CoODE-PROP
We have that
'FA :U I''x:A'FA:U I''x:A',x: AFB:Prop
'+ Code(x' : A',x: A).B: Prop

We must show that [I']° = x": [A']°. Tx: [A]°. [B]° : Prop

By two applications of Rule P1-PRrop, it suffices to show
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o [T]°+[A']° : [U’]°, which follows by part 2 of the inductive hypothesis.
o [T]°,% : [A']°  [A]° : [U]°, which follows by part 2 of the inductive
hypothesis.

o [C]°,x : [A']° + [B]° : Prop, which follows by part 2 of the inductive
hypothesis and by definition that [Prop]° = Prop
Case: Rule CODE

We have:
I'x:A',x:Ale:B

FFAx':A')x:A.e:Code(x': A',x: A).B

By definition of the translation, we must show [I']° = Ax": [A']°. Ax: [A]°. [e]° :
MNx : [A]°.Mx: [A]°. [B]°, which follows by two uses of Rule Lam in ECCP
and part 2 of the inductive hypothesis.

Case: Rule CLO

We have:
I'e:Code(x':A')x:A).B TIke:A

Tk (e €) : TIx: Ale'/x]. Ble'/xX]
By definition of the translation, we must show that
[C1° & [e]® [eT°: [(TIx: Ale’/x']. B[e'/x])]".
By Lemma 5.2.2 (Compositionality), it suffices to show that
[T]° + [e]® [€T" : Nx: [A]°[[eT"/X]. [BI°[[eT"/x].
By Rule App in ECCP, it suffices to show that

o [T]°F [e]®: Mx :A.Tx:[A]°. [B]°, which follows with A’ = [A’]° by part
2 of the inductive hypothesis.

o [T]°F [e]° : A, which follows by part 2 of the inductive hypothesis.
Case: Rule App
Similar to the case for Rule CLo.
Case: Rule Conv

Follows by part 2 of the inductive hypothesis and Lemma 5.2.6 (Preservation of
Subtyping).

O

The model of ECCYC in ECCP implies the desired consistency and type safety
theorems, as discussed earlier.

Consistency tells us that we can only write proofs of valid specifications.

Theorem 5.2.8 (Logical Consistency of ECCYC). There does not exist a closed expres-
sion e such that - =e: L.
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‘[[e]]:e Whererl—e:t‘

M = x
[Prop] aof Prop
[Type] ¥ Type;
[Mx:A.B] ¥ 11x:[A].[B]
DPx:Ae ¥ (Am:=(x:[A]...),x:let (x;...) =nin [A]).

let (x;...) =nin [e]),
(x;...yas 3 (x;: [Ai]-..))
x; :Aj... =FV(Ax:A.e,MMx:A.B,IN

fer 2] & [ed] [eo]

[letx=-eine] et x = [e] in [€']

Figure 5.7: Abstract Closure Conversion from ECCP to ECCYC (excerpts)

Type safety tells us that there is no undefined behavior that causes a program to get
stuck before it produces an observation.

Theorem 5.2.9 (Type Safety of ECCCC). IfF e, then eval(e) is well-defined.

5.3 CLosSURE CONVERSION

I present the key closure conversion translation rules in Figure 5.7. Formally, the
translation is defined by induction on typing derivations. This is necessary since the

translation must produce a type annotation for the environment argument of the code.

The translation [e] takes the typing derivation for e as an implicit parameter. For
concision, I give a complete definition of translation explicitly defined over typing
derivations in Appendix E, Figure E.4 and Figure E.5.

Every case of the translation except for functions is trivial, including application
since application is still the elimination form for closures after closure conversion. In
the non-trivial case, we translate ECCP dependent functions to ECCCC closures, as
described in Section 5.1. The translation of a function [Ax: A.e] produces a closure
((e1,e2)). The first component e; is closed code. Ignoring the type annotation for a
moment, the code A (n,x).let (x;...) =nin [e] projects each of the |i| free variables
X; ... from the environment n and binds them in the scope of the body [e]. Since
ECCP and ECC®C are dependently typed, we must also bind the free variables from the
environment in the type annotation for the argument x, i.e., producing the annotation
x : let (x;...) =nin [A] instead of just x : [A]. Next we produce the environment
type 2 (x; : [A]...), from the free source variables x; ... of types A;.... We create the
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def

FV(e,B,IN) = FoyeeeyTny (X0 2 Aoy e vy Xn 2 Ay)
where xp,...,x, = fv(e,B)
[+ X0 - A()
MEx,: A,

rO = FV(A07 s r)

rn, - FV(Ana ) r)

Figure 5.8: Dependent Free Variable Sequences

environment e, by creating the dependent n-tuple (x;...); these free variables will be
instantiated with values at run time before calling the closure.

Notice that application is translated to application. In abstract closure conversion, the
closure is not a pair; its elimination form is still just application, as shown in Figure 5.2.
This makes the translation of application deceptively simple compared to other closure
conversion translations.

Computing free variables in a dependently typed language is more complex than usual.
To compute the sequence of free variables and their types, I define the metafunction
FV(e,B,IN) in Figure 5.8. Just from the syntax of terms e, B, we can compute some
sequence of free variables xo, ..., x, = fv(e, B). However, the types of these free variables
Ao, ..., A, may contain other free variables, and their types may contain still others,
and so on! We must, therefore, recursively compute the sequence of free variables and
their types with respect to a typing environment [. Note that because the type B
of a term e may contain different free variables than the term, we must compute the
sequence with respect to both a term and its type. However, in all recursive applications
of this metafunction—e.g., FV(Ap, ,I')—the type of Ay must be a universe and cannot
have any free variables.

5.3.1  Type Preservation

I prove type preservation, using the standard architecture from Chapter 3.

I first show compositionality. This lemma is the key difficulty in the proof of type
preservation because closure conversion changes the binding structure of free variables.
Whether we substitute a term for a variable before or after translation can drastically
affect the shape of closures produced by the translation. For instance, consider the term
(Ay:A.e)[e//x]. If we perform this substitution before translation, then we will generate
an environment with the shape (x;...,x;...), i.e., with only free variables and without
x in the environment. However, if we translate the individual components and then
perform the substitution, then the environment will have the shape (x;...,[e'] ,x;...)—
that is, x would be free when we create the environment and substitution would replace
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it by [e’]. I use the n-principle for closures to show that closures that differ in this way
are still equivalent.

Lemma 5.3.1 (Compositionality). [(ei[ea/x])] = [e1][[e2]/x]
Proof. By induction on the typing derivation for e;. I give the key cases.

Case: Rule VAR
We know that e; is some free variable X', so either x' = x, hence [es] = [e2], or
x" # %, hence [X] = [¥].
Case: Rule PI-ProOP
We know that e; = 1x": A.B. W.Lo.g., assume x' # x.
We must show [(Mx": Alea/x]. Blea/x])] = [(MX : A.B)][[e2]/x]-

[(MX": Alea/x]. Blea/x])] (55)

= IIx": [(Ale2/x])]- [(Ble2/x])] (56)
by definition of the translation

= IIx": ([A][[e2]/xD)- ([BIIle21/x]) (57)
by the inductive hypothesis for A and B

= (IIx": [A]. [BD)I[e21/x] (58)
by definition of substitution

= [(NX:A.B)][[e2]/x] (59)

by definition of translation

Case: Rule PI-TYPE. Similar to Rule P1-Prop

Case: Rule LaM

We know that e; = Ay:A.e. W.l.o.g., assume that y # x. We must show that
[(Ay:A.e)ea/x])] = [(Ay: A.e)][[e2]/x]. Recall that by convention we have that
=Ay:Ae:Tly:A.B.

[((Ay:A.e)lez/X])] (60)
= [(Ay: (Ale2/X]). ele2/x])] (61)
by substitution
= ((An:3(x; : [A]...),y:let (x;...) =nin [(Ale2/x])]- (62)

let (x;...) =nin [(efe2/X])]), (xi...)))

by definition of the translation

where x; : A;... = FV(Ay: (Alea/x]).elea/x], ). Note that x is not in the sequence
(Xi e )
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On the other hand, we have

f= [(Ay:A-e)lle2]/¥ (63)
= ((An:3(x;:[A;]...),y:let (xj...) =nin [A]. (64)
let (x;...) =nin [e]), (xj,...,[e2] , x5, ---))

by definition of the translation

where x; : Aj... = FV(Ay:A.e, ). Note that x is in x;...; we can write the
sequence as (Xj, ...X%,%;, ., ...). Therefore, the environment we generate contains
[e2] in position j;.

By Rule =-CL0y, it suffices to show that

let (x;...) =(x;...)in [(ele2/x])] =f ¥y

where f is the closure from Equation (63).

f Yy = let <Xj(] - .X,inJrl_“) = <on ey [[62]] » Xjigg - > in [[e]] (65)
by > in ECCYY
[e]{le21/] (66)

by |j| applications of ¢, since only x has a value

= [(ele2/4)] (67)

by the inductive hypothesis applied to the derivation for e

= let (x;...) = (x;...)in [(e[ea/x])] (68)

by |i| applications of ¢, since no variable has a value

Next I show preservation of reduction: if a source term e takes a step, then its
translation [e] is convertible to a definitionally equivalent term e. This proof essentially
follows by Lemma 5.3.1. Note that since Lemma 5.3.1 relies on our n-equivalence rule
for closures, we can only show reduction up to definitional equivalence. That is, we
cannot show [e] >* [¢']. This is not a problem; we reason about source programs to
equivalence anyway, and not up to syntactic equality.

Lemma 5.3.2 (Preservation of Reduction). If I Fer>¢€’ then [['] F [e]>*e and e = [€]

Proof. By cases on [ - e >¢’. Most cases follow easily by Lemma 5.3.1, since most
cases of reduction are defined by substitution.

Case: x>se wherex=¢:AeT.

We must show that x >* e and [¢] = e. Let e o [€']. It suffices to show that

x >* [¢']. By definition of the translation, we know that x = [¢'] : [A] € [I'] and
X D>y [[e’]].
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Case: letx=-ejiney D¢ €2 [el/x]

We must show that [(letx=-ejines)] >* e and [(ez[e1/x])] = e. Let e dof
[e2]{Te1]/>]-
[(letx=ejiney)] = letx =[e;] in [es] (69)
by definition of the translation
>¢ [e2]([e1]/x] (70)

= [(e2ler/X] (71)

by Lemma 5.3.1 (Compositionality)

Case: (Ax:A.eq) ey >geifea/x]

We must show that [(Ax:A.e;) e2)] >* e and [(ezle1/x])] = e. Let e e
[erl{le2] /x].
By definition of the translation, [(Ax:A.e;) e2)] = f [es], where
f=(An:2(x;:[A]...),x:let(x;...) =nin [A].
let (x;...) =nin [e1]), (x;...))
and where x; : A; ... =FV(Ax:A.e,T).
To complete the proof, observe that,
f [e2] g let (x;...) = (x;...)in[e(][[e2] /x] (72)
¢! [en]le2 /] (73)
= [(e1[e2/x])] by Lemma 5.3.1 (74)
O

Lemma 5.3.3 (Preservation of Conversion). If I - e>* € then [[] F [e] >* e and
[MkEe=[e].

Proof. By induction the derivation I' - e >* ¢/.3 T give the key proof cases.

Case: Rule RED-REFL

Trivial.

Case: Rule RED-TRANS

Follows by Lemma 5.3.2 and the induction hypothesis.

3 In the previous version of this work (Bowman and Ahmed, 2018), this proof was incorrectly stated by
induction on the length of the reduction sequence.
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Case: Rule RED-CONG-LET

Follows by Rule RED-CONG-LET and the induction hypothesis.

Case: Rule RED-CONG-APP
Follows by Rule RED-CONG-APP and the induction hypothesis.
Case: Rule RED-CONG-LAM
FrEA*A Mx: A Fen*é
We have that FEAx:Aen*Ax: A€

RED-CONG-LAM

We must show that [[F [Ax:A.e] >*e,, and e, = [Ax:A.€]
By definition of the translation, it suffices to show that the following is convertible

to e, = [Ax: A ¢€].

[Ax:Ace] = (A(n: X (x;: [A]...),x:1let (x;...) =nin [A]).
let (x;...) =nin [e]),
(x;...)asX (x;: [A]-..))
where x; : A; ... =FV(Ax:A.e,Mx:A.B,IN
By the induction hypothesis applied to A >* A’ and e >* €/, we know that
[A] >* A =[A'] and [e] >* e = [¢'].

Therefore, by Rule RED-CONG-CLO, Rule RED-CONG-CODE, and Rule RED-
CONG-LET, we know

Ax:Ace] >* ((A(m: 2 (x;: [A]-..),x:let(x;...) =ninA).
let (x;...) =nine),

(x;...yas 3 (x;: [Ai]-..))

We must show this term is equivalent to [Ax: A’ e].

By Rule =-CL01, it suffices to show that the bodies of the closures are equivalent,

i.e., that e = [¢'], which we know by the earlier appeal to the induction hypothesis
applied to e >* €.

O

I next prove equivalence preservation. As equivalence is defined primarily by conver-
sion, the only interesting part of the next proof is preserving n-equivalence. To show
that n-equivalence is preserved, we require the new 7 rules for closures.

Lemma 5.3.4 (Preservation of Equivalence). If [ -e=¢, then [[] F [e] = [¢'].

Proof. By induction on the derivation of e = ¢’.
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Case: Rule =
By assumption, e >* e; and € >* ey.
By Lemma 5.3.3, [e] >* e and e = [e], and similarly. [¢'] >* €’ and €' = [e;].
The result follows by symmetry and transitivity.
Case: Rule =1
By assumption, e >* Ax:t.ej, ¢ >* e; and e = ey x.
Must show [e] = [¢].
By Lemma 5.3.3, [e] >* e and e = [(Ax:t.e)], and similarly [¢'] >* € and
e = [es].
By transitivity of =, it suffices to show [(Ax:t.e))] = [e2].
By definition of the translation,

[Ax:t.er)] = ((An:2(x;: [A]...),x:let (x;...) =nin [A].
let (x;...) =nin [e1]), (x;...))
where x; : A; ... =FV(Ax:t.e, ).
By Rule =-CLO; in ECCY“| it suffices to show that

let (x;...) =(x;...)in [e;]
= [ed] (75)
by |i| applications of >¢
[e2] x (76)
by the inductive hypothesis applied to e; = ey x

Case: Rule =-19 Symmetric to the previous case; requires Rule =-7 instead of
Rule =-n;.

O
Lemma 5.3.5 (Preservation of Subtyping). If I = A <B then [I'] F [A] < [B]
Proof. By induction on the derivation I' = A < B. I give the key cases.

Case: Rule <X-=
We know that A = B, and must show that [A] < [B]. By Rule <-=, it suffices to
show that [A] = [B] which follows by Lemma 5.3.4 (Preservation of Equivalence)
and transitivity of =.

Case: Rule <-CuMm

We know that Type; < Type;t1, and we must show that [Type;] < [Typeiti],
which follows trivially from the definition of the translation and Rule <-CuMm.
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Case: Rule <-P1
M =A;=A; M,x1 0 Ag F By < Ba[x1/x2]
We know that ETTxy:A1.B1 2 Tlx9:A9.By
We must show that [[1x; : A B < [[Mxs: As. Ba].

By the definition of the translation, it suffices to show that ITx; : [A{]. [B:i] =
HX2 : [[AQ]] [[Bz]]

By Rule <-P1, it suffices to show that
a) [A1] = [A2], which follows by Lemma 5.3.4, and
b) [B1] = [B2], which follows by the induction hypothesis applied to B; < Bs.

=<-P1

O

Now I can prove type preservation. I give the technical version of the lemma required
to complete the proof, followed by the desired statement of the theorem.

Lemma 5.3.6 (Type and Well-formedness Preservation).
1 IfFT then - [I]
2. IfTFe: A then [I]F [e] : [A]

Proof. Parts 1 and 2 proven by simultaneous induction on the mutually defined judg-
ments F I and [ Fe: A.
Part 1 follows easily by the induction hypotheses. I give the key cases for part 2.
Case: Rule LAM

We have that [ F Ax:A.e: Mx: A B. We must show that [[] F [(Ax:A.e)] :
[(Mx:A.B)].

By definition of the translation, we must show that
(A2 (xi: [A]...),x:let (x;...) =nin [A]).
let (x;...) =nin [ei]), (x;...))
has type ITx : [A]. [B], where x; : A; ... =FV(Ax:t.e;,IN).

Notice that the annotation in the term x : let (x;...) =nin [A], does not match
the annotation in the type x : [A]. However, by Rule CLO, we can derive that
the closure has type:

IT (x:let (x;...) = (x;...)in [A]). (let (x;...) = (x;...)in [B]),

This is equivalent to ITx : [A]. [B] under [ since, as we saw in earlier proofs,
(let (x;...) = (x;...)in [A]) = [A]. So, by Rule CLO and Rule CoNv, it suffices
to show that the environment and the code are well-typed.
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First note that [ - e : A implies - I (Luo, 1990). By part 1 of the induction
hypothesis applied to F I, we know  [[]. Since each of x; : A;... come from
I, and [I] is well-formed, we know each type in [[] is well-typed. Thus the
following explicit environment constructed by closure conversion is well-typed:

[[W]l‘(X,)E(X,[[A,]])

Now we must show that the code

A2 (x:[A]-..),x:let (x;...) =nin [A]).
let (x;...) =nin [e;])

has type Code (n,x).let (x;...) =nin [B]. For brevity, I omit the duplicate
type annotations on n and x.

Observe that by the induction hypothesis applied to I' = A : U and by weakening
n:X(x;:[A]...)Flet(x;...) =nin [A] : [U].

Hence, by Rule CODE, it suffices to show

wn,x Flet (x;...) =nin [e;] : let (x;...) =nin [B]

which follows by the inductive hypothesis applied to [',x : A F e; : B, and by
weakening, since x; ... are the free variables of e, A, and B.

Case: Rule Arp

We have that [ - e; es : Blea/x]. We must show that [I] F [e1] [e2] : [(Ble2/x])]-
By Lemma 5.3.1, it suffices to show [['] F [e1] [ez2] : [B][[e2]/x], which follows
by Rule APP and the inductive hypothesis applied to e, es and B. O

Theorem 5.3.7 (Type Preservation). IfI'Fe:t then [I]F [e] : [t].

5.3.2 Compiler Correctness

Now I prove correctness of separate compilation. Unlike in Chapter 4, there are no
secondary evaluation semantics, so the proof follows easily following the standard
architecture from Chapter 3.

As usual, I define linking as substitution and use the standard cross-language rela-
tion Chapter 2. Components in both ECCP and ECC®C are well-typed open terms, i.e.,
I'Fe: A. Textend the compiler to closing substitutions [7] by point-wise application of
the translation.

The separate compilation guarantee is that the translation of the source component e
linked with substitution ~ is equivalent to first compiling e and then linking with some
~ that is definitionally equivalent to [v].

Theorem 5.3.8 (Separate Compilation Correctness). If [ +e, [+ ~, [[]F ~, and
[7] =~ then eval(y(e)) =~ eval(~([e]))
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Values V = x| ..|Code(n: A",x:A).B| (V,V)
| IIx:A.B|An:A''x:A. M

Computations N == V|..|VV

Configurations M,A /B = N | letx=NinM

Figure 5.9: ECCYC ANF (excerpts)

Proof. Since the translation commutes with substitution, preserves equivalence, reduc-
tion implies equivalence, and equivalence is transitive, the following diagram commutes.

[(v(eN] —— ~([eD

L

V] ————— v/

Since = on observations implies ~, we know that v ~ v'. O
As a simple corollary, the compiler must also be whole-program correct.

Corollary 5.3.9 (Whole-Program Correctness). If - e then eval(e) = eval([e]).

5.3.3 ANF Preservation

Ultimately we want to compose ANF and closure conversion, so we need closure
conversion to preserve ANF. For simplicity, I've defined a more general closure conversion
over ECCP terms, but the translation also preserves ANF.

Typographical Note. In this section, I restrict the source language from ECCP to
ECCA. ECC? is a source language in this section, so I typeset it in blue, non-bold,
sans-serif font.

I define the key ANF syntax for ECCYC in Figure 5.9; the full figure is given
in Appendix D Figure D.15. Recall from Chapter 4 that we define configurations,
computations, and values in ANF. The only interesting addition is closures, which are
values and must contain values as components. Recall that I have an incomplete ANF
translation for dependent conditionals in Chapter 4, so I exclude dependent conditionals
from the ANF definitions here.

To show ANF is preserved, we must show that configurations are translated to
configurations, computations to computations, and values to values. Because the
syntactic categories are mutually defined, we must show each of these is preserved
simultaneously.

Theorem 5.3.10 (Preservation of ANF). LetFe:A;

1. Ife is V then [V] = V.
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2. If e is N then [N] = IN.

3. If e is M then [M] = M.

Proof. Formally, the proof is by induction on the typing derivation for the expression e
being translated, assuming e is in ANF, i.e., is either a V, an N or an M. The typing
derivation is only necessary since the translation must be defined on typing derivations,
as discussed in Chapter 3. For simplicity, [ present the proof as over the syntax of the
expression e, but note that in the case of functions we need the induction hypothesis
for a sub-derivation rather than a sub-expression. I give the key cases.

Case: e =[1x:A.B Note that e is a value V, A and B are configurations, and the
translation e = ITx : [A]. B. By part 3 of the induction hypothesis, [A] and [B]
are configurations, so e is a value.

Case: e = letx = NinM’ Note that e is a configuration. We must show that the
translation e = let x = [N] in [M'] is a configuration, which follows by parts 2
and 3 of the induction hypothesis.

Case: e = Ax:A.M Note that e is a value. We must show that the translation e,
defined as follows, is a value.

e=(((A(m:X(x;:[A]...),x:let (x;...) =nin [A]).
let (x;...) =nin [e]),
(x;...yas 2 (x; : [Ai]-.2))
where x; : A;... = FV(Ax:A.e,lTx:A.B,IN)
It suffices to show that both the code and environment are values.

The environment (x;...) as X (x; : [A;]...) isavalueif [A;] ... are configurations,
which is true by part 3 of the induction hypothesis applied to the typing derivations
for A; ... (which are sub-derivations implied by the well-typedness of e).

The code is a value if

a) ¥ (x;: [Ai]...) is a configuration, which is true by part 3 of the induction
hypothesis applied to the typing derivations for A, . ...

b) let (x;...) = nin [A] is a configuration, which is true by part 3 of the
induction hypothesis applied to A.

c) let (x;...) = nin [e] is a configuration, which is true by part 3 of the
induction hypothesis applied to [e].

Case: e = V V' We must show that e = V V') which follows by part 1 of the
induction hypothesis.

O
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(5 CONTINUATION-PASSING STYLE

In this chapter, I develop a type-preserving CPS translation for a subset of ECCP.
As mentioned in Chapter 4, CPS presents many challenges and does not scale well to
all features of dependency. However, by understanding the key problems that CPS
introduces into a dependent types system, we can develop type preserving CPS for some
dependently typed languages, which is surprising given past impossibility results.

I start with a brief discussion of the different uses of CPS and discuss the past impos-
sibility result for dependent-type-preserving CPS. I then develop CoCP, a restriction of
ECCP suitable for translations that rely on parametricity, before developing both CBN
and CBV type-preserving CPS translations for CoCP.

Typographical Note. In this chapter, I typeset the source language, CoCP, in a blue,
non-bold, sans-serif font, and the target language, CoC*, in a bold, red, serif font.

6.1 ON CPS

The CPS translation presented in this chapter allows implementing type-preserving
compilation for some dependently typed languages, but it will not allow implementing
control effects, a common use for CPS. Many of the design decisions I make do not
apply when implementing control effects, or specifically disallow implementing control
effects. For example, my goal is to avoid restricting dependencies in the source language
so that I can compile existing languages such as Coq. However, to allow mixing control
effects and dependency, one must necessarily restrict certain dependencies, at least for
the effectful parts of the language. This requires different designs for the CPS language
and translation; I discuss some related work in this vein in Section 6.7. Before I present
my CPS translation, I discuss the context of CPS translation as it applies to type
preservation and the core features of dependency.

Typically, type-preserving compilers use one of two common type translations: (1)
the double-negation translation that translates expressions of type A into a computation
of type A* = (AT — 1) — 1L or == A" where AT represents the value-type translation,
or (2) the locally polymorphic answer type translation that translates expressions of type
A into computations of type A™ = Va.(AT — a) — a. The value translation differs
depending on whether the translation is encoding CBN or CBV evaluation order, but
essentially recursively translates types that must be values using the value translation
T, and types that could be computations using the computation translation ~. In each
translation, the computation expects a continuation, either of type A™ — 1L or AT — a.
Intuitively, the computation is forced to call that continuation with a value of type A™.

129



130

| CONTINUATION-PASSING STYLE

The double-negation translation represents the final result of a program with the empty
type L to indicate that programs never return, i.e., programs no longer behave like
mathematical functions that take inputs and produce output values but instead run to
completion and end up in some final answer state. The locally polymorphic answer type
uses parametricity to encode a similar idea: if the computation behaves parametrically
in its answer type, then no computation can do anything but call its continuation with
the underlying value that the computation represents. At the level of a whole program,
this is equivalent to a program never returning—each intermediate computation cannot
return because it must, by parametricity, invoke its continuation.

These two translations admit different reasoning principles, however.

The double-negation translation supports encoding control effects but complicates
compositional reasoning. A computation is free to duplicate its continuation and save it
for later, or call a saved continuation, since the type of computations only requires that
the computation returns | and every continuation has the answer type L. However,
it becomes difficult to give a compositional interpretation of programs compared to
a standard A-calculus. In ECCP, for example, we define the meaning of expressions
simply by evaluation to a value. Using the double-negation translation, CPS programs
never return, so we cannot easily define the value of an expression by evaluation; we
have to complete it first to get a whole program, then evaluate it, then look at the final
state.

The locally polymorphic answer type translation makes it difficult to implement
control effects, but easily supports compositional reasoning. Since each computation is
parametric in its answer type, we are essentially forced to call the continuation exactly
once and as the final step in the computation. If we want to encode control effects, this is
a problem. However, it supports compositional reasoning. We can locally evaluate CPS’d
expressions and get the meaning of that expression as a value by picking a meaningful
answer type. For example, given the computation e : Va.(Bool — «) — «, we can either
treat it as a program and instantiate the answer type with L (e L : (Bool — 1) — 1),
or get the meaning of the underlying value by instantiating the answer type with Bool,
the type of the underlying value, and applying the identity function as the continuation
e Bool Ax.x : Bool. The expression e Bool Ax.x will return the underlying value of e,
supporting compositional reasoning.

The standard translation for type-preserving compilation is the double-negation
translation (Morrisett et al., 1999), but extending this translation to dependent types
has proven challenging. Barthe et al. (1999) showed how to scale typed call-by-name
(CBN) CPS translation to a large class of Pure Type Systems (PTSs), including the
Calculus of Constructions (CC) without ¥ types. To avoid certain technical difficulties
(which T discuss in Section 6.5), they consider only domain-free PTSs, a variant of
PTSs where A abstractions do not carry the domain of their bound variable—i.e., they
are of the form Az.e instead of Az : A.e as in the domain-ful variant. Barthe and
Uustalu (2002) tried to extend these results to the Calculus of Inductive Constructions
(CIC), but ended up reporting a negative result, namely that the CBN CPS double-
negation translation is not type preserving for dependent pairs. They go on to prove a
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general impossibility result: for dependent conditionals (in particular, sum types with
dependent case analysis) type preservation is not possible when the CPS translation
admits unrestricted control effects.

In this chapter, I use the locally polymorphic CPS translation and prove type
preservation for the core features of dependency that were proven “impossible” by
Barthe and Uustalu. The key is that the polymorphic CPS uses parametricity to
guarantee absence of control effects. This first step is an over-approximation; we only
need to prevent control effects in the presence of certain dependencies. However, it
allows us to ignore effects and focus only on dependent-type preservation.

6.2 MAIN IDEAS

Intuitively, in a dependently typed language, the power of the type system comes from
the ability to express decidable equality between terms and types. These equalities are
decided by reducing expressions to canonical forms and checking that the resulting values
are syntactically identical. In the source language—i.e., before CPS translation—since
the language is effect-free, every term can be thought of as a value since every expression
reduces to a value. But CPS translation converts source expressions into computations
of type (A — 1) — L. This changes the interface to the values—mow we can only
access the value indirectly, by providing a computation that will do something with
the value. In essence, ensuring CPS translations are type-preserving is hard because
every source value has turned into a computation whose underlying value isn’t directly
accessible for purposes of deciding equivalence. In particular, with the double-negation
translation, one cannot recover the underlying value, because every continuation must
return 1.

This description in terms of interfaces is just a shallow description of the problem. At
a deeper level, the problem is that dependently typed languages rely on the ability of
the type system to copy expressions from a term-level context into a type-level context,
but CPS transforms expressions into computations whose meaning, or underlying value,
depends on its term-level context. This copying happens in particular in the elimination
rules for features related to dependency—i.e., dependent functions, dependent pairs,
and dependent conditionals—hence these features are at the heart of past negative
results. After CPS, we no longer copy an expression, whose meaning is self-contained;
instead we copy a computation, whose meaning depends on its term-level context. Not
only do we “forget” part of the meaning of computations, but as we discussed before, a
computation cannot run in a type-level context—it requires a term-level context. As I
describe next, the solution to these problems will be to record part of the term-level
contexts during type checking and to provide an interface that allows types to run
computations.

To make this intuition concrete, I present two examples. I focus on two cases of
the double-negation translation that fail to type check: the CBN translation of snde
(reported by Barthe and Uustalu (2002)) and the CBV translation of e €’
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Consider the CBN CPS translation. We translate a term e of type A into a CPS’d
computation, written e™, of type A*. Given a type A, we define its computation
translation A™ and its value translation AT. Below, I define the translations for
dependent pairs and dependent functions. As in Chapter 5, the translations are defined
by induction on typing derivations, but I present them less formally in this section.

AT AT S D51l ExAB)TE Ex:AT BT (Mx:AB)T € IIx:A*.B*

Note that since this is the CBN translation, the translated argument type for dependent
functions is a computation type A™ instead of a value type AT, and the translated
component types for dependent pairs are computation types A~ and B~.

As a warm-up, consider the CBN translation of fste (where e : X x: A.B):
Ay def At
(fste: A)” = Ak:AT — L.
et Ay:(ZEx:AT.BY).
letz=(fsty): A7 inz k)

It is easy to see that the above type checks (checking the types of y, z, and k).

Next, consider the CBN translation of snde:
(snde: B[fste/x])" & Ak : B*[(fste)¥ /x] — L.
e” Ay:(¥x:A7.B™).
letz = (sndy) : B¥[fsty/x]inz k)

The above does not type check because the computation z expects a continuation of
type Bt [fst y/x] — L but k has type BT[(fste)™/x] — L. Somehow we need to show
that fsty = (fste)™. But what is the relationship between y and e? Intuitively, e™ : A~
is a computation that will pass its result—i.e., the underlying value of type AT inside
e™, which corresponds to the value produced by evaluating the source term e—to its
continuation. So when e*’s continuation is called, its argument y will always be equal
to the unique underlying value inside e*. However, since we have used a function to
describe a continuation, we must type check the body of the continuation assuming that
y is any value of the appropriate type instead of the ezactly one underlying value from
ev.

Even if we could communicate that y is equal to exactly one value, we have no way to
extract the underlying A* value from e™ since the latter takes a continuation that never
returns (since it must return a term of type _L). To extract the underlying value from
a computation, we need a means of converting from A~ to A™. In essence, after CPS,
we have an interoperability problem between the term language (where computations
have type A™) and the type language (which needs values of type AT). In the source
language, before CPS, we are able to pretend that the term and type languages are
the same because all computations of type A reduce to values of type A. However, the
CPS translation creates a gap between the term and type languages; it changes the
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interface to terms so that the only way to get a value out of a computation is to have a
continuation, which can never return, ready to receive that value.

The locally polymorphic answer type translation solves both of the above problems.

We change the computation translation to A* = ITa : *. (AT — a) — «. Now, to
extract the underlying value of type AT from e : A¥, we can run e~ with the identity
continuation as follows: e* A" id. Moreover, we can now justify type checking the
body of e*’s continuation under the assumption that y = e~ AT id thanks to a free
theorem we get from the type A*. The free theorem says that running some e : A* with
continuation k : A — B is equivalent to running e with the identity continuation and
then passing the result to k, i.e., e Bk =k (e A id).

To formalize this intuition in the target language, I first add new syntax for the
application of a computation to its answer type and continuation: e @ A e’. Next, I

internalize the aforementioned free theorem by adding two rules to the target language.

The first is the following typing rule which records (a representation of) the value of
a computation while type checking a continuation. That is, it allows us to assume
y = e~ AT id when type checking the body of e™’s continuation.

I're:MMa: . (A —a) >«
I'FB:x I''x=eAidl€¢:B

RuLE T-CoNT
'~e@B (Ax:A.€):B

The second is the following equivalence rule, which is justified by the free theorem.
Intuitively, this rule normalizes CPS’d computations to the “value” e~ AT id.

RULE =-CoONT

Tk (91 QB ()\XZA.GQ)) = ()\XZA.eg) (e1 A ld)

I prove these rules admissable in Section 6.4.

Here is the updated CPS translation (snde : B[fste/x])™ that leverages answer-type
polymorphism:

Aa:x. Ak:Bt[(fste)/x] = a.
et @Qa Ay: (¥Ex:A".B7).letz=(sndy): B [fsty/x]inz a k)

To type check e @ v ... we use Rule T-CONT. When type checking the body of
e™’s continuation, we have that y = e* (X x: A7.B™) id and recall that we need to
* and making use of the Rule
=-CONT rule we now have available in the target language. Here is an informal sketch
of the proof—I give the detailed proof in Section 6.5.1.

show that fsty = (fste)™. This requires expanding (fste)

(fste)* =e™ @ a' (\y.fsty) by (roughly) the translation (77)
=(Ay.fsty) (e7 (Zx:A7.B) id) by Rule =-CoNT (78)

= fst (e” (Xx:A7.B7) id) by reduction (79)

(80)

= fsty sincey =e” (Xx:A7.B7) id
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Notice that the CPS translation—as well as the new rules Rule T-CONT and Rule
=-CONT—only uses the new @ syntax for certain applications. Intuitively, we only
need to use @ only when type checking requires the free theorem. This happens when
CPS translating a depended-upon computation, such as for e in snde.

Next, let’s look at the translation of dependent function types. Again, we start
with a warm-up; consider the following CBN double-negation translation of e €’ (where
e:Mx:A.Band € :A):

(e e :Ble//x])™ =Ak: (BT[¢F/x]) > L.e” (A f:IIx:A.B*.(f €7) k)

The above type checks (as seen by inspecting the types of f and k). Notice that e+
appears as an argument to f so the type of f ¢/~ : B¥[e/™ /x].

Now consider the CBV CPS translation based on double negation, which fails to type
check. We define the CBV computation translation A™ and value translation A™ as
follows.

At =(At 5 1)1 (Ix:A.B)" =Xx:AT.BT  (Mx:A.B)* =IIx:At.B¥

Since this is a CBV translation, the translated argument for the dependent function is
a value of type AT and the translated component types for dependent pairs are values
of types AT and BY.

Here is the CBV CPS translation e € (where e : [x:A.B and ¢ : A):
(ee :Ble/x])T =Ak: (BF[eT/x]) = L.e” (Af:IIx:AT.B ./~ (Ax:AT.(f x) k))

For the moment, ignore that our type annotation on k, (BT [¢*/x]), seems to require
a value translation of terms /T, which we can’t normally define. Instead, notice that
unlike in the CBN translation, we now evaluate the argument €'~ before calling f, so in
CBV we have the application f x : B¥[x/x]. This translation fails to type check since
the computation f x expects a continuation of type (BT [x/x]) — L but k has type
(B*[e*t/x]) — L. Somehow we need to show that x = ¢/". This situation is almost
identical to what we saw with the failing CBN translation of snde. Analogously, this
time we ask what is the relationship between x and €¢'*, or ¢ 7?7 As before, note that
the only value that can flow into x is the unique underlying value in ¢/~ .

Hence, fortunately, the solution is again to do what we did for the CBN translation:
adopt a CPS translation based on answer-type polymorphism. As before, we change the
computation translation to A~ = IT v : x. (AT — a) — «. Here is the updated CBV
CPS translation of (e ¢ : B[/ /x])™:

Ao Ak: (BT[(e¢ AT id)/x]) = a.
e” a (Af:IIx:AT.B™.
e @a (Ax:AT. (f x) a k)
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Universes U == x| O

x| x| Mx:Ae| Ax:Ae|ee| Xx:A.B
(e1,e0)asEx:A.B | fste | snde | bool | true | false
ifethenejelseey | letx=e:Aine

] Mx:A | Tix=e:A

FExpressions t,e,A,B

Environments I

Figure 6.1: CoCP Syntax

First, notice that this uses the new @ form when evaluating the argument €'~ , which
tells us we’re using our new typing rule to record the value of €'~ while we type check its
continuation. Second, notice the type annotation on k. Earlier I observed that the type
annotation for k, (B¥[e/*/x]), seemed to require a value translation on terms €'t that
cannot normally be defined. The translation gives us a sensible way of modeling the
value translation of a term by invoking a computation with the identity continuation—so
¢'T is just the underlying value in 7, i.e., (¢~ AT id). This is an important point to
note: unlike CBN CPS, where we can substitute computations for variables, in CBV
CPS we must find a way to extract the underlying value from computations of type A™
since variables expect values of type AT. Without answer-type polymorphism, CBV
CPS is, in some sense, much more broken than CBN CPS! Indeed, Barthe et al. (1999)
already gave a CBN double-negation translation for dependent functions, but typed

CBV double-negation translation for dependent function fails.

Using the new typing rule and equivalence rules from earlier, we are able to type check
the above translation of e €’ in essentially the same way as for the CBN translation of
snde. I show the detailed proof in Section 6.6.1.

The reader may worry that our CBV CPS translation produces many terms of the
form k (e A% id), which aren’t really in CPS since e* AT id must return. However,
notice that these only appear in types, not terms. That is, we only run a computation
with the identity continuation to convert a CPS computation into a value in the types
for deciding equivalence. The run-time terms are all in CPS and can be run in a
machine-like semantics in which computations never return.

6.3 THE CArLcurus oF CONSTRUCTIONS WITH DEFINITIONS

The language CoCP is an extension of the Calculus of Constructions (CoC) with
booleans, dependent pairs and definitions. This is a restriction of the earlier ECCP,
without dependent conditionals, higher universes, and cumulativity. Note that the
booleans in CoCP do not allow dependent elimination; they only serve as a ground type
for observations across languages. I return to dependent conditions in Section 6.7. 1
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M- (Ax:A.e1) ea D>g  eqfea/x]
[Ffst(e;,e2) Dn €
lFsnd(ej,e2) Dx, €2
I+ iftruethene; elsees >, €
I+ if falsethenejelseey >, e
[Fx D>s e wherex=e: A el
[Fletx=ey:Aine; D¢ eifez/x]

Figure 6.2: CoCP? Reduction

adapt this presentation from the model of the Calculus of Inductive Constructions (CIC)
given in the Coq reference manual (The Coq Development Team, 2017, Chapter 4).

I present the syntax of CoCP” in Figure 6.1 in the style of a Pure Type System (PTS)
with no syntactic distinction between terms and types and kinds, which describe types.
This has been true of earlier chapters, but we will soon make an explicit distinction
in order to selectively CPS translate only terms, as, unlike with ANF and closure
conversion, it is unclear how to uniformly CPS translate types and kinds in addition to
terms. As before, I use the phrase expression to refer to a term, type, or kind in the
PTS syntax. I usually use the meta-variable e to evoke a term expression and I use t
for an expression to be explicitly ambiguous about its nature as a term, type, or kind.

The language includes one impredicative universe, or sort, x, and its type, [1. Com-
pared to ECCP from Chapter 2, we can think of + as Prop and [J as Type;. The
syntax of expressions includes the universe x, variables x or «, dependent function types
Mx:A.B, dependent functions A x: A. e, application e; e, dependent let letx=e:Aine’,
dependent pair types ¥ x:A. B, dependent pairs (e;,es) as ¥ x:A. B, and first and second
projections fste and snde. Note that, unlike in ECCP, we cannot write [J in source
programs—it is only used by the type system. The typing environment [ includes
assumptions x : A and definitions x = e : A. Note that definitions in this language
include annotations, unlike in ECCP. Unlike in the ANF translation in Chapter 4,
including annotations on definitions does not complicate the CPS translation because
the CPS translation is already inherently complicated by producing type annotations
for continuations (which I discuss more later).

As with dependent pairs, I omit the type annotations on let expressions, letx =eine’,
when they are clear from context. I use the notation A — B for a function type whose
result B does not depend on the input.

The reduction relation, conversion relation, and equivalence relations for CoCP are
essentially the same as for ECCP. I partially duplicate them here anyway for convenience,
and give full definitions in Appendix F. Notice, however, that there is no subtyping
relation since CoCP excludes higher universes. In Figure 6.2, I present the reduction
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M-e>*ep NEe'>*e
lFe=e¢

NFed>*Ax:A. e MEe >*ey Mx:AFe=ex
lFe=e¢

MFep™*e NEe' >*Ax: A ey Mx:AkFe x=e
TlFe=¢

Figure 6.3: CoCP Equivalence

relation for CoCP | and in Figure 6.3, I present the equivalence relation. Note that CoCP
does not fix an evaluation order, but this is not important since CoCP is effect-free.

The typing rules for CoCP, Figure 6.4, are also essentially the same, but missing
removed features. The judgment F [ checks that the environment [ is well-formed; it is
defined by mutual recursion with the typing judgment. Note that there is no typing
rule analogous to Rule TYPE, so [J is not a well-typed expression. This means [J does
not need a type, and means CoCP excludes higher universes. Since I exclude higher
universes, | exclude cumulativity, so the Rule CoNv is different. Notice that the Rule Ir
does not allow the result type to be dependent; I return to this in Section 6.7. Instead
of subtyping, Rule CONV allows typing an expression e : A as e : B when A = B. The
remaining rules are essentially the same. Rule P1-* essentially corresponds to Rule
P1-Prop, and implicitly allows impredicativity in %, since the domain A could be in the
higher universe [J. Rule P1-[J is predicative, similar to Rule P1-TYPE.

Note that for simplicity, I include only term-level pairs of type ~ x:A. B : x. Type-level
pairs X x: A.B : [J introduce numerous minor difficulties with CPS translation. For
instance, we can write pairs of terms and types (e, A) or (A, e). It is unclear how these
expression should be CPS translated; should they be considered terms or types? This
is an instance of the more general problem of computational relevance. In general,
dependent-type-preserving compilation is difficult when we try to compile only the
computationally relevant terms, because we cannot easily decide relevance. I discuss
this further in Chapter 8.

To make the upcoming CPS translation easier to follow, I present a second version of
the syntax for CoCP in which we make the distinction between terms, types, and kinds
explicit (see Figure 6.5). The two presentations are equivalent (Barthe et al., 1999), at
least as long as we do not include computationally relevant higher universes. Distin-
guishing terms from types and kinds is useful since we only want to CPS translate terms,
because our goal is to internalize only run-time evaluation contexts. I discuss pervasive
translation, which also internalizes the type-level evaluation context, in Section 6.7.
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(x:Aelorx=e:AeT) I HT MHx:AFB:x
VAR E—— P1-*
MNke=x:A MNe=x:0 MNM=MNx:A.B:*%
Nx:AFB: O MNx:AkFe:B N=-nNx:A.B:U
P1-0J Lam
MN=Mx:A.B:0O FEFAx:Ae:Mx:A.B
Ml-e:Nx:A.B M-e : A =A% Mx:AFB:x
- ; Aprp SIG
+ee :Ble'/x NEXx:A.B:*
NEe : A [+ ey: Blei/X] NFe:Xx:A.B
PAIR Fst
MNF(e,ez)asEx:A.B: Xx:A.B I fste: A
Ne:Ix:A.B = =
SND —  BooL ————— TRUE
[+ snde: B[fste/x] I+ bool : % [ true : bool
= [Fe: bool e :B e :B
————— FALSE - Ir
I+ false : bool [+ ifethenejelseey : B
F-e:A x=¢:Ale:B M-e: A rN=B:U rN-A=8B
; - ; LET Conv
lFletx=¢:Aine: Ble'/x] l-e:B

Figure 6.4: CoCP? Typing

6.4 CPS INTERMEDIATE LANGUAGE

The target language CoCF is CoCP extended with a syntax for parametric reasoning
about computations in CPS, as discussed in Section 6.2. I present these extensions
formally in Figure 6.6, and give the complete language definition in Appendix G. I add
the form e @ A ¢’ to the syntax of CoCF. This form represents a computation e applied
to the answer type A and the continuation €. The reduction semantics is the same
as that of the standard application. The equivalence rule Rule =-CONT states that a
computation e applied to its continuation Ax : B. e’ is equivalent to the application
of that continuation to the underlying value of e. We extract the underlying value by
applying e to the halt continuation, encoded as the identity function in this system.
Rule T-CoNT is used to type check applications that use the new @ syntax. This
typing rule internalizes the fact that a continuation will be applied to one particular
input, rather than an arbitrary value. It tells the type system that the application
of a computation to a continuation e @ A (Ax : B.e€’) jumps to the continuation €’
after evaluating e to a value and binding the result to x. We check the body of the
continuation € under the assumption that x = e B id, i.e., with the equality that the
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Kinds = x| MNa:K.K| Mx:AK

Types AB = a|Nx:AB|MNa:K.B|Ax:A.B|Aa:K.B|Ae
| AB | Xx:A.B| bool | leta=A:KinB
| letx=e:AinB

Terms e u= x| Ax:Ae| Aa:K.e|ee|eA| (e,ez)asx:A.B
| fste | snde | true | false | if ethene; elsees
| letx=e:Aine | leta=A:Kine

Environments N o= | Mx:A|lx=e:A | Ta:K|TLa=A:K

Figure 6.5: CoCP Explicit Syntax

name x refers to the underlying value in the computation e, which we access using the
interface given by the polymorphic answer type.

Rule =-CONT is a declarative rule that requires explicit symmetry and transitivity
rules to complete the definition. I conjecture that the algorithmic versions look something
like the following.

'er*(e1 @A (Ax:B.e3)) T'H(Ax:B.ey) (e Bid)=¢€
F'e=¢

=-CONTy

F'Fe'>*(e; @A (Ax:B.ey)) I'Fe=(Ax:B.e3) (e; Bid)
F'Fe=¢

=-CONTy

Note that Rule =-CoONT and Rule T-CONT internalize a specific “free theorem” that
we need in order to prove type preservation of the CPS translation. In particular, Rule
=-CONT only holds when the CPS’d computation e; has the expected parametric type
ITo:x (A — a) — a given in Rule T-CONT. Notice, however, that our statement
of Rule =-CONT does not put any requirements on the type of e;. This is because we
use an untyped equivalence, and this untyped equivalence is necessary to prove type
preservation (see Section 6.5.1). Therefore, we cannot simply add typing assumptions
directly to Rule =-CONT. Instead, we must rely on the fact that the term e @ A ¢’
has only one introduction rule, Rule T-CoONT. Since there is only one applicable typing
rule, anytime e @ A e’ appears in our type system, e has the required parametric type.
Furthermore, while equivalence is untyped, we never appeal to equivalence with ill-typed
terms; we only refer to the equivalence A’ = B’ in Rule CONV after checking that both
A’ and B’ are well-typed. For example, suppose the term e @ A e’ occurs in type A’,
and to prove that A’ = B’ requires our new rule Rule =-CONT. Because A’ is well-typed,
we know that its subterms, including e @ A €/, are well-typed. Since e @ A €’ can
only be well-typed by Rule T-CoONT, we know e has the required parametric type.
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Extensions to Syntax, Figure 6.1
Terms e == ---|e@A¢€

Extensions to Reduction and Equivalence, Figure F.4

Aa:x.eg @A e Do (e[A/a]) e

=-CONT

I'(e; @A (Ax:B.e3))=(Ax:B.e2) (e; Bid)

Extensions to Typing, Figure 6.4

I'Fe:IMMa:x.(B—a)—a I'HA:x I'x=eBidte':A

; T-ConT
'Fe@A (Ax:B.¢e): A

Figure 6.6: CoC*: CoCP with CPS Extensions (excerpts)

Finally, notice that in Rule T-CONT and Rule =-CONT I use standard application
syntax for the term e B id. The new @ syntax is only necessary in the CPS translation
when we require one of our new rules to type check the translated term. The type of
the identity function doesn’t depend on any value, so we never need Rule T-CONT to
type check the identity continuation. In a sense, e B id is the normal form of a CPS’d
“value” so we never need Rule =-CONT to rewrite this term—i.e., using Rule =-CONT
to rewrite e B id to id (e B id) would just evaluate to the original term.

6.4.1  Meta-Theory

I prove that CoC¥ is consistent by giving a model of CoCF in the extensional CoC,
following the standard architecture described in Chapter 3.

Typographical Note. In this section, I write terms in extensional CoC using a italic,
black, serif font.

The idea behind the model is that we can translate each use of Rule =-CONT in
CoC* to a propositional equivalence in extensional CoC. Next, we translate any term
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I'kFp:eg=es -
— " =_EXT
All other rules identical to CoCP I'kFel=es

Figure 6.7: Extensional CoC Equivalence

that is typed by Rule T-CONT into a dependent let. Finally, as before, we establish
that if there were a proof of L in CoCF, our translation would construct a proof of L
in extensional CoC. But since extensional CoC is consistent, there can be no proof of L
in CoCF.

As our model is in the extensional CoC, it is not clear that type checking in CoCF is
decidable. I believe that type checking should be decidable for all programs produced
by the CPS translations, since type checking in the source language CoCP is decidable.
In the worst case, to ensure decidability we could change the translation to use a
propositional version of Rule =-CoONT. The definitional presentation is simpler, but it
should be possible to change the translation so that, in any term that currently relies
on Rule =-CONT, we insert type annotations that compute type equivalence using a
propositional version of Rule =-CONT. I leave the issue of decidability of type checking
in CoCF for future work.

Modeling [=-Cont]

The extensional CoC differs from the source language CoCP in one key way: it allows
using the existence of a propositional equivalence as a definitional equivalence, as shown
in Figure 6.7. The syntax and typing rules are otherwise similar to CoC? presented in
Section 6.3, but must be extended to include the identity type.

In extensional CoC, we can model each use of the definitional equivalence Rule
=-CoONT by Rule =-EXT, as long as there exists a proof p : (e A k) = (k (e B id)), i.e.,
a propositional proof of Rule =-CoONT; I prove this propositional proof always exists by
using the parametricity translation of Keller and Lasson (2012). This translation gives
a parametric model of CoC in itself. This translation is based on prior translations that
apply to all Pure Type Systems (Bernardy et al., 2012), but includes an impredicative
universe and provides a Coq implementation that I use for the key proof.

The parametricity translation of a type A, written [[A]]p, essentially transforms the
type into a relation on terms of that type. On terms e of type A, the translation [e]]P
produces a proof that e is related to itself in the relation given by [[A]]P. For example,
a type * is translated to the relation [x]” = A (z, 2’ : ). # = 2/ — . The translation of
a polymorphic function type [ : . A]” is the following.

AP (Maix A)). T (o, o %) .oy [+]7 a o ([A]” (f @) (f' o))
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I'Fe: A~ge

All other rules are homomorphic

F'kFe: =~e
I'EFB: ~,B F'FA: ~,A I''x=eBidkFe' : A€

UN-CoONT
'e@A (Ax:B.€'): A ~y, letx=e Bid: Bine'

Figure 6.8: Model of CoC* in Extensional CoC

This relation produces a proof that the bodies of functions f and f’ are related when
provided a relation «. for the two types of & and /. This captures the idea that functions
at this type must behave parametrically in the abstract type «. This translation gives
us Theorem 6.4.1 (Parametricity for extensional CoC), i.e., that every expression in
extensional CoC is related to itself in the relation given by its type.

Theorem 6.4.1 (Parametricity for extensional CoC). If ' ¢ : ' then [T]” + [t]” :
1" ¢t

I apply Theorem 6.4.1 to the CPS type ITa: x. (B — a) — « to prove Lemma 6.4.2.
Since a CPS’d term is a polymorphic function, we get to provide a relation «, for the
type a. The translation then gives us a proof that e A k and e B id are related by a.,
so we simply choose «; to be a relation that guarantees e A k =k (e B id). I formalize
part of the proof in Coq, given in Appendix G. By Rule =-EXT, Theorem 6.4.1, and
the relation just described, we arrive at a proof of Lemma 6.4.2 for CPS’d computations
encoded in the extensional CoC.

Lemma 6.4.2 (Continuation Shuffling). If TFA:x, T'FB:x, 'k k: B— A, and
F'rFe:lla:*(B—a)—>athenl'Fe Ak=k (e B id)

Note that this lemma relies on the type of the term e. We must only appeal to this
lemma, and the equivalence justified by it, when e has the right type. In CoC*, this is
guaranteed by the typing rule Rule T-CONT, as discussed earlier in this section.

Modeling T-Cont

In Figure 6.8, I present the key translation rule for modeling CoC* in extensional CoC.
All other rules are inductive on the structure of typing derivations. Note that since we
only need to justify the additional typing rule Rule T-CONT, this is the only rule that
is changed by the translation.

For brevity in the proofs, I define the following notation for the translation of
expressions and from CoC¥ into extensional CoC.

def
e® = ewherel'Fe: A~ e
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By writing €°, I refer to the expression produced by the translation with the typing
derivation I' - e : A as an implicit parameter.

First, I show that the definition of L is preserved. As in Chapter 5, I define L as
ITa : x. a, i.e., the function that accepts any proposition and returns a proof that the
proposition holds. It is simple to see that this type has type * in CoC* by the rule Rule
P1-*. Note that IT «v : *. v is translated to ITa: . a of type %, i.e., L is translated to L.

Lemma 6.4.3 (Preservation of Falseness). I' F (ITav: x. ) @ %~ vt % v

Again, I start by proving compositionality, a crucial lemma to both equivalence
preservation and type preservation. The proof is straightforward by induction on the
typing derivation of e.

Lemma 6.4.4 (Compositionality). (ele//x])° = e°[e/°/x]
Proof. By induction on the typing derivation of e. There is one interesting case.
Case: Rule T-ConTe=¢e; @ B (Ax': A.ey) and e° =let 2’ = (e;° A° id)iney°
Without loss of generality, assume x # x'.

It suffices to show that
(e1]e’/x] @ Ble//x] (Ax': A.ez)[e//x])° = (letx’ = (e,° A° id)iney®)[e®/x]

(eile//x] @ Ble'/x] (Ax": A.e))[e//x])°

= (ei[e//x] @ Ble//x] (Ax': Ale//x]. es[e'/x]))° (81)
by definition of substitution

= (leta’ = ((e]e’/x])" (Ale/x])" id) in (ea[e’ /x])") (82)
by definition of the translation

= (letx' = (e;°[e”°/x] A°[€°/z] id)ines°[e”°/x]) (83)
by the induction hypothesis

= (letz' =e° A° idiney°)[e/x] (84)

by definition of substitution

The equivalence rules of extensional CoC with the addition of Lemma 6.4.2 (Con-
tinuation Shuffling) subsume the equivalence rules of CoC*. Therefore, to show that
equivalence is preserved, it suffices to show that conversion is preserved. I first show that
reduction is preserved, Lemma 6.4.5, which easily implies preservation of conversion
Lemma 6.4.6.

Lemma 6.4.5 (Preservation of Reduction). If e; > ey, then € >* ¢’ and €3 = €'

Proof. By cases on the reduction step e; > es. There is one interesting case.
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Case: e= (Aa:*.e)) @B (Ax': A.ey) >a (e1[B/a]) (Ax': A.ey)
By definition
e’ = (letz' = (Aev:*.e1)” A% id)ines®) ¢ ex®[(Aa: +.e1)° A° id) /2]
We must show ((e1[B/a]) (Ax': A.e2))° = ex®[(Aav:x.e1)? A®id)/2].

((e1[B/a]) (Ax': A.ep))°

= ((e1°[B°/a]) Az’ : A°. e5°)) (85)
by Lemma 6.4.4 and definition of °

= Aa:*e°) B° (A2 : A% e)°) (86)
by Rule = and g

= A2/ : A% e°) (Aa:*.e®) A°id) (87)
by Lemma 6.4.2 (Continuation Shuffling)

= e°[(Aa:x.e°) A°id)/'] (88)
by Rule = and >g

= e°[(Aa:x.e))” A°id) /2] (89)

by Lemma 6.4.4

Lemma 6.4.6 (Preservation of Conversion). If e; >* ey, then e,° >* €' and e;° = €.

Proof. By induction on the derivation of e; >* e5.! The proof is completely straightfor-
ward; I give the key case.
Case: Rule RED-CONG-CONT
We have that e; @ A Ax:B.ey >*e) @ A’ Ax:B’. e}, and we must show that
letx=e,° B° id: B°iney® >* ¢ where ¢’ =letx=¢€|° B'° id: B®ine,’.
By the induction hypothesis, we know that e,° >* e; = €/°, B° >* B = B’°, and
e’ >* eg = €),°.
Therefore, by the congruence rules for extensional CoC Rule RED-CONG-LET

and Rule RED-CONG-APP, we know that letx =e1° B® id: B°ines® >* let x =
e1 Bid: Bines.

The goal follows by transitivity of =, since
letz=e; Bid:Biney =letx=¢,” B id: B inel°

O

1 In the previous version of this work (Bowman et al., 2018), this proof was incorrectly stated as by
induction on the length of reduction sequences.
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Lemma 6.4.7 (Preservation of Equivalence). If e; = e, then e,° = e5°

Finally, I can show type preservation, which completes the proof of consistency. Since
the translation is homomorphic on all typing rules except Rule T-CONT, there is only
one interesting case in the proof of Lemma 6.4.8. We must show that Rule UN-CONT is
type preserving. Note that the case for Rule CONV appeals to Lemma 6.4.7.

Lemma 6.4.8 (Type Preservation). IfI'e: A then I'° - e°: A°
Proof. By induction on the derivation I' - e : A. There is one interesting case.

Case: Rule T-CoONT
We have the following.

'te:MMa:x.(B—a) >« 'HA:x I''x=e;BidFey: A
I'eg @A (Ax :B.ey) : A

We must show I'° b let 2/ = (e1° B° id)ines® : A°.
By Rule LET in Extensional CoC, it suffices to show

o I'° F (e1° B? id) : B°, which follows easily by the induction hypothesis
applied to the premises of Rule T-CONT.

o I'° 2/ = (e;° B id) : B° F e5° : A°, which follows immediately by the
induction hypothesis.

O

Theorem 6.4.9 (Logical Consistency of CoC¥). There does not exist a closed term e
such that - e : L.

0.5 CALL-By-NaAmMeE CPS TRANSLATION

I now present the call-by-name CPS translation (CPS™) of CoCP. There are two main
differences compared to the CBN CPS translation of Barthe et al. (1999): (1) I use
a locally polymorphic answer type instead of the double-negation translation, which
enables proving type-preservation with dependent pairs, and (2) I use a domain-full
target language, which is a necessary step to get decidable type-checking for dependently
typed languages.

For CPS, it is helpful to present the translation as a relation over typing derivations
instead of as a function over syntax. The CPS translation requires the type of each
expression in order to produce type annotation on continuations. Furthermore, the
translation is not uniformly defined on expressions: terms are translated differently
than types, types are translated either using the computation translation or the value
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[-U~3U

CPS{-STAR CPS{-Box

rl—*w?]* FI—DWZD

Figure 6.9: CPS™ of Universes

[+ K: U~k Lemma 6.5.5 will show [T = KT : U™

FrEK:U~p K Ma:KEK U w7 E
— ; CPS;-PIK
NEMNa: KK U~ Ila: k. K

o o OPSi-Ax
K

TEA:K ~TL A Mx:AFK:U~E K
FEMNx:AK:U~PIIx: A Kk

CPS"-PIA

Figure 6.10: CPS" of Kinds

translation depending on the derivation, and kinds and universes have separate trans-
lations. The presentation as a relation on typing derivation is verbose, but makes all
of these details explicit and thus easier to follow and understand why the translation
is type preserving. However, as in Section 6.2, it is also useful to abbreviate these as
translations over expressions for the purposes of examples and proofs. I continue to
use t* for the computation translation and t* for the value translation. Below I give
the abbreviations for all of the translation judgments. Note that anywhere I use this
notation, I require the typing derivation as an implicit parameter, since formally the
translation is defined over typing derivations.

def

AT = A wherel FA:x~"_ A Ut = Uwherel FU~] U
o+ et e wherelFe: A~"e K+ e k where [ = K : U~k
A+ LA where T FA:K~n A

I start with the simple translations. The translation on universes and kinds are
essentially homomorphic on the structure of the typing derivation. I define the translation
for universes CPS7; in Figure 6.9 and kinds CPS}! in Figure 6.10, both of which I
abbreviate with *. There is no separate computation translation for kinds or universes,
which cannot appear as computations in CoCP.

I give the key CPS™ translations of types in Figure 6.11; the full definition is in
Appendix H Figure H.5. For types, I define a value translation CPS"j and a computation
translation CPS'} .. We need separate computation and value translations for types since
we internalize the concept of evaluation at the term-level, and types describe term-level
computations and term-level values. Recall that this is the call-by-name translation, so
function arguments, even type-level functions, are computations. Note, therefore, that
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MFA:K~% A Lemma 6.5.5 will show [T = AT : KT

CPS%-Va
Na: K~ o ATVAR

FrEA:K~w A r,X:AI—B:K/«MZ}ﬁB
rH‘Ix:A.B:K’ngx:A.B

CPS"-P1

MNEK:U~p kK MLx:AFB:K ~7. B
FFMNa:K.B:K' w4 MMa:k.B

CPS;-P1IK

TEA:K ~7. A x:AFB:K~" B
FTEAX:AB:Mx:AK~3Ax:A.B

CPS’-CONSTR

FEA:Mx:B.K~% A lFe:B~ve
NEAe:Kle/x]~" A e

CPS’;-ArPCONSTR

FTEA: xR A Mx:AFEB:x~"%. B
NEEx:AB:x~ ¥x:A.B

CPS7-SIG

lFe:Awle FEA:K~wh A Mx=e:AFB:K ~% B
[letx=e:AinB:K' ~Tletx=e:AinB

CPS’-LET

FFA:K TFEK=K TFA:K~%A
FFA: K~ A

CPS%-Conv

[EA:x~%. A Lemma 6.5.5 will show ' - A™ 1 xF

FTEA:x~T A
FEFA: %D Mo * (A= a) = o

CPS", . -Comp

Figure 6.11: CPS™ of Types (excerpts)

the rule Rule CPS7-P1A uses the computation translation on the domain annotation A
of [Mx: A. K—i.e., the kind describing a type-level function that abstracts over a term
of type A. Most rules are straightforward. We translate type-level variables « in-place
in Rule CPS"{-VAR. Again, since this is the CBN translation, we use the computation
translation on domain annotations. Rule CPS"-CONSTR for the value translation
of type-level functions that abstract over a term, Ax: A.B, translates the domain
annotation A using the computation translation. The rule for the value translation of
a dependent function type, Rule CPS"j-P1, translates the domain annotation A using
the computation translation. This means that a function is a value when it accepts
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a computation as an argument. Rule CPS’}-SI1G produces the value translation of a
dependent pair type by translating both components of a pair using the computation
translation. This means we consider a pair a value when it contains computations as
components. Note that since the translation is defined on typing derivations, we have
an explicit translation of the conversion rule Rule CPS"-CoNv.

There is only one rule for the computation translation of a type, Rule CPS" . -Comp,
which is the polymorphic answer type translation described in Section 6.2. Notice that
Rule CPS"). -ComP is defined only for types of kind x, since only types of kind * have
inhabitants in CoCP”. For example, we cannot apply Rule CPS"™.-COMP to type-level
function since no term inhabits a type-level function.

The main CPS"™ translation rules for terms are given in Figure 6.12; the full definition
is in Appendix H Figure H.6 and Figure H.7. Intuitively, we translate each term e of
type A to a term e of type ITa: . (A — «) — «, where A is the value translation
of A. This type represents a computation that, when given a continuation k that
expects a value of type A, promises to call k with a value of type A. Since we have
only two value forms in the call-by-name translation, we do not explicitly define a
separate value translation for terms, but inline that translation. Note that the value
cases, Rule CPS?-FUN and Rule CPS?-PAIR, feature the same pattern—u.e., produce a
computation A a. Ak.k v that expects a continuation and then immediately calls that
continuation on the value v. In the case of Rule CPS?-FUN, the value v is the function
Ax: A.e produced by translating the source function Ax: A.e using the computation
type translation from A ~" . A and the computation term translation e ~¢ e. In the
case of Rule CPS!-PAIR, the value we produce (e;,es) contains computations, not
values.

The rest of the term translation rules are for computations. Notice that while all terms
produced by the term translation have a computation type, all continuations take a value
type. Since this is a CBN translation, we consider variables as computations in Rule
CPSI-VAR. We translate term variables as an n-expansion of a CPS’d computation. We
must n-expand the variable case to guarantee CBN evaluation order, as I discuss shortly.
In Rule CPS”-APP, we encode the CBN evaluation order for function application e €’ in
the usual way. We translate the computations e ~” e and ¢ ~! €. First, we evaluate
e to a value f, then apply f to the computation €. The application f € is itself a
computation, which we call with the continuation k.

Notice that only the translation rules Rule CPS-FsT and Rule CPS”-SND use
the new @ form. As discussed in, Section 6.2, to type check the translation of snde
produced by Rule CPS?-SND, we require the rule Rule T-CONT when type checking the
continuation that performs the second projection. While type checking the continuation,
we know that the value y that the continuation receives is equivalent to e* « id. The
reason we must use the @ syntax in the in the translation Rule CPS!-FST, whose
type is not dependent, is so that we can apply the Rule =-CONT rule to resolve the
equivalence of the two first projections in the type of the second projection. That is,
as we saw in Section 6.2, type preservation fails because we must show equivalence
between (fste)™ and fsty. Since these are the only two cases that require our new
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MFe:A~" A Lemma 6.5.5 will show [T Fe™ : A%

FEFA:K~T A
FEx:AwgAa:xAk:A—>axak

CPSI-VAR

FEA:K~T A Lx:AFB:K ~"7. B x:AFe:B~le
FEAx:Ae:Mx:AB~IAa:xAk:(IIx: A.B) > a.k (Ax:A.e)

CPS?-FunN

NFe:Mx:AB~le FTEA:K~T AT
MLx:AFB:K ~7. B™ Mx:AFB:K ~%B" FTEe :Awle
Fhee :Ble/x] ! Aa:x.Ak: (BT[e//x]) = a.
ea (Af:IIx: A7.B™.(f &) a k)

CPSZ-App

r|—61 2AM—>2€1
[ ey : Blei/x] ~0 e FEA:x~T A Mx:AFB:x~"%. B
ME(e1,e2) : Ex: A B~ Aa:xAk:¥x: A.B— a.
k (ej,es)as¥x:A.B

CPS7-PAIR

[EA:xw?, AT
Fx:AFEB:x~7. B™ FTEA:x~% AT lFe:Xx:AB~be
FEfste: A~"Aa:xAk: AT — a.
e@Q@a (Ay:Ex:A".B . letz=fstyinz a k)

CPS"-Fst

FTEA:x~T. A7 Mx:AFB:x~T. BT Mox:AFB:x~% BT
[k (fste) : A~sD (fste)™ lFe:Ix:A.Bwle
- CPS7-SND

IFsnde:B[(fste)/x] »*Aa:*x. Ak :BT[(fste)” /x] — a.

e@a Ay:Xx:A".B".
letz=sndyinz « k)
NFe:A~Te FrEA:K~w% A
Mx=e:AFB:K' ~% B Mx=e:AFe :B~l¢
CPSJ-LET

MEletx=e:Aine : Ble/x] ~I Aa:x. Ak:Ble/x] = a.
letx=e:Aine ak

n
~— CPSP-CoNv
e

Figure 6.12: CPS™ of Terms (excerpts)

rules, these are the only cases where we need to use the @ form in the translation; all
other translation rules use standard application. In Section 6.6, I show that that the

CBYV translation must use the @ form much more frequently since, intuitively, the new
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F T ~"T Lemma 6.5.5 will show - T

FI~"T FEA:K~wTe A
FIx:A~"Tx: A

T CPSp-EmpTY

CPSp-AssumT
Fooas

FT~"T NEK:U~p kK
Fla:K~"T,a:k

CPSp-AssumK

FT~"T FTEA:K~TL A lFe:A~Te
Flix=e:A~"TI'x=¢e: A

CPSE-DEF

FT"T TFA:K~%A T[FK:Uw"gk
Fla=A:K~"Ta=A:k

CPSE-DerT

Figure 6.13: CPS" of Environments

equivalence rule recovers a notion of “value” in the CPS’d language, and in call-by-value
types can only depend on values.

The CPS translation encodes the CBN evaluation order explicitly so that the evalua-
tion order of compiled terms is independent of the target language’s evaluation order.
This property is not immediately obvious since Rule CPS”-LET binds a variable x to
an expression e, making it seem like there are two possible evaluation orders: either
evaluate e first, or substitute e for x first. Note, however, that the CBN translation
always produces a A term—even in the variable case since Rule CPS-VAR employs
n-expansion as noted above. Therefore, in Rule CPS?-LET, e will always be a value,
which means it doesn’t evaluate in either CBN or CBV. Therefore, there is no ambiguity
in how to evaluate the translation of let.

The translation rule Rule CPS?-CoNV is deceptively simple. We could equivalently
write this translation as follows, which makes its subtlety apparent.

MFe:B
[FA=B TFe:Bw"e TFA:KwiA TFB:K~"B

NlFe:AwwPAa:*xAk: A —a.ea (Ax:B.k x)

CPS?-Conv

Notice now that while the continuation k expects a term of type A, we call k with a term
of type B. Intuitively, k x should be well-typed since A and B should be equivalent.
However, recall from Chapter 3 that we cannot prove that A and B are equivalence
until we prove compositionality, which requires that we appeal to this translation rule.
As a result, we require equivalence to be non-type-directed.

I lift the translations to typing environments in the usual way in Figure 6.13. Since
this is the CBN translation, we recur over the environment applying the computation
translation.
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6.5.1  Type Preservation

The proof of type preservation follows the standard architecture from Chapter 3.

First I show Lemma 6.5.1 (CPS™ Compositionality), which states that the CPS”
translation commutes with substitution. The formal statement of the lemma is somewhat
complicated since we have the cross product of four syntactic categories and two
translations. However, the intuition is simple: first substituting and then translating is
equivalent to translating and then substituting.

Lemma 6.5.1 (CPS™ Compositionality).

1. (K[A/al)* = K¥[A*/a] 5. (AlB/al)* = A*[B*/al
2. (Kle/x))* = K*[e¥/x] 6. (Ale/x))* = A¥[e* /x]
3. (AB/al)* = A*[B*/a] 7. (e[AJal)* = eF[AT /ol
4 (Ale/x)* = A*[et/x] 8. (ele//X)* = e¥[e/x]

Proof. In the PTS syntax, we represent source expressions as t[t'/x]. The proof is by
induction on the typing derivations for t. Note that our © and ™ notation implicitly

require the typing derivations as premises. The proof is completely straightforward.

Part 6 follows immediately by part 3. Part 7 follows immediately by part 4. 1 give
representative cases for the other parts.

Case: Rule *, parts 1 and 2. Trivial, since no free variables appear in *.
Case: Rule P1-* and Rule P1-[0: t = lNx: B. K’

Sub-case: Part 1. We must show that ((Mx:B.K)[A/a])T = (Mx: B.K)T[AT/a].

(Mx:B.KN[A/a])T

= (Nx:B[A/a].K'[A/a])* (90)
by definition of substitution

— X : (B[A/a])*. (K[A/a])* (1)
by definition of the translation

= IIx':B¥[AT/a]. K'T[AT /a] (92)
by parts 1 and 5 of the induction hypothesis

= (IIx :B*.K'M)AT/q] (93)
by definition of substitution

= (MxX:B.K)T[AT/a] (94)

by definition of the translation

Sub-case: Part 2. Similar to the previous sub-case.
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Case: Rule VAR

Sub-case: Part 3 t = /. Part 4 is trivial since x is not free in .

We must show that (o/[A/a])T = o/[AT/al].

Sub-sub-case:
Sub-sub-case:
Sub-case:
Case:

Sub-case:

a = o/. Tt suffices to show that AT = AT, which is trivial.
a # o/, a™ = a by definition.

x, parts 7 and 8. Similar to previous case.

t=-e; ey, Part 7

We must show ((e; e2)[A'/a/])™ = (e1 ex) " [A /).

Sub-case: Part 8

((e1 ex)[A'/a])™

(er[A/a] eaA'/a])™

by definition of substitution

Aac:x Ak ((B[A /)T [(e2A /') ™ /x]) — .

(er1[A /o)™ a (N f:TIx: (A[A/d/])™. (B[A/])~.

(f (e2[A/0])™) e k)

by def. of translation
Aa:x Ak: (BT[AT/d][e5 [AT/a]/x]) = a.

el [A /o] a (A f: TIx: AT[A'T/a/].BY[A™T /).

(f 5 [AT/a]) k)

by part 3, 5, and 7 of ITH
Aa:x.Ak: (Bt[e; /x]) — a.

ef a (Af:IIx:A".B™.

(f e5) o k))[AT /]

by definition of substitution
(e1 e2) T [AF /o]

by definition of translation

We must show ((e; e2)[e/x])™ = (e1 e2)™ [e™ /x].

Similar to previous case.

(97)

Case: Rule Conv. The proof is trivial, now that we have staged the proof appro-

priately. I give part 8 as an example.

Fe:B

NA:uU rN-A=B

Me:A
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We must show that (e[e//x])™ = e™[e/* /x] (at type A). Note that by part 8 of
the induction hypothesis, we know that (e[e’/x])™ = e*[¢/~/x] (at the smaller
derivation for type B). But recall that equivalence is not type directed, so the
proof is complete. O

I next prove that the translation preserves reduction and conversion, Lemma 6.5.2
and Lemma 6.5.3. Note that kinds cannot take steps in the reduction relation, but can
in the conversion relation since it reduces under all contexts. Note that we can only
preserve reduction and conversion up to equivalence, in particular n-equivalence. The
intuition for this is simple. The computation translation of a term e~ always produce a
X-expression A av. A k. e”. However, when e™ >* €/, we do not know that the term €’ is
equal to a A-expression, although it is n-equivalent to one.

Lemma 6.5.2 (CPS" Preservation of Reduction).
o IfTFe:Aander>¢€ thene™ >* e and € =¢e+
o IfTHA:K and A> A then AT >* A’ and A’ = AT
o IfTHFA:xand Ar> A’ then A~ >* A’ and A =A™~

Proof. The proof is straightforward by cases on the reduction relation. I give some
representative cases.

Case: x>se wherex=¢ : A’ €T
It suffices to show that x*™ >4 e/* where x* = &'~ : A’* € ['", which follows by
Rule CPSE-DEF.
Case: (Ax: _.ej) ey >gejfes/x]
We must show that (Ax: .e;) es)™ >* € and € = (ej[ea/x])™.
((}\X I el) 62)

= Aa:xAk: . (100)
Aa:xAk: _k(Ax:_.ef))a (Af:_.(fe5) ak)

by definition of translation

>* Aa:xAk: . ((Ax: _.e7)e5) ak) (101)
by >3

>* Aa:x Ak: . (ef[e5/x]) a k (102)

= (i /] (108)
by Rule =-n

= (e1fe2/¥)™ (104)

by Lemma 6.5.1
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Case: snd (ej,e2) D>r, €

We must show that (snd (e1,es))™ >* € and € = e5.

(snd (e1,e2))™

= Aa:xAk: . (105)
Aa:*xAk: .k (e],e5)) @a Ay: .letz=sndyinz a k)

>* Aa:x.Ak: .letz=snd (e],e;)inz a k (106)

>* Aa:x.Ak: _.e5 ak (107)

= e; by Rule =7 (108)

U

Lemma 6.5.3 (CPS" Preservation of Conversion).

IfTHe: A ande>* e thene™ >* e and € =¢&+

IfT A :K and A>* A’ then AT >* A’ and A’ = A’

IfT =A% and A >* A then A~ >* A’ and A/ = A~

IfTFK:U and K >* K' then KT >* k' and k' = K'T

Proof. The proof is straightforward by induction on the conversion derivation, i.e., on
MEt>*t.2 O

Lemma 6.5.4 (CPS™ Preservation of Equivalence).
o Ife=¢€ thene” =€~ o IfA=A" then A~ = A"~
o IfA=A then AT = A'T o If K=K’ then KT = K'*

Proof. The proof is by induction on the derivation of e = ¢’. The base case follows by
Lemma 6.5.3, and the cases of n-equivalence follow from Lemma 6.5.3, the induction
hypothesis, and the fact that we have the same n-equivalence rules in the CoC¥. O

I first prove type and well-formedness preservation, Lemma 6.5.5, using the explicit
syntax on which I defined CPS”. In this lemma, proving that the translation of snde
preserves typing requires both the new typing rule Rule T-CONT and the equivalence
rule Rule =-CoONT. The rest of the proof is straightforward.

Lemma 6.5.5 (CPS"” Type and Well-formedness Preservation).

2 In the previous version of this work (Bowman et al., 2018), this proof was incorrectly stated as by
induction on the length of reduction sequences.
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1. If =T then =TT 4. IfTHA % then TT =A™ o xT

2. IfTHe:Athen Tt e : A™

3. IfTFA:K then Tt AT . KT 5. IfTFK:U then Tt KT UT
Proof. All cases are proven simultaneously by simultaneous induction on the type

derivation and well-formedness derivation. Part 4 follows easily by part 3 in every case,
so I elide its proof. Most cases follow easily from the induction hypotheses.

Case: Part 5, Rule *: [+« :[J

We must show that ™ = «* : (0% which follows by part 1 of the induction
hypothesis and by definition of the translation, since «* = » and [T = [].

Case: Rule PI-*: [ FTx:ej.ep: K
There are two sub-cases: either e, is a type, or a kind.
Sub-case: Part 3, e; = B, i.e., is a type.
There are two sub-cases: either e; is a type or a kind.
Sub-sub-case: e; = A, i.e., is a type.
We have [ FT1x:A.B: *.
We must show that [ (Mx:A.B)T : xT

By definition, must show [t = IIx: A*.B™ : %, which follows by the part 4 of
the induction hypothesis applied to A and B.

Sub-sub-case: e; =K, i.e., is a kind.
We have [ FTTa: K.B : .
We must show that T F (Ma: K.B)T : xT

By definition, must show '™ = IT cv: K. B™ : %, which follows by the part 4 of the

induction hypothesis applied to B, and part 5 of the induction hypothesis applied
to K.

Sub-case: Part 5, es = K, i.e., is a kind.
There are two sub-cases: either e is a type or a kind.
Sub-sub-case: e; = A, i.e., is a type.
We have ' = Tx: A K : U.
We must show that [T+ (Mx: A K) %t

By definition, must show '™ = ITx:A™. K’ : %, which follows by the part 4 of the

induction hypothesis applied to A and part 5 of the induction hypothesis applied
to K.
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Sub-sub-case: e; =K, i.e., is a kind.
We have ' F Mo : KK @«
We must show that [+ (Ma: K KT %t
By definition, must show " F IT v : K. K’ : %, which follows by the part 5 of
the induction hypothesis applied to K and K'T.

Case: Rule PI1-0J Similar to the previous case, except with x replaced by [J; there
are two fewer cases since this must be a kind.
Case: Rule SiG ' X x:A.B: %
We must show that ™ = 3 x: A7.B™ : x, which follows easily by the part 4 of
the induction hypothesis applied to A and B.
Case: Rule PAIR [ F (e1,e2) : Xx:A.B
By definition of the translation, we must show that
MEAa:*xAk: (Ex:A7.B™ — a).
k (e],e5)asEx:A". B  :Ha:x. (Tx:A".B" = a) > «
It suffices to show that It F (e],ej)asEx:A*.B¥ : ¥ x:A".B¥, which
follows easily by part 2 of the induction hypothesis applied to I' - e; : A and
[+ €9 B[el/x].
Case: Rule SND I'Fsnde : B[fste/x]
We must show that
Aa:x. Ak:Bt[(fste)” /x] = a.
et @a (Ay:Xx:A".B7.letz=sndyinz a k)
has type (B[fste/x])~.

By part 6 of Lemma 6.5.1, and definition of the translation, this type is equivalent
to
Ma:x (BT [(fste)” /x] = a) =

By Rule LaM, it suffices to show that

Ma:xk:B[(fste)"/x] v akFe" @a Ay:Zx:AT.B™.
letz=sndyinz a k) : «

This is the key difficulty in the proof. Recall from Section 6.2 that the term z «
has type (BT [fsty/x] — «) — « while the term k has type B*[(fste)™ /x] — a.
To show that z « k is well-typed, we must show that (fste)™ = fsty. I proceed
by the new typing rule Rule T-CONT, which will help us prove this.

First, note that e* (X x: A7.B™) id is well-typed. By part 4 of the induction
hypothesis we know that [T = A¥ : x and [T,x : A¥ - B™ : x. By part 2
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of the induction hypothesis applied to [ = e : Y x: A.B, we know '™ - e™ :
Ioa: . (Ex:A7.B™ - a) — a.

Now, by Rule T-CoONT, it suffices to show that
[ o:xk:BT[(fste)” /x| —a,y = e Tx:A*".B7id F letz=sndyinz a k : «

Note that we now have the definitional equivalence y = e* (X x: A*.B™) id. By
Rule LET it suffices to show

M oa:xk:B[(fste)"/x] 2o, Fzak: a
y=e" X¥x:A".B7 id,
z=sndy : B~ [fsty/x]

Note that
z: B [fsty/x] (109)
= Ma:x (Bffsty/x] - a) = by definition of B*  (110)

Mo * (BT [fst (e¥  id)/x] — a) =« by d reduction on y  (111)

Equation (111) above, in which we d-reduce y, is impossible without Rule T-CONT.

By Rule Conv, and since k : B*[(fste)™ /x| — «, to show z « k : «v it suffices to
show that (fste)™ = fst (e* _ id).
Note that (fste)™ = Aa: . Ak : (AT — ).

et @Qa Ay:Ex:A".B . letz' =fsty:A*inz a k')
by definition of the translation.

By Rule =-n, it suffices to show that

e @a Ay:Ex:A".B7.letz =fsty: A7 inz' a k) (112)
=ANy:E¥x:A".B7.letz =fstyinz a k') (¢ id) Rule =-ConT (113)
= (fst (e7 _id)) a K’ by reduction (114)

Notice that Equation (113) requires Rule =-CONT applied to the translation of
the fst.

Case: Rule LaM

I give proofs for only the term-level functions; the type-level functions follow
exactly the same structure as type-level function types. There are two subcases.

Sub-case: The function abstracts over a term, T F Ax:A.e: Nx:A.B
We must show
Mt EAx:Ae)": (Mx:A.B)~.

By definition of the translation, we must show
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MEAa:*Ak: (IIx:A".B¥) — a.
(k( Ax:A7.e")): HHa:x.(IIx:A~.BT 5 a) > «
It suffices to show that
Ma:xk:IIx:A".B* > akFk (Ax:A".e"): a.
By Rule APP, it suffices to show that
Ma:xk: IIx:A".B* > ak Ax:A".e7) : IIx:A".B™
By part 2 of the induction hypothesis applied to [,x : A+ e : B, we know
that
M,x:A ke :B™
It suffices to show that

FTT,a:xk:IIx:A".BY — a which follows easily by part 4 of the
induction hypothesis applied to the typing derivations for A and B.

Sub-case: The function abstracts over a type, T Aa:K.e:Ma:K.B

We must show [T F (Aa:K.e)™ : (Ma:K.B)*.
By definition of the translation, we must show that
M EAags:*Ak:(IIa:KT.B¥) = a.
(k (Aa: Kt ™)) i IMMags : % (MTa: KT BY — ayps) — Qans
It suffices to show that
M agns ok : TMa:KT.BY = ags Fk (Aa: K . e™) @ agps.
By Rule APP, it suffices to show that
M ans ok : TMa:KT.BY = agus F (Ax:A . e¥) : Tla: KT.B™
By part 2 of the induction hypothesis applied to [,a : K+ e : B, we know
that
M oa:KTFev: B+
It suffices to show that - ™, vy, @ %, k : ITac: KT, B¥ — avy,,s which follows

easily by parts 5 and 4 of the induction hypothesis applied to the typing
derivations for K and B.

Case: Rule Arp

Sub-case: A term-level function applied to a term [ Fe; ey : Blea/x]

We must show that
M E(e1 e2)™ : (Blea/x])™
By definition of the translation, we must show:

MEAa:*Ak: (Ble2/x]))T — a.
ef a Af:IIx:A".B*.(fe5) a k) : (Blea/x])™

By part 6 of Lemma 6.5.1 and definition of B*, we must show:
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M EAa:xAk: (Bt[e5 /x]) — a.
el a (Af:TIx:A".B™,
(fe;)ak) :HMa:x (Bfle;/x]—a)—
It suffices to show that

o [T BT[e; /x| : k By part 3 of the induction hypothesis we know that
[,x: A" BT : k, and by part 2 of the induction hypothesis we know
that [T e : A¥, hence the goal follows by substitution.

o [Thel iIla: (IIx:A".BY — a) — «, which follows by part 2 of
the induction hypothesis and by definition of ([x:A.B)™.

o M a:xk:(Bf[e;/x]) >ak Af:IIx:A".B¥.(fe;) a k) : IIx:
A¥.B* — «, which follows since by part 2 of the induction hypothesis
e; : AT we know (f e;) : B¥[e5 /x| and by definition B¥[e5 /x] =
Ma:*. (Btle; /x] = a) = a.
Sub-case: A term-level function applied to a type I' -e; A : B[A/]

The proof is similar to the previous case, but relies on showing that [ -
AT : K*, which follows by part 3 of the induction hypothesis.

Sub-case: A type-level function applied to a term I' = A e : Kle/X]

This case is straightforward by the part 3 and part 2 of the induction
hypothesis.

Sub-case: A type-level function applied to a type [ = A B : K[B/¢q]
This case is straightforward by the part 3 of the induction hypothesis.

Case: Rule CoONV [ e: Asuchthat [Fe:B and A =B.
We must show that e* has type A*™ = Il : %. (AT — ) — «.
By the induction hypothesis, we know that e™ : B* = Il v : . (BT — a) — «. By
Rule Conv it suffices to show that AT = BT, which follows by Lemma 6.5.4. [

To recover a simple statement of the type-preservation theorem over the PTS syntax,

I define two meta-functions for translating expressions depending on their use. I define
CPs [[t] to translate a PTS expression in “term” position, i.e., when used on the left side
of a type annotation as in t : ', and define cPsT [t'] to translate an expression in “type’
position, i.e., when used on the right side of a type annotation. I define these in terms
of the translation shown above, noting that for every t : t' in the PTS syntax, one of
the following is true: t is a term e and t’ is a type A in the explicit syntax; t is a type A
and t’ is a kind K in the explicit syntax; or t is a kind K and t’ is a universe U in the

)

explicit syntax.

def . . def . .
cpsft] = e¥ when tis a term cpsT[t'] = A¥ when t' is a type

def . def . .
cpsft] = AT when tis a type cpsT[t'] = K* when t' is a kind

def . . def . .
cpst] = KT when tis a kind cpsT[t'] = U' when t' is a universe
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Tke

I'Fe:ITa:Prop.(bool - a) > « ke
'te Fe

Figure 6.14: CoC* Components and Programs
eval(e) =v
evalle) = v ifFeand-Fe @ boolid>*v

Figure 6.15: CoC* Evaluation

This notation is based on Barthe and Uustalu (2002).

Theorem 6.5.6 (CPS™ Type Preservation). [+t :t' then 't - cps[t] : cpsT [t]

6.5.2 Compiler Correctness

Recall from Chapter 3 that since we preserve conversion, proving compiler correctness
is simple. I use the standard definition of linking by substitution and the standard
cross-language relation.

I extend the CPS™ translation in a straightforward way to translate closing substitu-
tions, written 7+, and allow translated terms to be linked with the translation of any
valid closing substitution ~y. This definition supports a separate compilation theorem
that allows linking with the output of this translation, but not with the output of other
compilers.

Now I can show that the CPS™ translation is correct with respect to separate
compilation—if we first link and run to a value, we get a related value when we compile
and then link with the compiled closing substitution. I first define well-formed programs
and the evaluation function for CoC¥. These are different than described in Chapter 2.
I present well-formed programs and components in Figure 6.14. CPS programs are
well-formed when they are computations that produce a ground values, i.e., when they
expect a continuation that expects a value of type bool. The evaluation function
is given in Figure 6.15 Since the target language is in CPS, we must apply the halt
continuation id at the top-level to evaluate a program to an observation.

Theorem 6.5.7 (Separate Compilation Correctness). If [+ e and [+ ~, then
eval(y(e)) ~ eval(yt(e™)).

Proof. Since conversion implies equivalence, we reason in terms of equivalence. By
Lemma 6.5.3, (7(e))™ >* e and v© = e. By Lemma 6.5.1, (7(e))™ = v~ (e¥), hence
77 (e7) >* e and v© = e. Since the translation on all observations is v = Aa. A k. k v,
where v &~ v, we know v AT id >* v such that v & v. Since vi = e = 77 (e7), we
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I+ K:U~?k Lemma 6.6.6 will show [t = KT : U™

FrEK:U~p K Ma:KEK ::U~wY K
CPSU-Ax

_— CPS}-PIK
MEx: Oy x TENa:KK:UwMa: k. K "

FTEA:K Y% A Mx:AFK: U~} K
FEMNx:AK:U~wPIIx: A K

CPS?-PIA

Figure 6.16: CPS" of Kinds

also know that v+ (e¥) ATid >* v/ and v/ = v. Since v is an observation, v/ = v and
/
v v, O

Corollary 6.5.8 (Whole-Program Correctness). If b e then eval(e) = eval(e™).

6.6 CALL-BY-VALUE CPS TRANSLATION

In this section, I present the call-by-value (CBV) CPS translation (CPS?) of CoCP.
First, I redefine the short-hand from Section 6.5 to refer to call-by-value translation.

. def Uhs def U wherel = U~} U
AT = A wherel FA:x~"Y. A 4 def ;

L def v KT = ewherel FK: U~} Kk
e” = ewherel Fe:A~le def

At A where A : K~Y A

In general, CPSY differs from CPS" in two ways. First, all term variables must
have value types, so the translation rules for all binding constructs now use the value
translation for type annotations. Second, we change the definition of value types
so that functions must receive values are arguments and pairs must contain values
as components. Since the translation must force every computation to a value, the
translation of every feature of dependency requires the new typing rule Rule T-CONT.
Furthermore, all substitutions of a term into a type must substitute values instead of
computations, so all dependent type annotations must explicitly convert computations
to values by supplying the identity continuation.

The translation of universes is unchanged compared to the CBN translation, so I
leave its definition in Appendix I Figure 1.2.

I define the translation of kinds in Figure 6.16. The only difference is in Rule CP S} -
P1A. Now Rule CPS[-PIA translates the kind of type-level functions Nx: A.K to
accept a value as argument x : AT, In the CBN translation, the domain of a dependent
function is a computation, so the domain annotation is translated with the computation
translation on types. Now, in the CBV translation, all arguments to dependent functions
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MEA:K~Y% A Lemma 6.6.6 will show '™ = AT : KT

FTEA:K ~Y% A Mx:AFB:K~Y%. B
M-MNx:AB:K~5IIx:A.B

CPSY-P1

TEK:U ~Y K Nx:AFB:U~Y%. B
NMNFMNa:KB:UwYIIa:k.B

CPSY%-PIK

FTEA:K Y%A Mx:AFB:K~% B
FEAX:AB:Mx:AK~YAx:A.B

CPSY-CONSTR

NEA:Mx:B.K~Y% A
Mx:AFB:K ~% B lFe:B~yje
MN-Ae:Kle/x]~% A (e Bid)

CPS%-ArPPCONSTR

FEA: %~ A x:AFB:x~% B
NMNEEXEX:AB:xw4%Xx:A.B

CPSY-S16MA

NFe:A~wZe FEA:K ~Y% A Nx=e:AFB:K~% B
MNEletx=e:AinB:K~Yletx=e Aid: AinB

CPSY%-LET

Figure 6.17: CPSY of Types (excerpts)

are values, so Rule CPS!-P1A uses the value translation on types to translate the
domain annotation.

I present the translation on types in Figure 6.17. The type translation has multiple
rules with type annotations that have changed from CBN. The computation translation
of types is unchanged. In the value translation of types, similar to the kind translation,
dependent function types that abstract over terms now translate the domain annotation
x : A using the value translation. After CBV translation, dependent pairs must contain
values, so the translation of > x:A. B uses the value translation on the component types,
i.e., the CBV translation is 3 x: AT.B*. When terms appear in the type language, such
as in CPSY%-APPCONSTR and CPSY%-LET, we must explicitly convert the computation
to a value to maintain the invariant that all term variables refer to values. For example,
in CPS"-APPCONSTR we translate a type-level application with a term argument A e
to AT (e” BT id). We similarly translate let-bound terms CPSY%-LET by casting the
computation to a value. Recall from Section 6.2 that, while expressions of the form
AT (e* BT id) are not in CPS, this expression is a type and will be evaluated during
type checking. Terms that evaluate at run time are always in CPS and never return.

The term translation (Figure 6.18 and Figure 6.19) changes in three major ways.
As in Section 6.5, we implicitly have a computation and a value translation on term
values, with the latter inlined into the former. First, unlike in CPS"”, variables are
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Fe:A~Ye Lemma 6.6.6 will show [T Fe™ : A¥

FEA:Kw% A
FEx:A~gAa:*xAk:A—a kx

CPS!-VAR

FEA:K ~Y% A Mx:AFB:K~%. B x:AFe:B~le

CPSY-Fun
N-Ax:Ae:Mx:AB~wiAa:*xAk: (IIx:A.B) > a.k (Ax:A.e)
FEK: ~Uk Ma:KEB:_~%. B Na:KkFe:B~te
= = CPS?-ABs
FFAa:Kie:Ma:K.BwIAags:x.Ak: (ITa: k.B) = agns.
k(Aa:k.e)
NFe:Mx:ABwge Mx:AFB:KwY. B™
Mx:AFB:K~Y% B FTHe :Awle FTEA:K ~Y% A
/ / v + / R CPSg—APP
lFee :Ble'/x] wiAa:*xAk: (BT[(e' A id)/x]) — .
ea (AMf:IIx: A.B~.
€ @a (Ax:A.(f x) ak))
NFe:Ma:K.B~Ye Na:KEB:_ ~Y%. B FNFA:K~7 A
- — CPSZ-INsT
NEeA:letx=AInB~YAagns : . Ak: (B[A/a]) = agns.
ea(AMf:Ila:k.B.
(f A) agns k)
CPS?-TRUE

Ik true : bool ~»7 A : x. Ak : bool = a. k true

CPSy-FALSE
[+ false : bool ~7 A : . Ak : bool — a. k false ¢

'+ e:bool~?e
IEFB:%x~4% B NFe :B~le MFey:B~y e
IFifethenejelsees : B~ Aa:%.Ak: B — a.
e @ a (Ax:bool.if xthen (e; @ « k)
else (e; @ a k))

CPSg-Ir

lFe:Awe
FTEA:K ~Y% A IEB:K~%B Mx=e:AkFe:Bwle
[Hletx=e:Aine : Ble/x] ~Y A :x.Ak:B|(e A id)/x] — «.
e@a (Ax:A.¢ ak)

CPSY-LET

Figure 6.18: CPS" of Terms (1/2)
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Fl—elewZel
Fey:Bley/x]~Yes THFA:x~w4A Tx:AFB:%xw4%B

CPSy-PAIR
MF(e1,e2) : Ex: A B~ Aa:xAk:Xx:A.B— a.
e Q « (7\X12A.
es @ a (Axy:Bj(e; A id)/x].
k (x1,x2)as ¥ x:A.B))
FEFA:x~% A NFe:Xx:A.B~7Je
CPSY-FsT
Mfste: Aw2Aa:xAk: AT — a.
e@a(Ay:¥x:A.B.letz=fstyink z)
FEA:xw% A Mx:AFB:x~% B
[k (fste) : A~? (fste)™ lFe:Ix:ABwle
CPSy-SND

[Fsnde: Blfste/x] Y Aa:*x. Ak:B[((fste)™ A id)/x] — a.
e@a (Ay:Xx:A.B.letz=sndyink z)

MNEer: A~y e
[+ e : Bler/x] ~¢ ez FEA:x~w% A Mx:AFB:x~%B
ME(e1,e2) : Ex:A.BwIAa:xAk:¥x: A.B— a.
el @a (Ax:A.
es @ a (Axy:B.k (x,x2)))

CPSY-PAIr-ALT

FEA:K~w% A M-K:U~p Kk
Na=A:KFB:K ~%B Na=A:KFe:B~le
MNEleta=A:Kine: B[A/a] ¢ Aagns : . Ak : B[A/a] — agns.

leta=A:kine a4 k

CPSY-LETK

e
CPS?-Conv

Figure 6.19: CPS” of Terms (2/2)

values, whereas the translation must produce a computation. Therefore, we translate
x by “value n-expansion” into A a. Ak.k x, a computation that immediately applies
the continuation to the value. Second, as discussed above, we change the translation
of application CPS?-APP to force the evaluation of the function argument. Third,
in the translation of pairs CPSY-PAIR, we force the evaluation of the components of
the pair and produce a pair of values for the continuation. Note that in cases of the
translation where we have types with dependency—CPS?-App, CPS?-LET, CPS}-PAIR,
and CPS?-SND—we cast computations to values in the types by applying the identity
continuation, and require the @ form to use the new typing rule Rule T-CONT.
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F T ~~YT Lemma 6.6.6 will show It

FT YT FEFA:K~% A
———— CPSp-EmPTY CPSp-AssumT
Foosbe FIox:A~Y"T)x: A

FT~?T FrEK:U~) Kk
Fla:K~*T,a:k

CPSE-AssuMK

FT~"T FrEA:K~% A NFe:A~ve
Flix=e:A~'T'x=eAid: A

CPS{-DEF

FIT—~"T TFA:Kw4A TFK:Uwlk
Fla=A:K~'T,a=A:k

CPSE-DEFT

Figure 6.20: CPS" of Environments

DIGRESSION Interestingly, because typing the application of a continuation is essen-
tially a dependent let, we can simplify the translation of pairs. I present this in the
rule CPSY-PAIR-ALT. Instead of explicitly substituting the value of e; into the type
B, we simply use the same variable name x to bind the value of e; in both the term
and the type. Since that variable is free in the type annotation B on the variable xo,
we implicitly substitute its value into B rather than being so explicitly. This is rather
subtle so I prefer the more direct and explicit translation, CPS?-PAIR.

Given the translation of binding constructs in the language, the translation of the
typing environment (Figure 6.20) should be unsurprising. Since all variables are values,
we translate term variables x : A using the value translation on types to produce x : A™
instead of x : A¥. We must also translate term definitions x = e : A by casting the
computation to a value, producing x = e* AT id : AT,

6.6.1  Type Preservation

The type-preservation proof follows the standard architecture presented in Chapter 3.
First we prove compositionality, then preservation of reduction, preservation of con-
version, then preservation of equivalence, then preservation of subtyping, then type
preservation. However, we must reason about CPS’d “values” of the form e @ A k in
all uses of dependency. This requires a few extra steps of reasoning, particularly in the
proof of Lemma 6.6.2 (CPSY Compositionality). Otherwise, the proofs of the supporting
lemmas are essentially the same as in Section 6.5.
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I begin with a technical lemma that is essentially an n-principle for CPS’d computa-
tions, which simplifies the aforementioned reasoning about CPS’d “values”.? The lemma
states that any CPS’d computation e is equivalent to a new CPS’d computation that
accepts a continuation k simply applies e* to k. The proof is straightforward. Note the
type annotations are apparently mismatched, as in our explanation of the translation
of Rule CONV in Section 6.5 and the discussion of untyped vs type equivalence in
Chapter 3, but the behaviors of the terms are the same and equivalence is untyped.

Lemma 6.6.1 (CPS” Computation 7). e* = Aa:*x. Ak: A — a.e” Q o (Ax:B.k x)

Proof. Note that e* = Aa:x.Ak: A — a.e” a (Ax:B.k x), by n-equivalence. By
transitivity, it suffices to show that

Aa:*xAk:A s ae” a(Ax:B.kx)=Aa:xAk: A > a.e” @a (Ax:B.k x)

Intuitively, this is true since @ dynamically behaves exactly like application, only
changing which typing rule is used. Since equivalence is untyped, the semantics of @ as
far as equivalence is concerned is no different than normal application.

Note that by definition of the translation, e* must be of the form A . A k. €’.

The goal follows since

Aa:*kAk:A—-a (Aa.Ak.€e)a (Ax:B.kx)>*Aa: % Ak: A — a.€

and

Aa:xAk:A—-a(Aa.Ake)@a(Ax:B.kx)p*Aa:xAk:A—ae O

Since variables are values in call-by-value, we adjust the statement of Lemma 6.6.2
to cast computations to values. Proving this lemma now requires the new equivalence
rule Rule =-CoONT for cases involving substitution of terms. Recall that all terms
being translated have an implicit typing derivation, so the omitted types are easy to
reconstruct.

Lemma 6.6.2 (CPSY Compositionality).

1. (K[A/a])* = K¥[AT /ol 5. (A[B/a])* = A*[B*/q]
2. (K[e/x])* = K*t[et _ id/x] 6. (Ale/x))*™ = A*[e™ _ id/x]
3. (AlB/a])* = A*[B*/a] 7. (e[A/a])* = e¥[AT/a]
4. (Ale/x))* = Atler _ id/x] 8. (ele//x])* = eFle* _ id/x]

Proof. The proof is straightforward by induction on the typing derivation of the expres-
sion t being substituted into.

Part 6 follows immediately by part 3 of the induction hypothesis. Part 7 follows
immediately by part 4 of the induction hypothesis. I give representative cases for the
other parts. In most cases, it suffices to show that the two terms are syntactically
identical.

The proofs for the CBN setting only require a specialized instance of this property although the general
form holds.
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Case: Rule * t = U, parts 1 and 2. Trivial, since no free variables appear in U.

Case: Rule PI-* t =T1x:B.K’

Sub-case: Part 1. We must show that ((Mx:B.K)[A/a])T = (Mx: B.K)T[AT/a].

(Mx:B.KN[A/a])T
= (Nx:B[A/a].K'[A/a])*
by definition of substitution
— TIx': (B[A/a])". (K[A/a])*
by definition of the translation
= IIx':BT[AT/a]. K'T[AT /a]
by parts 1 and 3 of the induction hypothesis
= (IIx":B*.K'M)[AT/q]
by definition of substitution
= (Nx:B.K)T[A1/q]
by definition of the translation

Sub-case: Part 2. Similar to the previous subcase.

Case: Rule VAR

Sub-case: t = o/, part 3. Part 4 is trivial since x is not free in a.

We must show that (o/[A/a])T = &/[AT/a].
Sub-case: o = /. It suffices to show that AT = AT, which is trivial.
Sub-case: o # /. Trivial.
Sub-case: t = x, part 7 is trivial.
Sub-case: Part 8

Case: Rule VAR Part 8, (x[e/x])™
We must show (x[e/x])™ =x7[em _ id/x/].

W.l.o.g., assume x = x'.

(o)
= e by definition of substitution
= Aa. Ak .(e7 @ a Ax.k x) by Lemma 6.6.1
= Aa.Ak. (Ax.kx) (e7 _ id) by Rule =-CONT
= Aa. Ak.(Ax.k x) x)[(e” _ id)/x] by substitution

= Aa.Ak.kx)[(e¥ _ id)/x]

by >

(115)

(116)

(117)

(118)

(119)
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= x7[(e” _ id)/x] by definition of translation (125)

Case: Rule APP e ey

Sub-case: Part 7
We must show ((e; e2)[A'/a/])T = (e1 e2)T[AT /).

((e1 e)[A/a])™
= (e;[A/a'] es[A'/a/])™ by substitution (126)
= Aa:x Ak: ((B[A/d])T[(ex]A/]) T /x]) — a.
(er1[A /)T a (Wf:TIx: (A[A//])T. (B[A' /o)) ™.
(eo[ /)T @ a (Ax: (A[A' /)T (f x) o k))
by translation (127)
= Aa:x Ak: (BT[AT/a][es [AT/a]/x]) = a.
el [AT/a/] a (A f:TIx: AT[A'T/a/].B¥[AT/a].
e5 [AT/a] @ a (Ax: AT[AT/d/]. (f x) a k))
by TH (3,5,7) (128)
= Aa:x.Ak:(Bt[e5/x]) = a. (129)
el a (Af:IIx:A".B™.
e @ a (Ax:AT.(f x) a k)))[AT/d/]
by substitution
= (e &) [A /] by translation (130)

Lemma 6.6.3 (CPSY Preservation of Reduction).
o IfTFe:Aander>¢€ thene™ >*e and € =&~
o IfTHFA:Kand A> A’ then AT >* A’ and A = A+
o IfTEA:%xand A> A’ then A~ >* A and A = A~

Proof. The proof is straightforward by cases on the reduction (>) relation. I give some
representative cases.

Case: x>se wherex=¢: A €l

We must show that x* >4 e such that e = ¢~ _ id wherex™ = ¢’ _id: A'T ¢
I*, which follows by the same argument as Sub-Case Part 8 of the x case of
Lemma 6.6.3.

Case: (Ax: _.ej) e >geifes/x]
We must show that (Ax: .e;) es)™ >* € and € = (ej[ea/x])™.

((}\X L. el) 62)



= Aa. Ak

Aa.Ak.k (Ax.e7)) a (Af.ef @ a (Ax.(f x) a k)))

by translation
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>* Aa.Ak.e; @ a (Ax. (Ax.e]) x) a k))

by >3

>* Aa.Ak.ej @ a (Ax.e] ak))

by >3

by >3

= Aa. Ak (6] ak))[(es
by substitution

fle; _ id/x
by Rule =-n
= (eife2/x])™

by Lemma 6.6.2

Aa.Ak.(Ax.e] ak) (e5 _
by Rule =-CoNT
>* (Aa. Ak. (e] a k)[(e5

id))

_ id)/x])

_ id)/¥]

(131)

(132)

(133)

(134)

(135)

(136)

(137)

(138)

O

Note that kinds do not take steps in the reduction relation, but can in the conversion

relation.

Lemma 6.6.4 (CPSY Preservation of Conversion).

o IfTFe:Aande*e thene” >* e ande =€~

o IfTHA:K and A>* A’ then AT >* A’ and A’ = A"

o IfTHA:x and A>* A’ then AT >* A and A’ = A'~

o IfTHFK:U and K >* K" then KT >* k' and k' = K'T

Proof. The proof is straightforward by induction on the derivation of t >* t/.4

Lemma 6.6.5 (CPSY Preservation of Equivalence).

o [fe=¢€ thene™ =&~

o If A=A then AT = AT

4 In the previous version of this work (Bowman et al., 2018), this proof was incorrectly stated as by
induction on the length of reduction sequences.

o If A=A then AT = A"

o If K=K’ then KT = K'T
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Lemma 6.6.6 (CPS” Type and Well-formedness Preservation).
1. If =T then =TT

IfTFe:Athen Tt Fev : AT

IfTHA:K then Tt FAT KT

IfT =A% then TT AT xT

S S

IfT=K:U then TT =K' UT

Proof. All cases are proven simultaneously by simultaneous induction on the type
derivation and well-formedness derivation. Part 4 follows easily by part 3 in every case,
so we elide its proof. Most cases follow easily from the induction hypotheses.

Case: Rule W-AssuMm - T,x: A

There are two sub-cases: either A is a type or a kind.

Sub-case: A is a type
We must show =, x : AT,
It suffices to show that " = AT : k, which follows by part 3 of the induction
hypothesis.

Sub-case: A is a kind; similar to the previous case, except the goal follows by part 5 of
the induction hypothesis.

Case: Rule W-DEF T, x=¢e: A
We give the case for when A is a type; the case when A is a kind is similar.
We must show T, x =e™ AT id : AT.
It suffices to show that [T Fe™ AT id : AT,
By part 2 of the induction hypothesis and definition of the translation, we know
that T Fe™ : Ila: *. (AT — a) — «, easily which implies the goal.
Case: Rule VAR Fx: A

We give the case for when A is a type; the case when A is a kind is simple since
the translation on type variables is the identity.

We must show that TT FAa:x Ak: AT — a. k x: A~
By the part 1 of the induction hypothesis, we know " F x : A*, which implies
the goal.

Case: Rule APP [k e ey : Blea/x].

There are four sub-cases: e; can be either a term or a type, and es; can be either
a term or a type. The interesting case is when both are terms, since this is the
case most affected by the CPS translation.
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Sub-case: CPS!-APP, both e; and e, are terms.

We must show that

Aa:x. Ak: (BT[(e5 AT id)/x]) — a.
el a (Af:IIx:AT.B¥.e5 @ a (Ax:AT.(f x) a k))

has type (Blea/x])™.

Note that,
(Ble2/x])
= B7[e; AT id/x] by Lemma 6.6.2 (139)
= Ha:* ((BYe; AT id/x]) > a) = « by translation (140)

Hence it suffices to show that

Mo xk: (BY[(e5 AT id)/x]) > atef a (Af:IIx:AT.B . e
e; @a (Ax:AT.)
(f x) a k)

By part 2 of the induction hypothesis, we know that
Mrhe :Ma:* (IIx:AT.B¥) = a) = a,
hence it suffices to show that
Mo *, Fe @Qa (Ax:AT.(fx)ak): «a
k: (BT[(e5 At id)/x]) — «,
f:IIx:AT.B*
By Rule T-CoONT, we must show
M a:*, Ffx)ak:a
k: (BT[(e; AT id)/x]) — a,
f:IIx:AT.B™,
x =& AT id,
Note that f x : B¥[x/x] and B¥ [x/x] = [T a: *. (BT [x/x]) = a — a.
But k : (BT[(e5 AT id)/x]) —
Hence it suffices to show that (BT [x/x]) = (B*[(e; AT id)/x]), which follows by

§ reduction on x since we have x = e; AT id by Rule T-CONT.

Note that without the new typing rule, we would be here stuck. However, thanks
to Rule T-CONT, we have the equality that x = e5 AT id, and we are able to
complete the proof.

Sub-case: e; is a term but e; is a type A’. This case is similar to the application case of
the CBN translation. It does not require the new typing rule Rule T-CONT, as
the argument is a type, the argument is not CPS translated.
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Sub-case: e; is a type and es is a term. This case is simple; note that the translate
CPSY%-APPCONSTR translates the argument e, into e; AT id since the term
variable must have a value type.

Sub-case: Both e; and e; are types. This case is trivial by the induction hypothesis.

Case: Rule LET [+ letx=¢e; : Ainey : Ble;/X]

There are four sub-cases, as in the case of application, and the proofs are nearly
identical. This should be unsurprising, since the new typing rule Rule T-CONT
essentially gives the typing of application of a continuation the same expressive
power as dependent let. I give the case for both e; and ey are terms, since this is
the most interesting case.

Sub-case: CPS!-LET

We must show that I FAa:x Ak:BT[e; AT id/x] — a. : (Blea/x])™
ef @a Ax:At.e; ak)

By Lemma 6.6.2 and the definition of the translation, it suffices to show
Mya:xk:Bfe; Atid/x] > akel @Qa Ax:At.ej ak):a
By Rule T-CONT, we must show
M,a:xk:Bfe; Atid/x] > a,x=¢] AT idFe; ak: a
Note that by the induction hypothesis,
Mx=e Atidre; :Mla:x. (BT = a) >«
Hence by §-reduction and Rule CONv,
Mx=e AT idFe; : Ila:*. (BY[(e™ AT id)/x] — o) — « which implies the
goal.
Case: Rule PAIR

Note that the translation of dependent pairs, CPS}-PAIR, also requires a use of
the rule Rule T-CoONT. Since the source language allows pairs of expressions,
but our target language for the CBV translation should not, we must evaluate
both components of the pair before calling the continuation. However, since the
type of second component depends on the value of the first component, we must
apply Rule T-CONT when typing the application of the continuation to the first
component so that we have x; = e] A" id when typing the continuation for the
second component.

The proof is similar to the case for Rule App.
Case: Rule SND The proof is exactly like the case for the CBN translation. O

Theorem 6.6.7 (CPSY Type Preservation). If+e: A then [T+ cps[e] : cpsT [A].
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6.6.2 Compiler Correctness

To prove correctness of separate compilation for CPSY, I follow the standard architecture
from Chapter 3 and used in Section 6.5.2. I use the same cross-language relation =~ on
observation. However, note that in CBV, we should only link with values, so I restrict
closing substitutions 7 to values and use the value translation on substitutions 4+. The
proofs follow exactly the same structure as in Section 6.5.2.

Theorem 6.6.8 (Separate Compilation Correctness). If [+ e and I' b+, then
eval(y(e)) = eval(yT(e™)).

Corollary 6.6.9 (Whole-Program Correctness). If - e then eval(e) = eval(e™).

6.7 RELATED AND FuTuRE WoORK

DEPENDENT CONDITIONALS In addition to showing that the traditional double-
negation CPS for ¥ types is not type preserving, Barthe and Uustalu (2002) demonstrate
an impossibility result for CPS and dependent conditionals. They prove that no type-
correct CPS translation can exist for sums with dependent case. However, careful
inspection of their proof reveals that this impossibility result only applies if the CPS
translation allows unrestricted control effects. As my translation does not allow control
effects, I conjecture it is possible to prove type preservation for dependent conditionals.

The impossibility result by Barthe and Uustalu relies on the ability to implement
call/cc via the CPS translation. Assuming there is a type-preserving CPS translation,
they construct a model of CoC extended with call/cc and sum types (CCA+) in CoC
with sum types (CoC+). Since CoC+ is consistent, this model proves that CoCA+
is consistent. However, it is known that CoCA+ is inconsistent (Coquand, 1989).
Therefore, the type-preserving CPS translation of CoCA+ cannot exist.

Their proof is valid; however, it is well known that the polymorphic answer type CPS
translation that I use cannot implement call/cc (Ahmed and Blume, 2011). Therefore,
my translation does not give a model of CoCA+ in CoC+.

I further conjecture that my CPS translation is type preserving for dependent con-
ditionals. Since the original work by Barthe and Uustalu uses sums with dependent
case, I use these instead of the dependent if presented in Chapter 2, but the same core
idea applies to either implementation of dependent conditionals. The typing rule for
dependent case is the following.

Ny:A+BFA :«
le:A+B Fox: Ak e Allinjy x/y] M,x:BFey:Allinjgx/y]

[+ caseeof x.er;x. e : A'le/y]
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I would extend the CPS™ with the following rule.

(caseeof x.e1;x.€2)” = Aa:x. Ak: AT[e™ /y] = a.
e” @ a (Ay:At +BT.caseyof x. (e] a k);x.(e; a k))

Focusing on the first branch of the case above, note that e;” « : (A'[(inj; x)* /y] —
a) — «, however k : A'Fle™ /y] — o. We need to show that e™ = (inj; x)™, similar
to the problem with the second projection of dependent pairs. This time, however, to
show e™ = (inj; x)™ we need to reason about the flow of the underlying value of e™ into
y and also about the relationship between y and x. Specifically, we need to first use my
new T-CONT rule, which allows us to assume y = e™ « id. Next, we need to know that
since the case analysis is on the value y, in the first branch y = inj; x (and similarly
for the other branch), but the problem is that the existing typing rule for dependent
case does not let us assume that.

Nonetheless, I conjecture the same extension I propose in Chapter 4 works to allow
type preservation for CPS. We simply change the typing rule for case to record the
equality e = inj; x while typing the first branch, and similarly for the second branch,
like in the following rule.

NLy:A+BFA: % lFe:A+B
M,x:A,p:e=inj; Fep:Alfinj;x/y] M,x:B,p:e=injy Feg:Allinjyx/y]

[+ caseeof x.er;x. ez : A'le/y]

With this modification in the target language CoCF, we can type check the above
translation of dependent case. I have not yet shown the consistency of the target
language CoC* once it is extended with this modified typing rule for dependent case,
primarily due to problems scaling the CPS translation to higher universes, which I
discuss next, and further in Chapter 8.

HIGHER UNIVERSES It is unclear how to scale this CPS translation to higher universes.
In this work, I have a single impredicative universe %, and the locally polymorphic answer
type « lives in that universe. With an infinite hierarchy, it is not clear what the universe
of a should be. Furthermore, the translation relies on impredicativity in *. We can
only use impredicativity at one universe level and the locally polymorphic answer-type
translation does not seem possible in the context of predicative polymorphism, so it’s
unclear how to adapt our translation to the infinite predicative hierarchy.

I initially conjectured that the right solution for handling universes was universe
polymorphism (Sozeau and Tabareau, 2014). My thought was that since the type is
provided by the calling context, it seems sensible that the calling context should also
provide the universe. Then, we could modify the type translation to be IT/: Level. IT c:
Type,. (AT — a) — . However, one of the authors of Sozeau and Tabareau (Sozeau)
suggested to me that this would not work.”

5 Personal communication. Jan. 2018.
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CONTROL OPERATORS AND DEPENDENT TYPES  This chapter explicitly avoids control
effects and dependent types to focus on type preservation. However, in general, we
may want to combine the two. Herbelin (2005) shows that unrestricted use of call/cc
and throw in a language with X types and equality leads to an inconsistent system.
The inconsistency is caused by type dependency on terms involving control effects.
Herbelin (2012) solves the inconsistency by constraining types to depend only on
negative-elimination-free (NEF) terms, which are free of effects. This restriction makes
dependent types compatible with classical reasoning enabled by the control operators.

After the initial publication of the work in this chapter (Bowman et al., 2018), Cong
and Asai (2018a) extended the CPS translation to control effects in the NEF fragment,
and use this locally polymorphic translation to disallow control effects for terms that
use unsafe dependencies.

This is similar to recent work by Miquey (2017) uses the NEF restriction to soundly
extend the Apjfi-calculus of Curien and Herbelin (2000), a computational classic calculus,
with dependent types. He then extends the language with delimited continuations, and
defines a type-preserving CPS to a standard intuitionistic dependent type theory. By
comparison, our source language CoCP is effect-free, therefore we do not need the NEF
condition to restrict dependency. My use of the identity function serves a similar role
to their delimited continuations—allowing local evaluation of a CPS’d computation.

EFFECTS AND DEPENDENT TYPES Pédrot and Tabareau (2017) define the weaning
translation, a monadic translation for adding effects to dependent type theory. The
weaning translation allows us to represent self-algebraic monads, i.e., monads whose
algebras’ universe itself forms an algebra, such as exception and non-determinism
monads. However, it does not apply to the standard continuation monad, which is not
self-algebraic. The paper extends the translation to inductive types, with a restricted
form of dependent elimination. Full dependent elimination can be implemented only for
terms whose type is first-order, and this comes at the cost of inconsistency, although
one can recover consistency by requiring that every inductive term be parametric. My
translation does not lead to inconsistency, and requires no restrictions on the type to
be translated. However, my translation appears to impose the self-algebraic structure
on the computation types, and my use of parametricity to cast computations to values
is similar to their parametricity restriction.

INTERNALIZING PARAMETRICITY My work internalizes a specific free theorem, but
ongoing work focuses on how to internalize parametricity more generally in a dependent
type theory. Krishnaswami and Dreyer (2013) develop a technique for adding new rules
to the extensional CoC. They present a logical relation for terms that are not syntactically
well typed, but are semantically well behaved and equivalent at a particular type. Using
this logical relation, they prove the consistency of several extensions to extensional
CoC, including sum types, dependent records, and natural numbers. Bernardy et al.
(2012); Keller and Lasson (2012) give translations from one dependent type theory
into another that yield a parametric model of the original theory. These essentially
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encode the logical relation in the target type theory, similar to the approach we took in
Section 6.4.1 (Meta-theory). Recent work by Nuyts et al. (2017) develops a theory that
internalizes parametricity, including the important concept of identity extension, and
gives a thorough comparison of the literature. By building a target language based on
one of these systems, it’s possible that we could eliminate the rule =-CONT as an axiom
and instead derive it internally. This could allow the translation to scale to theories
that are orthogonal to parametricity.

PERVASIVE TRANSLATION In this chapter, I only CPS translate terms, i.e., run-time
expressions. However, other work (Barthe et al., 2001) studies pervasive translation
of PTSs. A pervasive CPS translation internalizes evaluation order for all expressions:
terms, types, and kinds. This is necessary in general, since in a language such as Coq,
we cannot easily distinguish between terms, types, and kinds. A pervasive translation
may be necessary to scale type-preserving translation to higher universes and more
type-level computation. The translations in Chapter 4 and Chapter 5 both use pervasive
translation for this reason.

A pervasive CPS translation is also used in a partial solution to the Barendregt-
Geuvers-Klop conjecture (Geuvers, 1993) which essentially states that every weakly
normalizing PTS is also strongly normalizing. The conjecture has been solved for
non-dependent PTSs, but the solution for dependent PTSs remains open.



7 PARAMETRIC CLOSURE CONVERSION

In this chapter, I develop a parametric closure conversion translation, i.e., a closure
conversion translation that does not add primitive closures to the target language
but instead encodes them using existential types. As discussed in Chapter 5, this
translation is not suitable in all dependent type theories, since it relies on parametricity
and impredicativity. However, parametric closure conversion has some advantages
over abstract closure conversion which makes studying this translation worthwhile. In
particular, known optimizations for recursive closures that avoid rebuilding the closure
every time through the loop use parametric closure conversion (Minamide et al., 1996;
Morrisett and Harper, 1998). We can develop a parametric closure conversion if we
admit impredicativity and parametricity, and avoid higher universes.

I begin with a review of the problems with parametric closure conversion discussed
in Chapter 5. To accommodate the restrictions, the parametric closure conversion
translation is defined on CoCP, the same source language used in Chapter 6, and a
restriction of ECCP presented in Chapter 2. I then design a target language, CoC¢,
before developing the full translation, and proofs of type preservation and compiler
correctness.

Typographical Note. In this chapter, I typeset the source language, CoCP, in a blue,
non-bold, sans-serif font, and the target language, CoC“, in a bold, red, serif font.

7.1 MAIN IDEAS

As review, recall from Chapter 5 the problem with preserving dependent types through
closure conversion using the existential types. I reproduce the example from Chapter 5
below.

AAx Ax:Acx o TTA: % TIx: A A

Here we have the polymorphic identity function, where the first argument A, a type,
is free in the second function and is used in the type of the function. The standard
parametric closure conversion translation of this example is below, reproduced from
Chapter 5.

(A(m :1,A : Prop). (A(ns : Prop x 1,x : fstns).x, (A, ()} )
Jay : Prop. (IT(n; : a1, A : Prop).
Jag: Type. (II (ny : ag,x : fst ny). fst ny) X az) X o
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Notice that this type
translation relies on
impredicativity, since the
existential type must be in
the same universe as the
type variable o over
which it quantifies.
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Unfortunately, while the code is well-typed, the closure is not. Recall that the code of
the inner closure has type IT (ny : cvo, x : fst ny). fst ny. In the type of the closure, this
projection fst ns is not well-typed since the type of the environment is hidden—fst n»
is invalid when no has type ao.

A similar problem presents itself in the type-preserving closure conversion of System F
by Minamide et al. (1996). In that work, type variables in System F are included in the
environment, introducing the same problem as above of closures not being well-typed.
In subsequent work, Morrisett et al. (1999) observed that in System F type variables
can be considered computationally irrelevant (and will, therefore, be erased before
runtime). This justified a simple translation where closure-converted functions were
allowed to have free type (though not term) variables. In dependently typed languages,
this solution does not apply since term variables can also appear in types.

As before in Chapter 5, and in the work of Minamide et al. (1996), we have a dilemma.
We must close the type of code since code must be closed after closure conversion, but
we must also leave the type of the closure open since we cannot project from the hidden
environment. The challenge is to unify the closed type of the code and the open type of
the closure.

In this chapter, I adapt the parametric closure conversion of Minamide et al. (1996)
to dependent types. Previously, in Chapter 5, I essentially axiomatize the target
language with closures, adapting the abstract closure conversion of Minamide et al.
(1996) to dependent types. The primitive closure captures exactly the above needs.
I use existential types to encode closures, and use a form of singleton types, called
translucent types, to encode an equality between the hidden environment and the free
variables. The translucent type unifies the hidden environment with the type variables,
thus unifying the closed type of the closure and the open type of the code.

Below is the nearly complete translation to demonstrate how this unifies the two
seemingly different types.

[(Mx:A.B)]=3Ja:* (a x Coden: a,x: At.[B])
[(Ax:A.e)] = pack ({((x;...),A(n: A’,x:let (x;...) =nin [A]).
let (x;...) =nin [e]),A’)
where A’ = ¥ x; : [A;]]...

x; : Aj ... are the free variables of e and A

This translation uses the code type as in Chapter 5 to distinguish closed code from
closures, but lacks a Il-type since closures are encoded using existential types. Using
this translation, we need to complete the following derivation in order to prove type
preservation. As we will see, we cannot complete the derivation for the standard
existential type translation.

stuck
n:A''x:Akrlet(x;...) =nine: [B]
FFA(n:A’)x:A).let(x;...) =nine: Coden: A’ x: [A].[B]
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I focus on showing the code is well-typed at the translated type, since that is where
the problem arises. Notice that [B] has free variables in the type. To complete this
derivation, we must show let (x;...) =nine : [B]. However, by the typing rule for
dependent let, we can only conclude let (x;...) =nine : [B][m;n/x;]. We cannot
complete the derivation and this translation is not type preserving because dependent
types allow types to depend on free term variables from the environment.

However, intuitively, it should be the case that [B] = [B][7; n/x;]. By parametricity,
we know n will only get replaced by exactly the environment generated by our compiler.
Since the compiler generates the environment n = (x; ...), this substitution is essentially  This is why we rely on

a no-op, replacing x; by x;. To develop a type-preserving translation, we need to find a  parametricity, and where
the type preservation
argument fails if we
cannot have parametricity
in the target language.

way to internalize this reasoning so that the type system can decide this equivalence.

To solve this, I use a form of singleton types called translucent types (Harper and
Lillibridge, 1994; Lillibridge, 1997) to encode this equivalence in a type. The translucent
function type', written ' = B, represents a function (or in our case, code) that must
be applied to (an expression equivalent to) the term e’ and produces something of type
B. The translucent function type rules are the following. Essentially, any function f can
be statically specialized to a particular argument €’. This has the effect of instantiating
the dependent function type before the function is actually applied. After that, it must
be dynamically applied to that argument.

F'Ff:TIn:A'.B ke : A '-f:¢ =B

; - TREFUN —/TRAPP
I'-f:e = Ble'/n] I'+Hfe:B

To encode closures, we existentially quantify over the value of the environment n, in
addition to the type of the environment «, leveraging dependent types. Then we describe
type of the code f using a translucent type (n = Codex : [A].[sB]), which requires
that the code be applied to exactly the environment n and an arbitrary argument x of
type [A], and produces an output of type [B]. The translation becomes the following.

[(Mx:A.B)]=3(a:x,n:co,f: (n= Codex: [A].[B])).
[(Ax:A.e)] = pack (A, (x;...),A(n: A,x:let (x;...) =nin [A]).
let (x;...) =nin [e])
where A’ =3 (x; : [A)]...)
x; : A; ... are the free variables of e and A

Now, the environment is still hidden from the client of the closure, but when checking
that the closure is well-typed, the variable n is replaced by the value of the closure. Then
all we need is to prove [B] = [B][m; (x;...)/x;], which is trivial. This was essentially
the insight in Minamide et al. (1996), although in a simpler setting.

1 This particular presentation of translucent function types is due to Minamide et al. (1996).
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Universes U

* | O

x| x| Code(n:A’,x:A).B
e=>Coden: A’ B | A(n:A',x:A).e|erel e
Y¥x:A.B | (e,e)asXx:A.B | fste | snde
letx=e:Aine | 3(a: A,n:A’).B

pack (A e',;e)asT(a: A,n: A').B

unpack (x,x,x) =eine | ---

Expressions e,A,B

Environments ' .= - |ILx:A|I'x=e: A

Figure 7.1: CoCY“ Syntax (excerpts)

As we descend into the pack expression, the existentially quantified environment
flows into the type and the translucent type yields an additional equivalence. The
completed derivation is the following.

: trivial, since env = (x;...)
FFA(m: A’ )x:[A]).€ : Coden: A’ x: [A].[B][min/x;] [B][min/x;][env/n] = [B

. FTFA(n: A x:[A]).let (x;...) =nin [e] : env = Codex : [A].[B]
I+ pack (A’,;env,A\(n: A’,x:[A]).€') : Ja: %,n: a,f: (n= Codex: [A].).[B]

While the translation is similar in essence to Minamide et al. (1996), dependent types
introduce additional difficulties. The above translation disrupts the syntactic reasoning
about functions that the type system relies on, in particular, n-equivalence of functions.

To preserve n-equivalence, as in Chapter 5, I develop a principle of equivalence
for closures. Essentially, closures are equivalent when we compute equivalent results
under equivalent environments. This gives us an n-principle for closures that extends
the n-principle for functions to include the environment. This principle also relies on
parametricity to justify.

7.2 PARAMETRIC CLoSURE CONVERSION IL
In Figure 7.1, I present the syntax of CoC¢“
verted language based on CoCP. As in Chapter 5, closed code is written as A (n :
A’ x : A).e and has type Code(n : A’;x : A).B. All code takes two argu-
ments, which are intuitively the environment n and the original argument x. I

, a dependently typed closure con-

add 2-ary existential types J(a : A;n : A’).B to encode closures, with the in-
troduction form pack (A,e’;e)as3(a : A,n : A’).B and the elimination form
unpack (o, n,f) = e’ine. As with dependent pairs, I omit the type annotation on
pack for brevity, as in pack (A, €', e). Finally, I add a variant of translucent function
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T'FB:x

CoDE-*
I'-Code(x' : A/,x:A).B: %

F'te:A’ TFCode(x':A')x:A).B:U

=
I're=Codex: A.B:U
'e:Code(x': A',)x:A).B TIke:A
7 — 7 TRFUN
I'Fe:e = Code(x: Ale'/x']). Ble'/x']
X Alx:AFe:B
; ; ; 5 CoDE
F'FA(X :A')x:A).e:Codex : A';x: A.B
I'-f:e'= Codex:A.B 'ke:A
TRAPP

T'Hfe e:Ble/x]

TFA:U Ix:AFA: U Ix:Ax:A'FB:%

ExisT
FF3(x:Ax:A").B:%
Fr3(x:A,x:AN.B:U
I'kFe: A T'ke':Ale/x] T e, : Ble/x][e//x]
PAck

I'+ pack (e,e’,e))asI (x: A, x' : A).B:I(x: A,x' : A').B
F'te:3(x:A,x':A").B
I'x:A,x:A',x,:Bre:B B :U

UNPACK
I' - unpack (x,x’,x,) =eine’ : B’

Figure 7.2: CoC®“ Typing (excerpts)

types, specialized to code types, written e = Codex : A.B. Since all code is 2-ary, the
translucent function type is specialized to only curry code types. This type represents a
code that can only be applied to the term e as its first argument, and something of type
A as its second argument, and results in a term of the type B. Note that this type is
not dependent in the usual sense on its first argument—i.e., there is no name bound for
the term e—since e has already been substituted into the types A and B.

In Figure 7.2, I define the key typing rules for the target language; the complete
definition is given in Appendix J. I explain translucent function types in detail shortly.
I add the standard rules for existential types. Notice that existential types are impred-
icative (Rule EX1ST); unlike dependent pairs (strong dependent pairs with projection),
existential types (weak dependent pairs with pattern matching) are consistent with
impredicativity. Furthermore, impredicativity is necessary for expressing the type of
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We could simplify the type
system by encoding 2-ary
constructs such as code
and pack the same way
we encode n-ary
dependent pairs.
However, this complicates
n-equivalence for closures,
which relies on the
canonical forms.
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T'kepé€

unpack (x,x’,x;) = pack (e, €, e;) ines >3 es[(e, €, ep)/(x,x/,xp)]

Figure 7.3: CoC®“ Reduction (excerpts)

closures. Rule TRFUN is the introduction rule for the translucent type. Intuitively,
any function can be statically specialized to a specific argument. To ascribe a term
a translucent type, we must check that the specific argument is of the same type as
expected by the code. Rule TRAPP eliminates a translucent type. When applying code
ascribed a translucent type, we check that the first argument is equal to the argument
specified by the translucent type.

As an example of the translucent type, consider the following example in which we
ascribe two different types to the polymorphic identity function.

id : Code (A : x,x: A). A
id : bool = Codex : bool. bool

In the first case, we ascribe id the type Code (A : x,a: A). A. This is the standard
type, compiled to a code type. In the second case, we ascribe id a translucent type.
Notice that we do not actually apply id to any arguments; we specialize only its type.
By ascribing it a translucent type, we know statically that when this function is applied
to the type bool, it accepts and return a bool. This gives us the ability to reason
about the result of applying id before applying it. As a result, after ascribing this type
we must only apply id to bool, or the additional static reasoning would not be valid.

In Figure 7.3 I give the new reduction rule for existential types. The rule is completely
standard. Translucent types do not introduce new dynamic semantics.

Digression. If we had recursion, and therefore recursive closures, we would need a
non-standard reduction rule for unpack to ensure normalization. In the same way that
recursive functions in Coq only reduce when applied to a constant, a recursive closure
should only reduce when unpacked and applied to a constant.

In Figure 7.4 I present new n-equivalence rules for closures. These new rules are the
result of closure converting the n-equivalence rules from CoCP.

This n-equivalence is specialized to closures and necessarily differs from the standard
n-equivalence for existential types. To see why, consider the normal n-equivalence for
existential types.

Cle] = unpack (o, x) = ein C[pack (x, a)]

This states that the expression e in some arbitrary program contezt (a program with
a hole, or single linear variable, [-]) C' is equivalent to unpacking e and executing C'
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FkFe=¢€

L'k e >*pack (A, e/, A(n: A’ x: A).€))
Tk ey>* e I,x: Ale'/n] + e)[e'/n] = unpack (o, n,f) =e,inf n x

=M

I'He =e

Tke >*e) I'ke;>*pack (A';e/,A(n: A’ )x: A).¢€)
[,x: Ale'/n] - unpack (a,n,f) = e} inf n x=ej[e'/n]

=-T2

I'Fe=ey

Figure 7.4: CoC®“ Equivalence (excerpts)

with the canonical form of the existential type pack (x,a). In a closure-converted
language, we can’t use this rule, since C' may be code Ay : A.[-], and we can’t push this
context under the scope of the free variables o, x. In general, after closure conversion
we cannot introduce references to free variables in arbitrary contexts. Since the normal
n-equivalence for existential types introduces references to free variables in an arbitrary
context, it is not valid in our closure-converted language.

7.2.1  Meta-Theory

As the target language is relatively standard, I do not prove any meta-theoretic results
about CoCC?"; I sketch most of a model below. I conjecture that CoCCC is consistent and
type safe, strongly normalizing, and satisfies subject reduction. However, decidability is
an open question; the presentation of translucent types is not syntax directed and likely
requires changes to ensure decidability.

Both translucent types and existential types are easily modeled in CIC. Existential
types are included in Coq’s standard library, so I focus on translucent types. I give an
implementation in Appendix J, but give an intuitive presentation here.

The translucent type is easily modeled with the identity type as follows.

[e=B]° ¥ nx:[A]°.x=[e]° — [B]°

wheree : A

Here, I write [e]° to give a model of e in ECCP extended with existential types and
the identity type. The translucent type is modeled as a function that demands some
argument x of type A and a proof that x is equal to e, using the identity type.
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‘[[e]]:e Whererl—e:A‘

M = x

Bl <«
[Mx:A.B] ¥ J(a:%n:a).n=>Codex:A.B
[Ax:A.€] & pack (3 (x; : [Ai]...), (xi...),

A(n:2(x;: [A]...),x:1let (x;...) =nin [A]).
let (x;...) =nin [e]))

xitA;i... =FV(Ax:A.e,Mx:A.B,T)
[e1 e2] o unpack (a,n,f) =[e;] inf n [es]
def

[letx=e:Aine] = letx=[e]:[A] in [¢]

Figure 7.5: Parametric Closure Conversion from CoCP to CoC®“ (excerpts)

The introduction and elimination forms are modeled as the following.
[e:e'=B]° ¥ \x:[A]°,y:x=[e]°).casey of refl. [e]° x
[e €]° aof [e]° [e]° refl
wheree : ¢ = B

The introduction form is modeled as a function of two arguments, which pattern matches
on the equality proof and applies the underlying function e to the argument x. The
elimination form simply applies the translucent function e to its argument €’ and the
proof of equality refl.

The new n-equivalence for closures is the only non-standard rule and constructing
a model of the rule requires a parametricity argument that I leave for future work.
While essentially based on the n-principle for existential types, it is not exactly the
same. It should be similar in some ways to the model for the CPS target language in
Chapter 6. That is, a model should be possible using the parametricity translation
into the extensional Calculus of Constructions. However, it is unclear how to formalize
the relation between two environments of type «. Intuitively, we must allow any two
environments, with potentially different sets of free variables, to be related as long as
the codes are related after inlining the environments into the codes.

7.3 PARAMETRIC CLOSURE CONVERSION TRANSLATION

In Figure 7.5, I present the key parametric closure-conversion rules. As in Chapter 5,
formally, this translation must be defined on typing derivations, but for brevity I present
the key translation rules on syntax. I define the complete translation in Appendix K
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Figure K.3 and Figure K.4. The translation of dependent function types is the key to
understanding our translation. As described in Section 7.1, the idea in this translation
is to translate dependent functions of type [1x: A.B to existential packages of type
Ja:k,n:a. (n= Codex: A.B). In the translation of types, we leave type variables
free in the type of the closure—i.e., in A and B—but we leave them free under a translucent
type (n = Codex : A.B) that describes the new closed Code. In the translation
of functions, [Ax:A.e], we produce closed type annotations that are only valid with
respect to the environment we produce in the closure. When we check that the closure
produced by the translation has the type produced by the translation, i.e., when showing
type preservation for functions, the translucent type introduces an equality n = enwv
into the type, unifying the closed type of the closure and the open type of the code.

The rest of the translation is straightforward. We translate each x to x. Similarly, we
translate names x into x. All omitted rules are structural.

7.3.1  Type Preservation

In this section, I show that parametric closure-conversion is type preserving. I follow
the standard architecture presented in Chapter 3.

Recall from Section 7.1 that the type preservation argument relies on an equivalence
between a type A with free variables x; ... and the same type with those free variables
projected out of the closure’s environment (x;...), i.e., A = A[(x;...)/(x;...)]. Since
the environment is always generated from the same free variables, this substitution is
essentially a no-op. This argument is used in several proofs. I formalize this equivalence
in Lemma 7.3.1. The proof is a straightforward computation.

Lemma 7.3.1. I'n= (x;...) : A’ (let (x;...) =nine) =e.

Proof. let (x;...) =nine >s let (x;...) = (x;...)ine >F e[x;/x;] = e O

Next I prove compositionality. As in Chapter 5, this is where we use most of the
complexity of the target language, such as translucent types and the n-principle for

closures. I go into detail for the key proof cases, i.e., those for the encoding of closures.

Lemma 7.3.2 (Compositionality). [(e[e’/x])] = [el[[€']/x]

Proof. By cases on structure of e. Omitted cases are straightforward.

Case: e=T[ly:A.B

185
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Show [((My:A.B)[e//x])] = [(My:A.B)][[e']/x]-

[((My:A.B)e'/x)]

= [(My:Ale'/x].Ble'/x])] (141)
by substitution

= J(a:*,n:a).n= Codey : [A][[¢'] /x]. [B][[e'] /x] (142)
by definition of translation

= (3(a:*,n:a).n= Codey : [A].[B])[[e] /¥ (143)

by substitution

= [(My:A-B)[['] /] (144)

Case: e = Ax:A.e;.

This case essentially asks “when are two closures equivalent?”; since substitution
on a function changes its closure by changing the environment. The n rules for
closures allows us to answer that question. When substituting into a closure before
translation, we produce a closure whose environment contains only free variables.
When substituting into a closure after translation, we can put a (potentially open)
term into the environment of a closure.

pr = [(e[e'/x])] = pack (X,,,,env’, An : X,y : Ap.
let env’ = nin [e;][[¢]/x])

where env’ = (X0, ...y X1, Xit 1y s Xony Xint 1y -« Xp2)
X0y ooy Kim 1y Xy Xig 1y -+« Xy = fV([e])
Xm41y -y Xn = fv([[e’]])

A =letenv' =nin [A]
pr = [e][[€']/x] = pack (Xeny, env, An : Xepy,y : Ag.letenv =nin [e])
where env = (x0,...,x; -1, [€] , X415y Xm)
X0y ooy Xim1y Xy Xit 1y« -+, X = V([t])
tr =letenv =nin [A]

Note that in py, the environment env’ is missing x between x; | and x;,; and
contains the free variables from [¢']. In pg, the environment env contains [¢’]
in place of x. To show that p; = pg, it suffices by Rule CC-=-1; to show
[e][[¢']/x] = unpack {(a,n,f) =prinf n y. Observe that

unpack (a,n,f) =prinfny

>* let env = envin [e]

B>¢ let <XU, ey X1y X1y e e ,Xm> = <X(), R A P <N PR ,Xm> in [[e]][[[e’]]/x]
= [e][[€']/x] by Lemma 7.3.1.
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Now we can show that the translation preserves reduction up to equivalence, i.e.,
that the translation e of a term e weakly simulates one step of reduction of e. Since
Lemma 7.3.2 is in terms of definitional equivalence, I show weak simulation up to
definitional equivalence. I give the key cases.

Lemma 7.3.3 (Preservation of Reduction). If [ - e >, € then [[] F [e] >* e and
e =[€]
Proof. By cases on the judgment e >, €. All cases are straightforward by computation
and Lemma 7.3.2.
Case: x>se wherex=¢ €T
Suffices to show that x >5 [¢/] wherex = [¢/] € I', which follows by definition of
FT~T.
Case: (Ax:A.ei) ex >geifea/x]
We must show that [(Ax:A.ei) er)] >* e = [(ei[ea/x])].

[(Ax:A.e1) ed)]
= unpack (a,n,f) = (pack (A/, (x;...),A(n: A/,x: A). in (145)
let (x;...) =nin [e]))

fn [[eg]]
>3 (A(n:A)x:A)let(x;...) =nin [e1]) (x;...) [e2] (146)
> let (x;...) = (x;...)in [e;][[e2] /x] (147)

= [ed](leal /x] (148)

by Lemma 7.3.1
[(e1le2/x))] (149)

by Lemma 7.3.2 (Compositionality)

O]

Lemma 7.3.4 (Preservation of Conversion). If I - e>* € then [[] F [e] >* e and
[rMkre=[e].

Proof. The proof is by induction on the derivation of [ - e >* ¢/. The proof is entirely
uninteresting, following essentially from Lemma 7.3.3 (Preservation of Reduction). [

To show that equivalence is preserved, we require n-equivalence for closures in the
case of n-equivalent source terms.

Lemma 7.3.5 (Preservation of Equivalence). If [ -e=¢€/, then [+ [e]=¢€".

Proof. By induction on the e = ¢’ judgment.

187
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Case: Rule = By assumption, e >* e; and e/ >* ey.
By Lemma 7.3.4, [e] >* e and e = [e;], and similarly. [¢'] >* €’ and €' = [e;].
The result follows by symmetry and transitivity of =.

Case: Rule =-1; By assumption, e >* Ax:t.e;, ¢ >* ey and e; = ey x.
Must show [e] = [€].

By Lemma 7.3.4 (Preservation of Conversion), [e] >* e and e = [Ax:t.ei], and
similarly [¢/] >* €' and €' = [es].

By transitivity, it suffices to show [Ax:t.e] = [es].
By Rule =-17; and Lemma 7.3.1, it suffices to show

[e1] = unpack (o, n,f) = [eo] inf n x.

Note that unpack (o, n, f) =[es] inf n x is exactly [(e2 x)], so the result follows
by the induction hypothesis.

Case: Rule =-19 Symmetric to the previous case; requires Rule =-7 instead of
Rule =-n;.

O
Now we can prove the central lemma necessary for showing type preservation.
Lemma 7.3.6 (Type and Well-formedness Preservation).
1. If T+ then F [
2. IfT-e: A then [I]F [e] : [A]

Proof. Parts 1 and 2 proven by simultaneous induction on the mutually defined judg-
ments [+ and [ Fe: A.

Part 1 follows easily by induction and part 2. I give the key cases for part 2.

Case: Rule *, follows by part 1.
Case: Rule VAR, follows by part 1.

Case: Rule P1-*
We have that [ TTx:A.B: *.
We must show that I' F 3 (v : x,n: ). n = Codex : [A].[B] : *
By Rule ExisT, it suffices to show I', & : x,n : a = (n = Codex : [A].[B]) : .
By Rule =, it suffices to show I', o : x,n: a = Coden’ : o, x : [A] . [B] : »

By Rule CODE-*, it suffices to show I', v : x,n: oy, 0’ : e, x : [A] F [B] : *, which
follows by the induction hypothesis applied to [,x: AF B : *.
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Case: Rule LAM
We must show that I' = [(Ax: A.e)] : [(Mx:A.B)]
The key to this proof is to show that

' (A(n: A')x : letenv = nin [A]).letenv = nin [e]) : env = Codex :
[A]- [BI
where env = (xq, -+ x,,)

A'=%(x0:Ag,...,xp: Ap)
Note that by definition, T' - env : A’
Note also that I',n = env : A’ F let env = nin [A] = [A], by Lemma 7.3.1.
So, by Rule CoNV and Rule =, it suffices to show:

'EFA(n:A',x:letenv=nin [A]).letenv =nin [e] :
Code(n: A',x:letenv =nin [A]).let env =nin [B]

By Rule CoDE and Rule LET, it suffices to show that

n:A' x:letenv=nin [A],xo =mn: to,...,x, =7pn: A, F [e] : [B]

Note that by the induction hypothesis we know that I', x : [A] F [e] : [B].

The goal follows since, by definition of the translation, the free variables of [e]

are exactly x, x,,, and all other variables of I are not referenced in [e] or [B].
Case: Rule App

We must show that I' - (e €)] : [(B[e//x])]

That is, we must show

I' - unpack (a,n, f) =[e] inf n [¢] : [(B[e'/X])]

By Rule UNPACK, it suffices to show, (1):

I'Ffe] : 3a:*,n:a.n= Codex: [A].[B],

which follows immediately from the induction hypothesis, and (2):

I'Na:*n:a,f:n= Codex: [A].[B]Ff n [¢]: [(B[¢/x])]

By Rule ConVv and Lemma 7.3.2 (Compositionality), it suffices to show

I'Na:*n:a,f:n= Codex:[A].[B]+f n [¢]: [B][[¢]/x]

By Rule TRAPP, it suffices to show that

Ia: x,n:ay:n= Codex : [A].[B] F [¢] : [A], which follows by the
induction hypothesis.

Corollary 7.3.7 (Type Preservation). If [ e : A then [['] F [e] : [A].
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7.3.2 Compiler Correctness

The proof of correctness with respect to separate compilation follows exactly the pattern
in Chapter 3. I define linking by substitution, as usual, and define observations and
whole program as evaluation to booleans.

Theorem 7.3.8 (Separate Compilation Correctness). If ['+e, [, [I]F ~, and
[V] = v then eval(v(e)) ~ eval(y([e]))

Proof. Since = on observations implies =, it suffices to show eval(vy(e)) = eval(vy([e])).
Since the translation commutes with substitution, preserves equivalence, reduction
implies equivalence, and equivalence is transitive, the following diagram commutes.

[(v(EN] —— ~([eD

N

[ —=— '

Corollary 7.3.9 (Whole-Program Correctness). If - - e then eval(e) = eval([e])



CONCLUSIONS

In this chapter, I summarize the lessons of the four translations presented earlier in this
dissertation and conjecture how to apply those lessons to complete the project described
in Chapter 1. In a sense, I consider the previous four chapters to be mathematical case
studies. When this project began, I had no idea how hard any given type-preserving
translation would be. The only prior work on dependent-type-preserving compilation
for full-spectrum dependent types studied CPS, which proved difficult. I approached my
thesis by attempting the standard type-preserving translations to see what worked and
what failed. From these case studies, I conclude lessons about the individual translations,
and general lessons about dependent-type preservation. I end by conjecturing how to
apply these lessons to future work: completing the compiler from Coq to dependently
typed assembly.

8.1 VIABILITY OF THE INDIVIDUAL TRANSLATIONS

Recall from Chapter 1 my stated thesis: type-preserving compilation of dependent types
is a theoretically viable technique for eliminating miscompilation errors and linking errors.
The key word in this thesis is viable, that is, “capable of working successfully; feasible”.
For type-preserving compilation to be, theoretically, capable of working successfully for
eliminating errors, we must be able to apply the theory to real tools and languages used
in practice. I summarize the “viability” of the translations in Figure 8.1—describing
which translations are most promising in the sense that they should scale to use in
practice, and which need further work.

Two of the translations—the ANF translation, Chapter 4, and the abstract closure
conversion, Chapter 5—should scale to languages used in practice, such as Coq. They
support all the core features of dependency and are orthogonal to additional axioms
such as parametricity and impredicativity, meaning they should scale to a variety of
dependently typed languages used in practice. I consider these two the most promising
for further development into a practical compiler for Coq.

The other two translations—the CPS translation, Chapter 6, and the parametric
closure conversion, Chapter 7—do not scale to Coq in their current form, although I
conjecture that we can apply more advanced type theories to the target language to
develop variants of these translations that do scale. In their current form, both these
translations rely on parametricity and impredicativity for type preservation. The CPS
translation relies on parametricity and impredicativity of all computationally relevant
functions, since it encodes computations using parametric functions, and the type of
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ANF (Chapter 4)

CPS (Chapter 6)

Viable: works with higher universes;
orthogonal to parametricity and im-
predicativity.

Not Yet Viable: unknown how to scale
to higher universes; currently requires
parametricity and impredicativity of
all computationally relevant functions.

Abstract CC (Chapter 5)

Parametric CC (Chapter 7)

Viable: works with higher universes;
orthogonal to parametricity and im-
predicativity.

Not Yet Viable: unknown how to scale
to higher universes; currently requires
parametricity and impredicativity of

all computationally relevant recursive
closures.

Figure 8.1: Viability of Translations

computations require impredicativity. Similarly, the parametric closure type requires
parametricity to justify the n-equivalence for closures, and would require impredicativity
to express recursive closures. Unfortunately, using multiple impredicative universes in
the same hierarchy is inconsistent in general, so we can’t create a different impredicative
universe for each computationally relevant universe in the source. Furthermore, the
combination of impredicativity and computational relevance is inconsistent with some
set-theoretic axioms that are used in Coq in practice; and parametricity is orthogonal
to dependent type theory, so requiring it disallows some axioms that user programs or
proofs could soundly rely on.

However, I conjecture that both of these translations could be extended to scale to
Coq by using more advanced type theories in the target language. For example, we
could introduce a separate type for computations, instead of encoding them using the
same function type that source functions are compiled to. It might be possible to safely
allow impredicativity in this computation type, without requiring impredicativity in all
functions. Unfortunately, I'm unfamiliar with any type theories that mix predicative
and impredicative quantification at every universe level, as this idea would require.
Similarly, we only require parametricity for computations and closures. If we could
isolate parametricity in a modality, we might be able to use it without requiring it
for all functions or closures. Nuyts and Devriese (2018) develop a type theory with a
modality for parametricity, but it does not yet support higher universes.

82 LESsSoONS FOR DEPENDENT-TYPE PRESERVATION

In Chapter 3, I describe the general proof recipe I use to prove dependent-type preser-
vation, but there’s a missing step before we can use that proof recipe: model the
dependencies of the implicit semantic object from the high-level source as an explicit
syntactic object in the low-level target. For example, CPS and ANF are encoding
continuations in the syntax of the target, and closure conversion is encoding closures.



8.2 LESSONS FOR DEPENDENT-TYPE PRESERVATION

In each of these translations, I had to come up with a typed encoding that preserved
all the dependencies from the source language. This is the hard part in each of the
translations I presented, but there is a pattern to come up with this encoding, which I
describe in this section.

THE PATTERN

1. Model the semantic object as syntax.

For example, CPS and ANF model continuations. In the source language, con-
tinuations are implicit, and the semantics ensure they are used linearly. When
we model continuations explicitly in the syntax, we must preserve this property;
trying to preserve dependent types essentially forces us to. The CPS translation
modeled continuations by relying on parametricity, which enforces linearity as long
as there are no effects. ANF modeled this by keeping continuations non-first-class,
enforcing linearity in the syntax.

Closure conversion models closures. In the source closures have the following
properties: a closure’s environment is not part of the type, types can refer to the
environment, and no term can modify a closure’s environment. Both the abstract
closure and the closure modeled with existential types, via parametricity, enforce
all of these properties.

2. Record machine steps in the typing derivation.

In a source dependently typed language, we compose by nesting expressions and
by substitution. To compose an expression e : 2 x: A. B with a second projection
snd, we just nest them as in snde. This shows up in the typing derivation in
dependent typing rules like Rule APP and Rule SND. For example, Rule SND is
reproduced below.

Ne:Xx:A.B
[+ snde: B[fste/x]
o

Note how the expression e is copied into the typing derivation, using substitution
to compose the expressions B and fste.

In a target language, we move away from a compositional expression-based syntax
and instead encode the steps of a machine (abstract or concrete) directly in syntax.
In dependently typed languages, machine steps affect typing. For example, the
expression snde in CPS is represented (roughly) as e* (Ay.k (sndy)), where
k is the current continuation. This represents three steps of computation, and
should be read as “the machine first evaluates e*, and then evaluates sndy, and
then continues the computation at k”.
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In a dependently typed language, we need to recover dependencies on expressions
that have been decomposed into steps in a machine. For example, naively typing
the above CPS expression gives us, roughly, the following typing derivation.

Iy:Zx:AT.Bt sndym/x]

I'e":Cont —R

F'kFe™ (Ay.k (sndy)): R

Here, I ignore the types of the result R and the continuation Cont. Recall from
Chapter 6 that this derivation fails. In the source, snde : B[fste/x], that is, snd e
depends on e. However, after decomposing the expression snd e into three machine
steps, we end up type checking sndy, forgetting the dependency on e*. To fix
this, we have to record all the machine steps that lead up to sndy so we can use
them to re-establish the dependency on the computations e™. This is essentially
what both the CPS translation in Chapter 6 and the ANF translation in Chapter 4:
record machine steps in typing derivations.

Intuitively, the CPS typing derivation should look like the following.
Iy:EXx:AT. B, y¥:=e¥ Fsnd¥: B[fsty/x]
I'-e* :Cont - R Iy:EXx:AT.BTy:=e*" Fk (sndy): R
F'ke™ (Ay.k (sndy)): R

That is, when go up the derivation, we record the machine step y := e*. We
should read this as “the machine step snd y takes place after the machine steps of
e, which leave the value of those steps in y”. This records a dependency on e*,
allowing us to re-establish the dependency from the source language.

Both CPS and ANF record machine steps going up the typing derivation, pushing
machine steps into the leaves. This happens since CPS and ANF un-nest and
sequence expressions. In Chapter 6, we encoded this machine step as a definition
y = e id, that is, as the computation applied to the halt continuation. In
Chapter 4, we encoded machine steps as the series of definitions introduced by let
bindings. By recording the machine steps in the typing derivation, we can recover
dependencies that have been separated from a single expression into multiple
machine steps.

Closure conversion is simpler, since it does not sequence expressions and thus does
not need to push dependencies into the leaves of the derivation trees. However,
closure conversion still introduces a machine step, in particular, creating a closure.
The typing rule for creating a closure records a machine step in the typing
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derivation by substituting the closure’s environment into the closure’s type. Recall
the typing rule for closures, Rule CLO, from Chapter 5, reproduced below.

I'-e:Code(n:A’,x:A).B e : A’
T+ (e, &) : TIx: Ale’/n]. B[e'/n]

Closure conversion introduces an explicit abstraction over the environment n.
Creating a closure is the machine step that instantiates the environment. For
dependent types, the machine step of creating a closure must re-introduce de-
pendencies in the type, by substituting the environment e’ for the environment
variable n. With abstract closure conversion, Chapter 5, we model this directly
with a new syntactic form. With parametric closure conversion, Chapter 7, we
model this by encoding the machine step using singleton types.

3. Interpret machine steps in definitional equivalence.

Definitional equivalence is key to deciding type equivalence, but after expressions
change into machine steps, we must interpret machine steps instead of just
normalizing expressions. For example, in CPS we record the machine step y := e™
with the particular encoding y = e* id . The reason for this encoding, and for the
equivalence rule Rule T-CoONT, reproduced below, is to interpret machine steps by
turning CPS’d computations back into expressions that we can simply normalize.

e A (Ax:B.¢)=(Ax:€.) (e B id)

Rule T-CoNT allows rewriting any CPS’d expression into an expression represen-
tation of a machine step, so we can normalize machine steps the way we normalize
expressions in the source language. A CPS’d expression applied to the halt con-
tinuation simply runs to a value, giving us an interpretation of machine steps as
expressions. In ANF, the lemma Lemma 4.2.5 corresponds to the interpretation
of machine steps. It tells us we can interpret the sequences of definitions given by
an ANF term as the original expression. In closure conversion, the n-equivalence
rule for closures gives us an interpretation of machine steps. Creating a closure
is a machine step, and we interpret them as expressions by simply inlining the
environment.

In each of the above steps, we have to consider two things: whether the encoding or
interpretation requires additional axioms, or whether they reinterpret existing types.
The reason that CPS and parametric closure conversion are problematic is that their
encodings requires parametricity and impredicativity in order to model the machine
objects and interpret machine steps. This would not be a big problem if the new axioms
were somehow isolated from user code that could rely on conflicting axioms. The CPS
translation also makes the mistake of reusing (and thus, reinterpreting) an existing type:
the function type. This means that the new axioms are now required of pre-existing
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Coq

|

ANF IL Front end

|

Closure Conversion IL

Hoisted IL

|

Back end Allocation IL

|

Dependent Assembly
Figure 8.2: Future Type-Preserving Compiler

types, i.e., the function type is reinterpreted. This is a problem when we’re trying
to keep the translation as broadly applicable as possible. By contrast, the ANF and
abstract closure conversion do not introduce new axioms, and the encodings in those
translations do not reinterpret existing types. ANF does not introduce any new types
at all, instead encoding machine steps in syntax. Abstract closure conversion introduces
a new code type, and ensures that the dependent function type maintains its previous
interpretation.

8.3 FuTurRe WoRk

In this dissertation, I have only described translations in the front-end of the compiler—
half of the compiler necessary to reach the dependently typed assembly language
described in Chapter 1. I have also ignored many related practical issues, such as
computational relevance, code size of assembly with type and proof annotations, or
linking with untyped and/or effectful code. In this section, I explain how the lessons
just described will help us finish the compiler. I then speculate about related practical
issues.

8.3.1  To Dependently Typed Assembly

Recall that the standard model type preserving compiler, Figure 3.1 from Chapter 3, has
five passes. Following this model, we want to eventually build the compiler described by
Figure 8.2. This figure replaces CPS from the model with ANF, following the lessons
discussed earlier in this chapter. We still need three more translations: hoisting, alloca-
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tion, and code generation. How do we get from here to there? The pattern described in
the previous section informs us how to begin designing these three translations.

HOISTING

Typographical Note. In this section, ECCCC is the source language and ECCCCe/H
a target language that I conjecture will be a syntactically restricted version of ECCCC
but whose formal definition I leave for future work, is the target language.

Hoisting will be a trivially type-preserving translation, and can be phrased as an
intra-language transformation in ECCYC (the closure conversion IL). It will require
no new features and can be encoded using let and definitions. This is because, unlike
ANF, CPS, and closure conversion, hoisting does not model a new semantic object; it is
a syntactic change to accommodate a later pass that will introduce a new object (the
heap).

In this translation, we will lift all function definitions to be defined at the top-level.

The next translation, explicit allocation, can then easily move functions from top-level
definitions to heap-allocated code (labeled blocks). In general, hoisting is easy since
closure conversion has already closed all functions, so they can be freely moved into a
different scope.

Dependent types introduce a minor complication: functions defined earlier can appear
in the types of closures defined later. For instance, suppose we have a source function
f: Code(n : Al,x : A1).B; and a closure g : x: As. By, where f is defined before
g. Due to dependency, f (as a literal value, or by name) could appear in the type of
g, such as g : Mx: (((f,n")) €).B, (where n" is the environment for f) if f is a type
constructor, or g : INx: (IsCorrect f). B/, if g requires a correctness proof for f before
executing. This means when deciding type equivalence after hoisting, we will need to
inline the definition of f into types. This is not a major complication; we can model
top-level definitions using dependent let and definitions. Since definitions can be inlined
during type equivalence, type equivalence should be preserved easily.

The syntax of programs after translation will look like the following,

let f() =X (n : A()/, X0 . A.O) €p

fn =A (Il : An/v Xp - An)- (S79)

ine

where there are no function literals in any of Ag/, ..., A/, Ag, ..., A,, or e. The hoisting
translation must propagate function bindings out to the top-level, similar to how the
ANF translation propagates intermediate computations out.

EXPLICIT ALLOCATION

Typographical Note. In this section, ECCYC/H is the source language and ECCH | a
target language that I conjecture will be like ECCCC but with a model of the heap and
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explicit allocation and dereference but whose formal definition I leave for future work, is
the target language.

Explicit allocation will be the primary challenge in the rest of the compiler. Like the
previous passes, explicit allocation introduces a new semantic object, the heap, and new
machine steps, allocation and dereference. Modeling these will require keeping track of
the definitions of heap-allocated values during type checking; prior work only required
the types of heap-allocated values during type checking (Morrisett et al., 1999). We
may also require some new mechanism to prevent cycles in the heap.

The main problem for a dependent-type-preserving explicit-allocation pass is that
the heap is necessarily unordered, which can admit cycles and thus inconsistency. A
computation may jump to a function allocated early in the heap, but require a reference
to a pair defined later in the heap. For example, suppose we have the following term.

[;(1 .= (A(n: &A',x: A).e),lz :=null: A) F setly = eqy; (derefly) 1 ' : B

This term is calling the function at location l;. That function expects a reference
(&) to its environment of type A’, and its usual argument of type A. To call the
function, we first set the environment in location lo, then dereference and call 1; with
the environment I and some argument €’ of type A. This is a dependent function, so
we need to compute the type B by instantiating the type of e with values from the new
value of 1, after machine step set ls.

We must allow this to model the heap correctly, but we must also prevent cycles in
the heap to maintain logical consistency. It is well-known that introducing a model
of the heap like the above into a terminating typed language can enable encoding
nontermination (Landin’s Knot). Since our dependently typed programs can represent
proofs, this would result in inconsistency.

Prior work uses linear types to solve a similar problem, but it’s unclear if this approach
will scale to dependent types. Ahmed et al. (2007) allow cycles in the heap but rely
on linear capabilities to still guarantee termination. Unfortunately, linear types do not
integrate well with dependent types, since a dependent type requires references to a
term during type checking, and references during run time. Both the type system and
the run-time term will require a reference to the same object, but linear typing will
restrict us to only one alias: we can either use the term, or type check it. Recent work
does integrate the linear and dependent types (McBride, 2016), by essentially allowing
a type-level reference to a linear object but disallowing that reference from being used
at run time. By making aliases linear-dependent in this way, we may be able to both
restrict cycles and allow typing a dependent heap. Another recent approach integrates
dependent types with graded modal types, a variant of linear types in which objects are
restricted to a specific number of uses (Orchard and Liepelt, 2017)%. This could allow
exactly two references, or an unbounded number of type-level references and exactly
one run-time reference.

Dependent types are listed as future work in that citation, but a prototype language now exists
https://granule-project.github.io/index.html.
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This pass will also be made more complex by recursive functions. We will have to
allow some cycles, but only the “well-behaved” ones. This may require an auxiliary
judgment, like Coq’s guard condition for termination checking, to check that all cycles
in the heap are well-defined recursive functions.

CODE GENERATION [ conjecture that code generation will be an easy, but tedious,
translation. This translation is responsible for making explicit the details such as word
sizes, literal values, register values, and which instructions work over which kinds of
values. The register file is the only new machine object, but I conjecture that modeling it
will be less complex than modeling the heap. The most difficult part will be interpreting
assembly code as expressions. We may need to build on recent work on interoperability
between functional languages and assembly code (Patterson et al., 2017) However, as
the pattern that leads us to this path already forces us to represent individual machine
steps in the syntax and typing derivations, it might be simple to translate machine
steps into assembly code by this stage.

8.3.2 Practical Considerations

This dissertation has established a theory for type-preserving compilation, but ignored
the practice. I have, however, had practical concerns in mind during this dissertation.
The following are some considerations ignored earlier in this dissertation, but I believe
will be important to make the mythical compiler describing in Chapter 1 a reality.

COMPUTATIONAL RELEVANCE  All the translations presented in this dissertation act
as if every expression is computationally relevant, but this is an over-approximation.
Many of the expressions, terms and types, will be irrelevant at run time. Compiling
them into a representation that is effective for a machine to execute is, therefore, a bit
silly. For these irrelevant expressions, it would be better to adopt a representation that
is small and efficient for type checking, but not necessarily for executing.

There’s two good reasons for ignoring computational relevance for now. First, it
simplifies designing the prototype dependent-type-preserving compiler. While it’s true
that some expressions are computationally irrelevant, we still need to figure out how to
compile the ones that are relevant. We should do that first, and not prematurely optimize
the compiler before we have a fully worked out theory. Second, we don’t yet have a good
theory for computational relevance in dependent types that we can simply take, off the
shelf, and apply to an arbitrary dependently typed (intermediate) language. Research
on computational relevance has already produced one Ph.D. dissertation (Mishra-Linger,
2008), without solving the problem for inductive types and dependent pattern matching,
2015; Nuyts and Devriese, 2018). The state of practice in Coq is to distinguish between
base universes, and use a mysterious static analysis at higher universes.
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To really address computational relevance, we need a core language with explicit
relevance annotations and an elaboration from Coq to the core language. (A complete
redesign of computational relevance in existing languages seems unlikely, but I’ll keep
hoping.) Once we have such a core language with explicit relevance annotations, then we
should be able to redesign the type-preserving compilers presented so far (and developed
in the future) to selectively compile only relevant expressions. We could also design
optimization passes to optimize the irrelevant expressions for type checking.

A selective translation could introduce problems in the interpretation of machine
steps, however. For example, if we have two different kinds of functions, irrelevant and
relevant, will we ever need to cast from one to another? This seems possible if we decide
equivalence by normalization. If not, then it seems likely that we will duplicate code
from one level into the other (as already happens in Coq with Set vs Prop), which
will exacerbate the code size problem discussed next. However, in some ways, the
interpretation of machine steps already casts one kind of computation into another. For
example, in CPS, we cast a CPS’d computation into a function application that can be
interpreted as an expression. So maybe interpreting irrelevant expressions will not be
any more difficult.

However, maybe we do want to compile even irrelevant computations. If we decide
equivalence by normalization, we might be able to more efficiently normalize terms
by jumping to the assembly code that computes their value, rather than by running
an interpreter. This would result in efficient type checking by using normalization by
evaluation in assembly. It is unclear whether this is possible, and I don’t see how to
integrate n-equivalence.

REDUCING CODE S1zE If we are planning to ship compiled code paired with its speci-
fication and proofs, code size may become an engineering constraint. My translations
have completely ignored this problem, in favor of as many annotations as I need to
prove type preservation and decidability. For example, the CPS translation increases
annotations by “a lot”. Each term becomes annotated with the type from its derivation,
which is copied into at least two places: the continuation, and the machine step. This
would be unacceptable in practice. So how do we keep specifications and proofs small?

Past work has developed small proof witnesses for dependently typed languages, in
particular, Twelf (Sarkar et al., 2005), and we will likely need to adapt this kind of
work to the compiler ILs. It’s unclear how this work scales to full-spectrum dependently
typed languages such as Coq.

One important consideration is whether decreasing the size of proofs will increase the
trusted code base, for example by making the proof checker more complex, or increase
the type checking time. In many high-assurance scenarios, we might want the proof
checker itself to be small. On the other hand, maybe not: we might be able to prove the
more complex proof checker correct using a smaller, more easily audited, proof checker.
Past work has considered how to balance proof size against proof checker size in the
context of PCC and LF (Appel et al., 2003).
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Another aspect to this problem is link time efficiency. Given that we want to run
type checking at link time to rule out linking errors, we want proof checking to be fast
so linking can be fast. Usually there is a space/time trade off, so I would expect that
decreasing the size of proofs and specifications will increase the time to check proofs.
This could increase link time, which might be undesirable. On the other hand, linking
should happen rarely compared to running, so maybe it won’t matter.

PRESERVING MEANING OF SPECIFICATIONS One problem I alluded to in Chapter 1
is that we can only stop trusting the compiler if we still trust the specification. This
is no problem if we have a specification like IsCorrect f, but what about when the
specification is A k. IsCorrect (Ax.f* (Ay.y x k))? Compiling specifications, or at least
compiling the computations in specifications, makes trusting those specifications much
more difficult. One of the fundamental assumptions of type preservation is that we trust
the type translation. However, when the type translation is also the compiler, because
terms are types, doesn’t that mean we must either trust the compiler or prove it correct?
If so, type preservation alone isn’t enough to rule out miscompilation errors, and we
must at least prove compiler correctness as well.

We need something somewhat more than type preservation to help preserve the
meaning of, or at least our trust in, specifications. At first, I thought it was enough to
prove logical consistency of the target. Surely if we were to badly mangle specifications
in translation, and prove type preservation, we would inadvertently be inconsistent? I'm
no longer sure of that. Greg Morrisett suggested to me that we want some kind of logical
implication: reading the types as logical formulas, we want to say the translated type
implies the original type. This seem intuitively right, but I’'m unsure how to formalize
that intuition. Either of these approaches, however, still requires trust in some proof
about the compiler, which is unsatisfying to achieving fully certifying compilation or
proof-carrying code.

A more satisfying approach would be to maintain readability of specifications, so
the target specification still reads as IsCorrect f*. A solution to the computational
relevance problem might help by letting us avoid translating irrelevant specifications.
However, I'm not sure that this solves the problem in general. Even irrelevant speci-
fications will refer to relevant computations, and it may be difficult to trust that f*
is the same as the f we expected to be correct, unless we prove compiler correctness.
Although I do prove compiler correctness in this dissertation, and it even falls out of
the recipe from Chapter 3, I would like to avoid it in favor of a fully certifying compiler
using type preservation.

GRADUAL DEPENDENTLY TYPED ASSEMBLY In Chapter 1, I described a mythical
compiler able to rule out linking errors when linking with x86 assembly, but all formal
definitions of linking in this dissertation rely on type checking, and x86 is not dependently
typed. How will we ever interoperate with real assembly? It’s not realistic to expect all
code to be ported to a dependently typed language and compiled with our compiler,
nor to expect all x86 code to be ported to a new dependently typed assembly language
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(even if it would rule out a lot of errors. Instead, we need some way allow existing
code—either x86 assembly or code generated from non-dependently typed languages—to
safely interoperate with the dependently typed assembly language generated from our
type preserving compiler.

The working conjecture on how to get safe interoperability between a typed and
untyped assembly language is gradual typing (Ahmed, 2015). The idea is that we
will define a gradual type system between typed assembly and assembly. At the
boundary between typed and untyped code, the types will become contracts—dynamic
checks—ensuring safe interoperability. Work on gradual typing suggests this will incur
a performance penalty (Takikawa et al., 2016), but static contract verification looks
promising and could reduce contract costs to near zero (Tobin-Hochstadt and van Horn,
2012).

To apply gradual typing to a dependent-type preserving compiler, we would need to
extend gradual typing to dependent types and to assembly language. There are several
instances for gradual typing for forms of dependent types, such as gradual refinement
types (Lehmann and Tanter, 2017), and gradual liquid types (Vazou et al., 2018). These
seem promising, but probably require nontrivial extensions to support a dependently
typed language such as Coq. There is recent work on dynamically typed assembly
that should prove a promising starting point for extension to gradual dependently
typed assembly (Hernandez, 2018). There is also work on gradual call-by-push-value
(CBPV) (New et al., 2019), which could prove a useful starting point since CBPV has
been shown to correspond to a low-level SSA IR (Garbuzov et al., 2018).

8.4 CoNcLUSION

In this dissertation, I developed a theory of dependent-type-preservation, showing that
type-preservation is a viable way to elimination miscompilation and linking errors from
dependently typed languages. I describe the core features of dependency, and essence
of type preservation, and a recipe for proving type preservation for dependently typed
language. I presented four translations: two I believe will scale to practice as they are,
while two will need more work to scale to languages such as Coq. I summarized the
lessons of these translations, explain how to apply those lessons to remaining translations
required to finish a prototype dependent-type-preserving compiler, and described some
practical issues that will need to be solved to develop the mythical full-spectrum
type-preserving compiler from Coq to gradually dependently-typed assembly.
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A REFERENCE FOR ECCP

This appendix contains the complete definitions of the semantics of ECCP, in particular,
its type system and evaluation semantics. All ECCP figures from Chapter 2 are
reproduced and completed with elided parts here, and elided figures are presented here.

Note that the observations depend on the particular pair languages and translation;
Here, I give only ECCP observations. In each target language, I will define the
target language observation, and each translation gives the cross-language relation for
observations.

Universes U == Prop | Type;

= x| U|MNx:A.B|Ax:Ae|ee| £x:A.B
|  (e1,e2)asXx:A.B | fste | snde | bool | true | false
| ifethenejelseey | letx=eine

Ezxpressions e,A,B

Environments N o= | MHx:Allx=e

Figure A.1: ECCP Syntax

M- (Ax:Ae)es >g  erlea/x]
[Ffst(e1,e2) D €1
[Fsnd(ej,e2) Dr, €2
I iftruethenejelsees >, €
Ik if falsethene;elsees >, e
NEx s e wherex =e €
[Fletx=eine’ D¢ e[e/X]

Figure A.2: ECCP Reduction
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M-e>e; MN-ep*eé
—— RED-REFL ;
NlNFep*e [Fep>*e

RED-TRANS

F-Ap*A Mx:AFep*e
FTEMx:Aep*MNx:A¢

RED-CoONG-P1

Mr=Ap*A Mx:AFep*e
FEAx:Aep*Ax:ALe

RED-CoONG-LAM

M-e >*e) [Fe>*e)

* _/ /
r'_e1e2|> e1e2

RED-CONG-APP

r-Ap*A Mx:A'Fep*e
FEEXx:Aep*Ex:A¢

RED-CONG-SI1G

[Fel > e e >*e) rEAp*A
[+ (e1,e2) asA>* (€], €)) as A’

RED-CONG-PAIR

MFep*é FrFep*é
" - RED-CONG-F'sT " - RED-CONG-SND
[Ffste>™fste Fsnder>*snde

FTFep*e ke >*e] MFey>*e)

[+ ifethene; elseey >* if € then €] else €),

RED-CONG-IF

e >*e) Mx=¢Fen*e,

— - — RED-CONG-LET
[Fletx=ejinea >" letx =ejine,

Figure A.3: ECCP Conversion

e >*e NFea>*e

el =ey

MFer>*Ax:Ae Thep¥ey Tx:AFe=eyx

[Fel=ey

e >*e) Me>*Ax:Ae F,x:AI—e’lxze_

[Fel=ey

Figure A.4: ECCP Equivalence
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lFA=B FrEA=<A r-A"<B
—_— <X-= <-TRANS
INFA=<B FA<B
=<-PRroP =<-CumMm
I+ Prop =< Typeg [+ Type; = Typeit1
FI—AleQ r,XltAQI—BljBQ[Xl/XQ] ~p
-P1
rl—nxllAl.BleX22A2.BQ -
FI—AleQ F,x1 ZAQI—BljBQ[Xl/Xg]
=-S1G6

rl—ZX1ZA1.BljZX22A2.BQ a

Figure A.5: ECCP Subtyping
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x:Ael T T
A Pror TYPE

—— VAR
MNE=x:A '+ Prop : Typeg I Type; : Typeit1

M=A: Type; x:AFB:Prop
M=Mx:A.B: Prop

Pi1-Prop

M=A: Type; x:AkFB: Type; MNx:AkFe:B
P1-TYPE

Lam
M=Mx:A.B: Type; FEFAx:Ae:Mx:A.B

MFe:Mx:A.B Tke:A FEA:Type;  T,x:AkB:Type;
- ; App Si1G
NFee :Ble'/x] M- Xx:A.B: Type;

MNe : A Ik ey : Blei/X] Ne:Xx:A.B
PAIr FsT
IF(e1,ea)as(Ex:A.B): £x:A.B IFfste: A

Ne:Xx:A.B I T
OL ——  TRUE

SND ————— Bo
It snde: B[fste/x] I+ bool : Prop I true : bool

FT

— FALSE
I+ false : bool

My:bool-B:U I e: bool e : Bltrue/y] I+ ey : Blfalse/y] I
F
I+ if ethene; elseey : Ble/y]

Ne:A MNx:Ax=ekFe:B
[ letx=eine : Ble/X|

LET

MFe:A M-B:U NrN-A=<B

Conv
lFe:B
T r’A:U = MN-e:A
— W-EmMPTY W-AssuM W-DEF
F- FI,x:A Flx=e
Figure A.6: ECCP Typing
ECCP Observations v == true | false

Figure A.7: ECCP Observations
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Fe
[+ e: bool e
MN-e Fe
Figure A.8: ECC” Components and Programs
eval(e) =v
eval(e) = v ifFeand- -Fep*v
Figure A.9: ECCP Evaluation
Closing Substitutions -y e | v[x+— €]
M=~
M=~ e A M=~ [Fe: A
F Mx:AFyx— e M x=-ebk yx— y(e)]
V(e) =e

(e)=¢e

Vx> €](e) = (elx/e])

Figure A.10: ECCP Closing Substitutions and Linking






B REFERENCE FOR ECC4

This appendix contains the complete definitions for ECC4. All ECC4 figures from
Chapter 4 are reproduced and completed with elided parts here, and elided figures are

presented here.

Recall that ECC# is a syntactic restriction of ECCP that supports a machine
evaluation semantics. The primary difference between the figure here and in Chapter 4
is the syntax is extended with non-ANF expressions to formally describe type checking
in ECCA. Recall that the type system for ECC4 is the same as ECCP, so the figures
related to the type system are identical to those in Appendix A.

Typographical Note. In this appendiz, I typeset ECC* in a bold, red, serif font.

Universes

Values

Computations
Configurations
Continuations

FExpressions

Environments

2 Z

Prop | Type;

x| U|IOx:MM | Ax:M.M | ¥x:M.M
(V,V)asM

V|VV|fstV |sndV
N | letx=NinM
[] | letx=[]inM

x| U|IIx:A.B|Ax:Ae|ee| Xx:A.B
(e1,e2)asXx:A.B | fste | snde | bool | true
false | ifethene; elsee; | letx =eine

| x:A|T)x=e

Figure B.1: ECC# Syntax
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'(Ax:A.e1)es g eqlex/x]
't fst(e;,e2) Dn €
I'snd (ej,e2) Dn, €2
' if truethene; elsees; >, e
I' - if falsethene; elseex; >, e2
'kFx >s e wherex =e € I
I'letx=eine >¢ ele/x]

Figure B.2: ECC# Reduction

F'kepe I'kFe >*é
——— RED-REFL o RED-TRANS
I'Fep™ e I'Fep>™ e

r-Ap*A’ Ix:A'+ep*é
FFIIx:A.ep*IIx: A’ €

RED-CONG-P1

-Ap*A’ Ix:A'+ep*é
FFAx:A.ep*Ax: A€

RED-CoONG-LAM

T'ke >*e) Tk ey > e

T RED-CONG-APP
I'Fe ex> €] e

'FAR*A’ I'x:A'Fep*e
I'FY¥x:A.ep*Yx:A’.€

RED-CONG-SIG

IF'ke >*e) F'key>*e, TFHABR*A’
Tk (e1,e2)as A >* (e],eh)as A’

RED-CONG-PAIR

F'Fep*e F'Fep*e
" > RED-CONG-FsT " > RED-CONG-SND
I'Hfste>"fste I'snder>*snde

Fken*e Fke >*e) ke e

RED-CONG-IF
I+ ifethene elsee, >* if € thene elsee),

Tke >*e) Ix=¢€t e >*é

RED-CONG-LET
I'kletx=ejine; >*letx =€) ine)

Figure B.3: ECC4 Conversion
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ke >*e I‘I—egb*e_

I'te =ey
FFe>*Ax:Ae Thredey; TIx:Able=eyx
I'Fe=ey -
I'ke >*e) F'Fes>*Ax:A.e Ix:AFejx=e
I'e=ey G
Figure B.4: ECC# Equivalence
I'-A<B
I'HFA=B T'FA=<A' '-A'<B
<= =<-TRANS
'FA=B '-A=<B
<-Propr <-CuMm
I' - Prop = Typeyg ' Type; X Type;t1
Fl_AlEAQ F,XllAQFBljBQ[Xl/Xg] ~p
-P1
F"HXliAl.Bl'jHXQZAQ.BQ -
I‘I—AleQ ]__‘,Xl 2A2|—B15B2[X1/X2]
=-Si¢

F"EXliAl.BleXQZAQ.BQ

Figure B.5: ECC# Subtyping

’l‘
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T

x:Ael T
Pror
'+ Type;: Typeit;

—— VAR
I'kFx: A I' - Prop : Typeg

TYPE

I'HA:Type; I'x: A+B:Prop
P1-Prop
I'HIIx:A.B:Prop

I'HA:Type; I'x: AFB:Type;
P1-TYPE
I'FIIx:A.B: Type;

I''x:AlFe:B L I'e:TIx:A'.B e :A’
AM
'FAx:A.e:IIx:A.B I'kee :Ble/x]

' A:Type; I‘,x:Al—B:TypeiS
1G
I'FXx:A.B:Type;

I'ke : A I' - es : Blei/x] P I'Fe:¥x:A.B
AIR
't (ej,ex)as (Xx:A.B): ¥x:A.B I'-fste: A
FT
I' - bool : Prop

Fst

FT
BooL
T' I true : bool

TRUE

I'te:Xx:A.B
SND
I' - snd e : Blfst e/x]

FT
T' - false : bool

FALSE

I'y :boolF-B: U
' e; : Bltrue/y]
I' - if ethene; elsee; : Ble/y]

I' - e: bool I' I ey : Blfalse/y] .
F

I'ke: A I''x:A,x=elFe':B
— LET
I'letx=eine' : Ble/x]

I'Fe: A 'EFB:U I'HFA<B
Conv
I'e: B
FT I'FA:U T T'Fe: A
W-DEF

W-AssuMm
F,x=e

— W-EMPTY
F - FI,x: A

Figure B.6: ECCA Typing
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K((M) = M |

K(N) = K[N]
K{letx=NinM)) % letx =N inK{M))
K({K) =K

Ky < K

K(letx=[]inM))

let x =[] in K {(M))

M[M'//x] = M

M[M'//x] €

(let x = [ in M) (M)

Figure B.7: ECC# Composition of Configurations

I'FK:(N:My)=Mp

K-EmPTY
I‘"[‘]:(N:MA):>MA

TFN:M, TI,y=NFM:M;p

K-BIND
I'klety=[]inM:(N:Myu)= Mg

Figure B.8: ECC# Continuation Typing

defs(M) =T
defs(M) =x; = Ny,...,x, =N,, whereM =letx;=Njin ...letx, =N, inN,
hole(M) =N ‘

hole(M) =N, 4, where M = let x; =Njin ...letx, = N, in N, 1,

Figure B.9: ECC# Continuation Exports

LM
I' - M : bool FM
M

FM
Figure B.10: ECC# Components and Programs

A
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ECCA Observations v == true | false

Figure B.11: ECC# Observations

K[(Ax:A. M) V] =5 K{(M[V/x]))
K[fst (V1, V)] —, K[V{]
K[snd (V1,V3)] —r, K[V2]
letx=VinM —, M[V/x]

Mi—)M1 I—M]I—>*M/

Mo M REDA-REFL Mo M REDA-TRANS
evalM) =V
evalM) = V ifrMand M —*V and V &4 V'
Figure B.12: ECC# Evaluation
Closing Substitutions -~y def | v[x — M]
'~
- 'y -FM:A 'y TFM:A
e I'x: Ak vy[x— M] I'x=MFEF~v[x+— v(M)]
(M) =M
(M) =M Yx = M(M) = v(M[x//M])

Figure B.13: ECC# Closing Substitutions and Linking



C REFERENCE FOR ANF TRANSLATION

This appendix contains the complete definitions for the ANF translation from Chapter 4.
All figures related to the ANF translation are reproduced and completed with elided
parts here, and elided figures are presented here.

Typographical Note. In this appendiz, I typeset the source language, ECCP, in a
blue, non-bold, sans-serif font, and the target language, ECC?, in a bold, red, serif
font.

true =~ true false ~ false

Figure C.1: Observation Relation between ECCP and ECC4

def
[[x]][[Iﬂ def Hi}]
[Prop] K & K[Prop |
HTypei]]K jﬁ K[Typ‘ei]
[Mx:A.BJK ¥ K[IIx:[A].[B]]
x:A K ¥ KnAx:[A] [e]]
[er o] K % [er]let x; = []in ([es] let x2 = [[] in K[x1 x3])
[Ex:A.BJK ¥ K[Zx:[A][B]
[(e1,e2) asA]K % [ei]letx; = []in [es] (let x5 = [] in K[((x1, x2) as [A])])
[fte] K % [e]letx = []in K[fst x|
[snde] K o [e] let x =[] in K[snd x|
[letx=eine] K % [e]letx=[]in [¢]K

Figure C.2: ANF Translation from ECCP to ECCA
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D REFERENCE FOR ECCY¢

This appendix contains the complete definitions for ECC¢C. All ECC®C figures from
Chapter 5 are reproduced and completed with elided parts here, and elided figures are

presented here. In particular, additional figures regarding the ANF variant of EC

are included here.

CCC

Typographical Note. In this appendiz, I typeset ECCC in a bold, red, serif font,
and typeset the model language ECCP in a blue, non-bold, sans-serif font.

Universes U

FExpressions e, A, B

(e1,e2)
(el)

let (x;...) =ein¢’

Prop | Type;

x| U| Code(x': A/,x:A).B | A(X' :Al,x:A).e
IIx:A.B | (e,e) |e€e | ¥Xx:A.B
(er,e2)asXx:A.B | fste | snde | bool | true
false | if ethene;elsee; | letx=eine | 1 | ()

Figure D.1: ECCYC Syntax

(e1,e2)asXx: A.B
where e : A and e, : B are inferred from context
(€05 (€15 -(ens (1))
EXO : Ao. 2X1 . Al. Y Xn « A,L. 1
let xg = fstein
letx; =fstsndein...
let x,, = fstsnd...snd ein €’

Figure D.2: ECC®C Syntactic Sugar
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P ({(AX :Al,x:A.e,e) e >g ee//x]][e/x]
I'tfst(e;,e2) Dr €
I' -snd (ej,e2) Dg, €2
' if truethene; elseey; >,, e
I' - if falsethene; elsees; >,, e2
'kFx >s e wherex =e €I’
I'letx=eine; >¢ eile/x]

Figure D.3: ECC®C Reduction
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T'Fep>e ke >*é
RED-REFL

- — RED-TRANS
I'Fep™e I'Fep™e

THA A
In: Al Ay>* A Cn:Al,x: AL-FB>*B
'k Code(n:Aj,x:Ay).B>*Code(n: Al,x:A}).B

; RED-CONG-T-CODE

F|—A1I>*A/1
Lyn: Al FAy* A I)n: A}, x: AlFen*e

RED-CoNG-CODE
TEA(M:ALx:Ay).eb*A(n: Al x:A)).€

-Ap*A’ Ix:A'tep*é

: " — 7 RED-CONG-P1
I'FIIx:A.ep"IIx:A'.e

ke >*e) ke >*é

RED-CoNG-CLO
T F (e1,e2) > (€], €3)

I'ke >*e) T'key>*e)

T RED-CONG-APP
I'Fe ea>"e] e

'Ap*A’ I'x:A'Fep*e

" — RED-CoNG-S1G
'HFYXx:Aep>™Yx:A'.e

IF'ke >*e) Ftey>*e), THABR*A'

RED-CONG-PAIR
Tk (e1,es) as A>* (e],e,)as A’

I'Fep*e F'Fep*e
" > RED-CONG-FsT ” > RED-CONG-SND
I'Hfste>"fste I'Fsnder>*snde

Fkex*e Fke >*e) TFey>*e

RED-CONG-IF
I+ ifethene elsee, >* if € thene else ),

Fke >*e) I'x=¢Fe>*e,
/

RED-CONG-LET
I'kletx=ejine; >*letx =€) iné)

Figure D.4: ECCY“ Conversion
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e >*e Tkey>*e
I‘l—elzeg

Phe " (A(X:Al,x:A).e,¢€)
I'ke;>*e I, x: Al elfe/x]=¢,

—-CL01
I'Fe=ey
Pre>* (A(X:Al,x:A).e),¢€)
F'ke >*e) I‘,X.Al—elx_eQ[ /%]
=-CLO9
ke =e
Figure D.5: ECC®C Equivalence
I'A<B
'FA=B FFA<A' '-A'<B
_— X-= <-TRANS
I'-A<B I'FA<B
<-Prop <-CuMm
I' - Prop = Typeg T'FType; X Type;t1
I'HA =A,

I‘,nl :Al F All EA/Z I‘,n1 : Al,Xl : All F B1 jBQ[nl/I’IQHXl/Xg]

<-CODE
I' - Code (111 . A1,X1 . A,l)Bl j Code (n2 : AQ,XQ . AIQ)BQ -

F}_Ale.Q FXl A1I_B1‘<B2[X1/X2]
F"HXl A1 B1'<HX2 A2 B2

Fl_AleQ F,Xl ZAQ"BljBQ[Xl/XQ]

<-S1G
'k 2X1 :Al.Bl '_<2X2 IAQ.BQ

Figure D.6: ECC®C Subtyping
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x:Ael FT =
VAR Pror
'Fx:A I'F Prop : Type;

FT T'A:U I'x: AFB:Prop
TYPE P1-Prop
'+ Type;: Type;t11 T'HIIx:A.B: Prop

I'HA:Type; I''x: A+ B: Type;
F'HIIx:A.B: Type;

P1-TypPE

Tte:TIx:A'.B THe:A

App
I'keeée :Ble/x]

I'HA:Type; I‘,x:AI—B:TypeiS
1G
'F¥x:A.B: Type;

ke : A 't ey : Ble/x] I'Fe:¥Xx:A.B
PAIR Fst
'k (ej,ex)asXx:A.B:¥x:A.B I'Hfste: A

I'Fe:¥Xx:A.B FI FIT
SND BooL TRUE
I' - snde : B[fst e/x] I' - bool : Prop I' F true : bool

FT
T' |- false : bool

FALSE

I''y:boolFB: U I' - e; : Bltrue/y] I' - ey : Blfalse/y]

Ir
I' - if ethene; elsee; : Ble/y]

F'Fe: A I'x:A,x=elFe:B
I'kletx=eine : Ble/x]

LET

T'Fe:A T'-B:U IT'FA=<B
I'e:B

CoNv

Figure D.7: ECCYC Typing (1/2)
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I'x':A',x: A+ B:Prop

T : T-CobpE-PrOP
I'Code(x': A',x: A).B: Prop

I''x :A',x: A+ B: Type;
'k Code(x:A,x' : A').B: Type;

T-CoDE-TYPE

wx A x:AFe:B

CODE
FTFAX :A',x:A).e:Code(x': A',x: A).B
I'e:Code(x': A',x:A).B TFre:A T
, T — CLo ——— T-UNIT
't (e, e)) : IIx: Ale'/x']. Ble'/x] I'-1:Prop
FT
———— UNIT
'H{:1
Figure D.8: ECCYC Typing (2/2)
FT '-A:U FT Tke: A
— W-EMPTY W-AssuM W-DEF
F- F,x: A F,x=¢e
Figure D.9: ECC®C Well-formed Environments
ECCCC Observations v = true | false
Figure D.10: ECCY® Observations
Lhe
I'-e:bool ke
T'ke Fe

Figure D.11: ECCY® Components and Programs

eval(e) =v

evalle) = v ifFeandep*v

Figure D.12: ECCY“ Evaluation



Closing Substitutions
| A Y
'k~ ‘Fe:r A
- I'x: AFy[x+— €
y(e)=e
(e) = e

REFERENCE FOR Ecc®C | 237

def

v | x> el

'k~ 'Fe: A
Ix=eky[x—(e)]

vx = €](e) = y(e[x/e])

Figure D.13: ECC®® Closing Substitutions and Linking

[e]° = e whereI'Fe: A

[Prop]°
[Type]°
[x]°
[1]°
[O1°

[letx =eine’]°
[TIx:A.B]°

[{e, e)]°

[Code (x': A’,x: A).B]°
IAN(x':A')x:A).e]°

[e "
[bool]°
[true]®
[false]®

[if e then e; else e5]°
[Ex:A.B]°
[{e1,e2) as X x: A.B]°

[fst e]°
[snd e]°

Prop

Type;
Ma:Prop.Mx:a.«

Ao Prop. Ax:a.x

letx = [e]° in [€]°

Mx: [A]°. [B]°

[ []°

Mx':[A]°. Nx: [A]°. [B]°
AX A Ax: [A]°. [e]°
[e]° [e]°

bool

true

false

if [e]° then [e1]° else [e2]°
Y x: [A]°. [B]°

([er]° [e2]°) as Ex: [A]°. [B]°
fst [e]°

snd [e]°

Figure D.14: Model of ECC® in ECCP
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Note that the following ANF definitions for ECCYC exclude dependent condition-
als, since the ANF translation for dependent conditionals presented in Chapter 4 is

incomplete.
Values V = x| U|Code(n:M,x:M).M | (V,V)
| HOIx:MM|A(n:M,x:M).M | Ex:M.M
| (V,V)asM
Computations N == V | VV | stV | sndV
Configurations M == N | letx=NinM
Continuations K == [] | letx=[]inM

Figure D.15: ECCYC ANF

K(M)) =M
K(N) < K[N]
K{letx=N'inM)) % letx=NinK{M))
K{(K) =K
K() = K
K{letx=[]inM)) % letx=[]inK{M)
M[M'//x] = M
MM'//x] € (letx = []in M){(M'))

Figure D.16: ECCY® Composition of Configurations
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M — M’

K[{((A(n: M)y, x: M4). M), V') V] =5 KEM[V'/n][V/x]))
K[fSt <V1,V2>] = K[Vl]
K[Sl’ld (Vl,V2>] i—)ﬂ-2 K[VQ]
letx=VinM —¢ M[V/x]

M — M1 [ M1 —* M’
m REDA-REFL TM o M REDA-TRANS

evalM) =V

evalM) = V ifFMand M —*V and V &V’

Figure D.17: ECCYY ANF Machine Evaluation

ac |
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|

REFERENCE FOR ABSTRACT CLOSURE
CONVERSION

This appendix contains the complete definitions for the abstract closure conversion
translation from Chapter 5. All figures related to the translation are reproduced and
completed with elided parts here, and elided figures are presented here.

Typographical Note. In this appendiz, I typeset the source language, ECCP, in a
blue, non-bold, sans-serif font, and the target language, ECCCC, in a bold, red, serif

font.

true =~ true false ~ false

Figure E.1: Observation Relation between ECCP and ECCY¢

def

FV(e,B,T) = FoyeeeyTny (X0 Agy e vy Xn 2 Ay)
where  xg,...,x, =fv(e,B)
F |— X0 - A()
MNEx,: A,

Fo =FV(Ag, _,T)

r,=FV(A,, ,I

Figure E.2: Dependent Free Variable Sequences

l[e] = e wherelFe:Aandlke:A~e

[l = I' whereFTand kT ~T

Figure E.3: Closure Conversion Syntactic Sugar
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[Fe:t~e Whererl—e:t|

FMN-A:U~ A x:AFB:Prop ~B
=MNx:A.B:Prop ~IIx:A.B

CC-P1-Pror

NMN-A:U~ A Mx:AFB:Type;~B
F-Mx:A.B: Type; ~IIx: A.B

CC-P1-TYPE

Nx:AlFe:B~e N-A:U~ A Nx:AFB:U~B
x;:A;i... =FV(Ax:A.eMx:A.B,T) F=A; U~ A;. ..
FEAx:Ae:Mx:AB~{(A(n:X(x;:A;...),x:let(x;...) =ninA).
let (x;...) =nine),
(xi...)asX(x;: A;...))

CC-LaMm

FI—elzl—Ix:A.Bwel r|_622AW82

CC-App
[+ €1 €9 : B[ez/x] ~>e] €

Figure E.4: Abstract Closure Conversion from ECCP to ECCYC (1/2)
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TFe:t~e wherel Fe:t]

—— CC-Var CC-Prop
MNEx:A~x I+ Prop : Type; ~ Prop

CC-TYPE

[ Type; : Typeit1 ~ Typey1

N=A:Type; ~ A x:AFB:Type; ~B
N=->Xx:A.B:Type; ~»Xx:A.B

CC-S1G

Fl—e1 :Awel
['Fey: Bler/x] ~ e FEA:Type; ~ A x:AFB:Type;~B
MF(e1,ea)asEx:A.B: Ex:A.B~ (ej,es)asE¥x: A.B

CC-PAIR

Fe:Xx:A.Bwe Fe:Xx:A.Bwe
CC-Fst CC-SND
[ fste: A~ fste It snde: Blfste/x] ~ snd e

CC-TRUE CC-FALSE
[+ true : bool ~ true [+ false : bool ~~ false

Ik e:bool~e I+ ey : Bltrue/y] ~ e; I+ ey : Blfalse/y] ~ e

- - CC-Ir
I+ if ethene; elsees : Ble/y] ~~ if ethen e else es

[Fe:A~e Mx:AkFe :B~é [Fe:Awe
; CC-LET —  CC-Conv
[Fe:B~e

Fletx=eine : Ble/x] ~ letx=eine

FI~T wherel—r‘

FI~T FA: U~ A
CC-EMPTY CC-AssuM
Foons FIox:A~T,x: A

FT~T [Fe:A~e

Flix=e~IT,x=¢e¢

CC-DEF

Figure E.5: Abstract Closure Conversion from ECCP to ECCYC (2/2)






F REFERENCE FOR COC?

This appendix contains the complete definitions for CoC”. All CoCP figures from
Chapter 6 are reproduced and completed with elided parts here, and elided figures
are presented here. These figures contained extensions with definitions required to
fully formalize the compiler correctness results, including booleans with non-dependent
elimination.

Typographical Note. In this appendiz, I typeset CoCP in a blue, non-bold, sans-serif
font.

Universes u

x| O

x| x| Mx:Ae| Ax:A.e|ee| x:A.B
(e1,e2)asXx: A.B | fste | snde | bool | true | false
ifethenejelseey | letx=e:Aine

Ezxpressions t,e,A,B

Environments M= | M[x:A|lNx=e:A
Figure F.1: CoCP Syntax
Kinds = x| MNa:K.K|Mx:AK
Types AB = a|Nx:AB|MNa:K.B|Ax:A.B|Aa:K.B|Ae
| AB | Xx:A.B| bool | leta=A:KinB
| letx=e:AinB
Terms e u= x| Ax:Ae| Aa:K.e|ee|eA| (ej,ez)asx:A.B
| fste | snde | true | false | if ethene; elsees
| letx=e:Aine | leta=A:Kine
Environments M == | Mx:A|lx=e:A | Ta:K|TLa=A:K

Figure F.2: CoCP Explicit Syntax
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- (Ax:A.e1) ea >g  eqfea/x]
[ fst(e;,e2) Dr €1
Ik snd(e1,e2) Dn, €2
[ iftruethenejelsees >, e
I+ if falsethene;elsees >, €2
[Fx >s e wherex =e: A el
M-letx=ey:Aine; D¢ erfez/x]

Figure F.3: CoCP Reduction
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MNe>ep e >*e
W RED-REFL rFen o RED-TRANS
e e e e

F-AD*A Mx:AFep*e

" — RED-CoONG-LAM
FEAx:A e Ax:Ale

r-Ap*A Mx:AFep*e

" — RED-CONG-PI
NEMx:Aes™Mx:Ale

Fe>*e) e >*e)
RED-CONG-APP

M-e; ea>*e) €

M= Ap*A Mx:AFep*e
FTFEx:Aep*Ix:A.¢e

RED-CONG-SIG

Fe >*e) MEe>*e) Fr=Ap*A
[ (e1,e2) as A" (e],e)) as A’

RED-CONG-PAIR

M-ep*e M-ep*é
" - RED-CONG-FST " > RED-CONG-SND
[+ fste>" fste +snder>*snde

MFep*é MEe >*e) Mhey>*é)
RED-CONG-IF

[+ ifethene; elseey >* if € then €] else €),

Mhel>*e) r=Ap*A Mix=¢:A'Fe > e

- " 7 — RED-CONG-LET
Fletx=e;:Ainey D" letx=e] : A'ine,

Figure F.4: CoC? Conversion
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FFep*e M-e'ore;
lFe=¢

MFe>*Ax:A.e MEe' >*ey Mx:AkFe=eyx

lFe=e¢ -
MlFep*e; NEe >*Ax: A ey Mx:AbFe x=e
lFe=¢ e
Figure F.5: CoCP Equivalence
(x:AelTorx=e:A€T) = FT Mx:AFB:x%
VAR —_— pP1-*
M=x:A M=%x:0 N=Mx:A.B:x
Mx:AFB: O Mx:AlFe:B MN=Tx:A.B:U
Pr-O0 Lam
N=Mx:A.B: O FEAx:Ae:Mx:A.B
M-e:Nx:A".B Fre-e A MEA:x Mx:AFB:%
; ; PP Sic
+ee :Ble'/x NEXx:A.B:x
MNEe A [+ ey: Bleir/X] NFe:Xx:A.B
Pair Fst
MNF(e1,eg)asEx:A.B: Xx:A.B IFfste: A
NlNk-e:Xx:A.B T T
SND ——— BooL —— TRUE
[+ snde: B[fste/x] '+ bool : x I F true : bool
ET [+ e: bool e :B lFey:B
———— FALSE - IF
[+ false : bool [+ ifethenejelsees : B
r-e:A Nx=¢:AkFe:B N-e: A rN=B:U rN-A=B
, - ; LET Conv
Fletx=¢":Aine: B[e'/x] l-e:B

Figure F.6: CoC? Typing
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HT F=A:U
— W-EMPTY W-AssuM
F - FI,x:A

I [Fe: A FrNA:U
Flix=e:A

W-DEF

Figure F.7: CoC? Well-Formed Environments

CoCP Observations v = true | false

Figure F.8: CoCP Observations

[Fe

I+ e: bool Fe

MFe Fe

Figure F.9: CoC” Components and Programs

eval(e) =v
evalle) = v ifFeand -Fep*v
Figure F.10: CoCP Evaluation
Closing Substitutions -y & | v[x €]
M=~
M=~ e A M=~ e A
e Mx:AkFy[x— e Mx=e:AFy[x— vy(e)]

(e) =e

(e) =e Vx> €](e) = (elx/e)

Figure F.11: CoCP Closing Substitutions and Linking

D
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G REFERENCE FOR COC*

This appendix contains the complete definitions for CoC¥. All CoCF figures from
Chapter 6 are reproduced and completed with elided parts here, and elided figures are

presented here.

Typographical Note. In this appendiz, I typeset CoC* in a bold, red, serif font.

Universes U

FExpressions e,A,B

* | O
x| *|IIx:A.e| Ax:Ae|lee|e@Ae
Yx:A.B | (ej,er)asEx: A.B | fste | snde

bool | true | false | if ethene; else e
letx=e:Aine

Environments ' .= - |ILx:A|I''x=e:A

Figure G.1: CoC* Syntax

I'F(Ax:A.ep) e
'FAa:*x.e; @Q A ey
T+ fst (e, e2)

I' F snd (e1, e2)

I' - if truethene; elsees
I' - if false then e; else ey
'kx
I'Hletx=ey:Aine;

> el[ez/x]
>a (ei[A/a]) e:

>r €1
Dr, €2
>, €l
>, €2
>s e wherex =ec I’

DC el[eg/x]

Figure G.2: CoC* Reduction
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F'kFep*e e >*e;

F'Fe=¢€
T'Fep*Ax:A. e I'Feée >*ey I''x:AFe=eyx
IF'Fe=¢€ -
T'Fep®e F'Fep*Ax:A. e I''x:AlFe x=e
I'Fe=¢€ e
e =e
— =-CONT ———— =-SyM
I'(e; @A (Ax:B.e3))=(Ax:B.ey) (e; Bid) I'Fe=e

Tte=e The =¢€

TE ; =-TRANS
e=e

Figure G.3: CoC* Equivalence
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T'Fe>e; I'Fe >*é
W RED-REFL FFon'o RED-TRANS
e e e e

'FARB*A’ I'x:A'Fep*e
I'FIIx:A.ex*IIx: A€

RED-CONG-P1

F'FAD*A’ I'x:A'Fep*é
I'FAx:A.e>*Ax:A'.¢

RED-CONG-LAM

Fke >*e) ke e

* /
I'Fe ex>"e e

RED-CONG-APP

F'ke >*e) FFAB*A" Tlred*e,
— — RED-CONG-CONT
I'e, @Aey>e; @A e

r-Ap*A’ I'x:A'+Fep*é
FrFX¥x:A.ep*Xx:A'.¢

RED-CONG-SIG

IF'ke >*e) Fktey>*e, THAR*A'
T+ (e],ex) as A >* (], e}) as A’

RED-CONG-PAIR

F'Fep*e I'Fep*e
" > RED-CONG-FsT
I'fste>"fste

I'Fsnder>*snde RED-CONG-SND

F'Fep>*e Thre > e ke >* e

RED-CONG-IF
I+ ifethene; elseey >* if € thene] else €,

F'Feip*e)] TFHAR*A! TI')x=¢:A'lFey*e,
- - 7 — RED-CONG-LET
I'Fletx=e;:Ainey > letx=e}: A'ine,

Figure G.4: CoC* Conversion
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(x:A€eTorx=e:A€el) T FT
VAR _ %
I'Fx: A I'Fx:0O
I'x:AFB:x I'x:AFB: 0O
P1-* P1-O0
T'FIIx:A.B:x% I'FIIx:A.B: O
I'x:At+e:B I'FIIx:A.B:U
Lam
I'FAx:A.e:IIx:A.B
I'HFe:IIx:A'.B I'He: A
App

I'teé€ :Ble'/x]

I'Fe:IIa:x. (B> a) > « F'FA:x TI,x=eBidke:A

; T-CoNT
'Fe@A (Ax:B.¢e): A
THA:x I'x:AFB:% ke : A I'F es: Ble/x]
Sic PAIrR
'F¥x:A.B:x 'k (ej,ex)asXx: A B:¥x:A.B
'e:Xx:A.B 'e:Xx:A.B FT
FsT SND — BooL
I'fste: A I' - snde: B[fst e/x] I' - bool : %
FT FT
TRUE FALSE
I' F true : bool I' + false : bool
I'+e: bool I'e;:B I‘I—eQ:BI
F
I'+-ifethene;elsee; : B
I'kFe: A I''x=e:Ale:B
— LET
I'Fletx=e:Aine' : Ble/x]
'ke: A 'B:U THFA=B
Conv

I'e: B

Figure G.5: CoC*F Typing



I'te

REFERENCE FOR COC

T T'HFA:U
— W-EMPTY W-AssuMm
- FT,x: A

= I'ke: A 'HFA:U
FIlx=e: A

W-DEF

Figure G.6: CoC*F Well-formed Environments

CoC* Observations v == true | false

Figure G.7: CoC* Observations

I'Fe:ITa:Prop.(bool » a) > « ke

eval(e) =v

Lk~

T'te Fe

Figure G.8: CoC* Components and Programs

evalle) = v ifFeand-Fe @boolid>*v

Figure G.9: CoC* Evaluation

Closing Substitutions ~ = - | vy[x+— €]

't~ ‘Fe: A 'k~ 'ke: A
I''x: AFvy[x+— €]

I''x=e:AF~[x— (e

(e)=e vx = €](e) = y(e[x/e'])

Figure G.10: CoC* Closing Substitutions and Linking

A.
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Fl—p:€1:€2

=-EXT
All other rules identical to CoCP I'Fej=ey

Figure G.11: Extensional CoC Equivalence

I'Fe: A~ge

All other rules are homomorphic

F'kFe: =~e
I'EFB: ~.B F'FA: ~,A I''x=eBidke : A€

UN-CONT
'e@A (Ax:B.€'): A ~, letx=e Bid: Bine'

Figure G.12: Model of CoC* in Extensional CoC
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Declare ML Module "paramcoqg".

Variable A : Prop.
Variable B : Prop.

Variable R_.b : B -> B -> Prop.

Realizer A as A_r arity 2 :
Realizer B as B_r arity 2 :

(fun al a2 => al = a2).
R_b.

Definition cpsT := forall ([]:Prop), (B -> []) > [].
Parametricity cpsT.

Definition id := fun (x : B) => x.

Definition kT := (B -> A).

Parametricity KkT.

(* Note that by the fundamental property, the premises are trivially
satisfied, but the translation really wants an honest-to-goodness
term and not a variable. x)

Theorem Cont_Shuffle : forall e k, (cpsT_R e e) -> (kT_R k k) ->

((e Ak) = (k (e Bid))).
Proof.
intros e k P_e P_k.
unfold cpsT_R in P_e.
(x The only clever part: instantiate the relation between types
A and B to be that a is related to (k b) in the A relationx)
set (P := (P_e A B (fun (a:A) (b:B) == (A_r a (k b))) k id)).
unfold id in P at 1.

exact (P (fun by by HO => (P_k bli| by HO))).
Qed.

Listing G.1: Coq proof of Lemma 6.4.2






H REFERENCE FOR CPS™

This appendix contains the complete definitions for the CBN CPS translation from
CoCP to CoCF. All translation figures from Chapter 6 are reproduced and completed
with elided parts here, and elided figures are presented here.

Typographical Note. In this appendiz, I typeset the source language, CoCP, in a
blue, non-bold, sans-serif font, and the target language, CoC*, in a bold, red, serif
font.

true =~ true false ~ false

Figure H.1: Observation Relation between CoC” and CoC¥

MU~ U

CPS{-STAR CPSE-Box

I M= O~s3 0O

Figure H.2: CPS™ of Universes

I K:U~"k Lemma 6.5.5 will show [t = KT : U™

FrEK:U~pk Ma:KEK U w7k
- CPS™AX 2 :
MEx: O % NFNa:KK: U~ IMa: k. &

CPS-PIK

TEA:K ~7L A Mx:AFK: U~k
FEMx:AK:U~DIIx: A K

CPS"-PIA

Figure H.3: CPS" of Kinds
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MFA:K~% A Lemma 6.5.5 will show '™ = AT : KT

CPS’;-VAR
Na: K~ a A

FEA:K~e A r,X:/-\I—B:K/wZ+B
FEMNx:A.B: K~ TIx: A.B

CPS’;-P1

FrEK:U~pk Mx:AFB:K ~5. B
IFMNa:K.B:K' w4 la:k.B

CPS%-PIK

TEA:K ~7L A Nx:AFB:K~" B
MFAx:A.B:Mx:AK~%Ax:A.B

CPS"-CONSTR

Fr-K:U~pk Ma:KEB:K ~% B
FFAa:K.B:Ma:K.K ~%Aa:k.B

CPS"-ABS

NEA:Mx:B.K~% A lFe:B~le
N-Ae:Kle/x]~% Ae

CPS%-ArPCONSTR

FTEA:Na:K.K~"% A r-B:K ~" B
r'-AB:K[B/a]~% A B

CPS’}-INsT

[FA:xw". A [x:AFB:xw".B
NEEXx:AB:x~} X¥x:A.B

CPS7-SIG

CPS";-BooL
[+ bool : x~% bool ~ 4

lFe:Awle FEA:K~w% A Mx=e:AFB:K ~% B
MFletx=e:AinB:K w}letx=e:AinB

CPS’-LET

Figure H.4: CPS™ of Types (1/2)
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N=A: K~ A Lemma 6.5.5 will show MteEAT:K*H

NIEA:K~% A
FI~"T FFA: K~k Na=A:KFB: ~4%B
. — CPS"-LETK
NEleta=A:KinB: _~7leta=A:kinB
r=A:K r-K=K FTEA:K ~% A
CPS%-Conv

[FA:K~% A

[HA:x~%. A Lemma 6.5.5 will show 't FA™ 1 xF

FTEA:x~T A
FEFA:xwT o x (A= a) =«

CPS" . -Comp

Figure H.5: CPS"™ of Types (1/2)
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[Fe:A~"A Lemma 6.5.5 will show [T Fe* : A

FEA:K~T A
NEx: AP Aa:x Ak: A= axak

CPS?-VARr

FEA:K~wT A Mx:AFB:K ~5.B Mx:AFe:B~7e
FEAx:Ae:Mx:AB~ZAa: % Ak:(IIx: A.B) > a.k (Ax:A.e)

CPSI-Fun

NEK: ~Tk Na:KEB:_~%.B Na:KkFe:B~le
FEFAa:Kie:Ma:K.B~»2Aagns : *x. Ak: (ITa: k. B) = agps.
k(Aa:k.e)

CPS"-ABS

NFe:Mx:AB~le FTEA: KT AT
Mx:AFB:K ~h. B” Mx:AFB:K ~%B" FTHe :Amle
FFee :Ble//x]~"Aa:xAk: (BT[e/x]) — a.
ea (Af:IIx:A".B7.(f &) a k)

CPS?-App

NFe:Ma:K.B~le
Na:KEB: _ ~7%. B~ Ma:KFB: ~% BT FTEFA:K~%A
MHeA:B[A/a] 7 Aagns : x. Ak : (BT[A/a]) = tans.
ea(Af:MMa:k.B".(f A) aus k)

CPSZ-INsT

CPS?-TRUE
Ik true : bool ~7 A : x. Ak : bool — a. k true

CPS}-FALSE
[ false : bool ~»7 A : x. Ak : bool — . k false

' e:bool e
NEB:%x~" B ke :B~le Fey: Bl e
I ifethenejelsees : B~~T Aa:%.Ak: B — a.
e @ a (Ax:bool.if xthen (e; @ a k)
else (e2 @ a k))

CPS"-IF

lFe:Awle FEA:K~% A
Mx=e:AFB:K' ~7 B Mx=e:AkFe :Bwleé
FEletx=e:Aine : Ble/x] I Aa:x. Ak : Ble/x] — a.

letx=e:Aine ak

CPSJ-LET

Figure H.6: CPS™ of Terms (1/2)
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NEFA:K~% A FrNEK:U~pEk
Na=A:KFB:K ~% B Na=A:KFe:B~le
- CPS}-LETK
MNEleta=A:Kine: B[A/a] ~2 Aagns : x. Ak : B[A/X]| = auans.
leta=A:kine oy k

n
~— CPSI-Conv
e ©

lFe: A~
I'i—elewZe1
[ ey : Bler/x] ~0 e FEA:x~T A

ME(e1,e2) : Ex: A B~ Aa:xAk:¥x: A.B— a.
k (ej,es)as¥x:A.B

Mx:AFB:x~". B
CPSJ-PAIR

FI—A:*WZ+A+
Mx:AFEB:x~7. B™ FTEA:x~% AT lFe:Xx:AB~be
CPSJ-Fst

FEfste: A~"Aa:xAk: AT — a.
e@Q@a (Ay:Ex:A".B . letz=fstyinz a k)

FTEA:x~T A7 Fx:AFB:ix~T. B™ Mox:AFB:x~% BT
[+ (fste) : A~sD (fste)™ lhe:Ix:A.Bwle
- CPSI-SND
[Fsnde: B[(fste)/x] ~" Aa: *. Ak : BT[(fste)™ /x] — a.
e@a Ay:Xx:A".B".
letz=sndyinz « k)

Figure H.7: CPS™ of Terms (2/2)

F T ~"T Lemma 6.5.5 will show - It

FT~"T FEA:K~h A
——— CPSp-EmpTY CPSE-AssumT
. FIox:A~"T,x: A

oo

FT~"T FrEK:U~p K
CPSE-AssumMK
Fla:K~"T,a:k

FrEA:K~w A NFe:A~Te
CPS¢-DEF

FI~"T
Flix=e:A~"T,x=e: A

FI~"T MFA:K~% A MNEK:U~p kK
CPSg-DEFT
Fla=A:K~»"Ta=A:k

Figure H.8: CPS" of Environments






I REFERENCE FOR CPS”

This appendix contains the complete definitions for the CBV CPS translation from
CoCP to CoCF. All translation figures from Chapter 6 are reproduced and completed
with elided parts here, and elided figures are presented here.

Typographical Note. In this appendiz, I typeset the source language, CoCP, in a
blue, non-bold, sans-serif font, and the target language, CoC*, in a bold, red, serif
font.

true =~ true false ~ false

Figure 1.1: Observation Relation between CoC” and CoCF

MU~ U

W CPS%—STAR m CPS}}—BOX

Figure 1.2: CPS" of Universes

I+ K:U~Yk Lemma 6.6.6 will show [t = KT : U™

FrEK:U~p K Ma:KEK ::U~wY K

CPSY-Ax , ,
NFNa:KK: Ul ITa:k. K

- CPSY-P1K
MN=:0 W:; *

FTEAK Y% A Mx:AFK:U~} Kk
FEMx:AK:U~EIIx: A K

CPS?-PIA

Figure 1.3: CPSY of Kinds
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MEA:K~Y% A Lemma 6.6.6 will show '™ = AT : KT

FTEA:K ~Y% A Mx:AFB:K~Y%. B

CPSY%-VAR CPSY-P1
N a:K~Y a NEMx:AB:K~%IIx:A.B
TEK:U w2k Nx:AFB:U~Y%. B
CPSY%-PIK
NrNFMNa:KB:U~YITa:k.B
FTEA:K Y%A MNx:AFB:K~% B
CPSY-CONSTR
MEAX:A.B:MIx:AK~%Ax: A B
NEFK:U~p Kk Na:KEB:K ~% B
, CPSY-ABS
NNFAa:K.B:Ma: KK w4 Aa:k.B
NEA:Mx:B.K~% A
Mx:AFB:K ~%B lFe:B~yge
- CPS%-ArPPCONSTR
N-Ae:Kle/x]~% A (e Bid)
TEA:Na:K.K~wY% A r-B:K ~4%B
CPSY%-INsT
'-AB:K[B/a]~% A B
FEA:*x~Y% A Mx:AFB:x~Y% B
CPSY-Sigma
NMNEEXx:AB:xw4% Xx: A B
CPSY%-BooL
I F bool : x ~% bool
lFe:A~wge FTEA:K ~Y A Nx=e:AFB:K~% B
- - - CPSY%-LET
Fletx=e:AinB: K~Yletx=e Aid: AinB
FrEFA:K~% A
FT~*T F-A:x Na=A:KFB:_ ~!B
— CPSY%-LETK

FFleta=A:KinB: ~Y%leta=A:xk'inB

r=A:K rN-K=«K FrEA:K ~% A

CPSY-Conv
FFA:K~RA
HA:*x~Y% . A Lemma 6.6.6 will show M EAT xT
FEA:x~% A
CPSYy-Cowmp

FFA: s« Mo * (A= a) =«

Figure 1.4: CPS" of Types
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Fe:A~?e Lemma 6.6.6 will show [T Fe™ : AT

FEA:K~% A
MEx:AwZAa:ix Ak A= akx

CPS?-VAR

FTEA:K ~Y% A Mx:AFB:K~"%. B MNHx:AkFe:B~yje

CPSy-Fun
NEAx:Ae:Mx:AB~Aa:*xAk: (IIx: A.B) > a.k (Ax:A.e)
FTEK: ~Uk Na:KEB: _ ~Y%. B Na:KkFe:B~ie
= = CPSy-Ass
NFAa:Ke:Ma:K.B~g Aags:*x.Ak: (Ila: k.B) = agns.
kAa:k.e)
Fe:Mx:AB~pe [x:AFB:K~Y%. B~
Mx:AFB:K~YB"Y  ThHe:Awle THEA:KwYA
; ; - e CPSZ-App
Mee :Ble'/x] e Aa:x.Ak: (BT[(e' A id)/x]) — a.
ea (Af:IIx: A.B™.
€ @a(Ax:A.(fx) ak))
NFe:MNa:K.Bwye Na:KEB:_~%.B NNFA:K~2A
- — CPSY-INST
NFeA:letx=AiInB~Y Aagns : . Ak: (B[A/a]) = agns.
ea(Af:Ila:k.B.
(f A) agns k)
CPS?-TRUE

I true : bool ~»7? A : x. Ak : bool = a. k true

CPS]-FALSE
[+ false : bool ~¢ A : x. Ak : bool — a. k false

[ e:bool~7 e
rFB*WZB Fl—elszZel FI_EQ:BWEGQ
IFifethenejelseey : B~ A :x.Ak: B — a.
e @ a (Ax:bool.if xthen (e; @ « k)
else (e @ a k))

CPS2-IF

lFe:A~wle
[FA:K ~YA TFB:Kw4B [x=ec:Akle :Bwle
Fhletx=e:Aine : Ble/x] Y Aa:*x.Ak:B[(e A id)/x] = a.
e@a (Ax:A.e ak)

CPSZ-LET

Figure 1.5: CPSY of Terms (1/2)
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Fl—e1 :A'\/‘-)Zel
MFes:Bler/x]~les TFA:xwYA [x:AFB:xwYyB
CPSZ-PAIR
MF(e1,e2) : Ex: A B~ Aa:x.Ak:Xx:A.B— a.
el Q « (7\X1:A.
es @ a (Ax2:Bj(e; A id)/x].
k (x1,x2)as ¥ x:A.B))

FEA:x~% A NFe:Xx:A.B~7Je
CPSY-Fst

Mfste: Aw2Aa:xAk: AT — a.
e@a(Ay:¥x:A.B.letz=fstyink z)

FTEFA:x~w9% A Mx:AFB:x~% B
[k (fste) : A~? (fste)™ TFe:Yx:AB~le
CPSZ-SND

[Fsnde: Blfste/x] Y Aa:x. Ak:B[((fste)™ A id)/x] — a.
e@a (Ay:Xx:A.B.letz=sndyink z)

MlEer: A~y e
e :B v Mr=A: v A x:AFB: % B
ez : Bler/x] ¢ e A X A CPSY-PAIR-ALT
M- (e1,e2) : Ex:A.BwIAa:xAk:¥x: A.B— a.
el @a (Ax:A.
e @ a (Axz:B.k (x,%2)))

FIEFA:K~% A FrEK:U~p Kk
Na=A:KFB:K ~%B Na=A:KFe:B~Ye
CPSy{-LETK

MFleta=A:Kine: B[A/a] 0 Aagns : . Ak : B[A/a] — agns.
leta=A:kine oy k

o €
CPS?-Conv

Figure 1.6: CPSY of Terms (2/2)
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F T ~YT Lemma 6.6.6 will show It

FT YT FEA:K~Y% A
FIx:A~"Tx: A

—— CPSpE-EmMPTY
. Ay .

FT YT NEK:U~L K
Fla:K~"T a:k

CPSp-AssumK

FT~'T FrEA:K~% A NFe:A~Ye
Flx=e:A~"T)x=eAid: A

CPSE-DEF

FI~"T FFA:K~% A FrEK:U~p K
Fla=A:K~"T,a=A:k

CPSE-DEFT

Figure 1.7: CPS" of Environments

CPSE-AssumT
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REFERENCE FOR COCY“

This appendix contains the complete definitions for CoC¢C. All CoCC figures from
Chapter 7 are reproduced and completed with elided parts here, and elided figures
are presented here. These figures contained extensions with definitions required to
fully formalize the compiler correctness results, including booleans with non-dependent
elimination.

Typographical Note. In this appendiz, I typeset CoCcC in a bold, red, serif font.

Universes U

* | O

x| x| Code(n:A')x:A).B
e=>Coden:A’'B | A(n:A',x:A).e| efel e
Y¥x:A.B | (e,e)as¥x:A.B | fste | snde
bool | true | false | if ethene; elsee;
letx=e:Aine | 3(a: A,n: A’).B

pack (A e,e)asT(a: A;n: A’).B

unpack (x,x,x) =eine

Environments I' == - | ILx:A|I'x=e: A

Ezpressions e,A,B

Figure J.1: CoC®“ Syntax

e:t ¥ I'ke: A whereT is obvious from context
pack (e; ...) def pack (e;...)as3x; : t;.... wheree; : t;[e;_1/x;_1]
def
(e,> = (e,) aSE(Xi : t,) where e; Iti[e/,j_l/X/,;_l]

. d .
letx=eine’ = letx=e:tine wheree:t
. d . .
let (x;...) =eine’ = letxg=mpein ...letx) =m) ine

e[(x;..)/e] ¥ e[x;/miel

Figure ).2: CoC®“ Syntactic Sugar
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'E(Ax': Al)x:A.e;) e e
'+ fst (e, e2)

I' - snd (e;, e2)

I' I if truethene; else ey

I' - if falsethen e; else ey
I'Hx

I'Fletx=e:Aine;

I' - unpack (x, X', x;) = pack (e, €/, e;) in ey

Figure ).3: CoC®“ Reduction

>3
D7!'1
By
B>y
By
B>

B¢
>3

eile’/x'][e/X]
€1
€2
€1
€2

e
wherex =e: A el

e le/x]

es[(e, €', ep) /(x, X', x)]
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THA A,
Ton:AlFAyp*A, T,n:Al,x:A,FBr*B

RED-CoONG-T-CODE
't Coden: Aj,x: Ay.B>*Coden: Al,x: A,. B’

F'ter*e TFHAB*A, I,x:A,FBp*B

RED-CONG-=
I'+e= Codex:Ay.Br>*e = Codex: A,.B’

THA >* A
Ln: Al Ay* A Cyn:Al,x: ALFen*e

RED-CONG-CODE
PFA(m:A,x:Ay).en>*A(n: Al,x: AL). €

I'ke >*e) T'Fey>*e)

Y RED-CONG-APP
I'Fe ea> e e

F'FAD*A’ TI'x:A'lFen*é

" — RED-CONG-S1G
'FY¥x:Aep™Yx:A' e

I'ke >*e) I'key>*e) -Ap*A’

RED-CONG-PAIR
Tk (e],ex) as A >* (€], e)) as A’

THep*e F'Fep*e
" > RED-CONG-FsT " > RED-CONG-SND
I'Hfste>"fste I'Fsnder>*snde

FFep*e F'ke >*e) Tke;>*e,
/

RED-CONG-IF
I+ ifethene elsee, >* if € then e else ),

Fke >*e) FFApD*A’ T,x=¢€:A'Feyn*e,

- " ; T RED-CONG-LET
I'Fletx=e;:Aines > letx=¢€]: A'ine,

T'HA >*A)
I,x:AjFAy>*A, T,x:A|,x :A,FBp*B

7 7 " 7 — RED-CONG-EXIST
F3(x:Ax:A").Bp*3(x:A;,x' 1 Ay).B

FFAB>*A’ IF'ke >*e) Tke;>*e) I'ke;>*e

RED-CoONG-PACK
I - pack (e}, ez, e3) as A >* pack (e}, e, e}) as A’

I'te >*e) I'x:Ax A xy:BFes> e
RED-CONG-UNPACK

I' - unpack (x,x’,x;) = e; iney >* unpack (x, X', x,) = €] in €},

Figure J.4: CoC““ Conversion
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TFe=¢€

I'e>*e T'kFey>*e

I‘l—elzeg

I'te >*pack (A€, A(n: A',x: A).€))
IF'tey>*e, TI,x:Ale/n]t+ e)[e'/n]=unpack {(a,n,f)=e,inf n x

I'Fei=ey =
ke >*e) T'Fey>*pack (A, e ,A(n: A')x: A).é€))
I',x: Ale//n] - unpack (a, n, f) = e/ inf n x = e}[e//n]
=12
I'te =ey
Figure ].5: CoC®“ Equivalence
(x:AeTorx=e:A€el) FT T
VAR _— %
'kFx:A I'kFx:0O
THA:x I'x:AFB: % ke : A I' - es : Blei/x]
S1G PAIR
'F¥x:A.B:x ' (e,e2)as¥x:A.B:¥x:A.B
I'e:¥x:A.B 'e:¥x:A.B T
Fst SND ———  BooL
I'fste: A I' - snde : B[fst e/x] I' - bool : %
FT FT
TRUE FALSE
I' - true : bool I' - false : bool

I'+-e: bool I'He;:B I‘I—eQ:BI

F
I'+ifethene;elseey; : B
I'Fe: A I''x=e:AF€e:B
LET
F'kletx=e:Aine : Ble/x]
'kte: A 'EFB:U T'FA=B
ConNv

I'e:B

Figure J.6: CoC““ Typing (1/2)
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'-B:x
I'Code(x': A',x: A).B: %

CODE-*

FFe:A’ I'Code(x': A/,x:A).B:U
I're=Codex: A.B:U

=

'te:Code(x': A',)x:A).B TIke:A

TRF
I'ke:e = Code(x: Ale'/x]). Ble//X] O

X Alx:AFe:B

,- / . . /- / . CODE
FFA(x':A')x:A).e:Codex': A", x: A.B

I'HFf:e = Codex:A.B T'Fe: A
T'Hfee:Ble/x]

TRAPP

T'HFA:U I'x:AFA:U I'x:Ax :A'FB:%

ExXisT
PF3I(x:A,x:A").B:%
Fr-3(x:A,x:A).B:U
I'Fe: A ke :Ale/x] T F e, : Ble/x][e//xX]
Pack

'+ pack(e,e,e)asI(x: A,x' : A).B:I(x:A,x:A").B

Fte:3(x:A,x:A).B
I'x:A,x:A',x,:BFe:B '-B':U

S — UNPACK

I' F unpack (x,x’,x;) =eine : B
Figure J.7: CoCY“ Typing (2/2)
FT 'HFA:U

— W-EmpPTY W-AssuM
F- FT,x: A
FT I'Fe: A '-A:U

W-DEF

FIx=e: A

Figure ).8: CoC““ Well-formed Environments

CoCCC Observations v == true | false

Figure J.9: CoC““ Observations
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I'Fe

I'e:bool e
T'ke Fe

Figure J.10: CoC®“ Components and Programs

eval(e) =v

evalle) = v ifFeand -Fep*v

Figure J.11: CoC®“ Evaluation

Closing Substitutions -y e . | v[x — €]
'k~
o 't~ Fe:r A 'k~ I'Fe: A
B I''x: AFvy[x— €] I''x=e: AF ~y[x— v(e)]
v(e) =e
(e)=e vix = €](e) = y(e[x/€])

Figure J.12: CoC®“ Closing Substitutions and Linking
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Definition translucent {A} e B := forall (x : A), (x = e) -> B.
Notation "e = B" := (translucent e B) (at level 42).
Definition translucent_intro {A B} {e' : A}

(e : forall (x : A), B x) : e’ Be'
:= fun x w => match w with eq_refl => e x end.

Notation "e :T: A" := (translucent_intro e : A) (at level 99).

Definition translucent_elim {A B} {e' : A} (e : e' B) : B
= e e' eq_refl.

Notation "e @ m" := (@translucent_elim _ _ m e) (at level 99).

Inductive sigS {A:Type} (P:A -> Type) : Prop :=
existS : forall x:A, P x -> sigS P.

Notation "'d' x : A, P" := (sigS (A:=A) (fun x => P))
(at level 0, x at level 99) : type_scope.

Definition Closure A B : Prop :=

@:Type,env:@, (env(A -> B)).

Listing J.1: Model of CoC“ in Coq

cc ‘
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K REFERENCE FOR PARAMETRIC
CLOSURE CONVERSION

This appendix contains the complete definitions for the parametric closure conversion
from CoCP to CoCCC. All translation figures from Chapter 7 are reproduced and
completed with elided parts here, and elided figures are presented here.

Typographical Note. In this appendiz, I typeset the source language, CoCP, in a
blue, non-bold, sans-serif font, and the target language, CoC®“, in a bold, red, serif
font.

true =~ true false ~ false

Figure K.1: Observation Relation between CoCP and CoC““

FV(e,B,T) & oo T (x0: Aoy X i AY)
where  xg,...,x, = fv(e,B)
M+ X0 - A()
MEx,: A,

Fo =FV(Ao, _,T)

rn - FV(Ana ) r)

Figure K.2: Dependent Free Variable Sequences
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[Fe:Awe |
Fr’FA:U~ A x:AFB:x~B
; CC-P1
NNEMNx:AB:U ~3(a:*,n:a)n=Codex: A.B
Mx:the:t' ~e Ft:U~t Mox:ithEt U~ t/
xi Ao =FV(Ax:Ace, TTx: A.B,T) FEA; U~ A;. ..
/ CC-Lam
FEAx:te:Mx:t.t’ ~ pack (B (x; 1 Aj...), (Xi...),
An:X(x:A;...), ).
x:let (x;...)=nint
let (x;...) =nine)
[Fe: ~e [Fex: ~e CO-App

e ey:t~ unpack (a,n,f) =e;inf n ey

Figure K.3: Parametric Closure Conversion from CoCP to CoC®“ (1/2)
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TFe:A~e |

—— CC-VAR — CC-*
[Fx:A~x MEx: O~ %

N=A:Type; ~ A x:AFB:Type; ~B
N=2Xx:A.B: Type; ~3Xx:A.B

CC-S16

el :A~e
IFeg:Bler/x] ~ ey M=A:Type; ~ A Mx:AFB:Type; ~ B

CC-PaIr
F(e1,ea)asEx:A.B: Ex:A.B~ (ej,e5)asEx: A.B

Fe:Xx:A.Bwe Fe:Xx:A.Bwe
CC-Fst CC-SND
[ fste: A~ fste Ik snde: Blfste/x] ~»snde

CC-BooL CC-TRUE
[+ bool : ¥ ~~ bool [+ true : bool ~ true

CC-FALSE

[+ false : bool ~~ false

Fe:bool~e [Fe :B~ey [Fey:Bwey

- - CC-IF
I ifethenejelsees : B~ if ethene; elsees

[Fe:A~e Mx:AkFe :B~é [Fe:Awe
; CC-LET —  CC-Conv
[Fe:B~e

Fletx=eine : Ble/x] ~ letx=eine

FI~T wherel—r‘

FI~T FA: U~ A
CC-EMPTY CC-AssuM
Foons FIox:A~T,x: A

FI~T [Fe:A~e FEFA: U~ A
Flix=e:A~I',x=e: A

CC-DEF

Figure K.4: Parametric Closure Conversion from CoC” to CoC®Y (2/2)
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