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Chapter 1

Introduction

Proof mechanization provides strong trust guarantees towards the validity of theorems. Con-
trary to informal proofs, expressing a theorem and its proof formally requires absolute pre-
cision. The resulting statement can thus become riddled with technicalities, which obscures
their relation to their informal counterparts. This work combines two approaches to type sys-
tems that significantly reduce the added complexity from formalization, namely refinement
types and higher-order abstract syntax (HOAS).

Datasort refinement types (Freeman and Pfenning) |1991; Freeman, |1994) provide ways to
define subtypes (called datasorts or just sorts) by imposing constraints on the constructors
of (inductive) types. Intuitively, a sort S refines a types A if it is defined by a subset of its
constructors. The idea originated in the simply-typed setting, where refinements enhance
the expressive power of the type system. Later, Lovas and Pfenning (2010); Lovas (2010
extended datasort refinements to the dependently-typed Edinburgh logical framework LF

(Harper et al., [1993). They provide an equivalence between their system of refinements,



LFR, and another extension of LF with proof-irrelevance. An immediate conclusion here is
that refinements do not increase the expressive power of dependently-typed calculi. Rather,
Lovas| (2010) observes that refinements may significantly reduce the verbosity of mechanized
proofs, which is demonstrated through several case studies.

BELUGA is a two-level programming language based on contextual modal type theory
(CMTT) (Nanevski et al., [2008). It uses the Edinburgh logical framework LF (Harper et al.,
1993) as a specification logic (data-level), with an intuitionistic first-order reasoning logic
(computation-level). The data-level is embedded in the computation-level via a (contextual)
box modality similar to the one in the modal logic S4. From a logical point of view, the
formula A (read box A) expresses that A is true under no assumptions, i.e. in the empty
context. The contextual box modality generalizes this idea to arbitrary contexts, yielding
formulas of the form [¥ F A] expressing that A holds in context ¥. This allows us to represent
LF objects (and types) together with a context in which they are meaningful. To handle this
representation, LF contexts are restricted using a notion of schema that acts as classifiers
of contexts, similarly to how types classify terms. In addition, LF substitutions are first-
class objects of BELUGA and they can be used to move objects from one context to another
while preserving their meaningfulness. These features allow the expression of an object
language (OL) using HOAS (Pfenning and Elliott, [1988) and provide several substitution
lemmas for free in our mechanizations.

We present BELUGA and its extension with refinement types in chapters [3| and [, which
discuss the data-level and computation-level, respectively. The core of the extension consists

of replacing the LF layer of BELUGA with a variation on the LFR system of Lovas and



Pfenning) (2010); Lovas (2010). We then lift the refinement relations to the computation-
level through straightforward congruence rules and show that the extension is conservative,
meaning that every well-sorted program of our extension is well-typed in conventional BEL-
UGA. However, this result only applies if we consider BELUGA as a general-purpose language
rather than a proof environment. This is because a BELUGA proof is a recursive function that
terminates on every inputs and refinements allow specifying more precise domains. Thus,
the types that we obtain from conservativity can extend the domain of a function, leading
to undefined behaviour on certain inputs. In this sense, the extension permits interpreting
some partial recursive functions as proofs. While termination is an important part of our
work, we focus here on defining the refinements and leave termination checking for future
work.

Once the system is defined, we argue for its usefulness through several case studies,
detailed in chapter The most stricking example is a benchmark challenge taken from
Felty et al.| (2015). These benchmarks use relations between contexts as a way to specify
lemmas and theorem in a reusable fashion. Our notion of refinement schema coincides nicely
with some of these context relations and this leads to significant improvements in the formal
statements of theorem.

Finally, we survey the litterature in chapter 7?7 and conclude in chapter [6]



Chapter 2

Preliminaries

This chapter aims to introduce the background information needed to understand our work.
We present first a detailed overview of the structure of BELUGA. Then, we discuss previous
work on refinement types. In the process, we introduce several of the key components of
our system. We also discuss the modifications that were made to previous work so as to

facilitate a smooth integration of refinements to BELUGA.

2.1 Beluga

BELUGA is a dependently-typed functional programming language inspired by contextual
modal type theory (CMTT) (Nanevski et al.| [2008]). It allows direct manipulation of higher-
order abstract syntax (HOAS) representation of object languages (OLs). In particular,
this means that the mechanized OL inherits the correct behaviour of substitutions from
BELUGA'’s specification language. This provides important benefits in concisely mechanizing

the meta-theory of programming languages, since substitution properties tend to require



long, technical proofs.

This section describes the structure of BELUGA’s type system and programs, with the
goal of making our presentation of refinement types for BELUGA more accessible. BELUGA
consists of two levels: a specification language (also called the data-level), and a computation
language (also called the computation-level). The data-level is an extension of the Edinburgh
logical framework LF (Harper et al., 1993) with contextual types, which we therefore call
Contextual LF. The computation-level is an ML-style functional language in which types can
depend on Contextual LF objects, but not other computation-level objects. The ability to
manipulate contextual objects allows pattern matching on open code, which further enhances
the clearness of proofs. We will start by reviewing LF itself, before extending it to Contextual
LF, and finally presenting the computation-level.

The formulation of BELUGA has varied somewhat significantly over the years of its devel-
opment. Here, we present a further variation closely inspired by the one of |Pientka and Abel
(2015)), although we will discuss, in this chapter, how the definition has evolved over time.
Throughout the presentation, we include a mechanization of the simply-typed A-calculus
and some of its meta-theory. Later, we will revisit this mechanization to see how it can be

improved with refinement types.

2.1.1 LF

The Edinburgh logical framework LF (Harper et al., [1993) is a dependently-typed specifica-
tion language specialized in representing formal systems, such as logics and typed A-calculi.

The key idea behind LF is its “judgments-as-types” principle, which identifies, through a



Curry-Howard correspondence, LF types with judgments of the mechanized OL. Well-typed
LF objects then correspond to proofs of the OL judgments.

LF is separated into three levels, terms (or objects), types, and kinds. Intuitively, terms
are programs, types are classifiers of terms, and kinds are classfiers of types. The presence of
kinds ensures that LF types are predicative, meaning here that LF types may only depend
on objects that do not inhabit them.

We adopt here a canonical form presentation (Watkins et al., 2002)), although Harper et al.
(1993)’s original formulation of LF is more permissive in allowing reductions to occur. For
our purposes, LF serves only as a specification language, so it is not too restrictive to require
from our users that they write normal forms. Moreover, Harper et al.| (1993) shows that LF
is strongly normalizing, implying that any (well-typed) LF term has a unique normal form.
Thus, in requiring normal forms only, we lose none of LF’s power. Additionally, canonical
forms go hand-in-hand with bi-directional type checking, which allows us to get rid of type
annotations in function abstractions. This means that types never appear directly within
terms, which is compatible with an extrinsic view of typing. Extrinsic typing has limited
impact here since LF (and the entire BELUGA) has type uniqueness, but it will play an

important role when we introduce refinement types later on.

Syntax

We also differ from Harper et al. (1993) by defining terms using a head and spine syntax.
Given the simplicity of LF, this leads to a somewhat verbose presentation. However, the

use of heads and spines facilitates extending the language of terms since we only need to add
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new heads. With this in mind, we define the syntax of terms as follows :

Head H:= clzx
Spine M = nil | M; M
Neutral term R u= H M

Normal term M = R | x.M

The head c represents constants, while x represents variables. A spine M is simply a list
of normal terms. Neither heads nor spines are valid terms on their own.

To construct a term, we first apply a head H to a spine M , yielding the neutral term
H M. We will write simply H when M = nil is the empty spine. Intuitively, heads are
functions that cannot be evaluated when applied to arguments: c is a constructor so it is
generative, while x must be substituted by an actual function before we can evaluate it.
Spines are used to pass multiple arguments to a head at once.

A normal term is either a neutral term of a function abstraction Ax.M. The fact that
applications may only be used in the neutral phase ensures that a function Az.M is never
directly applied to arguments. Since heads do not represent concrete computations, the
separation of terms into neutral and normal ensures that no evaluation is possible.

Now, our syntax of terms encodes an untyped A-calculus enhanced with constants. Since
we only describe normal forms, none of the terms can actually run, but we can still express
functions that would run forever if they were to be applied in the wrong ways. For instance,
the term Azx.z x describes a function that applies its only input to itself. If we were to apply
this function to itself, we would obtain the self-reproducing term (Az.z x) (Az.z x), which

does not normalize. The problem with these terms is that the variable x is used as a both
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function and its argument, which introduces a form of impredicativity.

Types allow us to reject the bad terms described above. In LF, types are allowed to
depend on terms (hence we say that it is dependently-typed). A type depending on a term
M corresponds to a property of M expressed in first-order logic (FOL) and classifies those
terms that can be seen as proofs of that property. More generally, a type depending on
terms My, ..., M, represents a relation between those terms and is inhabited by proofs of
that relation. In other words, LF allows a Curry-Howard isomorphism with (intuitionistic)
FOL, according to which types are propositions and terms are proofs. Types are defined by

the following syntax:

Atomic types Pu:= aM

Canonical types A= P |Ilx:A;. Ay

The atomic types a M consist of an atomic type constant a applied to a spine. a must
have been declared and assigned a kind K (see the discussion of declarations below). The
spine M must be made of terms that match the corresponding type in K and we require
that all type families be fully applied. We will write only a for a nil.

Canonical types are either atomic or dependent function spaces Ilz:A;. A, from Ay to A,,
where  may occur in A,. We adopt the common convention of writing A; — A, instead of
ITz:A;. Ay when x does not occur in A,, and we call A; — A, a simple function space.

Next, the fact that types are allowed to depends on terms introduces the possibility that
some types are ill-formed. For instance, if we have a type even expressing that a number
is even, then even M is only meaningful when M is a number. To handle this, we need a

notion of kinds. Intuitively, a kind classifies types based on the objects to which they can
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be applied, similarly to how types classify terms based on the arguments to which they can

be applied. They are given by the following syntax:

Kinds K = type|llz:A.K

The kind typeclassifies all the well-formed types, that is those with no unspecified de-
pendencies. Every other kind has the form Ilzq:A;.Ilxy:As. - - - Ilx,: A, . type and classifies
those types with dependencies on objects of types Ay, As, ...A,,. For our purposes, only type
constants a can have a kind different than type.

Next, we need a way to keep track of bound variables as we traverse open terms, which
we do using contexts. For now, we view contexts simply as lists of variables together with

their types. We thus obtain the following syntax for contexts:

Context T':= -|T,z:A

where - is the empty context, and T',x:A extends the context T" with a fresh (i.e. new)
variable z of type A.

An LF program consists of a sequence of declarations of either constant objects or atomic
type families. When declared, every constant object must be assigned a type and every
atomic type must be assigned a kind. Each declaration is stored in a globally accessible
signature, denoted Sig(X is also commonly used, but we reserve it for later).

In our work, constant declarations are bound within type declarations. This is because
constants are really constructors for atomic types, so they can only be defined while defining
the atomic type. In this case, there is only one form of LF declaration for us, given by the

following syntax :
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Declaration D= (LFa:K=c : A |co:A|..|c,:4,)

Signature Sig == - |Sig, D
For simplicity, this thesis treats only of sequential declarations. That is, a declaration may

only reference previously declared constants and types. Mutual definitions can be handled

by including subordination into our judgments (Virga, 1999)).

Example: Simply typed A-calculus

We demonstrate the usefulness of LF as a specification language by encoding a simply-
typed A-calculus (STLC) with natural numbers. Every snippet of code needed in the mech-
anization is accompanied by an informal definition of what is encoded, so as to show how

closely related the formal and informal versions are. We begin by encoding the types of

STLC:
LF tp : type = STLC Types T ::=
| nat : tp N
| arr : tp — tp — tp; | Ty — 15

On the left, we see the syntax of an LF declaration of the type tp. It is defined by the two
constructors nat and arr. The type of nat tells that this constructor is already a tp. On
the other hand, the type of arr indicates that this constructor must be given two arguments
of type tp in order to produce a new object of type tp. If we contrast this formal definition
with the informal syntax of STLC types on the right, we see that N is indeed a type on its
own, while the function types 77 — T3 necessitate two previously constructed types 77 and
T,. In other words, the formal and informal definitions of STLC types can clearly be seen
to encode the same concept.
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Next, we encode the terms of STLC:

LF tm : type = STLC Terms e:= «x

| zero : tm | 0

| succ : tm |Se

| lam : tp — (tm — tm) — tm | Ax:T.e
| app : tm — tm — tm; | e eg

Here, the correspondence between formal and informal encoding is a little less clear. In
particular, the informal syntax includes variables z, but the formal definition does not have
a constructor for variables. Instead, the fact that tm includes variables is hidden in the
negative occurence of tm in the type of the constructor lam.

We note that negative occurences do not cause trouble in LF because of its weak function
space. Specifically, the negative occurence of tm in (tm — tm) is simply represented as an
LF variable of type tm that may occur within the positive occurence of tm. This is in
accordance with the principles of HOAS, whereby variables of the OL are represented as
variables of the meta-language (in this case, LF'). HOAS then also permits the use of meta-
language substitutions for representing OL substitutions through function applications. This

provides us with the necessary tools to elegantly encode the typing judgment :
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- STLC typing

LF oft : tm — tp — type =
| t-zero : oft zero nat TEO:N

| t-succ : oft e nat —

I'Fe:N
oft (succ e) nat I'ESe:N
| t-lam : ({x:tm} oft x T — oft (e x) T’) —
DeTke:T
oft (lam T e) (arr T T’) ' XeTe:T—T

| t-app : oft el (arr T’ T) — oft e2 T’ —
I'kFe:T'—=T They: T
oft (app el e2) T I'Fee: T

The most interesting aspect of this definition is the encoding of the rule for A-abstractions.
We use the curly braces {x:tm} to denote explicit universal quantification over tm. Notices
in particular how we represent the informal context extension I', z:T using the negative oc-
curences of tm and oft x T. Notice also how the dependency of the function body e on the

variable z is represented using a function application in oft (e x) T’.

Judgments

Now that we have defined and examplified the syntax of LF, we can discuss its judgments.
We focus here on the typing judgments, athough, for completeness, we also need a kinding
judgment and a context formation judgment. We leave out kinding from this discussion as
it is straightforward to define it, but we provide its definition in Appendix [A] We will discuss
context formation in depth later on, but for now we think of a context I' as well-formed if it
contains no duplicate variable and every type in I' is well-formed.

We use a bi-directional typing algorithm. This means that we have two main judgments:

16



I' - H = A|- Synthesize type A for head H

(c:A) € Sig (x:A) el
'Fec= A '-z= A
T'HM:A >A|- Apply A to M, resulting in A
IFM«<A TkM:[M/z]A;> A
I'-nil: A> A FI—M;M:HJ::Al.A2>A

I' - R = A|— Synthesize type A for neutral term A

FFH=A TFM:A>A

I'-M < A|— Check M against A

THFHM= A
'FR= A oA E M < A,
''FR<= A I'-Xe. M < 1lz:A;. Ay

Figure 2.1: LF typing rules
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type synthesis for neutral terms, denoted I' - R = A, and type checking for normal terms,
denoted I' H M < A. As the names suggest, the type A is an output of type synthesis
judgment and an input of the type checking judgment. From a proof-theoretic perspective,
the synthesis phase corresponds to using only elimination rules, while the checking phase
uses only introduction rules. Here, we only have functions, so elimination is application and
introduction is A-abstraction, but the idea generalizes to richer type systems.

In addition, we need a type synthesis judgment for heads, denoted I' H H = A, and
a type checking judgments for spines, denoted I' - M: A > A Synthesis for heads is
simply a lookup in the signature (for constants) or context (for variables). Type checking
for spine takes in a spine M = M;j:....; M, and a type A’ = Ilz;:A;..Iz,:A,. A", then
validates that I' = M; < [M; /x4, ..., M;_1/x;_1]A; for each i and produces the output A =
[My/xq, ..., M, /x| A”.

These judgments should be read bottom-up. This means that we start by a type-checking
phase, during which we peel off any A-abstraction that occurs and extend the context with
the new variables. Once we reach a function application, we attempt to synthesize its type
by first synthesizing the type of the head, and then verifying that each argument in the spine
checks against the expected type. Once we have synthesized a type for the application, we
compare it (syntactically) with the type that we were checking against. A type-checking
derivation succeeds only when the comparison yields that the two types are indeed equal.

Generally, equality of dependent types reduces to equality between terms. Since our
language only allows normal terms, equality of terms is simply syntactic equality (modulo

a-renaming).
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Example: Comparing LF and OL derivations

To finish our presentation, let us see how an informal typing derivation in STLC compares
to its formal LF derivation. Consider the STLC function Az:N.S N that increments a natural
number. Clearly, this function has type N — N, which we can indeed validate with the

following proof:

(:N) € (=:N)
eNEFz: N
eNF(Sz):N
F(Az:N.S z) : (N — N)

In contrast, the corresponding encoding of the function Ax:N.S z is the LF object
lam nat (Ax. succ x), and the type N — N translates to arr nat nat. We then expect
the LF type oft (lam nat (Ax. succ x)) (arr nat nat) to be inhabited by a proof sim-
ilar to the above. It is not difficult to work out that the LF object t-1lam (Ax.At. t-succ t)

is the one we want, as demonstrated by the following LF derivation :

(t:oft x nat) € (x:tm, t:oft x nat)
x:tm, t:oft x nat Ft : (oft x nat)
x:tm, t:oft x nat F (t-succ t) : (oft (succ x) nat)
x:tm F (At.t-succ t) : Ilt:oft x nat.oft (lam nat (Ax.succ x)) (arr nat nat)
F (Ax.At.t-succ t) : (IIx:tm.Ilt:oft x nat.oft (lam nat (Ax.succ x)) (arr nat nat))
F (t-lam (Ax.At. t-succ t)) : (oft (lam nat (Ax. succ x)) (arr nat nat))

Now, we can clearly see that the informal STLC typing derivation and its formal LF
counterpart have roughly the same shape, although the formal proof has a few extra steps.
Specifically, there are two extra steps needed to perform the context extension properly.

In particular, notice how we end up with the context x:tm, t:oft x nat to represent the
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informal assumption x:N. This is inevitable since x:N introduces both the term variable x
and the assumption that it has type N.

Generally speaking, informal presentation of typed A-calculi may allow various ways to
extend a context with new bindings. These bindings can have complex structures involving
several assumptions and constraints on how these assumptions are made. For instance, in a
polymorphic language, we may have type variables of any kind, but only allow term variables
to have a type of kind type.

In short, the correspondence between an OL context and the LF context representing
it is not always obvious. Since our HOAS is based around the principle that OL variables
can be represented as LF variables, it follows that OL contexts can be represented as LF
contexts. However, as we have just seen, an LF context must have a particular structure in
order to adequately encode an OL context. Therefore, to properly represent OLs, we need
a tool to enforce the particular structure of their contexts and facilitate their manipulation.

To achieve this, we will extend LF to Contextual LF.

2.1.2 Contextual LF

Contextual LF extends LF with contextual types. Simply, a contextual type I' = A consists
of a type A together with a context I' containing all of the free variables in A. An object
of type I' H A has the form I' M and must satisfy I' H M < A. The key advantage of
this approach lies in the fact that I' - ITx:A.A’ is equivalent to I', x:A F A’, and similarly
for objects. This allows us to express traversals under binders directly through context

extensions.
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In addition, we revise the notion of LF contexts to improve their ability to represent OL
contexts. In particular, we add the notion of a schema to classify contexts based on their
structures, thus enforcing the correct representation of OL binders. Moreover, we extend
the language with an explicit substitution calculus that allows moving an object from one

context to another while preserving its meaningfulness.

Revision of contexts

As illustrated in our last example, representing the binding structures of an OL may require
multiple LF variables. To ensure the adequacy of our representations, we must specify how
to extend an LF context so that it actually corresponds to an OL context. To handle this,
Felty et al.| (2015) suggests structuring contexts into lists of tuples of variables instead of flat
lists of variables. With this additional structure, we can more accurately characterize the
assumptions contained within a context. We achieve this by adding schemas to the language.

Schemas originated in the work of Schurmann| (2000)) as classifiers of LF contexts. They
were first included to TWELF (Pfenning and Schiirmann, 1999), a proof environment that
implements LF. In this work, a schema element (or block schema in their terminology)
is a parameterized record type, and a context schema is a collection of schema elements.
Intuitively, the record of a schema element contains all the LF variables necessary to encode
one OL assumption, and it is parameterized with the premisses of the OL’s context formation
rules, in accordance with the judgment-as-types principle. Then, a context schema is the
list of all possible ways to introduce an OL assumption.

BELUGA has had a notion of schemas since its beginning (Pientka, |2008), although it

21



differs from [Schurmann (2000) in that schema elements are just types. However, the language
presented by [Pientka (2008) already contains tuples and it is simply-typed, so there is no need
for parameterizing them. In this sense, the difference from Schurmann| (2000) is superficial.
Soon after, the dependently-typed formulation of BELUGA by Pientka and Dunfield (2008)
returns to a notion of schema in line with |[Schurmann| (2000). Since records are not valid LF
types, variables with record types may only be accessed through projections.

Later formulations by |Cave and Pientka) (2012} 2013); Pientka and Abel (2015) restrict
the records of schema elements to be single types. The removal of records simplifies the
treatment of contexts since there are no more projections to handle. However, we know that
this is insufficient to properly describe an OL context.

Here, we return again to a notion of schema with records. Moreover, we consider schemas
with a generative flavour: a schema specifies how a context can be constructed. In this sense,
we think of schemas as the atomic types of contexts, where schema elements correspond to
constructors. An important difference with atomic types is that schema elements only tell
us how to extend a context of the same schema. In a sense, every schema element can
be thought of as having an implicit argument corresponding to the context that is being
extended.

We now define contexts and schemas with the following syntax:
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Blocks of declarations B := -|Xz:A.B

Schema elements E:= B|llz:AE

Context schemas Gu= -|G+wE

Contexts Di= -|¢|D,zA| T, biw- M
Heads H:= ..|bi

Blocks of declarations represent tuples of labelled assumptions, i.e. variables. The empty
block - is not valid on its own, rather it is a syntactic device that indicates the end of a block.
Empty blocks are not strictly necessary for the system to work, but facilitate the theoretical
development by providing a simple base case.

A schema element is a parameterized block of declarations. While blocks express specific
instances of assumptions, schema elements encode the general requirements of a particular
form of assumption. Note that every block of declarations is also a schema element that
relies on no additional parameters.

A schema is given as a list of named schema elements, and we write w to indicate
these names. Schema elements can only be defined within schema declarations, much like
constants are defined within type declarations. Consequently, every schema element used in
a mechanization must have a name. The empty schema - describes the collection of contexts
that can be formed without ever adding assumptions, i.e. only the empty context. Like for
blocks, the interest of an empty schema lies mainly in simplifying the meta-theory of our
system, and so it could be omitted entirely.

—

Finally, contexts are now allowed to contain blocks of declarations b:w - M. If w :

v A

II(z:A).B, then w - M corresponds to the concrete block of declarations [M /#]/B. Since
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Y-types are not proper LF types, block variables can only be used in LF objects through
projections, denoted b.i. Intuitively, this projection corresponds to a single variable within
the block, hence we extend our syntax of heads with b... We also need to add an inference

rule to the type synthesis for head judgment:

(b:w-M)eT ATFw-M>B ATFb:B>i A
ATHbi<= A

where the judgment A;T" F w - M > B computes the concrete block of declarations B
represented by w - M , and the judgment A;T' b : B >! A extracts the type A of the '
component of B. We omit the definition of these judgments here as they are straightforward,
but provide them in Appendix [A]

In addition, we allow LF contexts to start with a context variable ©). We stress that
although ¢ may occur within an LF context I'; it is not itself an LF variable, but rather a
Contextual LF variable. As such, ¢ must be bound outside of I'. To handle this issue, we
use a meta-context A that is allowed to contain, among other things, our context variables.
We will discuss meta-contexts in details when we formally introduce contextual types and
contextual objects. For now, it suffices to know that A can contain assumptions ¢:G that
context variable ¢ has schema G.

Note that, while arbitrary single assumptions x:A may still appear within an LF context,
the type A is not described by the syntax of schema elements. However, the type A is
essentially the same as the block of declarations (and therefore schema element) Yx:A.-. In
this sense, the single assumptions are not strictly necessary for mechanizations themselves.
However, several of our judgments (in particular, block and schema element well-formedness)
rely on adding single assumptions to LF contexts, so we need them for the meta-theory at
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AFT :G|- LF context has schema G in meta-context A

(V:G)eA

A F G : schema
Ard-O b G SC-var

AF-: G

SC-empty

AFT:G (WwE)eG ATHFM:E>B
= SC-ext
AFTbow-M): G

AT+ M : E > B| - Instantiate schema element F with parameters M , yielding D.

ATHFM <A ADH(M/z]V)M:V > B
A;TFM; M :Tlz:AV > B

Inst-pi

A;I'Fnil: B> B Inst-block

Figure 2.2: Schema-checking rules

least.

Now, let us go over the schema-checking judgment A FT': G (see Figure . First, the
rule SC-empty tells us that the empty context inhabits every schema. The other base case
is the rule SC-var, that tells us that a context variable has the schema that it was declared
to have.

The rule SC-ext is used to validate schemas of contexts containing actual variables. It
is restricted to block variables b:w - M , where w : E is defined in the schema that we are
checking against. To validate that a context extension is correct, we simply need to check
the terms of M against the type parameters dictated by the schema element E. We perform
this verification with the auxiliary judgment A; " - M:E>B , which incidentally generates
the concrete block of declarations B. Although we do not need to generate the actual blocks

for schema-checking, we will need to do so in order to derive the types of variables later on
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and we can reuse the same judgment. In practice, we would use two separate judgments to
avoid type-checking M every time a block variable is used, which would significantly impact

performance.

Example: Terms of STLC

When we defined the type tm of terms in our OL, we assigned the type (tm — tm) — tm
to the constructor lam, and said that the negative occurence of tm posed no problem as it
would simply be represented as an LF variable in the ambient context. Now, we want to
make the LF context explicit and use it to represent the OL context, so we need to specify a
schema that classifies those LF context that correspond to and OL context. In this setting,

we only need a variable of type tm, so we define the schema as follows:

LF lam-ctx : schema =

| 1c-var : block (x:tm);

This new explicit syntax of schema declarations is purposefully similar to the one of
atomic type declarations. In differs only in two ways: First, the kind is replaced with schema,
which we think of as analogous to the kind type. Second, the constructors are assigned
schema elements instead of types. The keyword block indicates which fresh variables should
be included in the new block of declarations.

Now, in the typing judgment oft, the rule for A-abstraction is encoded through the
constructor t-lam : ({x:tm} oft x A — oft (M x) B) — oft (lam A M) (arr A B)
contains negative occurences of both tm and oft. In this case, adequately representing the

contexts of STLC requires extending the LF context with two variables. Thus, our schema
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lam-ctx, despite accurately representing all terms of the OL, is ill-suited to representing also

its typing derivations. We can solve this issue with a more sophisiticated context schema:

LF stlc-ctx : schema =

| typ-var : some [A:tp] block (x:tm, t:oft x A);

The keyword some corresponds to the II of schema elements, and all the parameters are
introduced within the square brackets (in this case, there is only A:tp). Then, when provided
with a particular A, typ-var produces the block of declarations (x:tm, t:oft x A) which
corresponds to the negative occurences in the type of t-1lam. We denote the extension of a
context U : stlc-ctxas ¥, b:typ-var A, and access the variables contained in the block

with the projections (b.1 to access x and b.2 for t).

Substitutions

Next, we address how the new structure of contexts impacts substitutions. Since we are using
a canonical forms presentation, we need to use hereditary substitutions as well (Watkins
et al., 2002). This means that substitutions must perform certain reduction steps to ensure
that the resulting object remains in normal form. Essentially, whenever a variable occurs in
a head position and is substituted for a A-abstraction, the hereditary substitution will apply
B-reduction. For instance, [(Ax.z)/z'](x' M) would ordinarily yield (Az.x) M, which is not
normal, but the hereditary substitution will further reduce this into M.

So far, every substitution that we have used included an explicit specification of the
substituted variables. Our most recent one, [(Ax.z)/2’], substitutes only the variable z’. In

what follows, we instead require that substitutions have the same shape as their context
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A;T" o :T'| - o is a well-formed substitution with domain I" and co-domain I".

AFTy:ctx (v:G)e A AFT;:ctx )
A, Iy ... SUbSt—empty A7 I, E ldw . w Subst-id
(sI'hMFIy)eA I'ko: 1y A;TiFo:Ty AT EM<«<[0]A
Subst-var Subst-tm

AT E s[o] : Ty AT E (o, M)« (Ty, x:A)

Al Fo:Ty ATybw-M'>D ATy kM < [o]D
AN N (O’,M) : (Fz,biw'M/)

Subst-spn

Figure 2.3: Explicit substitution calculus

domain. Now, let us look at the syntax of substitutions:
Substitutions o = - |idy | s[o]|o, M | oM
We distinguish five forms of substitutions and write A; IV F o : I" to indicate that o has
domain I and co-domain I, We will now discuss this judgment, whose formal definition is
given in Figure [2.3
The empty substitution - has the empty context as a domain and can have any other
context as a co-domain. The substitution id, is the identity for the context variable v, so
it has ¢ for a domain.
Substitution variables s : I'y F I'y are located in the meta-context and have domain I's
and co-domain I'y. These can only be used when paired with a delayed substutition o, which
we indicate by writing it on the right of s rather than on its left. The delayed substitution

is necessary to ensure that substitution variables have the correct co-domain.
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Next, o, M has domain I', 2:A provided that ¢ has domain I' and codomain I, and
I+ M < [0]A. Notice that the terms composing a substitution must be meaningful in its
co-domain. These four forms were part of previous formulations of BELUGA and have been
thoroughly discussed in the past (see |Pientkal (2008); |Cave and Pientka| (2013) for instance).

Here, we add a fifth form of substitutions, o, M , that allows users to extend a substitution
with several objects at once, so that we can substitute blocks more easily. More precisely,
the spine M (which we really think of more as an n-ary tuple in this case) consists of terms
that match against each each variable in a block b:w - M'. If we simply substitute M for b
in an LF object, we can obtain expressions of the form M.i since b may only occur within
projections. This poses a problem since M.i is not in normal form, which breaks the correct
behaviour of hereditary substitutions. Fortunately, we can extend hereditary substitutions

to compute the actual projections of the spine, simply by stating that:

[M /b)(b.i) = M, if M =My;..;M,and1<i<n

[M/b)(bi)  fails otherwise

For other objects, we define [M /b](M') via the usual congruence rules, with the base cases

[M /b](z) = & and [M /b](c) = c.

Contextual objects

As mentionned above, a contextual type I' = A consists of a type A together with a context
I' containing all the free variables occuring in A. We also discussed how a contextual object
I'-M hastypeI'F AU THFM <= A If AT, then '+ x < A, so we have a contextual
object I' F x of type I' H A. However, we cannot say that x itself is a variable of type
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I' = A. Consequently, this view of contextual objects is limited by a lack of variables with
contextual types. Similarly to context variables, the problem comes from the fact variables
of contextual types must exist outside of the LF context.

To address this issue, we simply allow our meta-contexts A to contain assumptions of the
form w:(I" = P). We call u a meta-variable and restrict its type to I' = P, that is contextual
atomic LF types. This restriction is superficial since the types I' F Ilz:A.A" and I', x: A+ A’
are isomorphic. Since we want meta-variables to occur within LF objects, we must once

again extend the syntax and type synthesis of heads:

wlFA)eA ATkHo:TY
AT Fulo] = [0]A

So, a meta-variable © may only occur in an LF object when it is paired with a substitution.

Heads H := ... |ulo]

We have to this because v can denote an object meaningful in a different LF context from
the one we are currently working in. Again, we write the substitution on the the right
to indicate that it is a delayed computation. That is, once we substitute v with a proper
contextual object IV = M, we apply the subsitution to bring M to context I'. Note that,
while we include meta-variables in the syntax of heads, the restriction that they have an
atomic type means that we can only meaningfully apply it to the empty spine and convert

it to normal term. Accordingly, we could equivalently specify u[o] as a normal term.

Meta-layer

We have now identified several kinds of variables that belong in the meta-context A. As we
move to the computation-level, we wish to be able to quantify over each of these variables.

In the current presentation, this would require the introduction of distinct function spaces
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A+ M : A|- Meta-object M has meta-type A

ATEFR< P AT Fo:Ty
- MOft-tm -
AF(T'R): (I".P) AF (T'.o): (I'.Iy)

MOft-subst

AFT : G (schema checking)
AFT:G (mtype checking)

MOft-ctx

Figure 2.4: Meta-level typing

for each kind of variables, leading to an unnecessarily verbose system. To address this issue,
Cave and Pientkal (2012)) suggests unifying the different kinds of assumptions into what they
call the meta-layer.

Simply put, we define a notion of meta-type that englobes the classifiers of contexts,
substitutions, and contextual objects. Similarly, we unify contexts, substitutions, and con-
textual objects into the notion of meta-object. This approach also simplifies the definitions
of meta-contexts and meta-substitutions, which we are finally ready to discuss. First, let us

look at the syntax of the meta-layer:

Meta-object M:= DL.R|T.o|T
Meta-type A= T.P|TI"|G
Meta-variable Xo= uls|vy
Meta-context A= A X:A
Meta-substitution 6 = -|60, M

The meta-level typing rule, defined in Figure [2.4] are simply conversion rules from the
previously defined judgments. That is, we obtain A F (f‘R) : I'.P by invoking the LF
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typing judgment A;T + R < P, that A + I'.o : I.I" by invoking the LF substitution
correctness judgment A;I" - o : IV, and that A - I' : G by invoking the schema-checking
judgment A FT': G. The same idea applies for the judgment A F A : mtype that validates
meta-type well-formedness. As for meta-context and meta-substitutions well-formedness, we
use judgments - A : mctx and A F 6 : A’ (respectively). These are defined similarly to the
LF context and LF subsitutiton well-formedness judgments. We omit their definitions here,

but provide them in Appendix [A] for completeness.

2.1.3 Computations

BELUGA is an ML-style functional programming language supporting pattern matching
over contextual LF objects. It features an indexed function space, so that types are allowed
to depend only on data-level objects. Contextual objects and types are embedded in the
computation-level via a box modality.

The central goal of BELUGA is to provide a meta-language in which expressing OLs and
their meta-theory is reasonably easy. An OL is specified in Contextual LF using HOAS, as
described in the previous section. Then, we write proofs about the OL as recursive BELUGA
programs. Crucially, a recursive function may only be seen as a proof if it is total, that is it
terminates on every input. This being said, we also allow non-terminating functions, making
BELUGA into a general-purpose programming language rather than just a proof environment.

We present here a version of BELUGA closely inspired by the one of |[Pientka and Abel
(2015)), although it differs in two important ways. First, we do not consider recursion since

it complicates the syntax of patterns significantly. Specifically, valid recursive calls have to
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be specified as part of every pattern (although they can be inferred, so users don’t need to
provide them explicitly). Without recursion, patterns are just (boxed) contextual objects.
Second, our typing rules do not require coverage for pattern matching. This distinction
cements our view of BELUGA as a general-purpose language, which will be crucial in es-
tablishing conservativity of our extension later on. We will discuss this further when we

define the refinement system for BELUGA in Chapter [l For now, let us look at the syntax

of BELUGA:
Types Tu= [Al|m = | IX:AT
Contexts Ex= | EyT
Expressions e:n= [M]|fnyT=¢e|e; ex|mlam X:A=¢e|e M

| let [X] = e, in ey | case™ [M] of b
Branches b= G[M]=e

We now discuss this syntax and the associated typing rules (see Figure The lifting
of meta-types and meta-objects to the computation level is achieved via a (contextual) box
modality, which we denote using square brackets [A]. The elimination form for the modality
is given by the let expressions : an expression e; : [A] is unboxed as the meta-variable X,
which may then be used in the expression e,.

We distinguish two kinds of function spaces, the simple function space , — 75 and
the dependent function space II1X:A.7. So, dependencies are restricted to objects from the
index domain, which provides strong reasoning power over the index domain without all the
difficulties of full dependent types. The expressions fn y:7 = e and e; e; correspond to the

introduction and elimination forms for simple function spaces, respectively. On the other
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hand, mlam X:A4 = e and e M correspond to the introduction and elimination forms for
dependent function spaces, respectively.

The language also supports pattern matching on meta-objects through the use of case
expressions. While we do not allow pattern matching on arbitrary expressions, any expression
that has a box type can be matched against by first unboxing it with a let expression and
then matching on the new variable. The type superscript 7 in case expression corresponds
to the invariant that must be satisfied by all the branches in b. We require that invariants
have the form ITA;.I1X, : Ap.7o. Intuitively, the context A in a branch A;[M] = e consists
of all and only the free modal variables occuring within M. Intuitively, a branch A; [M] = e
satisfies the invariant I1X,: 4.7y if M has type Ay and e has type [M/Xo]m0, where M, e,

and their types can depend on A.

Example: Evaluation in STLC

Now that we have BELUGA’s computation-level at our disposal, we can finally start prov-
ing things. Since our current description of STLC does not include an evaluation semantics,
there is not much to prove at the moment. So, let us start by specifying a small-step opera-

tional semantics for STLC:
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— Expression e has type 7 in context I' and meta-context A

AFZ:cctx (y1) €EZ AFM: A AFZ=:cctx
A2y CT-var A2 [(M]:[A] CT-box
AZym ke AZFer:m—1m AZEFe:n
AEFfnyn=e:m =7 CT-fn A;ZFe e CT-app
AXA=ZFe: AEFe: IIX:AT AFM:A
T CT-mlam CT-mapp

A;ZF mlam X:A = e IIX: A7 AZEFe M: [M/X]r

A;ZEke: [A] AXAZEFey: T
A;EF let [X]=ejiney: 7

CT-let

-,

T =TAIIXg:Ag79 AFO: Ay AFEM:[0]JA; A;ZFb:7 (for all b €b) oT
= -case
A;ZF (case™ [M] of b) : [p, M/Xo]T0

AZEb:T

Ao My Ay AN FA=A/O,A) A= [0]e: 0]
A, =k (Ao, [Mo] — 6) : HAl.HXOIAo.TO

CT-branch

Figure 2.5: BELUGA typing rules
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LF step :

| s-succ :

| s-beta

| s-appl :

| s—app2 :

tm — tm — type =
M — N|: M steps to N (single step)

step M N —
M — N
step (succ M) (succ N) SM—SN
: step (app (lam M) N) (M N) (Az.M) N — [N/x]M
step M1 M2 — M, —s M,

step (app M1 N) (app M2 N) (My N) — (M N)

step N1 N2 — N, — N,

step (app M N1) (app M N2);

There are four possible ways to evaluate a term. The rules s-succ, s-appl and s-app2

are simply congruences that propagate the evaluation of subterms into larger ones. All

the real work happens in s-beta, which applies functions to their arguments. Notice how

substitution in the OL (denoted as [N/x]M in the informal rule) is represented as function

application (denoted as M N) in the LF representation.

Now, the rule s-succ only allows stepping a term of the form succ M, and all of the

remaining rules only allow stepping terms of the form app M N. In particular, there are no

ways to step either zero or lam M. These are instances of values of STLC and should be

seen as the endpoints of the evaluation process. We can encode what it means to be value

as follows:

LF val : tm — type =

| v-zero : val zero

| v-succ : val M — val (succ M)

| v-lam : val (lam M);
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And now we can prove that values don’t step using a recursive BELUGA function:

LF false : type =;
rec vds : (I' : lam-ctx) [[' Fval M] — [[' Fstep M M’] — [ false] =
fn V, S => case V of
| [[" - v-zero] => impossible S
| [I' = v-succ V’] =>
let [[' - s-succ S’] = S in
vds [[' FV’] [[' F8°]

| [T" Fv-lam] => impossible S;

We start by declaring an empty type false so that we can express the intuitionistic nega-
tion (recall, =4 = (A — 1)). The keyword rec introduces a new recursive function, called
val-no-step in our case. The parenthesis around the context variable, (I' : lam-ctx), in-
dicate implicit universal quantification over contexts of schema lam-ctx. Then, the function
(i.e. proof) proceeds by case analysis (i.e. induction) on the proof that we have a value.
The cases for zero and lam are quickly dismissed as impossible since no constructor of step
allows such terms to step. So, the only case with actual work to do is the one for succ,
where we essentially only need to defer to our inductive hypothesis.

Notice that we use here the schema lam-ctx and not stlc-ctx. This is because the
typing information is irrelevant to our purpose, so good design principles dictate that it
should be omited. However, this leads to significant challenges when we need to use the
lemma for typed terms, i.e. those defined in a context of schema stlc-ctx. Simply put,

the mismatching context schema prevents us from using the lemma since the inputs with
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stlc-ctx would not type-check against what val-no-step expects. The easy solution is
to copy the function and change the schema annotation on I' to stlc-ctx, but this leads
to duplication of code that should be avoidable since val-no-step is perfectly safe to use
even with an stlc-ctx. [Felty et al. (2015]) discusses alternative solutions involving explicit
relations between contexts of the different schemas. We will discuss these in more depth

when presenting our case studies in Chapter

2.1.4 User-defined computation-level types

BELUGA supports (co)inductive and stratified computation-level types (Jacob-Rao et al.,
2018). A stratified type has an inductive structure hidden within its dependencies: any
negative occurence of the type in some constructor must depend on a term that is structurally
smaller than the constructor’s output’s dependency. These play a crucial role in representing
proofs by logical relations (Cave and Pientkal, [2018), such as normalization proofs. Inductive
types are also important in expressing the aforementionned context relations.

We omit further discussion of (co)inductive and stratified types from the current pre-
sentation as their inclusion significantly complexifies the language and we wish to focus on
refinement types. However, given the usefulness of logical relations in the theory of program-
ming languages, including them into our extension with refinement should be a priority for

future work.
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2.2 Refinement types

Now that we have introduced BELUGA in details, we move on to discussing previous work
on refinement types. Our work is inspired by the datasort tradition that was initiated by
Freeman and Pfenning| (1991)); Freeman (1994]) for MINIML, a monomorphic fragment of
STANDARD ML’s core language. Their system uses refinement type inference so that users
don’t need to provide annotations, but the inferred refinements are usually intersections with
some undesired components.

Davies| (2005)), who coined the term datasort, extended this work to the full STANDARD
ML language (including modules). They ditched sort inference in favor of a bi-directional
sort-checking algorithm, so that only the desired sorts are used by the compiler. Unfortu-
nately, even sort-checking is untenable in the presence of intersections: the compiler needs to
choose the correct branch of an intersection when synthesizing sorts for neutral expressions,
making sort-checking PSPACE-hard (Reynolds, (1997)).

Later, Lovas and Pfenning| (2010); Lovas| (2010) designed LFR, an extension of LF with
datasort refinement types. Our work starts by replacing the LF layer of BELUGA by LFR,
and extending the refinements to the rest of the language. Before we can do this, we must

introduce LFR in greater details.

2.2.1 LFR

The LFR system (Lovas and Pfenning, 2010; Lovas, 2010|) extends the Edinburgh logical

framework LF (Harper et al,|1993) with datasort refinement types. The objects of LFR are
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exactly the same as in LF, that is expressions of a A-calculus with constants. The types of
LFR are also the same as those of LF, but they play a different role, in a sense secondary to
sorts. Because sorts express more specific information than types, the properties represented
by types become less interesting.

An atomic type is generated by specifying new (unique) constants (i.e. names) for con-
structing objects and a way to use them (the type of the constant). Since the constants are
always new, types provide unique syntactic classifiers of objects formed with constructors.
In this sense, atomic types can be considered intrinsic properties of objects, an idea rein-
forced by the fact that we can synthesize a unique type for every neutral terms (and atomic
types are only inhabited by neutral objects in a canonical form presentation). A similar
idea applies to function spaces, provided that variables bound by A-abstractions have a type
annotation.

Sorts, on the other hand, can tell us more specific information about the order in which
constructors are used in an expression. This is achieved by removing the burden that every
constructor name be unique when declaring a new sort. Instead, a user defining a new sort
must specify a previously defined type and use only a subset of its constructors. In addition,
they may assign new sorts to the selected constructors. This provides the tools to isolate the
fragment of objects of a given type whose structure satisfies some regularity condition. |Free-
man| (1994)) discusses how datasort definition corresponds to regular tree automata (Gécseg
and Steinby, 2015)), which generalize regular expressions to trees. Importantly, sorts charac-
terize objects that exist independently of them, and are therefore extrinsinc properties. We

refer to [Pfenning| (2008) for a discussion of this two-layered approach to unify the intrinsic
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and extrinsic views of typing.

Types, sorts, and the refinement relation

Now, let us formally look at the refinement types of LFR. As mentionned above, the clas-
sifiers of our language are separated into two layers, types and sorts (or refinements), which
are related by a refinement relation. We write S C A to indicate that sort S refines type A.
Sorts are defined essentially in the same way as types, whose syntax we recall to highlight

the resemblance:

Type level Refinement level

Atomic families | Pu=a|P M Qu=s|QM|P

Canonical families | A := P | x:A;1. Ay | S == Q | 1x:5;.5;

The refinement relation ultimately boils down to what the user specifies. An atomic
type family a is defined by its constructors and their types. An atomic sort family s C a
is then defined by selecting a subset of the constructors of a and assigning them sorts that
refine their previously specified types. In this sense, refinements offer a way to safely reuse

constructors. Finally, the relation is lifted to other types with simple congruence rules :

Q[P SIEAl .Z'ISl|_SQ|:A2
Q MCPM H.TISl.SQ C HQ?IAl.AQ

Intuitively, a refinement relation S C A holds if S and A have the same shape (including
term dependencies) and every atom s occuring in S refines the corresponding atom a in A.
Whether or not s C a can be determined by looking at the declaration of s in the signature.

Since s can only refine a single a, given any sort S, we can generate the unique type A such
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that S C A simply by traversing S and replacing any occurence of an atom s by the atom a
which it refines. Consequently, we can view the type A as an output of the judgment S C A.

The other syntactic categories of the language are similarly duplicated at the refinement
level. Each category is equipped with a refinement relation that is induced by the refinement
for types. In pure LFR, this means that we have kind refinements and context refinements,
but this duplication will keep happening as we reach the computation-level. We will discuss
contexts in details in Section 3.1 and focus our attention on kinds for now. Kinds and their

refinements (called classes by |Lovas and Pfenning (2010))) are given by the following syntax:

Type level Refinement level

Kinds

K :=type | [lz:A.K | L == sort | [lz:S.L
and the refinement relation is given by the following two rules :

SCA z=SFLCK
sort [ type Me:S.L C x:A K

Intuitively, the refinement relation L C K holds if L and K have the same shape and all the
sorts in L refine the corresponding type K. Hence, kind refinement is simply a consequence
of type refinement. In particular, since A is an output of S C A and sort only refines type,
we can also view K as an output of L C K. In fact, a similar principle applies to all of our

refinement relations to come since they are all induced by type refinements.

Example: From judgments to algorithms, an evaluation strategy for STLC
When we discussed the stepping semantics for STLC earlier, we defined a non-deterministic
judgment. In particular, there can be several ways to step a function application. For in-

stance, we can choose to first evaluate on the right and then on the left, of vice versa. In
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practice, we need to fix an evaluation strategy since algorithms must be deterministic.
Here, we use refinements to extract those stepping derivation that follow a call-by-value
(CBV) strategy. This means that we evaluate a function application by first reducing the
right-hand side to a A-expression, then we reduce the left-hand side to a value, and finally
we apply [B-reduction. We can impose these constraints by restricting some terms to values

in the sorts of the constructors of step. But first, we specify values as a refinement of terms:

LFR val C tm : sort =
| zero : wval
| succ : val — val

| lam : (tm — tm) — val;

As mentionned before, a sort is defined by picking some constructors of a type and
assigning them sorts. Here, we pick all of the constructors except for app and we restrict
the sort of succ to val — wval since the successor of an arbitrary term may not be a value.

Now, we can define a CBV strategy as a refinement of step:

LFR cbv C step : tm — tm — sort =

| s-succ : cbv M N — cbv (succ M) (succ N)

| s—appl : cbv M1 M2 — cbv (app M1 N) (app M2 N)

| s—app2 : (V : val) cbv N1 N2 — cbv (app V N1) (app V N2)

| s-beta : (V : val) cbv (app (lam M) V) (M V);

Here, we have mainly restricted s-app2 and s-beta. We are only allowed to reduce the
argument of a function application if the function is already a value, and we only allow uses
of s-beta if the argument is already a value. Note that for s-app2, we only enforce that
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the left-hand side of an application has sort val, not that it is a lam. However, the typing
rules of STLC enforce that the left-hand side of function applications have function types,

and values of function types are all of the form lam M.

2.2.2 Subsorting

One goal of refinement types is to provide a manageable form of subtyping. However, we
want to maintain the fact that any well-formed expression has a unique type, and this
fundamentally goes against having subtyping. Instead, we use the notion of subsorting,
which is like subtyping, but at the level of sorts. Since we do allow well-formed expressions
to have several different sorts, a subsorting relation can be meaningful, provided that any
two subsorts refine the same type.

The refinement relation for atomic families () T P is similar to the notion of constructor
subtyping (Barthe and Frade, 1999), according to which a subtyping relation P, < P, occurs
between two inductive when P; is defined by a subset of the constructors of P,. As such, it
is sensible to consider a notion of subsorting (i.e. subtyping at the level of sorts) such that
@ < P whenever Q C P. In particular, a subsumption rule is admissible for refinements of
atomic families.

The similarity between subtyping and refinement does not carry to function spaces be-
cause the rule for establishing Ilx:S;.Sy C Ilz:A;.As requires that S; C A;. This is in
contrast with subtyping, which is famously contra-variant in the domain of function spaces,
i.e. requires that A; < A} to conclude that ITA}. A}, < I1A;.A;. The contra-variance is

essential in ensuring that subsumption remains sound on function spaces : A function de-
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fined over a large domain A is safe to use on objects from a smaller domain A’ < A, but a
function defined over the small domain A" may not be safe to use on all objects of type A.
For this reason, we cannot generally consider refinement types to be a form of subtyping,
although there is a natural subsorting relation that emerges from the refinement relation.
This being said, subsumption is admissible for all LF types because the function spaces are
weak, so there is no issue of ensuring totality. Once we reach the computation-level and
include pattern matching, allowing subsumption would not always preserve coverage.

We also allow the user to specify their own subsorting relation, but only for atomic sorts.
Intuitively, the subsorting relation s; < sy C a corresponds to the presence of a conversion
rule from s; to so. We require that the subsort s; be specified prior (or simultaneously) to
its supersort s,.

Once the user has defined subsorting on atomic sorts, the relation is propagated through
the rest of the language in two steps. First, we take the reflexive transitive closure of
subsorting for atomic sorts. Then, we define subsorting for function spaces with the usual
contra-variant rule. In this case, reflexivity and transitivity cannot be used directly for
function spaces, although the two rules are easily shown to be admissible via inductive
arguments.

Allowing reflexivity and transitivity only for atomic sorts ensures that any uses of these
rules can be validated with a simple procedures. Reflexivity is just syntactic equality of a
constant and transitivity can be established by traversing the lattice of sorts refining a given
type.

For any type A, the set of sorts S C A forms a partially ordered set (poset). We know
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that S < A C A whenever S C A, so the poset has a maximal element (commonly denoted
T). Moreover, we can always define an empty sort L — A such that L < S C A for any

S C A, so the poset can have a minimal element.

Example: Neutral and normal terms

We demonstrate the uses of subsorting by encoding neutral and normal terms of the
untyped A-calculus. We use the same type tm as before, which we recall encoded an untyped
A-calculus with natural numbers. A term is normal if none of its subterm can be evaluated
further. This is similar to the notion of values discussed in the previous example, except
that now we also need to ensure that the bodies of functions cannot be evaluated further.

To properly define normal terms, we must ensure that no A-abstraction appears on the
left-hand side of a function application, as otherwise [-reduction could be performed. To
achieve this, we need to separate term formation into two phases, neutral and normal.
We start by constructing neutral terms from constants, variables, and function application.
Then, we convert neutral terms into normal terms, at which point only A-abstractions can

be introduced. We encode this language of normal terms as follows:

LFR neutral C tm : sort =
| zero : neutral
| succ : neutral — neutral

| app : neutral — normal — neutral

and normal > neutral C tm : sort =
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| lam : (neutral — normal) — normal;

When defining normal, we specify that it extends neutral. This means that any neutral
term may be interpreted as a normal term. Once we have a normal term, we can start
binding its free variables with lam. However, the constructor app can no longer be used
since it is not part of the definition of normal. Thus, these two sorts allow us to specify a
more precise order in which the constructors may be used.

Note that the negative occurence of tm in the type of lam is refined with the sort neutral.
This means that a context used to construct normal terms should have its variables restricted
to sort neutral. In this case, the schema lam-ctx discussed earlier no longer provides a good
representation of OL contexts used for constructing normal terms. To handle this difficulty,

we will need a notion of refinement schema, which will be introduced in the next chapter.

2.2.3 Changes to LFR

Our presentation of LFR differs from that of Lovas and Pfenning| (2010); |Lovas| (2010) in
several ways and describes a slightly different language. The changes that we made were
motivated by two main reasons: because they facilitate a smooth integration of refinements
into the setting of BELUGA, or because we considered them as improvements on the origial
LFR. We will now discuss these changes in details.

Our first modification concerns the embedding of types into sorts. Our syntax allows
interpreting any atomic type as an atomic sort, so that P = P for any atomic type P.
In contrast, |Lovas and Pfenning (2010) have a special sort, called T (read top), such that

T C A for any type A. Consequently, there is no distinction between the T-sort for type
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A and the one for a different type A’. This means that upon encountering T in a sorting
derivation, the type that is refined cannot be directly inferred. In previous work, this issue
was solved by performing type-checking first, so that we could know which type is refined
by which T. We consider this to be wasteful since sorting derivations have the same shape
as their typing counterparts. Thus, performing typing and sorting results in doing much of
the work twice. Moreover, there are many cases where T does not appear within a sort,
so that the whole typing derivation serves no real purpose. Using an explicit embedding
of types into sorts allows to switch to a typing procedure only when we encounter a type,
which reduces the amount of redundant work. In this sense, we consider this modification
as a strict improvement of |Lovas and Pfenning (2010)’s work. We recall also from our first
example that every type can be redefined as a sort by the user. In this sense, it is redundant
to embed types into sorts. However, its presence is necessary to provide the subsorting
relation Q < P C P.

Secondly, we distinguish sorting and typing contexts, whereas Lovas and Pfenning] (2010))
used mixed contexts that ascribe both sorts and types to each variable. That is, their
contexts have the form z; : S; C A4,...,z, : S, C A,, while we would have a refinement
relation directly between the contexts, that is (x1 : S1,...,zp : Sp) T (21 1 Ay, ooy 2y 2 Ap).
The reason for this change is that it facilitates the transition to contextual refinements. We
will discuss this issue in more depth when we introduce Contextual LFR, in the next section.

The last technical modifications that we made is the omission of intersection sorts. [Lovas
and Pfenning| (2010)) only allows constants to be given a sort once, but the whole idea of

refinements only works if we can assign them multiple sorts. The standard way to tackle this
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issue is to allow users to declare multiple sorts at once through intersection sorts. That is,
the sort S7 A Sy classifies objects that inhabit both sorts S; and S;. Here, we take instead a
different approach and allow constants to appear several times within a signature. However,
we also change the form of declaration so that each declared constructor appears inside a
type or sort declaration, following |Cave and Pientka| (2018]).

Note that the absence of intersections prevents variations on the possible uses of a con-
structor for a particular sort. That is, we cannot have c : S = sand c: S — s since ¢
can only have one sort generating an s. The original system of [Lovas and Pfenning (2010)
does support such definitions since intersections can be used anywhere. Moreover, |[Lovas and
Pfenning| (2010) gives an example that uses intersections in this way, namely the encoding
of the languages of the A-cube (Barendregt) (1991). It would be difficult to reproduce this
mechanization in our language without including intersection sorts. This being said, the

addition of intersection sorts poses no fundamental challenge.

2.2.4 Other forms of refinements

Our work is inspired by the datasort approach of refinement types, but other forms of
refinements have been developped in the past. We briefly discuss here two alternative forms
of refinement types that are particularly interesting.

Another important (and perhaps more common) approach is index refinements, first in-
troduced by Xi| (1998); Xi and Pfenning (1999) for the core language of STANDARD ML. They
design a family of dependently-typed ML-style languages parameterized by an arbitrary in-

dex domain C, called DML(C). Refinements are obtained by allowing quantification over
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the index domain, which intuitively corresponds to having a refinement relation Ilz:S.A C A,
where S € (. In this way, most difficulties of dependent types can be avoided, similarly
to how we avoid them in BELUGA’s computation-level. Datasort refinements and index re-
finements were combined by Dunfield (2007)), essentially yielding an extension of DML with
intersections.

An important development of this approach came in the form of logically qualified (or
liquid) types (Rondon et al., [2008]), this time as an extension of OCAML. In this methodol-
ogy, a refinement is expressed as {x : 7 | P(z)}, where 7T is a type and P is a boolean-valued
function over 7. The type 7 can then be seen as the refinement {x : 7 | true} and this
allows combining typing and sorting into one judgment, much like we have done for datasort
refinements.

Jones and Ramsay| (2021)) used refinement types to validate termination in the pres-
ence of non-exhaustive pattern matching. Given that BELUGA views terminating functions
as proofs, the ability to validate it in the presence of non-exhaustive pattern matching is
particularly useful for our purpose. Jones and Ramsay| (2021)’s notion of an intensional
refinement is obtained by removing some of the constructors from a datatype, but the re-
maining constructors cannot be assigned new sorts. Instead, a constructor c : A selected for
the sort s C a is assigned the sort S obtained by replacing every occurrence of a in A by
s. Moreover, the simplicity of intensional refinements allows |Jones and Ramsay| (2021) to
provide a practical language featuring full type and refinement inference. In a sense, inten-
sional refinements appear weaker than datasorts since users are not allowed to specify new

sorts for constructors. In particular, they cannot control the order in which constructors
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are applied. On the other hand, |Jones and Ramsay| (2021)) do not consider that the absence
of base cases in a refinement leads to the refinement being empty. Rather, they view such
refinements as describing infinite structures. For instance, the refinement of the type of lists
that only maintains the list extension constructor is viewed as the refinement type of infinite

lists instead of that of non-empty lists.
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Chapter 3

Contextual LFR

This chapter presents the specification language, or data-level, of our extension of BELUGA
with refinement types. Conventional BELUGA uses Contextual LF and our extension replaces
that by a contextual variant of the LFR system developed by Lovas and Pfenning (2010));
Lovas| (2010). Contextual objects, sorts and types allow us to keep track of variables and
their types as we traverse open terms. This is crucial in obtaining pattern matching on LF
objects since we may need to match against functions. With contextual objects, we can
extend our context and analyze the body of a function while keeping track of the variables

that may occur within.

3.1 Contextual LFR

Next, we extend LFR with contextual modal types and sorts.
The main difference between LFR and Contextual LFR is that objects and classifiers are

bundled with a context in which they are meaningful. This facilitates traversing open objects
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in recursive functions since the "free” variables are kept in the context, i.e. as part of the
object itself. In addition, substitutions are used to move between contexts while preserving

the meaningfulness of objects and types.

3.1.1 Contexts and schemas

Syntax of LFR contexts and schemas :

Type level Refinement level
Blocks of declarations | B ::= - | ¥x:A.B Cu=-|Zx:S.C
Schema elements E :=B|llz:AE F:=C|lx:S.F
Contexts Do=- | DA [T, 0:E-M| U= U 25| UhF M
Context schemas G:=-|G+E H:=-|H+F

Blocks of declarations represent tuples of labelled assumptions, i.e. variables. The empty
block - is not valid on its own, rather it is a syntactic device that indicates the end of a block.
Empty blocks are not strictly necessary for the system to work, but facilitate the theoretical
development by providing a simple base case.

A schema element is a parameterized block of declarations. While blocks express specific
instances of assumptions, schema elements encode the general requirements of a particular
form of assumption. For instance, a typing assumption (informally denoted by x : A) is
characterized by the schema element I1A : tp.Xz:tm.Xt:0ft x A.-, while a particular instance
of this assumption would be Xx:tm.Xt:0ft = A.-.

LFR contexts can contain two kinds of variables. Ordinary variables, denoted by =,
stand for an arbitrary LFR object of the specified type. Block variables, denoted by b, stand

for tuples of assumptions satisfying the specification of a schema element. In conventional
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QU+ I'C F|— Refinement relation for schema elements

QFYCTD QUvESCA QU,eSHEFCCB QUESCA QU SHCCB
QUE.-C- QU FYe:S.CC Xr:AB QU F Ilx:S.F C llz:AE

O F H C G| Refinement relation for context schemas

FQC-A QFHCF Q-FFCE E¢G QFHCF Q-FFCE E€G
QF -C - QFH+FCG+E QFH+FCG

QF VU C I'| - Refinement relation for contexts

FQCT QFICT QUFSC A QFRYCT QVEFCE
QF-C- QF (U, 2:9) C (T, 2:A) QF (W, b:F - M) C (T,b:E- M)

Figure 3.1: Refinement relations for contexts and schemas

Beluga, block variables are directly assigned with a block of declaration instead of a schema

element applied to some objects. Here, we require that these objects be specified explicitly,

so that they can be recovered when pattern matching on a context.

The refinement relations for contexts and schemas are simple. For schema elements, we

just check one sort at a time, starting with the parameters and then the assumptions in the

block. Similarly, contexts are checked one assumption at a time. For block assumptions,

refinement requires the same parameters to be used in the refined schema element. The

relation on schemas is similarly simple, but we take care not to allow duplicate schema

elements in G (or in H for that matter). We do this mainly because duplicate elements serve

no purpose in practice, but also to highlight the fact that multiple elements of H can refine

the same element of G.
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3.1.2 Objects

Now that we have discussed the classifiers of contextual LFR, let us look at the objects
that they classify. There are two kinds of interesting objects, namely terms and substitutions.
Terms are classified by sorts (and types), while substitutions are classified by contexts.
Only normal forms are allowed at the data-level, and this is enforced with a canonical form

presentation (Watkins et al., 2002)). The syntax is as follows :

Neutral term R:= c|az|bk|RM

Spine M= - ] M; M
Normal term M == R|ulo] | z.M
Substitution o= -|lo,M|o, M

The separation of terms into neutral and normal ensures that no S-reduction can be done.
The typing rules (see Figure will also guarantee that all terms are n-long. Substitutions
consist of normal terms and spines of normal terms. The domain of a substitution is not
specified in the substitution itself. Rather, a substitution has the same structure as its
domain context. In particular, substitution extension with a single term will match context
extensions with a single assumptions, while substitution extension with a spine will match

context extension with a block of assumptions.

3.2 Meta-types and meta-objects

The meta-layer unifies the different kinds of objects and classifiers of the data-level into
unique constructs. This facilitates function abstraction at the computation-level since oth-
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QUEFM<«SC A|— Check normal term M against sort S.

QUEFR=SCA QU x:S1F M« S, C A
QUEFR<=SCA QU F A e.M <= Ilx:5,.5 C Ilx:A;. Ay

QGUVEFR=SC A‘ — Synthesize sort S for neutral term R.

(b:E-M)eU E-M~C C>,SCA
QGUFbk=SC A

QU R=IIx:5.5 C Ilx:A1. Ay, QU EM<«<=SC A
QUERM= [M/x]Sy C [M/x]As

QU Fb:D>FS| - Extract sort S for k" projection of block b (it" step)

QU kb [bi/z]D >k, S
QUEb: Yr:S.D >k S QU kb:Y2:S.D>kS

QU Fo:VyC I'y|— o is a well-formed substitution from ¥y to ¥y

Ql—\Illljf‘l Q;\Ijll_UI\DQEFQ Q,\I]ll_MCSEA
QU - QU F (0, M) : (Vg,2:5) C (g, z:A)

QU Fo: U, Ty (F[M]~ C)C (E[My]~ D) QUFM <CECD
Q: Uy F (0, M) : (Uy, b:F[M,)) C (Ty, b:E[My))

Figure 3.2: Bi-directional typing rules

erwise each kind of object would need a special kind of function space. As before, our
classifiers are separated into types and refinement types. Moreover, since meta-objects in-
clude contexts, we naturally obtain a refinement relation for objects as well.

The syntax is as follows :
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(QFN:S)C (AFM: A)| - Sorting and typing judgments

FQcA QFVED WWER<=QEP LA QFUCT QFU:HCG
QFU.R:V.Q)C (AFT.R:T.P) QFY:H)C(AFT:G)

l_Q[A QF\Dl[Fl Ql_\DQEFQ Q,\I’ll_O"Ijg
(Ql_\ill.O'I\Dl.\IJQ) C (Al_fl.O'Irl.F2>

Figure 3.3: Meta-level typing and sorting

Type level Refinement level

Meta-types A:=T.P|TI"|G|S:=0.Q|Vv.V|H
Meta-objects M:=TR|To|T |N:=UR|Uo|T

Meta-contexts A=A X:A Qu=-10,X:S

Meta-substitutions | p = - | p, M 0=, N

Contexts with hats (f‘, \i/) are called erased and contain no type or sort information, so
they consist only of variables. Erased contexts are sufficient in this setting since the LF
neutral objects and LF substitution do not refer to any type or sort information present in
the context. Note that if ¥ = I, then W = I". This means that if N' = M are not just
contexts, then N' = M. Accordingly, refinements of meta-objects (and later, computation-
level objects) only provides information when contexts are used as objects.

The refinement relation for meta-types is obtained by lifting the corresponding refine-
ment relations (developed previously). Similarly, the refinement relation for meta-objects

is obtained by lifting the refinement relation on LF contexts. For example, the natural
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refinement rule for W.(Q) is the following :

QFYCTD QEFQC P
QFY.QCT.P

In a sense, this raises the refinement relation to the level of LFR judgments. It is helpful
to pursue this idea further by formulating our rules for the meta- and computation-level as

a refinement relation between judgments. The above rule would then become :

FQCA QFYCT 3V FHQCP
(QFV.Q)C (AFT.P)

This judgment (2 - S) C (A F A) can then serve as both a type well-formedness and a
refinement judgment. We can similarly unify the sorting and typing judgments (see Figure
, the context well-formenedness and refinement judgments, and so on. In all of these

judgments, we can consider the type-level part to be an output.

3.3 Conservativity of refinements
Theorem 3.3.1 (Conservativity for data-level)
1L If (VL) (AT F K - kind), then AT F K : kind.
2. If (U ES)C (A;T'F A< type), then A;TH A < type.
3 If (0 M:L> sort) C (A;FI—M : K > type), then ATHM:K > type.
4. If (b, VEH=S8)C (A;THH= A), then A;THH = A.

5. If (¥ EW[M] > D)C (AT HV[M] > C), then A;T VM| > C.

6. If (LU Fb:D>FS)C (A TEbL:C>FA), then A;T Fb:C >k A
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10.

11.

12.

15.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

If (U ER=S5)C (A;T'FR= A), then A;TFR= A.
IF(QUEM:S>8)C (ATHM:A>A), then A;THM: A > A
FQuUFM<S) T (ATFMeA), then AT - M < A,

If (¥ ED)C (A;TFC:block), then A;THC - block.

If (v EW)C (A TV :world), then A;T =V : world.

If (QFG)C (AF F: schema), then A+ F : schema.
FOQFU:G)C(AFT:F), then AFT: F.

If(QFU)C (AFT: ctz), then AFT : cta.

If (U ko :Uy)C (AT Fo:Ty), then A;T1Fo: Ts.
If(QUFM«<D)C (ATHM<«<C), then A;THM < C.

If (FQ)C (FA: metz), then b A : metz.

If QFS)C (AF A: mtype), then A+ A: mtype.
FOQFN:S) T (AFM:A), then A M: A.

(b p: Q) C (AL FO:Ay), then Ay -0 : A

If (U E S <S)C (AT EA), then A;TH A < type

If (¥ E Dy <Dy)C (A;T'FC:block), then A;T'HC - block.

If (0 =W, <Wy)C (A; TV iworld), then A;T =V 2 world.
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24. If ;¥ F Hy < Hy) T (A; T+ G : schema), then A;T' = G : schema.

25. If ( QF 8 <8&) C (AF A: mtype), then A+ A: mtype.

Proof.
We argue by simultaneous induction on the given derivation D.
1. Wehave D :: (; ¥+ L) C (A;T'F K : kind). There are two cases to consider
D/

(QFY)C (AFT: ctx)

KR-t
Case D = (; ¥V F sort) C (A;T'F type : kind) ype
We have AF T : ctx by inductive hypothesis on D’
Then A;T' F type : kind by rule K-type

'D/

(W, x:SHL)C (A;T,2:AF K : kind)

KR-pi

Case D = (¥ 1le:S.L) C (A;T F IIz: A K : kind) Pl
We have A; T, x:AF K : kind by inductive hypothesis on D’
Then A;T'F IIz:A.K : kind by rule K-pi

2. Wehave D :: (; ¥ FS)C (A;TF A« type). There are two cases to consider :

Dy: (siL)C (aK)) €%
Dy: (G UFM:L>sort)C (A;TFM: K > type)

= = TR-atom
Case D = (QU ks M)C (A;TFa M < type)

We have (a:K) € & by inversion on signature formation rules with D;
We have A:T + M : K > type by inductive hypothesis on D,
Then A;T'Fa M < type by rule T-atom
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D/

(W, 251 F Sy) C (AT, A B Ay <= type

TR-pi

Case D = (U F :5,.9,) C (A;T F IaiA, Ay < type P
We have A; T, x:A; F Ay <= type by inductive hypothesis on D’
Then A;T' F Ilz:Ay. Ay <= type by rule T-pi

. Wehave D:: (U F M : L > sort)C (A;T'F M : K > type). There are two cases

to consider :

D/
(QFU)C (AFT: ctx)
- , KR-spn-nil
Case D = (; ¥ F nil : sort > sort) C (A;T'Fnil : type > type
We have AFT : ctx by inductive hypothesis on D’
Then A;T'F nil : type > type by rule K-spn-nil

Dy (UUFM<S)C(ATHFM<A4)
Dy (9 M:[M/x]L > sort) C (A;T'F M : [M/z]K > type)

Case D= (0 U+ (M; M) : [z:S.L > sort) C (A;T F (M; M) : z:A.K > type)

KR-spn-cons

We have A;T'H M <= A by inductive hypothesis on D,
We have A; T - M : [M/x]K > type by inductive hypothesis on D,
Then A; T+ (M; M) 1z A.K > type by rule K-spn-cons

. Wehave D:: (¥ +H=S8)C (A;T'F H = A). There are three cases to consider

Dl DQ

(c:SCA)eX (QFTU)C (AFT: ctx)
Case D = (QUFc= 9 C (ATFe= A)

TRS-const
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We have (c: A) € & by inversion on signature formation rules on D,

We have A FT': ctx by inductive hypothesis on Dy
Then A;TFe= A by rule T'S-cons
D, D, Dj

(&:8) eV (A el {QFY)C (AFT:ctx)}

Case D = (U= 85)C (A TFax= A) TRS-x
We have (2:A) € T by assumption Ds.
{ We have A F T : ctx by inductive hypothesis on Dj }
Then A;THz = A by rule T'S-x
Di: (bw[M])€®  Ds: (¥ Fw[M]>D)C (AT Fv[M]>C)
Dy: (b:v[M]) €T Dy: (LU Fb:D>YS)C (A;THb:C >V A) TRS-b
Case D= (U FbEk=S)C (AT Fbk= A)
We have (b:v[M]) € T by assumption Dy
We have A; T+ v[M] > C) by inductive hypothesis on Dj
We have A;THb:C >h A by inductive hypothesis on D,
Then A;T'Fbk= A by rule TS-b

— —

5. We have D :: (; ¥ + W[M] > D) C (A;T = V[M] > C). There are two cases to
consider :
'D/

{(; ¥+ D) (A;TFC :block)}

Case D = (T F Dnil] > D) C (AT F Cliy] > ¢) (vinst-nil
{We have A;T' = C' : block by inductive hypothesis on D’
We have A;T' + C[nil] > C by rule Inst-nil
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D, : ((WTW)IZ(v:V))GZ_)

Dy: (0 EW[M]>D)C (AT HV[M] > C)

R-Inst-const

Case D= (U + w[M]> D) (AT +v[M] > C)
We have (v=V) € X by signature formation rules and D,
We have A; T+ V[M |>C by inductive hypothesis on D,
Then A;T + v[M] > ¢ by rule Inst-const

Di: {(¥FM<=S)C (A;THFM«<=A)}
Dy: (%W ((M/a]W)[M] > D) C (AT F ([M/2]V)[M] > O)

Case D= (U + He:S.W[M; M] > D) C (A;T F ez A.V[M; M]) > C frtnst-pi
{We have A;THF M < A by inductive hypothesis on D; }
We have A; T+ ([M/2]V)[M] > C by inductive hypothesis on D,
Then A; U + Iz AV [M'M] > C by rule Inst-pi

6. We have D :: (¥ Fb: D >FS)C (A;TFb:C >k A). There are two cases to

consider :
R-Ext-stop
Case D= (VU Fb:Xx:S.D>FS)C (AT Hb: S AC >F A)
We have A;T Fb: Xa:A.C >F A by rule Ext-stop.

D/

(G b [bi/z)D >k S)C (AT Fb: [bi/2]C >k )

Case D= (GUFb:Ye5' D>FS) C (AT Fb: A O ShA) Tvbxt-cont
We have A;T F b : [bi/z]C >k by inductive hypothesis on D’
Then A;TFb: Sa:A.C >k A by rule Ext-cont

7. Wehave D:: Q; ¥ F R= S)C (A;T'F R= A). There are two cases to consider :
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Di: (VY HFH=95)C (ATHH=A)
Dy: (QUFM:S>8)C (ATHM:A > A)

Case D=  (Q;U+HM=5)C (A;L+H M= A) TRS-app
We have A;T'H H = A by inductive hypothesis on D,
We have A; T - M:A > A by inductive hypothesis on Dy
Then A;THH M = A by rule TS-app

Dy: (u:¥.9) € Ds

Dp: (u:I".4)e A (QuUbko:V)C (AT o 1Y)

Case D — (U F afo] : [0]9) C (AT F afo] : [0]A) TRS-mvar
We have (u:I".A) € A by assumption Dy
We have A;T'F o : TV by inductive hypothesis on Ds
Then A;T' - ufo] : [0]A by rule TS-mvar

8. We have (Q; W+ M : 58 > S)C (A; T+ M: A > A). There are two cases to consider

D/

{( BV ES)C (A THA<type)}

Case D= (Q;¥UFnil:S>S)C (A;TFnil: A> A) TRC-spu-nil
{We have A;T'F A < type by inductive hypothesis on D’ }
We have A;T'Fnil: A > A by rule TC-spn-nil

Dy: (QUF M« S)C(ATHM< A
Dy: (U EM:[M/z]S5>8)C (A TFM: [M/z]Ay > A)
M

Case D= (U F (M; M) : 1z:5,.5) > S) C (A;T F (M; M) : Ilz: A} A} > A)

TRC-spn-cons

We have A;T'F M < A) by inductive hypothesis on Dy
We have A; T M : [M/z]A, > A by inductive hypothesis on D,
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Then A;T - (M; M) : Tlx: A} AL > A by rule TC-spn-cons

9. Wehave D:: (; 0 F M < S)C (A;T'H M < A). There are two cases to consider :

Dl DQ
(QBUEFR=S5)C(ATFR=A) (¥ ES<S)C(ATEA)
Case D — (QUFR<=S)C (ATFR=A) TRC-conv
We have A;THR= A by inductive hypothesis on D’
Then A;TFR<«<= A by rule TC-conv
D/
QU e:SEFM<S)C (AT, AFM < A)
Case D(Q U F Ao M < 2:5.9) C (AT F Ao M < Tz A A) TRC-lam
We have A; T, A+ M < A by inductive hypothesis on D’
Then A;T F .M < Tlx:A A by rule TC-lam
10. We have (Q2; U+ D) C (A;T'F C : block). There are two cases to consider :
D/
(QFTU)C (AFT: ctx)
Case D= (V¥ F-)C (A;TF-:block) BR-empty
We have A FT': ctx by inductive hypothesis on D’
We have A F - : block by rule B-empty
Dy: (UES)C (AT H A<« type)
Dy: (0, 2:5F D) C (AT, 2:AF C : block)
Case D= (QUF S2:8.0) C (AT F SAC : block)  Drusiema
We A;T'F A <= type by inductive hypothesis on D,
We have A;T',2:AF C : block by inductive hypothesis on Dy
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11.

Then A;T'F ¥2:A.C' : block by rule B-sigma

We have D :: (Q; W F W) C (A;TFV :world). There are two cases to consider :
D/

(¥ ED)C (A;TFC:block)

Case D= ((LUF D) C (AT FC:worla) 'Y R-conv
We have A;T' = C' : block by inductive hypothesis on D’
Then A;T'F C' : world by rule W-conv

Dy: (0 FS)C (A;T'F A< type)
Dy: (¥, :SEW)C (AT, 2:AFV 2 world)

Case D= (U F Ma:SW) C (AT F AV :world) V¥ U P
We have A;T'H A < type by induction hypothesis on Dy
We have A; T, 2:AFV @ world by induction hypothesis on Dy
Then A;T F ITz: AV - world by rule W-pi

12. We have D :: (QF G) C (A + F : schema). There are three cases to consider :

D/

(FQ)C (FA:metx)

SR- t
Case D= (QF ) C (At -: schema) CmpLy
We have - A;mctx by inductive hypothesis on D’
Then A F - : schema by rule S-empty
D, (QFH)C (AF G : schema) Dy w¢ H
Dy, (w=W)C (v=V:world)eX Dy vé¢dG
Case D = (QF H+w)C (AF G+ v :schema) SR-ext
We have A F G : schema by inductive hypothesis on D,
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We have (v =V :world) € ¥ by signature formation rules on D,
We have v ¢ G by assumption D,
Then A+ G + v : schema by rule S-ext

D, (QFH)C (AF G : schema) Dy w¢ H
Dy, (w=W)C(v=V:world)e¥X D, veGld

Case D = (QF H+w)C (AF G : schema) SR-ext-dup

We have A F G : schema by inductive hypothesis on D;.

13. We have (QF ¥ : G) C (AT : F). There are three cases to consider :
D/

(QF H)C (AF G : schema)

Case D= (OF “H)C(Ar-:q) orc-empty
We have A F G : schema by inductive hypothesis on D’
Then AF-: G by rule SC-empty
D D,
(w:H)eQ (:G)eA
Case D= (QF¢:H)C(AF¢:qG) SROvar
We have (¢ : G) € A by assumption D
Then AFy: G by rule SC-var
Di: (QFY:H)C(AFT:G) D3: we H
Dy {(Q;\III—W[M] > D) T (A;T F v[M] >c>} Di: veG
- = SRC-ext
Case D = (QF (v, bow[M]): H) T (AF (I, b:v[M]) : G)
We have AFT : G by inductive hypothesis on D,
{We have A; T F V[M |>C by inductive hypothesis on D,
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We have v € G by assumption D,
Then A F (T, b:v[M]) : G by rule SC-ext
14. We have (2F W) C (A F I': ctx). There are four cases to consider :
D/

(FQ)C (FA:mctx)

Case D= (QF-)C (AF-:ctx) CR-empty
We have - A : mctx by inductive hypothesis on D’
Then At -: ctx by rule C-empty
D, D, Ds

(Ww:H)yeQ (@W:G)eA (FQC(FA:metx)

Case D — QF ) C(AF o :ctx) CR-var
We have (¢ : G) € A by assumption Dy
We have - A : mctx by inductive hypothesis on D3
Then A4 : ctx by rule C-var
Di: (QFY)C (AFT: ctx)
Dy: (¥ ES)C (AT HA < type)
Case D= (QFV,2:5)C (AF (I, 2:4) : ctx) CR-cons-x
We have A FT': ctx by inductive hypothesis on D,
We have A;T'+ A < type by inductive hypothesis on Dy
Then A+ (I', 2:A) : ctx by rule C-cons-x
Di: (QFY)C (AFT: ctx)
Dy: (0 Fw[M]> D) (0 Fv[]M] > C)
CR-cons-b

Case D= (QF U, bw[M]) C (AF (I, b:v[M]) : ctx)
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We have A F T : ctx by inductive hypothesis on D,
We have Q; U F V[M |>C by inductive hypothesis on D,

Then A b (I, b:v[M]) : ctx by rule C-cons-b
15. We have (Q2; Uy o : Wy) C (A; T F o : I'g). There are four cases to consider :

'D/

{QFY) C(AFTy:ctx)}
Case D= (U, F-:)C (AT F-:0)

SubstR-empty

{We have A F Ty : ctx by inductive hypothesis on D’ }
Then A;T' - - by rule Subst-empty
Dl : <w : H) S Q Dg
Dy: (W:G)eA {(QFT))C (AFT;:ctx)}
Case D — (U, F idy: ¢) C (AL, F idy - 9) SubstR-id
We have (¢ : G) € A by assumption Dy
{We have have A F T’y : ctx by inductive hypothesis on Dg}
Then A;T'y = idy @ 9 by rule Subst-id

Di: (U Fo:Wy)C (AT Fo:Ty)
Dy: (VM <=|[o]S)C (AT F M < [o]A)

Case D = (00, F (0, 0M) - (U5, 2:5)) T (AiTy F (0, M) - (Tg, wiA)) U PRt
We have A;T'  F o : Ty by inductive hypothesis on Dy
We have A; T F M < [0]A by inductive hypothesis on D,
Then A;Ty - (o0, M) : (g, 2:A) by rule Subst-tm
Dy (Ui Fo:Uy)C (AT Fo:Ty)

(2
Dy (Q Uy - w[M'] > C)C (A;Ty - v[M'] > D)
Dy (0, F M < [0]C)C (AT, + M < [0]D)

Case D= (%0, (0, M) : (T2, b:w[M'))) C (A;Ty F (0, M) : (Do, b:v[M']))

SubstR-spn
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We have AT Fo: Ty by inductive hypothesis on D,

We have A; Ty = V[M '>D by inductive hypothesis on D,
We have A;Ty F M < [o]D by inductive hypothesis on Dj
Then A; Ty b (o, M) : (Ts, b:v[M]) by rule Subst-spn

16. We have D :: (Q; ¥ F M < D) C (A;T + M <« C). There are two cases to consider :
D/

{QFY)C (AFT :ctx)}
Case D= (; ¥Vt nil <) C (A;T'Fnil <)

ChkR-spn-nil

{We have A+ T : ctx by inductive hypothesis on D’
We have A;T'Fnil < - by rule Chk-spn-nil

Di: (Y EFM<E=S)C (ATHM«=A)
Dy: (U M < [M/2]D) C (AT + M < [M/2]C)

= = ChkR-spn-sigma
Case D= (Q; U+ (M;M) < Xx:S.D)C (AT H (M; M) < Xx:A.C)

We have A;T'H M <= A by inductive hypothesis on D,
We have A;T + M < [M/z]C by inductive hypothesis on D,
Then A; T+ (M; ]\7[) <= Yr:AC by rule Chk-spn-sigma

17. We have D :: (F Q) C (- A : mctx). There are two cases to consider :

Case D= (F-) C (F - :mctx) MCR-nil

We have |- - : mctx by rule M C-nil
Dl DQ

F)C(FA:metx) (QFS)C (AF.A:mtype)
Case D = (F (2, X:8) C (F (A X:A) : mctx)

MCR-cons

70



We have - A : mctx by inductive hypothesis on Dy
We have A F A : mtype by inductive hypothesis on Dy

Then F (A, X:A) : mctx by rule MC-cons

18. We have D :: (2F S) C (A F A :mtype). There are three cases to consider :
D/

(VY EQ)C (AT F P < type)

MTR-tp
Case D= (QF (V.Q)) C (At+ (T.P) : mtype)
We have A;T'F P < type by inductive hypothesis on D’
Then A+ (I'.P) : mtype by rule MT-tp
’D/

(QF H)C (AF G : schema)

Case D= (QF H)C (AF G :mtype) W 1R-schema
We have A F G : schema by inductive hypothesis on D’
Then A F G : mtype by rule MT-schema
Dy D,

(QFT)C (AFT;: ctx) (QFUy) C (AFTy: ctx)

Case D = (QF (1,.9,)) C (AF (T1.T,) : mtype) MTR-subst
We have A F T : ctx by inductive hypothesis on D,
We have A F T : ctx by inductive hypothesis on D,
Then A+ (I';.T'3) : mtype by rule MT-subst

19. Wehave D:: (QF N :S)C (A+F M : A). There are three cases to consider :
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D/

(UFR<=Q)C (A;THR«<P)

- - MOftR-tm
Case D = (Q F(V.R) : (‘IIQ)) C (A F(T.R) : (F.P))
We have A;T'H R« P by inductive hypothesis on D’
Then A+ (I.R) : (T.P) by rule MOft-tm
D/

(U Fo:Uy)C (AT Fo:Ty)

- - MOftR-subst
Case D= (QF (V1.0): (V1.0)) C (AF (Th.0): (T1.1))

We have AT o : Ty by inductive hypothesis on D’
Then A b (Iy.0) : (T1.T) by rule MOft-subst
’D/

(QFUV:H)C (AFT:G) (schema checking)

Case D= (QFV:H)C (AFT:G) (msort checking) MOftR-ctx
We have A FT': G (schema checking) by inductive hypothesis on D’
Then AT : G (meta-type checking) by rule MOft-ctx

20. We have D :: (1 F p: Qo) T (A6 : Ay). There are two cases to consider :
D/

{(F) C (F A :mctx)}
Case D= (k- )C(AF-:)

MSubstR-nil

We have - A : mctx by inductive hypothesis on D’

Then Ay - - by rule MSubst-nil
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Di: (UbEp: Q)T (A0 Ay
Dy: (W EN:[p]S) T (A FM:[0]A)

Case D= (U F (p, V) : (0, X:S)) C (A1 F (0, M) : (Ay, X:A))

MSubstR-cons

We have Ay -6 : A, by inductive hypothesis on Dy
We have A = M : [0]A by inductive hypothesis on D
Then Ay - (6, M) : (Ay, X:A) by rule MSubst-cons

21. We have D: (; ¥ F S; < Sy) C (A;T'F A). There are four cases to consider :

Dl DQ
(LFRs; <s;Ca:L)eX (U+FM:L>sort)C (A;TFM:K > type)
Case D = (U ks <s9)C (A;T'F a) Sub-
We have (LF a: K) € & by signature formation rule
We have A:T + M : K > type by inductive hypothesis on D,
Then Aba M < type by rule T-atom
D/
(U ES)C (A TH A< type)
Case D= ((GUFS<8) T (ATFEA) Subrefl
We have A;T'+ A < type by inductive hypothesis on D’
(Q,\I/FSHSSQ)E(A,F'_A) (Q,@FSQSS{;)[(A,F"A)
Sub-trans
Case D = (U ES <S;)C (A THA)
We have A;T'+ A < type by inductive hypothesis on D,
Dy: (¥ FES,<S)C (A THA)
Dy: (0,28 5] <S)C (AT A A)
Case D — (U F T2:8,.5] < [2:5,.50) C (AT T T AA7 DUP-P
We have A;T'F A <= type by inductive hypothesis on D;
We have A; T, 22 A+ A’ <= type by inductive hypothesis on Dy
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Then A;T' F Ilz:A. A" < type by rule T-pi

22. Wehave D: (Q; U F Dy < Dy) C (A;T'F C : block). There are two cases to consider

DI
(QFY)C (AFT)
Case D= (L UF-<)C (A0 Sub-Buil
We have A FT': ctx by inductive hypothesis on D’
Then A;T'F - : block by rule B-emtpy

Di: (U0 FS <Sy)C (AT HA)
Dy: (0, 2:51F Dy < Do) (AT HC)

Case D= (U F X2:51.D1 < Xa:55.D5) C (AT F 3a:A.C)

Sub-sigma

We have A;T'+ A < type by inductive hypothesis on D,
We have A; ', xz:AF C : block by inductive hypothesis on Dy
Then A; T F Y2:A.C : block by rule B-sigma

23. We have D: Q; U Wy < W) C (A;T'FV :world). There are two cases to consider

D/
(Q;UF Dy <Dy)C (A;¥F C:Dblock)
Case D= (LUF Dy < Dy) C (AU F C:worla) SubW-conv
We have A; U = C': block by inductive hypothesis on D’
Then A; U F C' : world by rule W-conv

Dy: (VS <S))C (A;T'F A:type)
Dy: (U, 2:5, Wy <Wo)C (AT FV :world)

Case D = (U F x:S1. Wy < a:Se.Wh) C (AT F Iz AV @ world)

SubW-pi
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We have A;I'F A < type by inductive hypothesis on D,
We have A; T, x:AFV : world by inductive hypothesis on Dy

Then A;T'F Ilx:A.V : world by rule W-pi

24. We have D : (; ¥ - Hy < Hy) C (A;T' + G : schema). There are two cases to

consider :
D/
(QF H)C (AF G : schema)
Case D = (Q F.< H) C (A EG SubS-nil
We have A + G : schema by inductive hypothesis on D’

(w ¢ @)
D,: (QF Hy < H;)C (AF G : schema)
Dy: (- W, <Wy) C (A;-FV :world)

Case D = (L F Hy + wiiV, < Hy + wiily) C (A F G+ way) SubS-sum
We have A F G : schema by inductive hypothesis on D,
We have A; -+ V : world by inductive hypothesis on D,
Then A+ G+ w:V : schema by rule S-ext

25. We have D: (QF S < 85) C (AF A:mtype). There are three cases to consider :

D/
(Q,\IJI—51 < SQ) C (A,F"A)
M-
Case D — (QF 0.5 < 0.5 C (AF 1.4y duPM-tp
We have A;T'+ A < type by inductive hypothesis on D’
Then AFT.A : mtype by rule MT-tp
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Dy D,
(QFT)C (AFTY) (QFUy) C (AFTY)

Case D= (QF U0, < U, 05) C (AFTyly)  SupM-subst
We have A F T : ctx by inductive hypothesis on D,
We have A F T : ctx by inductive hypothesis on Dy
Then A T'1.T'y : mtype by rule MT-subst
D

(QF Hy < Hy) C (AF G : schema)
Case D= (QF H; < Hy)C (AF G :mtype)

SubM-schema

We have A F G : schema by inductive hypothesis on D’
Then A F G : mtype by rule MT-schema
|
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Chapter 4

Computation-level

BELUGA’s computation-level is an ML-style functional programming language supporting
pattern matching over contextual objects. It features an indexed function space, so that
types are allowed to depend only on data-level objects. Contextual objects and types are

embedded in the computation-level via a box modality.

4.1 Computation-level refinements

In our extension, the computation-level is separated into a type layer and a refinement layer,
just like the data-level. Since contextual objects can occur in computation-level expression,
we maintain a refinement relation for expressions in addition to all other syntactic categories.
Our presentation is inspired by the one of [Pientka and Abel (2015), but differs in two
important ways. First, we do not consider recursion since it complicates the syntax of
patterns significantly. Specifically, valid recursive calls have to be specified as part of every

pattern (although they can be inferred, so users don’t need to provide them explicitly).
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Without recursion, patterns are just (boxed) contextual objects. Second, our sorting (and
typing) rules do not require coverage for pattern matching. The syntax of the computation-

level is the following :

Type level Refinement level
Types T Cu= [S]]G— G HX:SC
Contexts = b= | D y(
Expressions e fo= Nl|lfayC=f|fi o|lmlamn X:S= f| f N
| let [X] = f1 in fo | case® [N] of €
Branches b ci= QN]=f

The lifting of meta-types and meta-objects to the computation level is achieved via a
(contextual) box modality, which we denote using square brackets [S]. The elimination form
for the modality is given by the let expressions : an expression e; : [S] is unboxed as the
meta-variable X, which may then be used in the expression es.

We distinguish two kinds of function spaces, the simple function space (; — (» and
the dependent function space I1.X:S5.(. So, dependencies are restricted to objects from the
index domain, which provides strong reasoning power over the index domain without all the
difficulties of full dependent types.

The language also supports pattern matching on meta-objects through the use of case
expressions. While we do not allow pattern matching on arbitrary expressions, any expression
that has a box sort can be matched against by first unboxing it with a let expression and
then matching on the new variable. The sort superscript ( in case expression corresponds to

the sort invariant that must be satisfied by all the branches in ¢. We require that invariants
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have the form I1Xj : Sy.¢p. Intuitively, a branch ; [N] = e satisfies the invariant 11X(:Sy.¢p
if N has sort Sy and e has sort [N/Xo] ¢y, where N, e, and their sorts can depend on €.
The judgments for the computation-level have a similar structure as those for contextual
LFR. In particular, type-level and refinement-level judgments are performed simultaneously,
with the type-level judgment seen as an output of the simultaneous judgment. Since the
derivations produced on both sides of the refinement relation are almost exactly the same,
we give the rules with only the refinement part. For instance, sorting and typing is expressed
as (0 F f: () C (A;EF e: 1), but we define only Q; ® = f : ¢ for conciseness. We focus
here on the rules related to pattern matching. The remaining rules are standard and can be

found in the appendix. The rule for case-expressions is the following :

¢ =TIQ11X0:S0.¢o QFp:Q QEN:[p]So P Fc:( (forall c €0)
Q; ® F (case® [N] of ©) : [p, N/ Xo]Co

The important part of this rule is the last premise, which requires validating that every
branch satisfies the given invariant. This is achieved with the judgment Q; ® F ¢ : ( defined

by the following rule :

QoFNo:So 9,008 =S8/(p, ) s[p]®F[plf : [pCo
Q; @ (Qo; [No] = f) : TIQ 11X 0:50.p

Where the judgment Q = & = S'/(p, ) denotes (meta-type) unification. Intuitively, it
means that [p]S and [p]S’ are syntactically equal in 2. Note that since we allow term
dependencies in sorts, the different branches of pattern matching may have different sorts as

well.
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4.2 Termination checking

In BELUGA, a recursive program corresponds to a proof only if it terminates. |Pientka
and Abel (2015) established normalization for the fragment of BELUGA where all pattern
matching satisfies coverage (meaning that every possible case is represented by one of the
patterns). Their presentation of BELUGA is parametric in the index domain and assumes
only that three conditions are satisfied: First, there is a unification algorithm for objects of
the index domain; Second, there is a splitting algorithm for objects of the index domain; Last,
there is a well-founded order for objects of the index domain. In addition, they explain how
these three task can be achieved for contextual LF. In our extension, the index language is
replaced with contextual LFR, whose objects follow the same structure as those of contextual
LF. Consequently, the approach of Pientka and Abel (2015) can be adapted to our setting
without significant difficulties.

This section briefly goes over each of the algorithms and how they need to be modified
to fit our purpose. The key idea is the same as for the rest of the extension: we define
refinements directly on the judgments defining the algorithms. In particular, the refinement

rules closely mimic their type-level analogues, yielding straightforward conservativity results.

4.2.1 Unification

The main challenge of unification in the dependently-typed setting is to unify the terms on

which the types that we want to unify depend.
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4.2.2 Splitting

4.2.3 Order

4.3 Conservativity of extension

The conservativity results for the data-level (Theorem [3.3.1)) carries over to the computation-

level via straightforward inductions.

Theorem 4.3.1 (Conservativity for computation-level)
1. If(QF®)C (AFZ: cetz), then AF = cete.
2. If (¢ F () C (A= 71 ctype), then A;=ZF 71 ctype.
3 If (oF f: ) C(A;=Eke:7), then AjZEF e T.
4. If (@b c: Q) (A;ZEFb:7), then A= b7,
5. If (0FG <G)C (AZF 1), then A;ZF 7.

Proof.

By simultaneous induction on the given derivation D.
1. We have D :: (QF @) C (A F =: cctx). There are two cases to consider :

DI

(FQ)C (FA:mctx)
Case D= (QF ) C (AF-:cctx)

CCR-nil
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We have - A : mctx by Theorem on D’

Then A F - : cctx by rule CC-nil

Di: (QF®)C (AF Z: cetx)
Dy: (2;9F () (A;EF 7 ctype)
Case D= (QF ®,y:0)C (AF (E,y:7) : cctx) CCR-cons

We have A F = : cctx by Theorem on D,

We have A;= F 7: ctype by inductive hypothesis on D,

Then A (Z,y:7) : cctx by rule CC-cons

2. Wehave D:: (2;@+ () C (A;ZF 7: ctype). There are three cases to consider :

Dl DQ

QFP)C (AFZ:cetx) (QFS)C (A A:mtype)
Case D = (4 @+ [S]) C (A:ZF [A] : ctype) CTR-meta

We have A F = : cctx by inductive hypothesis on D;

We have A F A : mtype by Theorem on D,

Then A;ZF [A] : ctype by rule CR-meta

Di: (¢F¢G)C (A;ZEF 740 ctype)
Dy: (0F ()T (A;EF 7t ctype)
= CTR-arr
Case D=(dF( — () C A;EF 1 — 70 ctype)

We have A;= F 7y @ ctype by inductive hypothesis on D,

We have A;=F 15 : ctype by inductive hypothesis on Dy

Then A;=F 11 — 75 : ctype by rule CT-arr

Dy: QFS)C (AF A:mtype)
Dy: (,X:5;0F() C (A X:AZEF7:ctype)
TRovi
Case D= (Q®FIIX:S() C (AEFIIX:AT: ctype) CTR-pi
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We have A F A : mtype by Theorem on Dy
We have A, X:A;ZF 7: ctype by inductive hypothesis on Dy

Then A;= FIIX:A.7 : ctype by rule CT-pi

3. Wehave D:: (& F f:() C (A;ZF e: 7). There eight cases to consider

Dl DQ

QFP)C(AFZ:cectx) () ed® (y:7) €Z

Case D = (LoFy: ) C(AERy:T) CTR-var
We have A F Z : cctx by inductive hypothesis on D,
We have (y:7) € = by assumption D,
Then Aty : (¢ by rule CT-var
Dy D,

QEN:S)C(AFM:A)  (QFQ)C (AFE: cctx)

Case D = Qo V] S C (A EF (M [A) CTR-box
We have AF M : A by Theorem [3.3.1] on D,
We have A FZ: cctx by inductive hypothesis on D,
Then A;Z F [M]: [A] by rule CT-box
o

(0, y:GF f:G)C (AZ ymbe:m)

Case D= (00F (fony:Ci1=f): 1 — Q) C (A ZEF (fnyim =€) 1 11 — T2) CTR-fn
We have A;Z,y:mi e m by inductive hypothesis on D’
Then A;ZF (fnyim =€) i1 = 7 by rule CT-fn
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Dy: (P fi:G—=0)C(AEFe i1 — 1)
Dy: (OF fo:G)C (AEFer:m)

Case D = (GOFfi fo: Q) C (AEher en:m) CTR-app
We have A;ZF e :m — 7 by inductive hypothesis on D,
We have A;=F ey by inductive hypothesis on D,
Then (A;=F ey eg: 1) by rule CT-app
o

(Q,X:S;oFf:O)Cc(AX:AERe:T)

Case D= (2@ F (mlam X:S = f) : [IX:S.¢) C (A; 2 F (mlam X:A = e) : [IX:A.7T) CTR-mlam
We have A, X:A;ZFe: T by inductive hypothesis on D’
Then A;ZF (mlam X:A = e) : [IX: A7 by rule CT-mlam

Dy: (0F f:IIX:SQ) C (AEFe: IIX:AT)
Dy: QFN:S)C(AFEM: A

Case D= (& [ N]: [N/XIO) C (AZF e M]: [M/X]r) C LR-mapp
We have A;=Fe: [IX: A7 by inductive hypothesis on D,
We have AF M : A by Theorem on D,
Then A;ZF e [M]: [M/X]rT by rule CT-mapp

Di: (K0F f1:[S]) C (A;EF e : [A])
Dy: (0, X:5;0F fo:()C (A X:AEFea:T)

Case D= (50 - (1ot [X] = /1 in f2) : O) C (A EF (Lot [X] = 1 in eg) - 7) C LRl
We have A;Z F e : [A] by inductive hypothesis on D,
We have A, X:A;=F ey : 7 by inductive hypothesis on D,
Then A;ZF (let [X] =€y iney): 7 by rule CT-let

C = HX(]ZS().CO DN : (Q "N : S()) C (A = M : A())
D 7 =11Xy:Ap.19 Di: (k¢ : Q)T (A;EFDb;:7) (for all 4)

S CTR-case
Case D= (;® | (case® [N] of &) : [N/Xo]lo) C (A; =+ (case™ [M] of b) : [M/X,]70)
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We have 7 = I1.Xy:Ay.70 by assumption D’

We have A - M : A by Theorem on D"
We have A;EFb; 0 7 by inductive hypothesis on D; (for each i)
Then A;Z + (case™ [M] of b) : [0, M/ Xm0 by rule CT-case

4. We have D2 (;®Fc: () C (A;EF b: 7). There is only one case to consider :

D1 (QO e No : So) [ (Ao e Mo : .A())
Do (Q,QO; P f : [[No/XQﬂCO) [ (A,AO;E Fe: [[MQ/XOHTO)

Case D = (Q, P+ (Qo; [./\/‘0} = f) : HX():S().C()) C (A,E - (AQ; [M()] = 6) : HXOZAQ.T())

CTR-branch

We have Ag F M, : Ay by lemma ?? on D,
We have A, Ag;ZF e : [Mo/Xo]70 by inductive hypothesis on D,
Then A;Z F (Ag; [Mo] = e) : 11.Xo:Ag.70 by rule CT-branch

5. We have D : (; @+ (; < () C (A;E+F 7). There are three cases to consdier :

Dl D2
(QFS <S)C(AFA:mtype) (QF®)C (AFZ:cctx)
Case D = (Q7 b+ [81] < [82]) O (A’ =k ['AD SubC-meta
We have A F A : mtype by inductive hypothesis on D,
We have A FZ: cctx by inductive hypothesis on Dy
Then A;Z F [A] : ctype by rule CT-meta
Dl DQ
(eFG<GQ)EBERT)  (PFG <G C(AERT)
Case D = (QOFG = <GoG) C(AErT 7 SubC-arr
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We have A;=F 1 : ctype by inductive hypothesis on D,
We have A;ZF 75 : ctype by inductive hypothesis on Dy
Then A;=F 11 — 7 : ctype by rule CT-arr

D, - (Q"SQSSQE(A"A)
DQZ (Q,USQ,@ F Cl § CQ) C (A,UA,E H T)

Case D= (;®F Tu:S1.¢ < MuSe.¢0) C (A= F Tus A7) SubC-pi
We have A F A : mtype by inductive hypothesis on D,
We have A;=ZF 7 : ctype by inductive hypothesis on Dy
Then A; = F IMu:A.7 : ctype by rule CT-pi

36



Chapter 5

Case studies

The aim of this chapter is to demonstrate the usefulness of refinement types. As mentionned
previously, the main benefit of refinements is that they allow us to state theorems in a way
that closely resemble their informal statements. In conventional settings, theorem statements
can be very verbose due to type uniqueness. More precisely, the absence of subtyping means
that expressing a subtype requires defining an additional type encoding it as well as a type
encoding its embedding into the larger type. These embeddings must then appear within
theorem statements whenever we want to use an object of the subtype as an object of the

supertype.

5.1 Evaluation in untyped A-calculus

Our first example consists of proving the determinacy of a particular evaluation strategy
for A-terms. We start by defining a declarative small-step semantic, meaning that it allows

evaluating any subterm in any order. Then, we define a call-by-value evaluation algorithm
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as a refinement of the declarative small-step semantic.

5.1.1 Definition of the language
Before we can talk about evaluation, we must define a language to evaluate. For simplicity,

we will use an untyped A-calculus with natural numbers.

Terms

It is defined as follows (left is BELUGA code, right is informal specification) :

LF tm : type = Terms M = =z Variables

| zero : tm | 0 Zero

| succ : tm — tm | S M Successor

| lam : (tm — tm) — tm | Az.M  Functions

| app : tm — tm — tm; | M N Application

Note that variables are part of the informal syntax, but are not modelled by any con-
structor of tm. Instead, the negative occurence of tm in the constructor lam implies that
variables of type tm may occur within other objects of type tm. This is in accordance with
the HOAS principle stipulating that variables in the OL are represented as LF variables (or,
more generally, as variables in the meta-language). Intuitively, we view the function space
(tm — tm) as consisting of objects of type tm (possibly) containing a variable of type tm.
As such, (tm — tm) is a weak function space (and so is every other LF function space).

The advantage of this approach is that the size of 1am M is larger than the size of M. This
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allows us to recover an inductive view of types like tm that contain negative occurences in

their definition.

Small-step semantics
Now that we have defined the terms of the language, we can move on to its (small-step)
operational semantics. Conceptually, a step corresponds to a single action that could be

performed by an evaluation algorithm.

LF step : tm — tm — type = : M steps to N (single step)

| s-succ : step M N — M — N
SM-—SN

step (succ M) (succ N)

| s-beta : step (app (lam M) N) (M N) (Ax.M) N — [N/2]M

| s—eta : step M (lam (Ax.app M x))

M — e M x
| s-appl : step M1 M2 —
M1 — M2
step (app M1 N) (app M2 N) (M; N) — (M, N)
| s-app2 : step N1 N2 —
N1 — N2
step (app M N1) (app M N2) (M Ny) — (M N)
| s-lam : ({x : tm} step (M x) (N x))
x-M — N
— step (lam M) (lam N); (Az.M) — (Azx.N)
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LF mstep : tm — tm — type = : M steps to N (multiple steps)

m-refl : mstep M M _—
| P M—* M

| m-step : step M M’ — mstep M’ N , ,
M — M M —* N
M —* N

— mstep M N;

5.1.2 Extracting an evaluation strategy

According to our small-step semantics, a given term may step in several different ways. As
such, it does not define a concrete evaluation algorithm, but rather a declarative notion of
evaluation. In practice, we need to precisely specify an order in which the rules are to be
used. For instance, the CBV strategy is to fully evaluate the arguments passed to a function
before applying S-reductions. We might also decide to omit some of the rules even though
they are meaningful evaluation steps. For instance, the extensionality rule s-1am is helpful
in the dependently-typed setting since we need term equality for type-cheking, but it is
typically omited in the simply-typed setting.

Our goal now is to extract from step and mstep a deterministic evaluation strategy.
First, we need to specify the stopping points of evaluation, that is values. Here, we consider
all functions to be values, in addition to zero and the successors of values. We represent this
using a refinement :

d

d
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LFR val C tm : sort = Value V ii= =z Variables

| zero : val | 0 Zero
| succ : val — val | SV Successor
| lam : (val — tm) — val; | Az.M  Functions

Next, we define a call-by-value semantics that evaluates function calls by first evaluating
the function, then the argument, and finally applies S-reduction. We also propagate eval-
uation under successor, but avoid all uses of n-expansions or extensionality. The resulting

strategy is then expressed as follows :

LFR cbv C step : tm — tm — sort = |M —, N|: single CBV step
s—-succ : cbv M N
| v M —5u N
SM—4 SN

— cbv (succ M) (succ N)

| s-beta : (V : val)

cbv (app (lam M) V) (M V) (Az. M)V —e [V/2]M

| s-appl : cbv M1 M2
PP Ml —cbu M2

(My; N) — e (Mo N)

— cbv (app M1 N) (app M2 N)

| s—app2 : (V : val) cbv N1 N2 Ny —pp No

(V N1) —aw (V' N3)

— cbv (app V N1) (app V N2);
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LFR eval C mstep : tm — val — sort = M —* N|: CBV evaluation

cbv

| m-refl : eval VV s
V chv V
| m-step : cbv M M’ — eval M’ V
M — g M’ M — N
— eval M V; M —5, V

chv

5.1.3 Determinacy of evaluation

The main result of this section is that if evaluation succeeds, then it produces a unique value.
The fact that evaluation produces values is already known from the kind of eval, namely

tm — val — sort.

Values don’t step
Lemma 1 IfV is a value, then V. — ., M is impossible.

In order to state this formally, we need a notion of negation. Beluga is an intuitionistic
system, so negation is defined as ~A = (A — L), where L is an empty type (representing

falsehood). We can specify this by defining an atomic LF type with no constructors :

LF false : type =;

rec val-no-step : {V : [ wvall} [F cbv V M] — [ false] =
mlam V => fn s => case [F V] of

| [F zero] => impossible s

| [F succ V] => let [ s-succ S] = s in

val-no-step [ V] [+ S]
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| [~ lam (Ax. M)] => impossible s;

Determinacy of cbv

Lemma 2 If M — ., N1 and M —> 4, No, then N; = Ns.

Where equality N; = N, is just reflexivity. We encode this equality as a Beluga type :

LF eq : tm — tm — type =

| eq-refl : eq M NM;

And now we can state and prove the lemma as follows :

rec cbv-det : [ cbv M N1] — [~ cbv M N2] — [F eq N1 N2] =
fn s1, s2 => case sl of
| [ s-succ S1] => let [ s-succ S2] = s2 in
cbv-det [ S1] [ S2]

| [F s-betal] => (case s2 of

| [ s-beta] => [ eq-refl]

| [F s-appl S2] => impossible (val-no-step [~ _] [F S2]

| [F s-app2 S2] => impossible (val-no-step [~ _] [F S2])
| [ s-appl S1] => (case s2 of

| [F s-betal] => impossible (val-no-step [~ _] [F S1]

| [F s-appl S2] => cbv-det [ S1] [~ 82]

| [F s-app2 S2] => impossible (val-no-step [~ _] [F S1])

| [F s-app2 S1] => (case s2 of
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| [F s-betal => impossible (val-no-step [~ _] [F S1]
| [~ s-appl S2] => impossible (val-no-step [F _] [ 82]

| [+ s-app2 S2] => cbv-det [~ S1] [+ S2]);

Determinacy of eval

Theorem 1 If M —%, Vi and M —7, Vs, then Vi = V5.

rec eval-det : [F eval M V1] — [F eval M V2] — [ eq V1 V2] =
fn s1, s2 => case sl of
| [F m-refl] => (case s2 of
| [F m-refl] => [F eq-refl]
| [ m-step S2 _] => impossible (val-no-step [F _] [~ S2])
| [F m-step S1 E1] => (case s2 of
| [F m-refl] => impossible (val-no-step [~ _] [F S1])
| [F m-step S2 E2] => let [ eq-refl] = cbv-det [ S1] [ S2] in

eval-det [+ E1] [~ E21);

5.1.4 Improvements on the conventional proof

The first difference between our refinement solution and a conventional solution lies in the
encoding of values. Without refinements, we need to define val as a type. Since objects can
only have one type, this requires introducing three new constructors, say v-zero v-succ,

and v-lam, to be used in place of zero, succ, and lam, respectively. As a consequence, we
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cannot directly view an object of type val as having type tm. To remedy this situation, we

need an explicit embedding of values into terms, which can be defined as follows :

LF val-to-tm : val — tm — type =
| vt-zero : val-to-tm v-zero zero
| vt-succ : val-to-tm VM — val-to-tm (succ V) (succ M)

| vt-lam : val-to-tm (lam M) (lam M)

In the evaluation strategy, this embedding is then needed explicitly wherever we pre-
viously used an implicit quantification over values. For instance, the rule s-beta is given
type val-to-tm V N — cbv (app (lam M) N) (M N). In this example, we never need to
consider a CBV evaluation as an arbitrary small-step evaluation, so there is no need to define

an explicit embedding of cbv into step.

LF eval’ : tm — val — type =
| m-refl : val-to-tm VM — eval’ M V

| m-step : cbv M N — eval N V — eval M V;

The statements of theorems is similarly affected by the need to embed values into terms
explicitly. This means that we abstract over more types, so the resulting proofs (functions)
need to handle additional parameters. Due to the simplicity of our current example, the
impact is small (see 77 for a more significant one). In fact, it is really only visible in the

elaborated version of the statements. This is evident if we look at the first lemma (that

values don’t step) :

rec val-no-step’ : [F val-to-tm V M] — [ cbv M N] — [ falsel
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On the surface, this statement is very similar to its version using refinements : the only
difference is that we have the embedding as the first parameter instead of the value itself.
However, here we implicitly quantify over V, M, and N, while the refinement solution only
implicitly quantifies over N. This means that the compiler has less work to do to fill in the
gaps in the proof.

Although simple, this first example illustrates several of the key ideas behind refinements.
In particular, we observed how sorts are defined by imposing further constraints on the con-
structors of atomic types, providing a natural subset interpretation. However, it concerned

only closed objects, but BELUGA excels at reasoning about and under binders.

5.1.5 Normal terms

The result about determinacy of evaluation can be extended to a semantics that evaluates
under binders. To achieve this, we must specialize our notion of values to normal terms.
This means that not all functions are considered end-points of evaluation, but only those

that contain no redeces.

LFR neut C tm : sort = Neutral term R ::= =z
| zero : neut | 0
| succ : neut — neut |S R
| app : neut — norm — neut | R M
and neut < norm [ tm : sort = Normal term N = R
| lam : (neut — norm) — norm; | A\z. N
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LFR n-step C step : tm — tm — sort = M —,, M'|: single step

| s-succ : n-step M M’

M —, M’
— n-step (succ M) (succ M?) SM—,S M
| s-beta : (N : norm)
n-step (app (lam M) N) (M N) (M. M) N —,, [N/x|M
| s-appl : n-step M1 M2
My —n M

— n-step (app M1 M’) (app M2 M) (M M') —, (My M’)

| s—app2 : (N : val) n-step M1 M2

My —rn M
— n-step (app N M1) (app N M2) (N My) — (N Ma)
-1 : : t} n-st M1 M2
| s-lam : ({x:neut} n-step (M1 x) (M2 x)) vE M s M

— n-step (lam M1) (lam M2); Ae. M) —,, (Az.M")

LFR n-eval T mstep : tm — norm — sort = M —* N|: CBV evaluation

chv

| m-refl : n-eval N N —
V —>va V
| m-step : cbv M M’ — n-eval M’ N
M — gy M’ M —* N

cbv
s n-eval M N; M —a, V
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5.2 Bi-directional type-checking

tm . type =

| zero : tm

| succ : tm — tm

| refl : tm — tm

| lam : (tm — tm) — tm

| app : tm — tm — tm;

LF tp : type =
| nat : tp
| eq : tp — tm — tm — tp

| pi : tp = (tm — tp) — tp;

LF kd : type =
| typ : kd

| kpi : tp — (tm — kd) — kd;
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LF oft : tm — tp — type

| t-zero : oft zero nat

| t-succ : oft M nat
— oft (succ M) nat

| t-refl : oft M A
— oft (refl M) (eq A M M)

| t-lam : ({x:tm} oft x A — oft (M x) (B x))
— oft (lam M) (pi A B)

| t-app : oft M (pi A B) — oft N A

— oft (app M N) (B N);

LF ofk : tp — kd — type
| k-nat : ofk nat typ
| k-eq : ofk A typ — oft M A
— ofk (eq A M M) typ
| k-pi : ofk A typ — ({x:tm} oft x A —
ofk (B x) typ)

— ofk (pi A B) typ;
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LF wf-kd : kd — type =

| wi-typ : wf-kd typ

| wf-pi : ofk A typ — ({x:tm} oft x A —
wi-kd (L x))

— wf-kd (kpi A L);

schema xtG =

| xtW : some [A : tp, W : ofk A typ] block (x:tm, t:oft x A);

LFR neut C tm : sort =

| app : neut — norm — neut

and neut < norm [ tm : sort =
| zero : norm

| succ : norm — norm

| refl : norm — norm

| lam : (neut — norm) — norm;

100



LFR atom C tp : sort =
| nat : atom

| €q : canon — norm — norm — atom

and atom < canon [ tp : sort =

| pi : canon — (neut — canon) — canon

LFR synth C oft : neut — canon — sort =
| t-app : synth M (pi A B) — check N A

— synth (app M N) (B N)

and synth < check C oft : norm — canon — sort =
| t-zero : check zero nat
| t-succ : check M nat
— check (succ M) nat
| t-refl : check M A
— check (refl M) (eq A M M)
| t-lam : ({x:neut} synth x A — check (M x) (B x))

— check (lam M) (pi A B)

schema neutG =

| xtW : some [A : tp, W : ofk A typ] block (x:neut, t:synth x A);
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rec subderiv : (I" : xtG) [I" Foft M A] — [I' Fofk A typ] =
fn d => case d of
| ' F#b.2] => let [T'1, b:xtW A W, I'2] = [I] in

(['1, b:xtWw A W, I'2 FwW[..]]
| [T Ft-zero] => [I' F k-nat]
| [[" Ft-succ _] => [I' F k-nat]
| [I' Ft-refl D] => let [[' FK] = subderiv [[' FD] in

[l" Fk-eq K D]

| [T Ft-lam (Ax.At. D)] =>

5.3 Equality in polymorphic A-calculus

Felty et al.| (2015]) proposed a series of benchmarks aimed at comparing the capabilities of
different proof environment at reasoning about binders. Our next case study, proving the
equivalence of algorithmic and declarative equalities in the polymorphic A-calculus, is one
of these benchmarks. The challenge here is that we must handle different kinds of binders
simultaneously. This is due to the fact that the OL contains both type variables o and term

variables x.

LF tp : type = Type A,B:= « Variables
| arr : tp — tp — tp | A— B Simple functions
| all : (tp — tp) — tp; | Va. A Polymorphic functions
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LF tm : type = Term M,N = =« Variables

| lam : (tm — tm) — tm | Az.M  Simple functions

| app : tm — tm — tm | M N Simple application

| tlam : (tp — tm) — tm | Aa.M  Polymorphic functions

| tapp : tm — tp — tm; | M A Polymorphic application

LF oft : tm — tp — type =

| of-lam : ({x:tm} oft x A — oft (M x) B)
— oft (lam M) (arr A B)

| of-app : oft M (arr A B) — oft N A
— oft (app M N) B

| of-tlam : ({a:tp} oft (M o) (A «))
— oft (tlam M) (all A)

| of-tapp : oft M (all B) — {A:tp}

— oft (tapp M A) (B A);

LF atp : tp — tp — type =
| at-arr : atp Al A2 — atp Bl B2
— atp (arr Al B1) (arr A2 B2)
| at-all : ({a:tp} atp a a— atp (A a) (B a))

— atp (tlam A) (tlam B);

LF deq : tm — tm — type =
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| d-lam :

| d-app :

| d-tlam :

| d-tapp :

| d-ref

| d-sym :

| d-tra :

({x:tm} deq x x — deq (M x) (N x))
— deq (lam M) (lam N)
deq M1 M2 — deq N1 N2
— deq (app M1 N1) (app M2 N2)
({a:tp} atp @ a— deq (M o) (N «a))
— deq (tlam M) (tlam N)
deq M N — atp A B

— deq (tapp M A) (tapp N B)

:deq M M

deq M N
— deq N M
deq M1 M2 — deq M2 M3

— deq M1 M3;

LFR aeq [ deq : tm — tm — sort =

| d-lam :

| d-app :

| d-tlam :

| d-tapp :

({x:tm} aeq x x — aeq (M x) (N x))

— aeq (lam M) (lam N)

aeq M1 M2 — aeq N1 N2

— aeq (app M1 N1) (app M2 N2)
({a:tp} atp @ a— aeq (M o) (N a))
— aeq (tlam M) (tlam N)

aeq M N — atp A B
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— aeq (tapp M A) (tapp N B);

schema aeqG =
| aW : block (a:tp, at:atp a «)

| aegW : block (x:tm, ae:aeq X X);

schema atpG C aeqG =

| aW : block (a:tp, at:atp a «);
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Chapter 6

Conclusion

We have developed an extension of Beluga with datasort refinement types. While datasort
refinements are mainly used to provide subtyping and intersection types to a language, our
work focuses on the refinement relation itself. In particular, we discussed how refinements
allow validating the correctness of proofs containing non-exhaustive pattern matching. As
such, refinement types can help a proof environment reproduce the informal method of
omitting irrelevant possibilities, which crucially relies on knowing what a function will be
called on.

Through this extension, we studied the notion of refinement schemas. They allow ex-
tracting more precise information about contexts, much like refinements extract more precise
properties (than types) about objects. In particular, refinement schemas are useful to deal
with a special kind of context relations, namely those when contexts are related by refine-

ments.
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6.1 Discussion

Handling contexts is at the source of many difficulties in the field of programming languages.
? notes that —insert large percertage— of mechanizing meta-theory consisted of proving prop-
erties of contexts and substitutions. Contextual types offer an elegant solution to manage
these issues with HOAS, but there remains challenges, such as those explored by [Felty et al.
(2015). We have shown that schema refinements provide an adequate solution to some of the
problems surrounding context relation. However, there remains several interesting context
relations not encompassed by our refinement relations.

The challenges of handling contexts were also manifest in the development of the current
work. In |Lovas and Pfenning| (2010)’s LFR, the variables in contexts are both sorted and
typed, that is contexts have the form z; : Sy C Ay,...,x, : S, T A,. We wanted to keep
a clear separation between sorts and types at all levels of BELUGA, and the presence of
contextual sorts and types required separating contexts into sorting and typing. However,
contexts are also meta-objects in BELUGA, so this separation induced a further separation
and refinement relation on meta-objects and computation-level expressions.

The fact that there were now several refinement relations to consider simultaneously
led to their formulation over judgments. This formulation was instrumental in obtaining a
straightforward proof of conservativity (with previous attempts at formulating the extension
requiring several lemma).

In BELUGA, every computation-level expression has a unique type, but can have many

sorts. 7 discusses this phenomenon and how it relates intrinsic and extrinsic views of typing,
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respectively. That is, types may be viewed as an intrinsic, syntactic property of expressions,
whereas sorts represent properties that are externally asserted. The fact that our judgments
produce typing derivation then shows that sorts can only express properties about objects
that are intrinsically meaningful.

Conceptually, and extrinsic view of terms is satisfying. This is especially true because
terms evaluate in the same way no matter the particular typing discipline enforced. However,
this view relies on the possibility to define terms independently of types (or sorts), which
proves difficult when we consider contexts as objects. This is because we cannot discard the
type information of the variables in a context without losing information on its structure,
especially in the case of blocks. Our new formulation of contexts and schemas using worlds
provides a partial solution to this problem. A context only inhabits a schema G if all of its
variables are constructed from the worlds of G. These worlds are referred to as constants
applied to terms. In this case, schemas are analogous to atomic types in that they specify
constructors with which a context may be created to fit that schema.

Felty et al. (2015)) raise the important issue that contexts are not simply flat lists of
variables, as is so often depicted on paper. They suggest using instead the slightly richer
structure of lists of parameterized tuples, which we represent using schemas. This simple
improvement already provides several benefits, so one might naturally consider a notion of
schema that permits a more general structure. For instance, allowing contexts made out
of other contexts would immediately yield a representation of those contexts separated into
zones, such as our A; I'. If we further allow a notion of dependent schema (that is a family of

schemas indexed by objects of a type), we can also represent an infinite hierarchy of levels,

108



as in layered modal type theory (7).

6.2 Future work

Our current definition of refinement schemas is limited by the fact that our meta-theory
requires sorts to refine only one type. In particular, we can only establish that H C G when
every element of GG is refined by some element of H. However, if H C G, then it would also
make sense to conclude H C G+ vV for any element v. In that case, H would express the more
precise property of not containing any assumption of the form v. Likewise, the refinement
relations on blocks and schema elements could be extended in interesting ways. At the
moment, refinement is only possible between blocks of the same size and that are submitted
to the same number of constraints. Allowing a large and heavily constrained block to refine
a small and lightly constrained block would offer suitable encodings of several more context
relations. Similarly, refinements of contexts can be generalized to express conditions in which
strengthening can be performed safely. Our early experiments suggest that generalizing
the refinement relation in this way would allow the representation of several more context
relations. In fact, all the relations suggested by Felty et al. (2015) can be represented with
minor changes to refinements. Consequently, our next goal is to provide a more flexible form
of refinements and to modify our proof of conservativity so that it no longer relies on type
uniqueness for refinements.

An important limitation of refinement type systems is that refinements cannot be fur-
ther refined. Instead, they have to be related with a subsorting relation, which is similar

to subtyping except that it relates sorts instead of types. As discussed previously, refine-
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ment and subtyping are fundamentally different relations. This issue was also raised by ?,
who designed a system in which multiple layers of refinements are allowed. Although their
work was for a simply-typed setting, we expect that a similar approach would work well in
BELUGA.

Our work currently extends the core of BELUGA, but ignores several of the more advanced
features. In particular, (co)inductive and stratified types (Jacob-Rao et al., [2018)) play an
important role in representing proofs by logical relations (Cave and Pientka, |2018). We
expect that our current system can be extended in a straightoforward way, simply by defining

sorting rules that mimic the typing rules.
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Appendix A

Definition of Contextual LFR

A.1 Syntax

A.1.1 Syntax of CLFR objects

Heads H:= clz|bk
Spines M == nil | M:M
Neutral terms R:= H M |ulo]
Normal terms M:= R|Xx.M
Substitutions o= -|idy|o,M

A.1.2 Syntax of CLFR classifiers
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Syntactic category Type level Refinement level

Kinds K ::=type | lz:A. K L ::=sort | lx:S.L

Atomic families Pi=a-M Q:=s- M

Canonical families | A := P | Ilz:A;. A S = Q | Mx::51.5

Blocks Cu=A|Xx:AC D=8 |Xx:5.D

Worlds Viu=C|lx:AV W =D | lz:SW

Contexts Do=- || D, AT b:(E-M) | Ua=-|¢| 0,225 |0, b:(F- M)
Schemas Gu=-|G+v H:=-|H+w

A.1.3 Syntax of meta-layer

Syntactic category Type level Refinement level
Meta-objects M:=T.R|T.o|T |N:=U.R|Vo|T
Meta-types A:=T.P|IN"TN |G |S:=0.Q|¥V,.V, | H
Meta-contexts A=A X:A Qu=-10,X:S
Meta-substitutions | 6 ::= - | §, M pi=-|pN
Meta-variables Xo=ulvy
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A.2 Type-level judgments

A.2.1 Type formation

’A; '-K: kind‘ — K is a well-formed kind.

AFT ctx AT x:AF K : kind

A;T F type : kind K-type A; U FIlz:A.K : kind P!

A;T H A < type ‘ — Canonical type family A is well-formed.

(a:K)e¥  ATHM:K > type
A;I‘I—a]\7[<:type

T-atom

AT A type AT 2 AF Ay < type
A, 'k HAl.AQ <~ type

T-pi

ATHM:K > type | — Check spine M against K with target type.

AFT ctx
A;T'Fnil : type > type

K-spn-nil

ATEFM <= A AT F M : [M/z]K > type
AT (M; M) : Tlz:A.K > type

K-spn-cons

A.2.2 Typing

’A; '-H= A‘ — Synthesize type A for head H

(ccA)e¥ AFT ctx (x:Ael) AFT ctx
ATFc= A  1S-const ATFz= A

(b:v[M]) el A;TFv[M]>C A;Fl—b:C’>>’fAT

ATFbk= A S-b
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—

A; T F V[M] > C| - Instantiate block C' for element V' applied to M

—

(v=V)eX ATHVIM]>C
AT Fv[M]>C

Inst-const

A; T F Cil] > C Inst-nil

{ATHM<=AY ATF(M/z]V)M]>C
AT F Iz AV[M; M] > C

Inst-pi

A;TFb: D>k Al Extract type A for k" projection of block variable b

AT Eb:[bifz]C>F A

Ext-st -
ATFb: SmAC SE A Stop AT Fb: SaiA.C >k 4 xt-cont
A;T'F R = A| - Synthesize type A for neutral term R
ATFH=A ATFM:A>A
= TS-app
ATHHM= A
(u:T"A)e A ATko: T TS
AT Fufo] : [0]A -var
AT+ M:A >A|l- Apply type A’ to spine M to obtain type A
{A;T'F A < type} .
A;'Fnil: A> A TC-spn-nil
ATHEM <Ay ATEM: [M/z]Ay > A
’ L — M) A5 > TC-spn-cons
AT E (M M) a:ALLA, > A
A;T'F M <= A|— Check normal term M against type A.
A;FI—R:>ATC AT o AEM < A TC.1
ATFR«< A o ATF M < s AA —2am

119



A.2.3 Schemas

’A; '=cC: block‘ — Block of declarations C' is well-formed

{AFT:ctx}
A;T'F-:block

A THA<=type AT, 2:AFC:block
A;TFXx:A.C : block

B-empty B-sigma

’A; r=v: World‘ — World V is well-formed

A;T'F C :block A THA<=type AT, ARV :world .
A;T'F C :world W-conv A;T F1IIz:AV : world Pt

|AF G : schema| - Schema G is well-formed

E A metx AFG:schema (v=V:world)eX v¢d(d
A F - : schema S-empty AF G+ v :schema

S-ext

AFT :G|— LF context I has schema G in meta-context A

(V:G)eA
AFy:G

A F G : schema
AF-: G

SC-empty SC-var

AFT:G veG {A;I‘i—v[ﬂ]>D}

= SC-ext
AF(T,bov[M]): G

A.2.4 Contexts

— LF context I' is well-formed in meta-context A

(v:G)e A FA:mctx

F A :mctx C
At ctx -var

AF-:ctx

C-empty

—

AFT:ctx A;TH A< type AFT:ctx ATEV[M]>C

- - = C-cons-b
AF (T, x:A) : ctx C-cons-x AF (T, b:v[M]) : ctx "
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’A; I'kEo: Ty ‘ — o is a well-formed subsitution from I's to I'y

{AFT:ctx}
AT -

(W:G)e A {AFT;:ctx}
ATy Fidy ¢

Subst-id

Subst-empty

ATy Fo: Ty AT EM < [o]A
AT F (o, M) (T, x:A)

Subst-tm

AT Fo:Ty ATyFv[M]>D AT, FM<[o]D
ATy F (0, M)« (Ta, brv[M))

Subst-spn

AT F M < D|- n-ary tuple M checks against block of declarations D

(AFT:ctx) ATFM <A ATEHM < [M/2]D

-spn-ni - Chk-spn-sigma
ATF il < Chk-spn-nil AT+ (M; M) < S2:A.D

A.2.5 Meta-layer

— A is a well-formed meta-context

) FA:mctx AF A:mtype
F - motx MC-nil F (A, X:A) :mctx

MC-cons

AF A :mtype ‘ — A is a well-formed meta-type in meta-context A

A;T'F P < type A G : schema
MT-t : )
AF (I'.P) : mtype P At G :mtype MT-schema
AFT :ctx AFTs5:ct
L 2 CRX MT-subst

At (T'1.Iy) : mtype

A+ M : A|- Meta-objects M has meta-type A

A-THFR<P AT Fo: Ty
- MOft-tm -
AF(T'R): (I".P) At (Ty.0): ([1.19)

MOft-subst
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AFT : G (schema checking) MOftct
AFT : G (mtype checking) TR

A1 F 0O : Ayl — 0 is a well-formed meta-substitution from As to A\

{F A : mctx} ) A EO: A, All—M:[[H]]AMSbt
AR MSubst-nil ALF (0, M) : (B, XoA) ubst-cons

A.3 Refinement-level judgments

A.3.1 Sort formation

(¥ EL)C(A;TF K :kind)

— L is a kind refinement of K

(QFU)C (AFT: ctx) K
(Q; U+ sort) C (A;I' F type : kind) R-sort

(QU,z:SHL)C (AT, 2:AF K : kind) KR-oi
(Q; U Ilz:S.L) C (A; T FIa:AK : kind) P

(U ES)C (AT HA<type)

— Sort S refines type A

(ssLCaK)e¥ (QUrM:L>sort)C (A;THM: K > type)
= = TR-atom
(QUEs M) (A;TFHa M < type)

{( QW E5)C (ATHA < type)}
(W, 2:51 F Sy) C (AT, 2 A F Ay <= type)
(Q; U F I12:51.52) C (A; T F IIz: Ay Ay <= type) TR-pi

(W M:L>sort)C (A:TFM: K > type)

~ Check M against L with target sort
(QFTV)C (AFT: ctx) )
KR-spn-nil
(Q; U Fnil : sort > sort) C (A;I'Fnil : type > type) R-spn-ni
(U EFEM<=S)C (A THM<=A)
(U M : [M/z]L > sort) © (A;T' - M : [M/z]K > type)

= = KR-spn-cons
(U (M; M) : la:S.L > sort) T (A;T'F (M; M) : Ilx:A.K > type)
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A.3.2 Sorting

(VY EH=S5C(ATFH= A)|- Synthesize sort S for head H

(cz:SCA) e {(QFY)C (AFT:ctx)}
(V¥ EFc=9C (A TFe= A)

TRS-const

(x:S)eV¥ (zA)el {(QFV)C (AFT:ctx)}
(QuUEFr=85)C (A TFx= A)
(b:w[M)) e ¥ (Q; 0+ w[M]> D) (AT +v[M] > C)
(b:v[M)) el (U Fb:D>FS) T (ATFb: C >k A)
(LU Fbk=S)C (ATFbE= A

TRS-x

TRS-b

— —

(W W[M] > D) C (A;T + V[M] > C)| - Instantiate block D for element WM

{4 ¥+ D)C (A;T'FC :block)}
(; ¥ + D[nil] > D) C (A; T+ C[nil] > O)

R-Inst-nil

— —

(w=W)C (v=V)eX (QUFW[M]>D)c (A:TFV[M]>C)
(0 - w[M] > D)C (AT Fv[M] > C)
{( U FM<=S)C (A THM<= A)}
(0 = ([M/x]W)[M] > D) C (AT - ([M/]V)[M] > C)

R-Inst-const

= = R-Inst-pi
(U Fe:SW[M; M) > D) C (AT FHe:AVIM; M) > C

(U Eb:D>FS)C (AT Fb: C>F A)| - Extract sort S for k™ projection of b

R-Ext-stop
(U Eb:E:S.D>FS)C (AT Hb: S AC >F A)

QU Eb:[bife]D>F, S)C (AT EDb: [bi/z]C >k, A)
QUL S5 D>FS)C (AT Rb: Sz A.C >k A)

R-Ext-cont

(VY EFR=S)C (A;T'F R= A)| - Synthesize sort S for neutral term R

(QBUEFH=S5)C(A;THFH=A)
(UUFM:8>8)C (ATHM:A > A)

= = TRS-app
(KVYFHM=S5)C (A, THFHM= A)
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(u:0.8) e (u:TMA)eA (KLVYFo:V)C (A THo:T)
(¥ Fulo]: [0]S) C (AT Fulo] : [0]A)

TRS-mvar

(UUFM:8>8)C (A;THM:A > A)| - Apply sort S’ to M to obtain sort S

{4 ES)C (A;TF A< type)}
(QUFnil: S>95)C (A;I'Fnil: A> A)

TRC-spn-nil

(U EM<«S)C (A TEM«=A)
(U M :[M/x)Sy > S) T (A; T+ M : [M/z]A, > A)
(U - (M; M) : 112:5].8, > S) C (A;T F (M; M) : Tz A, A > A)

TRC-spn-cons

(U EM<=S)C (AT HM<« A)|— Check normal term M against sort S.

(UUYEFR=S)YC(A;,THFR=A) (QUFS<S)C (A;TFA)
(KUY EFR<S)C(A;TEFR<A)

TRC-conv

(U, SFM<=S5)C (AT, 2 AFM <= A')
(U E A e M <= 1le:S.5) C (AT F M < Tx:AA)

TRC-lam

A.3.3 Schemas

(W ED)C (A; T FC :block)|— Block of declarations D refines C

(QFT)C (AFT:ctx)
(V) C (A;TF-:block)

BR-empty

(KUY ES)C (A THA<=ztype) (¥, 2:SFHD)C (A;T,2:AF C :block)
(¥ FXx:S.D)C (A;TF X2:A.C - block)

BR-sigma

(U EW)C (AT FV:world)| — World W refines V

(V¥ ED)C (A;TFC:block)
(VY ED)C (A;TFC:world)

~conv

(U ES)C (A EA<=type) (¥, SEW)C (AT, 2:AFV :world)
(¥ Iz SSW) C (A T F1x: AV - world)

WR-pi
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(QF H)C (AF G : schema) |- Schema H refines G

(FQ)C(FA:mctx)
(QF-)C (AF - : schema)

SR-empty

w¢ H (QI—H) (A + G : schema)
véa (w=W)C (v=V:world)) € ¥

(QFH+w)C (A G+ v:schema) SR-ext
w¢ H (QI—H) (A F G : schema)
ved (w=W)C (v=V:world)) € ¥
SR-ext-dup

(QFH+w)C (AF G+ v :schema)

(QFV:H)C (AFT:G) |- Context ¥ has schema H

(QF H)C (AF G : schema)
(QF-:H)C (AF-:G)

(v :H)eQ (@:G)eA
QFy:H)C(AFY:G)

SRC-empty SRC-var

weH QFY:H)C(AFT:G)
vea {(Q;\DI—W[M]>D)|Z(A;Fl—v[]\7[]>0)}

= = SRC-ext
(QF (U, bow[M]) : H) T (AF (I, b:v[M]) : G)

A.3.4 Contexts

(QFU)C (AFT:ctx) |- LFR context ¥ refines I’

(FQ) C(FA:mctx)
(QF)C (AF-:ctx)

CR-empty

(W:H)eQ (:G)eA (FQ)C (FA:mctx)
(QFY)C (A1 ctx)

CR-var

QFYC(AFT:ctx) (Q0FS)C (A;TH A< type)
(QF U, 2:59) C (AF (T 2:A) : ctx)

CR-cons-x
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QFU)C (AFT:ctx) (U wM >D)C (Q0Fv[M]>C)
= CR-cons-b

(
(QF U, b:w[M]) C (A (T, b:v[M]) : ctx)

(U Fo:Uy)C (AT Fo:Ty)|— o is a well-formed subsitution from Wy to ¥y

{QFY ) C(AFTy :ctx)}
(U F-) (AT FE )

SubstR-empty

(W H)eQ (W:G)eA {(QFV))C (AFT:ctx)}
(Q; Uy Fidy ) T (AT Fidy :v)

SubstR-id

(U Fo:Uy) T (AT o Ty)
(0, F M < [0]S) C (AT - M < [0]A)

(B Us F (0, M) : (U, 2:5)) © (AiT1F (0, M) : (Do aid)) SUPstR-tm

(U ko Uy)C (AT Fo:Ty)
(Q: Uy F w[M'] > C) C (A; Ty - v[M'] > D)
(0, F M < [0]C) C (AT, + M < [0]D)
(Q; 0y + (o, M) : (1112,b:W[M’])) C (AT F (o, M) : (Fg,bzv[ﬂ’]))

SubstR-spn

(UM< C)C (A T+ M < D)| - n-ary tuple M checks against block C

{QFY)C (AFT :ctx)}
(U Fnil < )C (AT Fnil <)

ChkR-spn-nil

(LU EM<=S)C (A TEM<= A)
(10 M < [M/2]D) C (AT + M < [M/z]C)

= = ChkR-spn-sigma
(KU E(M;M)<Xe:SD)C (AT H (M; M) < Xx:A.C)

A.3.5 Meta-layer

(FQ)C (FA:mctx)| - Q refines A

(F)C (F - motx) MCR-mil
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FQC(FA:metx) (QFS)C (AF A:mtype)
(F(Q,X:8) C (F (A, X:A) : mctx)

MCR-cons

(QFS)C (AF A:mtype)|— S refines A / is a well-formed meta-sort

(U EQ)C (AT HP < type)
(QF (v.Q)) C (A+ (T.P) : mtype)

MTR-tp

(QF H)C (AF G : schema)
(QF H)C (A G :mtype)

MTR-schema

QFU)C(AFT;ictx) (QF V) C (AFTy: ctx)

MTR-subst
(QF (V1.9,)) C (AF (I'1.I;) : mtype)
(QFEN:S)C (AF M : A)|— Meta-objects N has meta-sort S
(QBUFR<=Q)C (A;TFR<=P)
MOftR-tm

(QF (V.R): (V.Q)) C (A (I.R) : (I.P))

(KU Fo:Uy)C (AT o Ty)
(QF (P1.0): (U1.0)) © (A F (Dy.0) 1 (D1.T))

MOftR-subst

(QFU:H)C (AFT:G) (schema checking)
(QFY:H)C (AFT:G) (msort checking)

MOftR-ctx

(U Fp:Qy) C (AL F6O:Ag)|— pis a meta-substitution refinement of 6 from € to €y

{(F) C (F Ay :metx)}
() (ArF-)

MSubstR-nil

(QUEp: ) (AFO:Ay) (U EN:[p]S) T (A FM:[0]A)
(1 F (p,N) : (22, X:8)) T (A1 F (6, M) : (Ag, X:A))

MSubstR-cons

A.3.6 Subsorting rules

For LFR sorts |(Q2;UF S; <S) C (A;TF A) |- S is a subsort of Sy
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(LFRs;<syCa:L)eX (uUkM:L>sort)C (A;TFM:K > type)

(Vs <s9)C (AT Ha) Sub-atom
(QUES)C (AT EA) Sub-rofl
(U S<S)C (A TFA) 2WTe
(G UF 5 < S5)C (AT A) ub-trans
(UUES,<S)C (A THEA) (U, 2:5 S <S)HC (AT, x:AFA) Sub-pi

(W F z:S51.9] < Ma:Sy.85) C (AT I ALA

For blocks |(;VF Dy < Dy)C (A;T'FC)|— Dy is a sub-block of D,

(QF¥)C (AFT)
(KUE-<H)C (A0 F-)

Sub-Bnil

(QUUES <S)C(ATHA) (U, 5Dy <Dy)C (AT FCO)
(U F Xx:S1.Dy < Xx:S5.Do) C (AT F X2 AC)

Sub-sigma

For worlds |[(; U W, <W,y)C (A;TFV)|— W is asub-world of Wy

(Y EDy <Dy)C (A;¥FC : block)
(U F Dy <Dy)C (AW FC :world)

SubW-conv

(QUES<S)C (A THEA) (Q0,2:5FS <S)C (AT EA)
(W F x:S51.97] < [a:S,.5%) C (AT =1 ALA)

SubW-pi
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For schemas |(;VF Hy < Hy) C (A; T+ G)|— Hy is a sub-schema of Hy

(QF H)C (AF G : schema)
QF-<H)C(AFG

SubS-nil

(W¢ G) (QFH <Hy)C (AFG:schema) (;VEW, <W,)C (A;THV :world)

(QF H +w:W, < Hy+w:Wy) C (AT HG +w:V) SubS-sum

For meta-sorts |(QF & <S)C (AF A)|- S is a sub-meta-sort of Sy

(Q,\If F S < SQ) C (A,F"A)

SubM-tp

QFU)C(AFTY) (QF U)C (AFT)
(QUF U0y < Uy 0y) C (A FDp01y)

SubM-subst

(QF Hy < Hy) C (AF G : schema)
(QF Hy < H)) C (AF G :mtype)

SubM-schema
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Appendix B

Definition of Beluga

B.1 Syntax
Category Type level Refinement level
Types To=[Al |7 — n | [IX:AT C=1[8¢G— G| IX:S¢

Expressions | e i=y | M] |[fnym=el|lerea | fu=y | N]|fny: (= f| fi fo

|mlam X:A=¢€|e M |mlam X::S = f | f M
| let [X] =e€; in ey | let [X] = f1 in fo
| case™ [M] of b | case® [N] of ¢
Branches bu=A;M]=e cu=9;[N]=f
Contexts Qu=-|Qur Ea=-12y:(C
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B.2 Type-level judgments

|AF Z: cctx| - Computation context formation

g I—A-::mcC:tXx CC-nil S :ACCI—U;, yAT’ :Ecl_cth: —— CC-cons
A;=F 7 ctype ‘ — Type formation
AL 81 2 o g SET] e AL o
e

— Expression e has type 7

AP= :AC;C;T_ y(:zn') €= CT-var Ak /\A/l’ EJI{ [ﬁ]}_ [EA] cetx CT-box
T

AXAZEFe:T OT-mlam A;ZFe:TIX:AT AFM:A CT-mapp

A;ZFmlam X:A = e IIX: AT A=k e M: [M/X]T

N;Zke : [A] A X:AZRey: T
A;ZEF1let [X]=ejiney: 7

CT-let

-

T =MAIIXg:Ag70 AFO:Ay AFM:[0]A A;ZEFb:7 (forall b eb) oT
— -case
A;ZF (case™ [M] of b) : [p, M/Xo]T0

— Branch b matches invariant 7

Ao My: Ay AN FA=A/O,A) ALTOIEF [0]e: [0]m
A; =F (AO; [Mo] — 6) : HAl.HX()Z.A().TO

CT-branch
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B.3 Refinement-level judgments

(QF @) C (AF Z: cctx) |~ Computation context formation

(FQ)C (FA:metx)
(QF)C(AF-:cctx)

CCR-nil

(QFP)C (AFZ:cctx) (QPF()C (A;EF 71 ctype)

(Q -, Z/C) C (A =y CCtX) CCR-cons
(@ () C (A;EF 7 ctype) |~ Sort/type formation
QFS)C(AFA:ct QF®)C (AFZ:cct
( ) C ( ctype) ( )T ( cctx) TRt

(O [S]) = (A;EF [A] : ctype)

(GOFG)C (AZEF 1 ctype) (2F () C (A;ZEF 75 ctype)
(QPF(G — Q) (AER T — 7 ctype)

CTR-arr

(QFS)C(AF A:mtype) (2, X:5;0F()C (A X:A;ZF 7: ctype)
(Q;@ FIIX:S.¢) C (A;ZEFIIX:AT: ctype)

CTR-pi

(oF f:¢) C (A;ZF e:7)|— Sorting and typing judgments for expressions

QFP)C (AFZ:cetx) (y:()ed (y:7) €=
(o Fy:l)C (A ZEF yir)

CTR-var

QEN:S)C(AFM:A) (QFP)C (AFZ:cctx)
(@ - [N [S]) £ (A 2R [M]: [A])

CTR-box

(O, y:GEf:G)C(AZymbe:n)
(PFfnyi=f: =G C(AZEFfnymn =e:m — )

CTR-fn

(QPFfi:—=>G)C (A EFerim—m) (0F fo:G)C (AEFe:m)
(LEEfifo: Q)T (A ERer epim)

CTR-app

(L X:S;F f: () C (A X:AZFe:T)
(Q; @ Fmlam X:S = f:IIX:S5.() C (A;EF mlam X:A = e: IIX: A7)

CTR-mlam
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(Q@F fIX: SO C (AEFe:TIX:AT) (QFN:S)C(AFM:A)
(oF fN:N/X]Q) T (A;EFe M : [M/X]7)

CTR-mapp

(Q@F fi:[S)C(AZke: [Al) (Q,X:S;PF fo: ()T (A X:AZFey:7)
(QPF1let [X]=fiin fo: () C (A;EF let [X] =ejiney: 7T)

CTR-let

(= HXOZS().CO (Q N 80) C (A FM: .A())
7 = I1X¢: Ag.T0 (PFc¢: Q)T (A;ERb: 1) (for all 7)

= CTR-case
(@ I (case® [N] of €) : [0,N/X0]¢o) C (A;Z F (case™ [M] of b) : [0, M/ Xo]70)

(dFc: () (A;=EFb:7)|— Branch ¢/b matches invariant (/7

(QO ¢ N() : So) C (AQ ¢ M() : .A())
(Q,90;PF f:[No/Xo]lo) T (A, Ag; ZF e [Mo/Xo]70)

(D F (Q; No] = f) : 1X:S0.¢0) T (A;EF (Ag; [Mo] =€) : TTXy:Ag.70)

CTR-branch

‘ (OHG<G)C(AERT) ‘ — (1 is a computation-level sub-sort of ¢,

Q-8 <S)C (AFA:mtype) (QFP)C (AFZ: cctx)
(@ F[S1] < [Se]) £ (A EF[A])

SubC-meta

(LOFGSG)C(AERT) (0 <G)C(AERT)
(LKOFG- <L) C(NEFT T

SubC-arr

QFS<S)C(AFA) (QuSy®HG <G)C (AuwAZEET)
(0 F TTuw:S1.¢ < MuSy.¢o) C (A2 F Hut A1)

SubC-pi
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B.4 Signatures

Signatures YYo= | XD

Declarations D ::= LFa:K =c;:A;|...|c:A, LF type
LFRsCa:L=c;:S1 | ... | cu:Sn LFR sort
schema g = wi:V | ... | w,:V, LF schema

schema h = g =wy:W; | ... | w,:;WW,, LFR schema

recf:(=f Recursive function

— Y is a well-formed signature

F>:sig Fyx D:decl
F - sig (3, D) : sig

s D : decl|— D is a well-formed declarature in signature X

a¢y cp,..,c, ¢Y by K:kind - Fyax A; < type (for all i)
Fye (LFa: K =ci: Ay | ... | cuiAy) = decl

s¢ X (;-Fe L) C (- Fx K : kind)
(LFa: K =cpAi|...|cpdy) €8 (- Fssrar Si;) C (- Foscar As;) (for all j)
}_2 (LFR sCa:L= cil:Sil ‘ | cik:Sik) - decl

g¢y wy,.w,¢% -+, V;:world (for all i)
by (schema g = wi:Vi | ... | w,:V},) : decl

h¢Y (schemag=wyi:Vi|.. |wyV,) el (-Fs W) (5-Fs Vi :world) (for all j)
Fs (schema h = g =w;:W;, | ... | w;: WV, ) : decl

f¢ by (7 : I_E,rec f:¢ f : C) C (7 ' I_E,rec f:¢ e: T)
by (rec f: (= f) : decl
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