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Parametric polymorphism and gradual typing have proven to be a difficult combination, with no language
yet produced that satisfies the fundamental theorems of each: parametricity and graduality. Notably, Toro,
Labrada, and Tanter (POPL 2019) conjecture that for any gradual extension of System F that uses dynamic
type generation, graduality and parametricity are “simply incompatible”. However, we argue that it is not
graduality and parametricity that are incompatible per se, but instead that combining the syntax of System F
with dynamic type generation as in previous work necessitates type-directed computation, which we show
has been a common source of graduality and parametricity violations in previous work.

We then show that by modifying the syntax of universal and existential types to make the type name
generation explicit, we remove the need for type-directed computation, and get a language that satisfies both
graduality and parametricity theorems. The language has a simple runtime semantics, which can be explained
by translation to a statically typed language where the dynamic type is interpreted as a dynamically extensible
sum type. Far from being in conflict, we show that the parametricity theorem follows as a direct corollary of a
relational interpretation of the graduality property.
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1 INTRODUCTION

Gradually typed languages support freely mixing statically typed and dynamically code within
a single language and enable a transition from dynamic to static typing [Siek and Taha 2006;
Tobin-Hochstadt and Felleisen 2006, 2008]. They allow for stable, typed libraries to be used by
ephemeral dynamically typed scripts with no manual programming overhead, streamlining a
commonplace pattern in systems software. Furthermore, when some of these dynamically typed
scripts inevitably become feature-rich software, static types can be gradually added to help with
optimization, refactoring, type-based IDEs and documentation.

Gradually typed languages in the tradition of Siek and Taha [2006] are based on the presence of
a dynamic type, written ?, which is the type of dynamically typed code and is treated specially by
the type checker. For instance, if f is a statically typed function with type I — B—where I and B
represent integer and boolean types, respectively—and x is a dynamically typed input, then the
application fx is allowed by the static type checker because it is “plausible” that x will actually
satisfy the type I at runtime. But note here that since f has type I — B, it was written with
the expectation that it should only be applied to integers and may, for instance, use arithmetic
operations on its argument. In a sound gradually typed language, this type information should be
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reliable: the programmer and compiler should be able to refactor or optimize the function f based on
its type, which says it will only be used on values of type I. In order to ensure that this expectation is
met at runtime, the application fx is elaborated to a core language called a cast calculus where a cast
is inserted and the application becomes f({I < ?)x). If at runtime x is a value that is incompatible
with the type I, such as a function value, then the cast will error and signal that the input failed
to meet the function’s type. While this means that the gradual language admits runtime errors, it
ensures the soundness of the type for programmer reasoning and compiler optimization.

When designing the semantics of a gradual language, we must consider not just how programs
run, but how their behavior changes throughout the development process. Specifically, a gradual
language should ensure a smooth transition from dynamic to static typing, which is formalized
in two properties called the static and dynamic gradual guarantee [Siek et al. 2015]. The static
gradual guarantee states that making types more precise in a program makes it less likely that
the program type-checks. Our focus in this paper is on the dynamic gradual guarantee, also called
graduality [New and Ahmed 2018]. The graduality theorem provides a formalization for the intuition
that making types more precise should not impact the partial correctness of the program itself.
Specifically, it says that if the types in a program are made more precise, then either the more
precise program errors, or exhibits the same behavior as before. This means that a programmer
can add types to a portion of their program and know that the program as a whole still operates
the same way, unless a new dynamic error is raised, in which case there is a flaw either in the code
or in the new annotation that was introduced.

Languages can fail to satisfy the graduality theorem for a variety of reasons but a common
culprit is type-directed computation. Whenever a form in a gradual language has behavior that is
defined by inspection of the type of an argument, rather than by its behavior, there is a potential for
a graduality violation, because the computation must be ensured to be monotone in the type. For
instance, the Grace language supports a construct the designers call “structural type tests”. That
is, it includes a form M is A that checks if M has type A at runtime. Boyland [2014] show that
care must be taken in designing the semantics of this construct if A is allowed to be an arbitrary
type. For instance, it might seem reasonable to say that (Ax : ?.x) is I — I should run to false
because the function has type ? — ?. However, if we increase the precision of the types by changing
the annotation, we get (Ax : L.x) is I — I which should clearly evaluate to true, violating the
graduality principle. In such a system, we can’t think of types as just properties whose precision
can be tuned up or down: we also need to understand how changing the type might influence our
use of type tests at runtime.

Gradual typing researchers have designed languages that support reasoning principles enabled
by a variety of advanced static features—such as objects [Siek and Taha 2007; Takikawa et al.
2012], refinement types [Lehmann and Tanter 2017], union and intersection types [Castagna
and Lanvin 2017], typestates [Wolff et al. 2011], effect tracking [Banados Schwerter et al. 2014],
subtyping [Garcia et al. 2016], ownership [Sergey and Clarke 2012], session types [[garashi et al.
2017b], and secure information flow [Disney and Flanagan 2011; Fennell and Thiemann 2013; Toro
et al. 2018]. As these typing features become more complicated, the behavior of casts can become
sophisticated as well, and the graduality principle is a way of ensuring that these sophisticated
mechanisms stay within programmer expectations.

1.1 Polymorphism and Runtime Sealing

Parametric polymorphism, in the form of universal and existential types, allows for abstraction
over types within a program. Universal types, written VX.A, allow for the definition of functions
that can be used at many different types. Dually, existential types provide a simple model of a
module system. A value of type 3X.A can be thought of as a module that exports a newly defined
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type X and then a value A that may include X that gives the interface to the type. Languages with
parametric polymorphism provide very strong reasoning principles regarding data abstraction,
formalized by the relational parametricity theorem [Reynolds 1983].

The relational parametricity theorem captures the idea that an abstract type is truly opaque to its
users: for instance, a consumer of a value of existential type 3X.A can only interact with X values
using the capabilities provided by the interface type A. This allows programmers to use existential
types to model abstract data types [Mitchell and Plotkin 1985]. For instance, the existential type
IX.X X (X — X)X (X — I) represents the type of an abstract functional counter. The X represents
the state, the first component of the tuple is the initial state, the second component is an increment
function, and the final component reads out an observable integer value from the state. One obvious
example implementation would use I for X, 0 as the initial state, addition by 1 as the increment,
and the identity function as the read-out. In a language with proper data abstraction, we should be
able to guarantee that with this implementation, the read-out function should only ever produce
positive numbers, because even though the type I allows for negative numbers, the interface only
enables the construction of positive numbers. This pattern of reasoning naturally generalizes to
sophisticated data structure invariants such as balanced trees, sorted lists, etc.

Polymorphic languages can fail to satisfy the parametricity theorem for a variety of reasons but
one common culprit is type-directed computation on abstract types. For instance in Java, values of
a generic type T can be cast to an arbitrary object type. If the type T happens to be instantiated
with the same type as the cast, then all information about the value will be revealed, and data
abstraction is entirely lost. The problem is that the behavior of this runtime type-cast is directed by
the type of the input: at runtime the input must carry some information indicating its type so that
this cast can be performed. A similar problem arises when naively combining gradual typing with
polymorphism, as we will see in §2.

While parametric polymorphism ensures data abstraction by means of a static type discipline,
dynamic sealing provides a means of ensuring data abstraction even in a dynamically typed language.
To protect abstract data from exposure, a fresh “key” is generated and implementation code must
“seal” any abstract values before sending them to untrusted parties, “unsealing” them when they
are passed into the exposed interface. For instance, we can ensure data abstraction for an untyped
abstract functional counter by generating a fresh key o, and producing a tuple where the first
component is a 0 sealed with o, and the increment and read-out function unseal their inputs and
the increment function seals its output appropriately. If this is the only way the seal o is used in
the program, then the abstraction is ensured. While the programmer receives less support from the
static type checker, this runtime sealing mechanism gives much of the same abstraction benefits.

One ongoing research area has been to satisfactorily combine the static typing discipline of
parametric polymorphism with the runtime mechanism of dynamic sealing in a gradually typed
language [Ahmed et al. 2011, 2017; Igarashi et al. 2017a; Ina and Igarashi 2011; Toro et al. 2019; Xie
et al. 2018]. However, no such language design so far proposed has satisfied both of the desired
fundamental theorems: graduality for gradual typing and relational parametricity for parametric
polymorphism. Recent work by Toro et al. [2019] claims to prove that graduality and parametricity
are inherently incompatible, which backed by analogous difficulties for secure information flow
[Toro et al. 2018] has led to the impression that the graduality property is incompatible with
parametric reasoning. This would be the wrong conclusion to draw, for the following two reasons.
First, the claimed proof has a narrow applicability. It is based on the definition of their logical
relation, which we show in §2.3 does not capture a standard notion of parametricity. Second, and
more significantly, we should be careful not to conclude that graduality and parametricity are
incompatible properties, and that language designs must choose one. In this paper, we reframe the
problem: both are desirable, and should be demanded of any gradual or parametric language. The
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failure of graduality and parametricity in previous work can be interpreted not as an indictment
of these properties, but rather points us to reconsider the combination of System F’s syntax with
runtime semantics based on dynamic sealing. In this paper, we will show that graduality and
parametricity are not in conflict per se, by showing that by modifying System F’s syntax to make
the sealing visible, both properties are achieved. Far from being in opposition to each other, both
graduality and parametricity can be proven using a single logical relation theorem (§6).

1.2 Overview

We summarize the contributions of this work as follows

e We identify type-directed computation as the common cause of graduality and parametricity
violations in previous work on gradual polymorphism.

e We show that certain polymorphic programs in Toro et al. [2019]’s language GSF exhibit
non-parametric behavior.

e We present a new surface language PolyG" that supports a novel form of universal and
existential types where the creation of fresh types is exposed in a controlled way. The
semantics of PolyG" is similar to previous gradual parametric languages, but the explicit
type creation and sealing eliminates the need for type-directed computation.

e We elaborate PolyG" into an explicit cast calculus PolyC". We then give a translation from
PolyC" into a typed target language, CBPVosum, essentially call-by-push-value with poly-
morphism and an extensible sum type.

e We develop a novel logical relation that proves both graduality and parametricity for PolyG”.
Thus, we show that parametricity and graduality are compatible, and we strengthen the
connection alluded to by New and Ahmed [2018] that graduality and parametricity are
analogous properties.

Complete typing rules, definitions, and proofs are in the technical appendix [New et al. 2020].

2 GRADUALITY AND PARAMETRICITY, FRIENDS OR ENEMIES?

Next, we review the issues in constructing a polymorphic gradual language that satisfies parametric-
ity and graduality that have arisen in previous work. We see in each case that the common obstacle
to parametricity and graduality is the presence of type-directed computation. This motivates our
own language design, which obviates the need for type-directed computation by making dynamic
sealing explicit in code.

2.1 “Naive” Attempt

Before considering any dynamic sealing mechanisms, let’s see why the most obvious combination
of polymorphism with gradual typing produces a language that does not maintain data abstraction.
Consider a polymorphic function of type VX.X — B. In a language satisfying relational parametric-
ity, we know that the function must treat its input as having abstract type X and so this input cannot
have any influence on what value is returned. However, in a gradually typed language, any value
can be cast using type ascriptions, such as in the function AX.Ax : X.(x :: ?) :: B. Here :: represents
a type ascription. In a gradually typed language, a term M of type A can be ascribed a type B if it
is “plausible” that an A is a B. This is typically formalized using a type consistency relation ~ or
more generally consistent subtyping relation <, but in either case, it is always plausible that an A
is a ? and vice-versa, so in effect a value of any type can be cast to any other by taking a detour
through the dynamic type. These ascriptions would then be elaborated to casts producing the term
AX Ax : X (B < ?)(? & X)x If this function is applied to any value that is not compatible with
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B, then the function will error, but if passed a boolean, the natural substitution-based semantics
would result in the value being completely revealed:

(AX.Ax : X.(B & ?)(? & X)x)[B]true =" (B & ?)(? & B)true —* true

The root-cause of this parametricity violation is that we allow casts like (? < X) whose behavior
depends on how X is instantiated. To construct a gradual language with strong data abstraction we
must somehow avoid the dependency of (? < X) on X. One option, is to ban casts like (? < X)
altogether. Syntactically, this means changing the notion of plausibility to say that ascribing a
term of type X with the dynamic type ? is not allowed. This is possible using the system presented
by Igarashi et al. [2017a] if you only allow As that use the “static” label. This is compatible with
parametricity and graduality, but is somewhat against the spirit of gradual typing, where typically
all programs could be written as dynamically typed programs, and dynamically typed functions can
be used on values of any type. An alternative is to use dynamic sealing to allow casts like (? & X),
but ensure that their behavior does not depend on how X is instantiated.

2.2 Type-directed Sealing

In sealing-based gradual parametric languages like AB[Ahmed et al. 2011, 2017], we ensure that
casts of abstract type do not depend on their instantiation by adding a layer of indirection. Instead
of the usual f rule for polymorphic functions

(AX.M)[A] = M[A/X],
in AB, we dynamically generate a fresh type « and pass that in for X. This first of all means the

runtime state must include a store of fresh types, written . When reducing a type application, we
generate a fresh type o and instantiate the function with this new type

3 (AX.M)[A] = %, a == A; M[a/X]
In this case, we interpret « as being a new tag on the dynamic type that tags values of type A but
is different from all previously used tags. The casts involving « are treated like a new base type,
incompatible with all existing types. However, if we look at the resulting term, it is not well-typed:
if the polymorphic function has type YX.B, then M[a/X] has type B[a/X], but the context of this
term expects it to be of type B[A/X]. To paper over this difference, AB wraps the substitution with
a type-directed coercion, distinct from casts, that mediates between the two types:

S (AXM)[A] = 3@ = A; M[a/X] : Bla/X] = B[A/X]

This type-directed coercion M[a/X] : B[a/X] = B[A/X] is the part of the system that performs
the actual sealing and unsealing, and is defined by recursion on the type B. The +« indicates that
we are unsealing values in positive positions and sealing at negative positions. For instance if
B = X X B, and X = B, then on a pair (seal,true, false) the coercion will unseal the sealed
boolean on the left and leave the boolean on the right alone. If B is of function type, the definition
will involve the dual coercion using —«, which seals at positive positions. So for instance applying
the polymorphic identity function will reduce as follows

%5 (AX.Ax : X.x)[B]true HXa=B(Ax:ax:a—>a =B B)true
— 3, a:=B; (Ax : a.x)(true : X = Q) :a Zx Y, a:=B;(Ax : a.x)(sealytrue) : a = x
— 2, a = B;sealytrue : o 2;. X — true
While this achieves the goal of maintaining data abstraction, it unfortunately violates graduality,

as first pointed out by Igarashi et al. [2017a]. The reason is that the coercion is a type-directed
computation, this time directed by the type VX.B of the polymorphic function, whose behavior
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observably differs at type X from its behavior at type ?. Specifically, a coercion M : X = aresultsin

sealing the result of M, whereas if X is replaced by dynamic, then M : ? = aisan identity function.
An explicit counter-example is given by modifying the identity function to include an explicit
annotation. The term M; = (AX.Ax : X.x :: X)[B]true reduces by generating a seal a, sealing
the input true with a, then unsealing it, finally producing true. On the other hand, if the type of
the input were dynamic rather than X, we would get a term M, = (AX.Ax : ?.(x :: X)) [B]true.
In this case, the input is not sealed by the implementation, and the ascription of X results in a
failed cast since B is incompatible with . The only difference between the two terms is a type
annotation, meaning that M; C M, in the term precision ordering (M, is more precise than M),
and so the graduality theorem states that if M; does not error, it should behave the same as M, but
in this case M, errors while M; does not. The problem here is that the type of the polymorphic
function determines whether to seal or unseal the inputs and outputs, but graduality says that the
behavior of the dynamic type must align with both abstract types X (indicating sealing/unsealing)
and concrete types like B (indicating no sealing/unsealing). These demands are contradictory since
dynamic code would have to simultaneously be opaque until unsealing and available to interact
with. So we see that the attempt to remove the type-directed casts which break parametricity by
using dynamic sealing led to the need for a type-directed coercion which breaks graduality.

2.3 To Seal, or not to Seal

The language GSF was introduced by Toro et al. [2019] to address several criticisms of the type
system and semantics of AB. We agree with the criticisms of the type system and so we will focus
on the semantic differences. GSF by design has the same violation of graduality as AB, but has
different behavior when using casts.

One motivating example for GSF is what happens when casting the polymorphic identity function
to have a dynamically typed output: (((AX.Ax : X.x) :: VX.X — ?)[I]1) + 2. In AB, the input 1 is
sealed as dictated by the type, but the dynamically typed output is not unsealed when it is returned
from the function, resulting in an error when we try to add it. Ahmed et al. [2011] argue that it
should be a free theorem that the behavior of a function of type VX.X — ? should be independent
of its argument: it always errors, diverges or it always returns the same dynamic value, based on
the intuition that the dynamic type ? does not syntactically contain the free variable X, and that
this free theorem holds in System F. This reasoning is suspect since at runtime, the dynamic type
does include a case for the freshly allocated type X, so intuitively we should consider ? to include
X (and any other abstract types in scope).

Toro et al. [2019] argue on the other hand that intuitively the identity function was written
with the intention of having a sealed input that is returned and then unsealed, and so casting
the program to be more dynamic should result in the same behavior and so the program should
succeed. The function application runs to the equivalent of (? < I)1 which is then cast to I and
added to 2, resulting in the number 3. The mechanism for achieving this semantics is a system of
runtime evidence, based on the Abstracting Gradual Typing (AGT) framework [Garcia et al. 2016].
An intuition for the behavior is that the sealing is still type-directed, but rather than being directed
by the static type of the function being instantiated, it is based on the most precise type that the
function has had. So here because the function was originally of type VX.X — X, the sealing
behavior is given by that type.

However, while we agree that the analysis in Ahmed et al. [2011] is incomplete, the behavior in
GSF is inherently non-parametric, because the polymorphic program produces values with different
dynamic type tags based on what the input type is. As a user of this function, we should be able
to replace the instantiating type I with B and give any boolean input and get related behavior at
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the type ?, but in the program (((AX.Ax : X.x) :: VX.X — ?)[B]true) + 2 the function application
reduces to (? & B)true which errors when cast to I. Intuitively, this behavior is not parametric
because the first program places an I tag on its input, and the second places a B tag on its input.
The non-parametricity is clearer if we look at a program of type VX.? — B and consider the
following function, a constant function with abstract input type cast to have dynamic input:

const = (AX.Ax : X.true) =: VX.? - B

X now has no effect on static typing, so both const[I]3 and const[B] are well-typed. However,
since the sealing behavior is actually determined by the type VX.X — B, the program will try to
seal its input after downcasting it to whatever type X is instantiated at. So the first program casts
(I & ?)(? & )3, which succeeds and returns true, while the second program performs the cast
(B < ?)(? & I)3 which fails. In effect, we have implemented a polymorphic function that for
any type X, is a recognizer of dynamically typed values for that type, returning true if the input
matches X and erroring otherwise. Any implementation of this behavior would clearly require
passing of some syntactic representation of types at runtime.

Formally, the GSF language does not satisfy the following defining principle of relational para-
metricity, as found in standard axiomatizations of parametricity such as Dunphy [2002]; Ma and
Reynolds [1991]; Plotkin and Abadi [1993]. In a parametric language, the user of a term M of a
polymorphic function type VX.A — B should be guaranteed that M will behave uniformly when
instantiated multiple times. Specifically, a programmer should be able to instantiate M with two
different types By, B; and choose any relation R € Rel[Bj, B;]| (where the notion of relation depends
on the type of effects present), and be ensured that if they supply related inputs to the functions, they
will get related outputs. Formally, for a Kripke-style relation, the following principle should hold:

M:VXA—B  ReRel[B;,By]  (w,Vi,Wb) € V[A]p[X — R]
(W,M[B]]Vl,M[Bz]Vz) € SHBHP[X [ad R]

Here w is a “world” that gives the invariants in the store and p is the relational interpretation of free
variables. V[-] and &[] are value and expression relations formalizing an approximation ordering
on values and expressions respectively, and X — R means that the relational interpretation of X is
given by R.

Toro et al. [2019] use an unusual logical relation for their language based on a similar relation in
Ahmed et al. [2017], so there is no direct analogue of the relational mapping X + R. Instead, the
application extends the world with the association of ¢ to R and the interpretation sends X to a.
However, we can show that this parametricity principle is violated by any p we pick for the term
const above, using the definition of &[] given in [Toro et al. 2019]". Instantiating the lemma would
give us that (w, const[I]3, const[B]3) € E[B]p since (w,3,3) € V[?]p for any p. The definition
of &[B] p then says (again for any p) that it should be the case that since const[I]3 runs to a value,
it should also be the case that const[B]3 runs to a value as well, but in actuality it errors, and so
this parametricity principle must be false.

How can the above parametricity principle be false when Toro et al. [2019] prove a parametricity
theorem for GSF? We have not found a flaw in their proof, but rather a mismatch between their
theorem statement and the expected meaning of parametricity. The definition of V[VX.A] in Toro
et al. [2019] is not the usual interpretation, but rather is an adaptation of a non-standard definition
used in Ahmed et al. [2017]. Neither of their definitions imply the above principle, so we argue
that neither paper provides a satisfying proof of parametricity. With GSF, we see that the above
behavior violates some expected parametric reasoning, using the definition of V[[?] given in Toro

Ithey use slightly different notation, but we use notation that matches the logical relation we present later
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et al. [2019]. With AB, we know of no counterexample to the above principle, and we conjecture
that it would satisfy a more standard formulation of parametricity.

It is worth noting that the presence of effects—such as nontermination, mutable state, control
effects—requires different formulations of the logical relation that defines parametricity. However,
those logical relations capture parametricity in that they always formalize uniformity of behavior
across different type instantiations. For instance, for a language that supports nontermination,
the logical relation for parametricity ensures that two different instantiations have the same
termination behavior: either both diverge, or they both terminate with related values. Because of
this, the presence of effects usually leads to weaker free theorems—in pure System F all inhabitants
of VX.X — X are equivalent to the identity function, but in System F with non-termination,
every inhabitant is either the identity or always errors. Though the free theorems are weaker,
parametricity still ensures uniformity of behavior. As our counterexample above (const[I]3 vs.
const[B]3) illustrates, GSF is non-parametric since it does not ensure uniform behavior. However,
since the difference in behavior was between error and termination, it is possible that GSF satisfies a
property that could be called “partial parametricity” (or parametricity modulo errors) that weakens
the notion of uniformity of behavior: either one side errors or we get related behaviors. However,
it is not clear to us how to formulate the logical relation for the dynamic type to prove this. We
show how this weakened reasoning in the presence of ? compares to reasoning in our language
PolyG" in §6.4.

Our counter-example crucially uses the dynamic type, and we conjecture that when the dynamic
type does not appear under a quantifier, that the usual parametric reasoning should hold in GSF.
This would mean that in GSF once polymorphic functions become “fully static”, they support
parametric reasoning, but we argue that it should be the goal of gradual typing to support type-
based reasoning even in the presence of dynamic typing, since migration from dynamic to static is
a gradual process, possibly taking a long time or never being fully completed.

2.4 Resolution: Explicit Sealing

Summarizing the above examples, we see that

(1) The naive semantics leads to type-directed casts at abstract types, violating parametricity.

(2) AB’s type-directed sealing violates graduality because of the ambiguity of whether or not the
dynamic type indicates sealing/unsealing or not.

(3) GSF’s variant of type-directed sealing based on the most precise type violates graduality and
parametricity because the polymorphic function gets to determine which dynamically typed
values are sealed (i.e. abstract) and which are not.

We see that in each case, the use of a type-directed computational step leads to a violation of
graduality or parametricity. The GSF semantics makes the type-directed sealing of AB more flexible
by using the runtime evidence attached to the polymorphic function rather than the type at the
instantiation point, but unfortunately this makes it impossible for the continuation to reason about
which dynamically typed values it passes will be treated as abstract or concrete. This analysis
motivates our own language design PolyG"”, where

(1) We depart from the syntax of System F.

(2) Sealing/unsealing of values is explicit and programmable, rather than implicit and type-
directed.

(3) The party that instantiates an abstract type is the party that determines which values are
sealed and unsealed. For existential types, this is the package (i.e., the module) and dually for
universal types it is the continuation of the instantiation.
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The dynamic semantics of PolyG" are similar to AB without the type-directed coercions, removing
the obstacle to proving the graduality theorem. By allowing user-programmable sealing and
unsealing, more complicated forms of sealing and unsealing are possible: for instance, we can seal
every prime number element of a list, which would require a very rich type system to express
using type-directed sealing! We conjecture that the language is strictly more expressive than AB
in the sense of Felleisen [1990]: AB should be translatable into PolyG" in a way that simulates its
operational semantics. Because the sealing is performed by the instantiating party rather than the
abstracting party, the expressivity of PolyG" is incomparable to GSF.

3 PolyG": A GRADUAL LANGUAGE WITH POLYMORPHISM AND SEALING

Next, we present a our gradual language, PolyG”, that supports a variant of existential and universal
quantification while satisfying parametricity and graduality. The language has some unusual
features, so we start with an extended example to illustrate what programs look like, and then in
§ 3.2 introduce the formal syntax and typing rules.

3.1 PolyG" Informally

Let’s consider an example of existential types, since they are simpler than universal types in PolyG".
In a typed, non-gradual language, we can define an abstract “flipper” type, FLIP = 3X.X x (X —
X) X (X — B). The first element is the initial state, the second is a “toggle” function and the last
element reads out the value as a concrete boolean.

Then we could create an instance of this abstract flipper using booleans as the carrier type
X and negation as the toggle function pack(B, (true, (NOT, ID))) as FLIP. Note that we must
explicitly mark the existential package with a type annotation, because otherwise we wouldn’t
be able to tell which occurrences of B should be hidden and which should be exposed. With
different type annotations, the same package could be given types 3X.B x (B — B) X (B — B) or
AX X x (X - X) x (X — X).

The PolyG" language existential type works differently in a few ways. We write 3" rather than 3
to emphasize that we are only quantifying over fresh types, and not arbitrary types. The equivalent
of the above existential package would be written as

pack’(X = B, (sealxtrue, ((Ax : X.sealx(NOT(unsealxx))), (Ax : X.unsealxx))) : FLIP

The first thing to notice is that rather than just providing a type B to instantiate the existential, we
write a declaration X = B. The X here is a binding position and the body of the package is typed
under the assumption that X = B. Then, rather than substituting B for X when typing the body of
the package, the type checker checks that the body has type X x ((X — X) X (X — B)) under the
assumption that X = B:

X =B+ (sealxtrue, ((Ax : X.sealx (NOT(unsealxx))), (Ax : X.unsealxx))) : X X ((X — X)X (X — B))

Crucially, X = B is a weaker assumption than X = B. In particular, there are no implicit casts
from X to B or vice-versa, but the programmer can explicitly “seal” B values to be X using the
form sealx M, which is only well-typed under the assumption that X = A for some A consistent
with B. We also get a corresponding unseal form unsealx M, and the runtime semantics in § 4.4
defines these to be a bijection. At runtime, X will be a freshly generated type with its own tag on
the dynamic type. An interesting side-effect of making the difference between X and B explicit in
the term is that existential packages do not require type annotations to resolve any ambiguities.
For instance, unlike in the typed case, the gradual package above could not be ascribed the type
F'X.B X ((B — B) x (B — B)) because the functions explicitly take X values, and not B values.

The corresponding elimination form for 3" is a standard unpack: unpack (X, x) = M; N, where
the continuation for the unpack is typed with just X and x added to the context, it doesn’t know
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that X = A for any particular A. We call this ordinary type variable assumption an abstract type
variable, whereas the new assumption X = A is a known type variable which acts more like a type
definition than an abstract type. At runtime, when an existential is unpacked, a fresh type X is
created that is isomorphic to A but whose behavior with respect to casts is different.

While explicit sealing and unsealing might seem burdensome to the programmer, note that this
is directly analogous to a common pattern in Haskell, where modules are used in combination with
newtype to create a datatype that at runtime is represented in the same way as an existing type, but
for type-checking purposes is considered distinct. We give an analogous Haskell module as follows:

module Flipper(State, start, toggle, toBool) where

newtype State = Seal { unseal :: Bool }

start :: State

start = Seal True

inc :: State -> State

inc s = Seal (not (unseal s)

toBool :: State —> Bool

toBool = unseal

Then a different module that imports Flipper is analogous to an unpack, as its only interface to
the State type is through the functions provided.

We also add universal quantification to the language, using the duality between universals and
existentials as a guide. Again we write the type differently, as V"X .A. In an ordinary polymorphic
language, we would write the type of the identity function as VX.X — X and implement it using
a A form: AX.Ax : X.x. The elimination form passes in a type for X. For instance applying the
identity function to a boolean would be written as ID [B] true. And a free theorem tells us that
this term must either diverge, error, or return true.

The introduction form A is dual to the unpack form, and correspondingly looks the same as the
ordinary A, for example in the identity function ID" = A"X.Ax : X.x : VVX.X — X. The body of the
AV is typed with an abstract type variable X in scope. The elimination form of type application is
dual to the pack form, and so similarly introduces a known type variable assumption. Instantiating
the identity function as above would be written as unsealy (ID"{X = B}(sealxtrue)) : B. which
introduces a known type variable X = B into the context. Rather than the resulting type being
B — B, itis X — X with the assumption X = B. Then the argument to the function must be
explicitly sealed as an X to be passed to the function. The output of the function is also of type X
and so must be explicitly unsealed to get a boolean out. However, there is something quite unusual
about this term: the X = B binding site is not binding X in a subterm of the application, but rather
into the context: the argument is sealed, and the continuation is performing an unseal! These
bindings in V" instantiations follow this “inside-out” structure and complicate the typing rules:
every term in the language “exports” known type variable bindings that go outwards in addition to
the other typing assumptions coming inwards from the context. While unusual, they are intuitively
justified by the duality with existentials: we can think of the continuation for an instantiation of a
V" as being analogous to the body of the existential package.

To get an understanding of how PolyG" compares to AB and GSF and why it avoids their violation
of graduality, let’s consider how we might write the examples from the previous section. In PolyG,
if we apply a function of type VX.X — X, we have to mark explicitly that the input is sealed, and
furthermore if we want to use the output as a boolean, we must unseal the output:

unsealx ((AX.Ax : X.x :: X){X = B}(sealytrue)) =" true

Then if we change the type of the input from X to ? the explicit sealing and unsealing remain,
so even though the input is dynamically typed it will still be a sealed boolean, and the program
exhibits the same behavior:
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types A == ? | X|B|AXA|A—>A|3I'XA| VXA
Groundtypes G == X |B|?x?|?—>?|3"X.?2|V'X.?
terms M x | M=z A | sealyM | unsealxM | is(G)? M | true | false

if Mthen Melse M | (M,M) | let (x,x) = M;M

MM | Ax : AM | packV(X = A, M) | unpack (X,x) = M;N
AX.M | M{X = A} | let x=M; M

| Tx:A|LX|TLX=A

environment r
Fig. 1. PolyG" Syntax

unsealx ((AX . Ax : ?.x :: X){X = B}(sealxtrue)) —* true

If we remove the seal of the input, then the cast to X in the function will fail, giving us the behavior
of AB/GSF:

unsealx ((AX . Ax : ?2.x = X){X = B}true) »* U
but crucially this involved changing the term, not just the type, so the graduality theorem does not
tell us that the programs should have related behavior.

Next, let’s consider the parametricity violation from GSF. When we instantiate the constant
function, we need to decide if the argument is sealed or not. We get the behavior of GSF when we
instantiate with I and seal the input 3:

const{X = I}sealx3 —" true
However, if we try to write the analogous program with B: instead of I const{X = B}sealx3 then
the program is not well typed because X = B and 3 has type I which is not compatible. We can
replicate the outcome of the GSF program by not sealing the 3:
const{X = B}3 —* U

But this is not a parametricity violation because the 3 here will be embedded at the dynamic type
with the I tag, whereas above the 3 was tagged with the X tag, which is not related.

3.2 PolyG' Formal Syntax and Semantics

Figure 1 presents the syntax of the surface language types, terms and environments. Most of the
language is a typical gradual functional language, using ? as the dynamic type, and including type
ascription M :: A. The unusual aspects of the language are the sealxM and unsealxM forms and
the “fresh” existential 3"X.A and universal V"X .A. Note also the non-standard environments T,
which include ordinary typing assumptions x : A, abstract type variable assumptions X and known
type variable assumptions X = A. For simplicity, we assume freshness of all type variable bindings,
i.e. when we write I', X or I', X = A that X does not occurinT.

The typing rules are presented in Figure 2. On a first pass, we suggest ignoring all shaded parts of
the rules, which only concern the inside-out scoping needed for the V" X.A forms and would not be
necessary if this type was removed. We follow the usual formulation of gradual surface languages
in the style of [Siek and Taha 2006]: type checking is strict when checking compatibility of different
connectives, but lax when the dynamic type is involved. The first M :: B form is type-ascription,
which is well formed when the types are consistent with each other, written A ~ B. We define this
in the standard way in as being the least congruence relation including equality and rules making ?
consistent with every type.

We include variable and let-binding rules, which are standard other than the shaded parts. Next,
we include sealing sealx M and unsealing unsealxM forms. The sealing and unsealing forms are
valid when the assumption X = A is in the environment and give the programmer access to an
explicit bijection between the types X and A. It is crucial for graduality to hold that this bijection is
explicit and not implicit, because the behavior of casts involving X and A are very different. To
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TrM:A; T, A~B x:AeTl F'rM:A; Ty I Ty, x: A+ N:B; Iy
I'+(M:B):B; I, Tkx: Al T'tlet x=M;N:B; Iy, In
I'+M:B; T, X=Ael, I, B~A I'+M:B; T, X=Ael, I, B~X
T'rsealyM: X; I, '+ unsealyM : A; T,

T'rM:A; Iy Il +G
T'+ true:B; - I'+ false:B; -

T+is(G)? M:B; T,

T'rM: A Ty A~B
T, FM F Nt : By Ft T, FM I—Nf:Bf; Ff

T'rif Mthen Nyelse Nf : By I_IBf; Ty, Tt nrf

I'+M :A; Iy I My : Ay In THEM:A Iy T, Ty, x:mi(A),y:m(A) F N:B; Iy

T+ (M, M) : Ay X Ag; Tq, Ty T+ let (x,y) = M;N : B; I, Iy
T'+A I'x:A+M:B; I, THM: A Ty I, Iy -N:B; Iy dom(A) ~ B
F'rAx:AM:A— B;: T'+M N :cod(A); Ty, Iy
FT'EM:A; Iy
ILX=ArM:B; T, [Ty, X,x:un3"(A) r N:B; Ty T, TuInlx + B
I +pack”(X = A,M) : 3"X.B;| T + unpack (X,x) = M;N : B; Tn, Ivlx
X +FM:AT, TrM:ATy T,TyrB
T+AXM:VX.A;- I+ M{X = B} :unV"(A); Ty, X = B
?7~A A~7? B~B X~X
A;j ~B; Ay~ By A ~B; Ay ~By A~B A~B
A; — Ay ~ B; — B, Ay X Ay ~ By X By 3'X.A ~3'X.B VYX.A ~V'X.B
dom(A—B) = A
dom(?) = ? wnI'(I"X.A) = A
cod(A—>B) = B un3d’(?) = ?
cod(?) = ? I =
mi(A1 X Az) = A = )
() = 2 (X = ADIr =X = 4 (Tlr) EV(A) AT’ =0)
unV'(V'X.A) = A (X = AT =Tlp.x (EV(A) N T’ # 0)
unvV’(?) = ?

Fig. 2. PolyG" Type System

show that it has no adverse effect on the calculus, we also include a form is(G)? M that checks at
runtime whether M returns a value that is compatible with the ground type G. M can have any
type in this case because it is always a safe operation, but the result is either trivially true or false
unless M has type ?.
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Next, we have booleans, whose values are true and false, and whose elimination form is an
if-statement. The if-statement checks that the scrutinee has a type compatible with B, and as in
previous work uses gradual meet B, M By for the output type [Garcia and Cimini 2015]. Gradual
meet is only partially defined, since this ensures that if the two sides have different (non-?) head
connectives then type checking errors, in keeping with the philosophy of strict checking when
precise types are used.

Next, we have pairs and functions, which are fairly standard. We use pattern-matching as the
elimination form for pairs. To reduce the number of rules, we present the elimination forms in the
style of Garcia and Cimini [2015], using partial functions 7;, dom, cod and later unV", un3" to extract
the subformula from a type “up to ?”. For the correct type this extracts the actual subformula, but for
? is defined to be ? and for other connectives is undefined. We define these at the bottom of the figure,
where uncovered cases are undefined. Next, we have existentials, which are as described in §3.1.

Finally, we consider the shaded components of the judgment. The full form of the judgment is
I' - M : A;T, where T}, is the list of bindings that are generated by M and exported outward. Note that
the type A of M can use variables in I, as well as variables in I'. Also, while we write these as Iy, Ty,
etc., they only contain sequences of known type variables, and never any abstract type variables
or typing assumptions x : A. These bindings are generated in the V" elimination rule, where the
instantiation M{X = B} adds X = B to the output context. Rules that produce delayed thunks—the
function, existential and universal introduction rules—have bodies that generate bindings, but these
are not exported because these bindings will only be generated at the point where the thunk is
forced to evaluate. The rest of the rules work similarly to an effect system: for instance in the
function application rule M N the bindings generated in M are bound in N, and the application
produces all of the bindings they generate, and similarly for product introduction. In the unpack
form, care must be taken to make sure that the X from the unpack is not leaked in the output
I'y, in addition to making sure the output type B does not mention X. Any known type variables
that mention X are removed from the output context, using the restriction form I't» defined at the
bottom of Figure 2. Finally, in the if form, each branch might export different known type variables,
so the if statement as a whole only exports the intersection of the two branches, since these are the
only ones guaranteed to be generated.

4 PolyC": CAST CALCULUS

Asisstandard in gradual languages, rather than giving the surface language an operational semantics
directly, we define a cast calculus that makes explicit the casts that perform the dynamic type
checking in gradual programs. We present the cast calculus syntax in Figure 3. The cast calculus
syntax is almost the same as the surface syntax, though the typing is quite different. First, the type
ascription form is removed, and several forms are added to replace it. Based on the analysis in
[New and Ahmed 2018], we add two cast forms: an upcast (A*)] M and a downcast (A%)| M,
whereas most prior work includes a single cast form (A < B). The A" used in the upcast and
downcast forms here is a proof that A; E A, for some types A, A,, i.e., that A; is a more precise
(less dynamic) type than A,. This type precision definition is key to formalizing the graduality
property, but previous work has shown that it is useful for formalizing the semantics of casts as
well. We emphasize the structure of these proofs because the central semantic constructions of
this work: the operational semantics of casts, the translation of casts into functions and finally our
graduality logical relation are all naturally defined by recursion on these derivations.

4.1 PolyC" Type Precision

We present the definition of type precision in Figure 4. The judgment T + A= : A; C A, is read as
“using the variables in T, A* proves that A; is more precise/less dynamic than A,. If you ignore the
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type names a == ol|X
types AB +:= o
ground types G u= a|B|?x?]|?2-5?]3X?|VX.?
precision derivations A5, BE ? tagG(AE) | « | B | AR x AE | AE — BE
JVX.AE | VVX.AE

A'XM | injg V | (AF - AT M | (A= - AZ) M

(V'X.AE)] M | (VWX.AF), M | pack¥(X = A’, [AE 1], M)
expressions M,N —:= (M:=A)

+u= U | (A5 M | (AR)L M | hide X = A;M | injg M

| pack¥(X = A", [AE 1,..], M) | sealgM | unseal, M
Evaluation Context E = []|(EM | (V,E) | E[A] | EM | VE | injg E
|
|

|

values V= sealyV | true | false | x | (V,V) | A(x:A).M
|
|

if Ethen Melse M | let (x,y) = E;M | (AE)] E
unpack (X,x) = E;M | seal4E | unsealyE | (AS)| E

Fig. 3. PolyC" Syntax

IT+A5:ACG XeTl
— TrH?:?2C7 T+B:BCB S
I'Ftagg(A=):AC? rr-X:Xcx
C C C C
A Ay C Ay THAS :ApC A rrAS:A;Cc A TrBE:BCB
1“'_AIEXAZE:AllXAlz‘;ArlXArz TI—AE—>BQ:A1—>BII;Ar—)Br
I[LXrAE: A CA I[LX+AF: A C A
Fr3"X.A%:3"X.A C 3'X.A, [FYYX.AE VX A CV'X A,

Fig. 4. PolyC" Type Precision

precision derivations, our definition of type precision is a simple extension of the usual notion: type
variables are only related to the dynamic type and themselves, and similarly for V and 3. Since we
have quantifiers and type variables, we include a context I' of known and abstract type variables.
Crucially, even under the assumption that X = A, X and A are unrelated precision-wise unless A
is ?. As before, X € I ranges over both known and abstract type variables. It is easy to see that
precision reflexive and transitive, and that ? is the greatest element. Finally, ? is the least precise
type, meaning for any type A there is a derivation that A E ?. The precision notation is a natural
extension of the syntax of types: with base types ?,B serving as the proof of reflexivity at the type
and constructors X, —, etc. serving as syntax for congruence proofs. It is important to note that
while we give a syntax for derivations, there is at most one derivation A- that proves any given
A; E A,. We prove these and several more lemmas about type precision in the appendix [New et al.
2020].

4.2 PolyC' Type System

The static type system for the cast calculus is given Figure 5. The cast calculus type system differs
from the surface language in that all type checking is strict and precise. This manifests in two
ways. First, the dynamic type is not considered implicitly compatible with other types. Instead,
in the translation from PolyG" to PolyC", we insert casts wherever consistency is used in the
judgment. Second, in the if rule, the branches must have the same type, and an upcast is inserted
in the translation to make the two align. Finally, the outward scoping of known type variables is
handled more explicitly. We add a new form hide X = A; M that delimits the scope of X = A from
going further outward, enforced by the side condition that I', [y + I;;. Then in rules that include
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x:A€eT TrM:ATy  TrAR:ACA, ITrM:AnuTy  TrAR:ACA,
TFx:A;- T (A M: ATy Tr{(ASY M : ATy
THFM: ATy IIpm,x:AF N :BIn T'rM: AT, X=Ael,I,
I'rlet x=M;N:B;Iy, Iy T'rsealyM: X;T,
F'eM:X;T, X=Ael,I, THM:2T, T'rG
- I'Ftrue:B;- I'+ false:B;-
I'+unsealxM : A;T, I'tis(G)? M :B;I,
FI-M:B;FM F,FMv-N,:B;FN F,FMv-Nf:B;FN I'r-M;: ATy ILT1 F M : Ay T
I'+if Mthen N;else Nf:B;FM,FN T+ (M, M) : Ay X Ag; Ty, I
THFM:A; XAyTy I Ty, x:AL,y: A2+ N:B;I'n T'rA I''x:A+M:B;-
T+ let (x,y) = M;N : B;Tj, In TFAx:AM:A— B;-
'rM:A— BTy Ty N:ATN I''X=A+rM:B;-
I'rM N :B; Ty, Ty I+ pack”(X = A, M) : 3"X.B;-

T+M:3"X ATy LI Xx:ArN:BIy LIy+Iy LIuInt+B
T +unpack (X,x) = M;N : B;Ty, In

LX+M:A;- TrM:¥V'XATy TLIyrB THM:Ty, X =AT,,  TTyrT,
TFA'XM:V'X.A;- TrM{X=B}:ATyX=B T+ hide X = A; M;Tyy, T,

Fig. 5. PolyC” Typing

delayed computations, i.e., values of function, existential and universal type, whereas in the surface
language the delayed term could produce any names, now in PolyC", they must all be manually
hidden. Similarly in the branches of an if statement, the two sides must have the same generated
names, and hides must be used in the elaboration to make them align.

4.3 Elaboration from PolyG" to PolyC"

We define the elaboration of PolyG" into the cast calculus PolyC" in Figure 6. Following [New
and Ahmed 2018], an ascription is interpreted as a cast up to ? followed by a cast down to the
ascribed type. Most of the elaboration is standard, with elimination forms being directly translated
to the corresponding PolyC" form if the head connective is correct, and inserting a downcast if the
elimination position has type ?. We formalize this using the metafunction G { M defined towards
the bottom of the figure. For the if case, in PolyC" the two branches of the if have to have the same
output type and export the same names, so we downcast each branch, but also we hide any names
not generated by both sides, using the metafunction hide I' C I'"; M, defined at the bottom of the
figure, which hides all names present in I'” that are not in I'. Finally, in the values that are thunks
(pack, A and A), the bodies of the thunks must not generate names in PolyC"”, so we hide names
there as well.

4.4 PolyC’ Dynamic Semantics

The dynamic semantics of PolyC", presented in Figure 7, extends traditional cast semantics with
appropriate rules for our name-generating universals and existentials. The runtime state is a pair
of a term M and a case store 3. A case store X represents the set of cases allocated so far in the
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(M :: B)t = (B?5)| (A?5)] M (where M : A, A?5: AC?,B?5:BC?)

xt=x
(let x =M;N)" =1let x=M";N*T
(sealx M)t = sealyx (M :: A)* (where X = A)
(unsealyM)" = unsealx (X { M)
(is(G)? M)* = is(G)? ((A?5)] M) (where M : A, A?S : AT ?)
bt =b (b € {true, false})

(if Mthen Nyelse Np)* = if B { M then ((Bf)| hide I; C T, NT; N})
else (<B]%>¢ hide Tr € Ty N rf;NJt)

(where T + if M then N;else Ng: B A Bp; I, I 0 Ff)
(and Bf : B, M By C By, BS : B; M By C By)

(M, Mp)* = (MY, My) '
(let (x,y) = M;N)* =1let (x,y) = ?x? { M;N*
(Ax : AM)T = Ax: Ahide T, C T,;M* (where T, x : A+ M : B;T,)
(M N)*=((?—?2{M) (N :dom(A)* (where M : A)
(pack (X = A,M))* = pack”(X = A, hide T, C T,; M") (where M : B;T,)
(unpack (X,x) = M;N)* = unpack (X,x) =3VX.? { M;hide I'y|x € In;N*
AX.M" = AX.hide T, C T,; M™* (where M : A;T,)
M{X = B}* = (V'X.?2 { M){X = B}
G { M = {tag;(G))} M* (when M : ?)
G{M=M" (otherwise)
hide Ty C (I, X = A); M = hide Ty C Ty;hide X = A; M (X ¢ T)

hide (Ts, X = A) C (I, X = A); M = hide Iy € Ty; M
hide - C5sM=M

Fig. 6. Elaborating PolyG" to PolyC"

program. Formally, a store ¥ is just a pair of a number X.n and a function X.f : [n] — Ty where Ty
is the set of all types and [n] = {m € N | m < n} is from some prefix of natural numbers to types.
All rules take configurations X > M to configurations 3’ > M’. When the step does not change the
store, we write M +— M’ for brevity.

The first rule states that all non-trivial evaluation contexts propagate errors. Next, unsealing
a seal gets out the underlying value, and is(G)? V literally checks if the tag of V is G. The hide
form generates a fresh seal o : A and substitutes it into the continuation. The pack form steps to an
intermediate state used for building up a stack of casts that will be used again in the existential cast
rule. The unpack rule generates a fresh seal for the X = A and then applies all of the accumulated
casts to the body of the pack. Here we use J to indicate one of | and |. For V" instantiation, we do
not need to generate the seal, because it must have already been generated by a hide form further
up the term, so the rule is just a substitution. As is typical for a cast calculus, the remaining types
have ordinary call-by-value § reduction and so we elide them.

The remaining rules give the behavior of casts. Other than the use of type precision derivations,
the behavior of our casts is mostly standard: identity casts for B, o and ? are just the identity, and
the product cast proceeds structurally. Function casts are values, and when applied to a value, the
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E[U] — U where E # []
E[unseal,(sealysV)] — E[V]
E[is(G)? (injg V)] —  E[true]
E[is(G)? (injg V)] — E[false] where G #+ H
3> E[hide X = A; M] > 30:AvsE[M[c/X]]
SoE unpack (X, x) = pack?(X = A/, [AE ], M); s So:A'SE let x = (A [o/X])I M[o/X];
N ’ Nlo/X]
E [pack?(X = A,M)] —  E[pack’(X = A, [],M)]
E[(A"X.M){c = A}] — E[M[c/X]]
E[{A=) V] — E[V] where AE € {B,0,?}
E[(A X AS)L (i, V)] — E[(AF)T Vi, (4D Vo)l
E[((AT — AD)I V1) V2] P E[(ADT (Vi (AP V2)l
E[(FVX.AE)] packV(X = A’ [A'E 1/, ..],M)] - E[packV(X A' [AE T, A’ 77, .., M)]
E[((V"X.AS)] V){o = A}] = E[AS[o/X])T (V{o = A})]
E[(tagg (A=) V] - E[anG (A5 V]
E[(tagg (A=) injg V] = E[(AR)| V]
E[({tagg (AR injg V] — U where H#G

Fig. 7. PolyC" Operational Semantics (fragment)

cast is performed on the output and the oppositely oriented case on the input. We use ]~ to indicate
the opposite arrow, so | =/ and | =] to cut down the number of rules. Next, the V" casts are
also values that reduce when the instantiating type is supplied. As with existentials, the freshly
generated type o is substituted for X in the precision derivation guiding the cast. Finally, the upcast
case for tag; (A%) simply injects the result of upcasting with A" into the dynamic type using the
tag G. For the downcast case, the opposite is done if the input has the right tag, and otherwise a
dynamic type error is raised.

In the appendix, we extend the typing to runtime terms which are typed with respect to a
case-store and prove a standard type safety theorem for the language that terms either take a step
or are values or errors [New et al. 2020].

5 TYPED INTERPRETATION OF THE CAST CALCULUS

In the previous section we developed a cast calculus with an operational semantics defining the
behavior of the name generation and gradual type casts. However, this ad hoc design addition of
new type connectives and inside-out scoping of V"-instantiations make the cast calculus less than
ideal for proving meta-theoretic properties of the system.

Instead of directly proving metatheoretic properties of the cast calculus, we give a contract
translation of the cast calculus into a statically typed core language, translating the gradual type
casts to ordinary terms in the typed language that raise errors. The key benefit of the typed
language is that it does not have built-in notions of fresh existential and universal quantification.
Instead, the type translation decomposes these features into the combination of ordinary existential
and universal quantification combined with a somewhat well-studied programming feature: a
dynamically extensible “open” sum type we call OSum. Finally, it gives a static type interpretation
of the dynamic type: rather than being a finitary sum of a few statically fixed cases, the dynamic
type is implemented as the open sum type which includes those types allocated at runtime.

5.1 Typed Metalanguage

We present the syntax of our typed language CBPV gy, in Figure 8, an extension of Levy’s Call-by-
push-value calculus [Levy 2003], which we use as a convenient metalanguage to extend with features
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valuetypes A == X | Case A| OSum | AXA | B | 3X.A | UB
computationtypes B 1= A — B | VX.B| FA
values V o | injy V | pack(A,V)as AX.A | x | (V,V)

true | false | thunk M

U | forceV |retV |x«MN|MV | Ax:AM
newcasey x; M | match Vwith V{inj x.M | N}

unpack (X,x) =V;M | let (x,x) = V;M | AX.M | M[A]
if Vthen Melse M

computations M

stacks S o | SV |S[A] | x < S;M
value typing context T == - |I[,x:A
type variable context A = - | A X

Fig. 8. CBPVsymSyntax

of interest. Call-by-push-value (CBPV) is a typed calculus with highly explicit evaluation order,
providing similar benefits to continuation-passing style and A-normal form [Sabry and Felleisen
1992]. The main distinguishing features of CBPV are that values V and effectful computations
M are distinct syntactic categories, with distinct types: value types A and computation types B.
The two “shift” types U and F mediate between the two worlds. A value of type UB is a first-class
“thUnk” of a computation of type B that can be forced, behaving as a B. A computation of type FA
is a computation that can perform effects and return a value of type A, and whose elimination form
is a monad-like bind. Notably while sums and (strict) tuples are value types, function types A — B
are computations since a function interacts with its environment by receiving an argument. We
include existentials as value type and universals as computation types, that in each case quantify
over value types because we are using it as the target of a translation from a call-by-value language.

We furthermore extend CBPV with two new value types: OSum and Case A, which add an open
sum type similar to the extensible exception types in ML, but with an expression-oriented interface
more suitable to a core calculus. The open sum type OSum is initially empty, but can have new
cases allocated at runtime. A value of Case A is a first class representative of a case of OSum. The
introduction form injy, V for OSum uses a case V; : Case A to inject a value V : A into OSum.
The elimination form match V,with V,{inj x.M | N} for OSum is to use a V, : Case A to do a
pattern match on a value V, : OSum. Since OSum is an open sum type, it is unknown what cases V,
might use, so the pattern-match has two branches: the one inj x.M binds the underlying value to
x : A and proceeds as M and the other is a catch-all case N in case V, was not constructed using
V¢. Finally, there is a form newcasey4 x; M that allocates a fresh Case A, binds it to x and proceeds
as M. In addition to the similarity to ML exception types, they are also similar to the dynamically
typed sealing mechanism introduced in Sumii and Pierce [2004].

5.2 Static and Dynamic Semantics

We show a fragment of the typing rules for CBPVgyn, in Figure 9. There are two judgments
corresponding to the two syntactic categories of terms: A;T' + V : A for typing a value and
AT + M @ A for typing a computation. A is the environment of type variables and I is the
environment for term variables. Unlike in PolyG" and PolyC", these are completely standard, and
there is no concept of a known type variable.

First, an error U is a computation and can be given any type. Variables are standard and the
OSum/Case forms are as described above. Existentials are a value form and are standard as in
CBPV using ordinary substitution in the pack form. In all of the value type elimination rules, the
discriminee is restricted to be a value. A computation M : B can be thunked to form a value thunk M :
UB, which can be forced to run as a computation. Like the existentials, the universal quantification
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A;T+V,:Case A ATHFV:A
A;THUO:B AT, x: AT Fx:A A;Fl—injVCV:OSum

A;T 'V : OSum A;T+V,:Case A AT, x:ArM:B ATHEFN:B
A;T +match Vwith Vo{inj x.M | N} : B

ArA  AT,x:Case Ar M:B AT FV : A[A/X]
A;T F newcasey x; M : B A;T + pack(A’,V)as 3X.A:3X.A
ATHV :3IXA A+ B ANX;T,x:A+rM:B AN;T+M: B ATV :UB
A;T Funpack (X,x)=V;M: B A;T + thunk M : UB A;T + force V : B

AX;THFM:B A;THM:VX.B ArA ATHFV:A A;THM:FA A;THN:B
AT AX.M :VX.B A;T + M[A] : B[A/X] N;TFret V:FA A;THx «— M;N:B

Fig. 9. CBPVosum Type System (fragment)

S[0] =

3> S[newcasey x;M] - 5,6 : A> S[M[o/x]]

S[match inj, Vwith o{inj x.M | N}] —" S[M[V/x]]
S[match injs Vwith o2{inj x.M | N}] " S[N] (where 01 # 02)
S[force (thunk M)] —" S[M]
Slunpack (X, x) = pack(A,V); M] —" S[M[A/X,V/x]]

SHAX.M)[A]] =7 S[M[A/X]]
S[x « ret V;N] —" S[N[V/x]]

Fig. 10. CBPVosum Operational Semantics (fragment)

type is standard, using substitution in the elimination form. Finally, the introduction form for FA
returns a value V : A, and the elimination form is a bind, similar to a monadic semantics of effects,
except that the continuation can have any computation type B, rather than restricted to FA.

A representative fragment of the operational semantics is given in Figure 10, the full semantics
are in the appendix [New et al. 2020]. S represents a stack, the CBPV analogue of an evaluation
context, defined in Figure 8. Here X is like the X in PolyC", but maps to value types. The semantics
is standard, other than the fact that we assign a count to each step of either 0 or 1. The only steps
that count for 1 are those that introduce non-termination to the language, which is used later as a
technical device in our logical relation in §6.

5.3 Translation

Next, we present the “contract translation” of PolyC" into CBPVpgyn. This translation can be
thought of as an alternate semantics to the operational semantics for PolyC", but with a tight
correspondence given in §5.4. Since CBPVsunm is a typed language that uses ordinary features like
functions, quantification and an open sum type, this gives a simple explanation of the semantics of
PolyC" in terms of fairly standard language features.

In the left side of Figure 11, we present the type translation from PolyC” to CBPVgsy. Since
PolyC" is a call-by-value language, types are translated to CBPVogum value types. Booleans and
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[Z:T + ?] = OSum

[%:TFX]=X (whereX €T) [r]=x-
[T FX]=[A] (whereX =A€T) [Z+Tx: Al =A%T x: [T+ A]
AT/
[Z:Tro] =[A] (wherec:A€X) (where [+ I] = A" T)
SHT,X] = A, X;T, cx : Case X
[ZT+B]=B [ ’ o
(where [E+ T =A%T)
[%:T+A— B] =U([5%T F A] - F[:T + B]) .
[Z+T,X = Al = AT cx : Case [Z;T + A
[[2;1“ F A1 XAz]] = [[2;1“ F A1ﬂ X [[Z;F F Az]] (Where [[Z E F] — A’;F’)

[=:T + 3"X.A] = 3X.U(Case X — F[3;T, X r A])
[:T + VVX.A] = U(VX.Case X — F[3:T, X r A])

Fig. 11. PolyC" type and environment translation

pairs are translated directly, and the function type is given the standard CBPV translation for
call-by-value functions, U(JA] — F[B]): a call-by-value function is a thunked computation of
a function that takes an [A] as input and may return a [B] as output. The dynamic type ? is
interpreted as the open sum type. The meaning of a type variable depends on the context: if it
is an abstract type variable, it is translated to a type variable, but if it is a known type variable
X = A, it is translated to [A]! That is, at runtime, values of a known type variable X are just values
of the type isomorphic to X, and as we will see later, sealing and unsealing are no-ops. Similarly,
a runtime type tag o is translated to the type that the corresponding case maps to. These are
inductively well-defined because ¥ stays constant in the type translation and I' only adds abstract
type variables.

The final two cases are the most revealing. First the fresh universal quantifier, VX A, translates
to not just a thunk of a universally quantified computation, but also takes in a Case X as input. The
body of a A will then use that Case X in order to interpret casts involving X. This is precisely why
parametricity is more complex for our source language: if it were translated to just U(VX.F[A]),
then parametricity would follow directly by parametricity for CBPV sy, but the Case X represents
additional information that the function is being passed that potentially provides information about
the type X. It is only because code translated from PolyC" always generates a fresh case that this
extra input is benign. The fresh existential 3"X.A is translated to a real existential of a thunk that
expects a Case X and returns a [A]. Note that while the quantification is the dual of the V" case,
both of them receive a Case X from the environment, which is freshly generated.

Next, while PolyG” and PolyC" have a single environment I that includes type variables and
term variables, in CBPV gy, these are separated into a type variable environment A and a term
variable environment I'. For this reason in the right side of Figure11 we define the translation of an
environment I to be a pair of environments in CBPVgyn. The term variable x : A is just translated
to a variable x : [A], but the type variables are more interesting. An abstract type variable X is
translated to a pair of a type variable X but also an associated term variable cx : Case X, which
represents the case of the dynamic type that will be instantiated with a freshly generated case. On
the other hand, since known type variables X = A are translated to [A], we do not extend A with a
new variable, but still produce a variable cx : [A] as with an unknown type variable. Finally, the
empty context - is translated to a pair of empty contexts.

To translate a whole program, written [%;- v M],, we insert a preamble that generates the cases
of the open sum type for each ground type. In Figure 12, we show our whole-program translation
which inserts a preamble to generate a case of the OSum type for each ground type. This allows
us to assume the existence of these cases in the rest of the translation. These can be conveniently
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M,

[x]

[let x = M;N]

[0l
[sealxM]

Ip

[unsealxM]

[inig M]
[is(G)? M]

[hide X = A; M]

[(A=)T M]
[Ax - A).M]
[M N]

newcase[[B]] CBool>

newcase[[?_,?ﬂ CFun>
NEWCASE[7x?] CTimes;
newcase[[avx_«_;]] CEx;
newcase[[vvx.?ﬂ CAlls

[M]

case(B) = CBool
case(A — B) = Cpun
case(AXB) = CTimes
case(I"X.A) = gy
case(VVX.A) = can
case(X) = c¢x
case(o) = o

= Bool = B,Fun = ? — ?, Times = ? x ?,Ex = VX .?, All = VVX.?

[pack”(X = A,M)] =
[unpack (X,x) = M;N] =

[AYX.M]
[M{X = A}

[Glt

[tags (AS)]1
[tags (AS)]4
[[Ai X Azgli
[[Al_ — AZ—HI
[V'X.AE]L
[3VX.A]T

Fig. 12. Ground type tag management

ret x

x — [M]; [N]

(6)

[M]

[M]

r« [M];ret injease(c) *

r « [M];match rwith case(G){inj y.ret true | ret false}
newcasepa) cx; [M]

[T ([M]]

ret thunk A(x : [A]).[M]

f « [M];a « [N];(force f) a

ret pack(A, thunk (Acx : Case A.[M]))

r « [M];unpack (X, f) = r;newcaseyx cx;x < (force f) cx;[N]
ret (thunk (AX.A(cx : Case X).[M]))

f — [M]; (force f)[A] ex

(when G =?, a, or B)

r — [AE]1 [e];ret injease(q) T

x < e;match xwith case(G){inj y.JA5]{ [ret y] | U}

x — o let (x1,x) = x3x] — [AF]T[ret xi];x, « [AZ]T[ret x2];ret (x],x})

x — o;ret thunk (ly: A’.a «— [AT]L™ [ret y]; [AZ]T [force x a])

where A!l; t A CAppandif J==, A’ = Ay, else A" = Ay

x < eo;ret thunk (AX.Acy : Case X.[AE]] [force x [X] cx])

x « e;unpack (Y, f) = x;ret pack(Y, thunk (Acy : Case Y.[AE]T [(force f) cx]))

Fig. 13. PolyC" term translation (fragment)

modeled as a sequence of “global” definitions of some known type variables, which we write as
I,. We also define a function case(-) from types to their corresponding case value, which is a case
variable for all types except those generated at runtime o.

Next, we consider the term translation, which is defined with the below type preservation
Theorem 5.1 in mind. First, all PolyC" terms of type A are translated to CBPVosum computations, with
type F[A], which is standard for translating CBV to CBPV. Also, note that the output environment
of fresh type names in a term is just translated as an extension to the input environment, the
difference is irrelevant in the translated code, because the names themselves are actually generated
in the translation of the hide form. Finally, we include the preamble context I}, to the front of the
terms to account for the fact that all terms can use the cases generated in the preamble.

THEOREM 5.1. IfTy v M : AT, then A;T + [M] : F[%;Ty, Tz + A] where [T, I}, I,] = A;T.
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We show most of the term translation in Figure 13. To reduce the context clutter in the translations,
we elide the contexts 3, T in the definition of the semantics. While they are technically needed
to translate type annotations, they do not affect the operational semantics and so can be safely
ignored. We put the bool, pair, and our pack-cast intermediate form cases in the appendix [New
et al. 2020].

Variables translate to a return of the variable, let is translated bind, and errors are translated
to errors. Since the type translation maps known type variables to their bound types, the target
language seal and unseal disappear in the translation. Injection into the dynamic type translates
to injection into the open sum type and ground type checks in PolyC" are implemented using
pattern matching on OSum in CBPVgum. Next, the hide form is translated to a newcase form.

Next, we cover the cases involving thunks. As a warmup, the functions follow the usual CBV
translation into CBPV: a CBV A is translated to a thunk of a CBPV A, and the application translation
makes the evaluation order explicit and forces the function with an input. We translate existential
packages in the cast calculus to CBPVpgsum packages containing functions from a case of the open
sum type to the body of the package. In PolyC"” we delay execution of pack bodies, so the translation
inserts a thunk to make the order of execution explicit. Since pack bodies translate to functions,
the translation of an unpack must provide a case of the open sum type to the package it unwraps.
Type abstractions (A"), like packs, wrap their bodies in functions that, on instantiation, expect a
case of the open sum type matching the instantiating type. Since hide generates the requisite type
name, it translates to a newcase. A type application then simply plugs its given type and the tag
associated with its type variable into the supplied type abstraction.

Next, we define the implementation of casts as “contracts”, i.e., ordinary functions in the
CBPVsum. Reflexive casts at atomic types, ?, a, and B, translate away. Structural casts at composite
types, pair types, function types, universals, and existentials, push casts for their sub-parts into
terms of each type. Function and product casts are entirely standard, noting that we use r(A%) = A,.
Universal casts delay until type application and then cast the output. Existential casts push their
subcasts into whatever package they are given.

5.4 Simulation

In §6, we establish graduality and parametricity theorems for PolyG"/PolyC" by analysis of the
semantics of terms translated into CBPVogum. But since we take the operational semantics of
PolyC" as definitional, we need to bridge the gap between the operational semantics in CBPVogym
and PolyC" by proving the following adequacy theorem that says that the final behavior of terms
in PolyC" is the same as the behavior of their translations:

THEOREM 5.2 (ADEQUACY). If- + M : A;-, then M 1) if and only if [M], I} and M || V if and only if
[M], V" and M || U if and only if [M], | O.

The proof of the theorem follows by a forward simulation argument given in the appendix,
adapting a similar CBPV simulation given by Levy [2003], and proves that the V and V’ in the
adequacy proof are in the simulation relation [New et al. 2020].

6 GRADUALITY AND PARAMETRICITY

In this section we prove the central metatheoretic results of the paper: that our surface language
satisfies both graduality and parametricity theorems. Each of these is considered a technical
challenge to prove: parametricity is typically proven by a logical relation and graduality is proven
either by a simulation argument [Siek et al. 2015] or a logical relation [New and Ahmed 2018; New
et al. 2019], so in the worst case this would require two highly technical developments. However,
we show that this is not necessary: the logical relations proof for graduality is general enough that
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IS r M C M, : A5 TY IS, r~ v BE: B, C B, IS, X - M CM, : A5 TS
IS+ (M; : B) T (M, = By) : B5;TY IS F AVX. M C AVX.M, : VVX.AS;-

v M EM, :A5T;; T=rB=:BCB
IS+ Mi{X = B} C My{X = B,} s un¥"(A%): 7. X = B-

Fig. 14. PolyG" Term Precision (fragment)

the parametricity theorem is a corollary of the reflexivity of the logical relation. This substantiates
the analogy between parametricity and graduality originally proposed in [New and Ahmed 2018].

The key to sharing this work is that we give a novel relational interpretation of type precision
derivations. That is, our logical relation is indexed not by types, but by type precision derivations.
For any derivation A= : A; C A,, we define a relation V[A%] between values of A; and A,. By
taking the reflexivity case A : A C A, we recover the parametricity logical relation. Previous logical
relations proofs of graduality defined a logical relation indexed by types, and used casts to define a
second relation based on type precision judgments, but the direct relational approach simplifies the
proofs and immediately applies to parametricity as well.

6.1 Term Precision

To state the graduality theorem, we begin by formalizing the syntactic term precision relation. The
intuition behind a precision relation M C M’ is that M’ is a (somewhat) dynamically typed term
and we have changed some of its type annotations to be more precise, producing M. This is one of
the main intended use cases for a gradual language: hardening the types of programs over time.
Restated in a less directed way, a term M is (syntactically) more precise than M’ when the types
and annotations in M are more precise than M’ and otherwise the terms have the same structure.
We formalize this as a judgment T + M; C M, : A5; T, where 5, T~ + A : A; C A, is a type
precision derivation and ' : ) C I, and T~ : I E I} are precision contextsand I; + M; : AT/
and I, + M, : A,;T/. A precision context I'™ is like a precision derivation between two contexts:
everywhere a type would be in an ordinary context, a precision derivation is used instead.

We show term precision rules for annotations and V" introduction and elimination for the
surface language in Figure 14, with full rules in the appendix [New et al. 2020]. The rules are
all completely structural: just check that the two terms have the same term constructor and
all of the corresponding arguments of the rule are C. As exhibited by the V" elimination rule,
the metafunctions dom, cod, unV", un3” are extended in the obvious way to work on precision
derivations. We define a similar notion of term precision for PolyC”. Again we show the rules for
casts and V" in Figure 15, the full definition is in the appendix [New et al. 2020]. The main difference
is that, following [New et al. 2019], we include four rules involving casts: two for downcasts and
two for upcasts. We can summarize all four by saying that if M; C M,, then adding a cast to either
M; or M, still maintains that the left side is more precise than the right, as long as the type on the
left is more precise than the right. Semantically, these are the most important term precision rules,
as they bridge the worlds of type and term precision.

Then the key lemma is that the elaboration process from PolyG"” to PolyC” preserves term
precision. The proof, presented in the appendix, follows by induction on term precision proofs
[New et al. 2020].

Lemma 6.1. IfT= + M; E M, : A=;T™' in the surface language, then T= + M T M : A=, T~
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'+ M; C M, : AC5;TY IS, TY FACE:ACC IS+ M; C M, : BC5;TY IS, 1Y+ ACE:ACC
ILTVFAB=:ACB T5TY+rBCE:BCC ILI'+-AB*:ACB TISTYrBCE:BCC
TS+ (AB5)] M; T M, : BC5;T¥ IS+ (AB5)L M; © M, : ACE;TY
I+ M;C M, :AB5;TY TETYrACE:ACC IS+ M;C M, :AC5;TY T5TY¥rACE:ACC
ILI'+FBCE:BCC TETY+-AB-:ACB ILT'FBCE:BCC TSTY+-ABS:ACB
IS+ M; C (BCE)] M, : ACE;TY TS F M; C (BCE), M, : AB5;TY
IS+M CM, :V'XA5T¥ TIS+B5:B,CB, IS, X+ M CM,:AS;.

I+ M;{X =B;} C M. {X =B,}: A5;T~ X = B~ IS - AX.M; CEA'X.M, : VVX.AF; -

Fig. 15. PolyC" Term Precision (fragment)

6.2 Graduality Theorem

The graduality theorem states that if a term M is syntactically more precise than a term M’, then M
semantically refines the behavior of M’: it may error, but otherwise it has the same behavior as M”:
if it diverges so does M’ and if it terminates at V, M’ terminates with some V’ as well. If we think
of M as the result of hardening the types of M’, then this shows that hardening types semantically
only increases the burden of runtime type checking and doesn’t otherwise interfere with program
behavior. We call this operational graduality, as we will consider some related notions later.

THEOREM 6.2 (OPERATIONAL GRADUALITY). If- + M; C M, : A%;-, then either M | U or both
terms diverge M, M\ 1 or both terms terminate successfully M || V; and My |} V.

6.3 Logical Relation

The basic idea of the logical relations proof to proving graduality is to interpret a term precision
judgment 'S + M; C M, : A5; TS in a relational manner. That is, to every type precision derivation
AF 1 A| € A,, we associate a relation V[AS] between closed values of types A; and A,. Then we
define a semantic version of the term precision judgment I'= E M; T M, € A%;TF which says that
given inputs satisfying the relations in T'S, TS, then either M; will error, both sides diverge, or M;
and M, will terminate with values in the relation V[AS]. We define this relation over CBPVsum
translations of PolyC" terms, rather than PolyC" terms because the operational semantics is simpler.

More precisely, we use the now well established technique of Kripke, step-indexed logical
relations [Ahmed et al. 2009]. Because the language includes allocation of fresh type names at
runtime, the set of values that should be in the relation grows as the store increases. This is modeled
Kripke structure, which indexes the relation by a “possible world” that attaches invariants to the
allocated cases. Because our language includes diverging programs (due to the open sum type), we
need to use a step-indexed relation that decrements when pattern matching on OSum, and “times
out” when the step index hits 0. Finally, following [New and Ahmed 2018; New et al. 2019], to
model graduality we need to associate two relations to each type precision derivation: one which
times out when the left hand hand term runs out of steps, but allows the right hand side to take
any number of steps and vice-versa one that times out when the right runs out of steps.

Figure 16 includes preliminary definitions we need for the logical relation. First, Atom, [A}, A,]
and CAtom,[A}, A,] define the world-term-term triples that the relations are defined over. A
relation R € Rel,[A;, A;] at stage n consists of triples of a world, and a value of type A; and
a value of type A, (ignore the n for now) such that it is monotone in the world. The world
w € World,, contains the number of steps remaining w.j, the current state of each side w.X;, w.2,,
and finally an interpretation of how the cases in the two stores are related w.n. An interpretation
n € Interp, [2;, 2,] consists of a cardinality 5.size which says how many cases are related and a
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Atomu [ALA] = {(W,V, V) | weWorldy A(WE | - F Vi ADA(WE, | - F Vet Ap)}
CAtom, [A,Ar] = {(W,V,V;) | we World, AwS; | -+ Mj: FA;AWE, | -+ M, : FA}
Rel,[A;, Ar] = {RC Atomyu[ALAr] | YW,V Vi) € Rw’ Jw.(w,V,,V;) € R}
World, = {(,Z2,Znn) | j<nAne Interp; 2,21}
Interp, [21, 2] = {(size,f,p) | size e NA f € [size] — ([2].size] X [2y.size])

Ap : (i < size) — Reln[S(f(1)): 2, (f(D))]
AVi < j < size.f (i) # O A f(r # F()r)

w dw. = (W aIw)Aw.j>wj

wdw = wWi<wjiAwEIwIAwWE IwE Awp 3 |whylw
a3y = Y .size > X.size AVi < Z.size. X'(i) = 2(i)
" 3n = n’size>nAVi<ngsize.n . f(i) =n.f0) An’.p(i) =n.p(0)
>R = {(w,V,V;) | YW Jw.(w,V,V,) € R}
Rel,[A, Ar] = {RC Upeny Atomp[A}, Ar] | Yn € N. |R], € Rel, [A, Ar]}
lnln = (n.size,n.f,Ai.Lp(i)|n)
LRJI‘L = {(WsVZ’VF) | WJ < n/\(w, Vl: Vr) GR}
nE (0,00, R) = 3i<nsize.n.f(i) = (o7, 0r) An.p(i) =R}

Fig. 16. Logical Relation Auxiliary Definitions

function 5. f which says which cases are related, i.e., for each i € n.size it gives a pair of cases, one
valid in the left hand store and one in the right. Finally, .p gives a relation between the types
of these two cases. The final side-condition says this association is a partial bijection: a case on
one side is associated to at most one case on the other side. Staging the relations and worlds is
necessary due to a circularity here: a relation is (contravariantly) dependent on the current world,
which contains relations. A relation in Rel,, is indexed by a World,,, but a World,, contains relations
in Rel,, j, and w.j < n. In particular, World, = 0, so the definition is well-founded.

The next portion of the figure contains the definition of world extension w’ I w?, representing
the idea that w’ is a possible “future” of w: the step index j is smaller and the states of the two
sides have increased the number of allocated cases, but the old invariants are still there. We define
strict extension w’ 3 w to mean extension where the step has gotten strictly smaller. This allows
us to define the later relation >R which is used to break circular definitions in the logical relation.
Next, we define our notion of non-indexed relation Rel,,, which is what we quantify over in the
interpretation of V", 3. Then we define the restriction of interpretations and relations to a stage
n. An infinitary relation can be “clamped” to any stage n using | R],. Finally, we define when two
cases are related in an interpretation as n F (oy, oy, R).

The top of Figure 17 contains the definition of the logical relation on values and computations,
except for the standard cases for booleans, products and functions, which are included in the
appendix [New et al. 2020]. First, we write ~ as a metavariable that ranges over two symbols: <
which indicates that we are counting steps on the left side, and > which indicates we are counting
steps on the right side. We then define the value relation V,; [A%]yS € Rel,[5;(A)), 5,(A,)]. Here y
maps the free term variables to pairs of values and § maps free type variables to triples of two types
and a relation between them. First, the definition for type variables looks up the relation in the
relational substitution §. Next, two values in ? are related when they are both injections into OSum,
and the “payloads” of the injections are later related in the relation R which the world associates
to the corresponding cases. The » is used because we count pattern matching on OSum as a step.
This also crucially lines up with the fact that pattern matching on the open sum type is the only
reduction that consumes a step in our operational semantics. Note that this is a generalization
of the logical relation definition for a recursive sum type, where each injection corresponds to a

Zthere is a clash of notation between precision C and world extension 3 but it should be clear which is meant at any time.
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case of the sum. Here since the sum type is open, we must look in the world to see what cases are
allocated. Next, the tag; (A") case relates values on the left at some type A; and values on the right
of type ?. The definition states that the dynamically typed value must be an injection using the tag
given by G, and that the payload of that injection must be related to V; with the relation given by
AE. This case splits into two because we are pattern matching on a value of the open sum type, and
so in the > case we must decrement because we are consuming a step on the right, whereas in the
< case we do not decrement because we are only counting steps on the left. In the V"X .BE case,
two values are related when in any future world, and any relation R € Rel,, [A;, A,], and any pair
of cases oy, o, that have | R].v ; as their associated relation, if the values are instantiated with A;, g;
and A,, o, respectively, then they behave as related computations. The intuition is that values of
type V" X.B are parameterized by a type A and a tag for that type o, but the relational interpretation
of the two must be the same. This is the key to proving the sealx and unsealy cases of graduality.
The fresh existential is dual in the choice of relation, but the same in its treatment of the case o.

Next, we define the relation on expressions. The two expression relations, E<[A%] and &~ [AS]
capture the semantic idea behind graduality: either the left expression raises an error, or the
two programs have the same behavior: diverge or return related values in V~[A%]. However, to
account for step-indexing, each is an approximation to this notion where E~<[A] times out if the
left side consumes all of the available steps w.j (where (2, M) +/ is shorthand for saying it steps
to something in j steps), and &~ [A] times out if the right side consumes all of the available steps.
relation is that when We define the infinitary version of the relations V~[A%] and E~[A] a the
union of all of the level n approximations.

Next, we give the relational interpretation of environments. The interpretation of the empty
environment are empty substitutions with a valid world w. Extending with a value variable x : A=
means extending y with a pair of values related by V~[A5]. For an abstract type variable X, first §
is extended with a pair of types and a relation between them. Then, y must also be extended with a
pair of cases encoding how these types are injected into the dynamic type. Crucially, just as with
the V", 3" value relations, these cases must be associated by w to the w.j approximation of the
same relation with which we extend §. The interpretation of the known type variables X = AF has
the same basic structure, the key difference is that rather than using an arbitrary, § is extended
with the value relation V~[A=].

With all of that preparation finished, we finally define the semantic interpretation of the graduality
judgment '™ & M; C M, € A%;TY in the bottom of Figure 17. First, it says that both M; C< M, and
M; &> M, hold, where we define C~ to mean that for any valid instantiation of the environments
(including the preamble I’; ), we get related computations. We can then define the “logical” Graduality
theorem, that syntactic term precision implies semantic term precision, briefly, - implies F.

THEOREM 6.3 (LoGICAL GRADUALITY). IfTE + M; C M, : A5;TY, thenTE F M; C M, € A5;TY

The proof is by induction on the term precision derivation. Each case is proven as a separate
lemma in the appendix [New et al. 2020]. The cases of V", 37, sealing and unsealing follow because
the treatment of type variables between the value and environment relations is the same. In the
hide case, the world is extended with V~[A=] as the relation between new cases. The cast cases
are the most involved, following by two lemmas proven by induction over precision derivations:
one for when the cast is on the left, and the other when the cast is on the right.

Finally, we prove the operational graduality theorem as a corollary of the logical graduality
Theorem 6.3 and the adequacy Theorem 5.2. By constructing a suitable starting world w,. that
allocates the globally known tags, we ensure the operational graduality property holds for the code
translated to CBPVosum, and then the simulation theorem implies the analogous property holds
for the PolyC" operational semantics.
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VolXlys = [6(X)]n
Vo?lyd = {(w,injgs Vi, inis, Vi) € Atomy[?]6 | w.n F (07,07, R) A (W, V], V;) € >R}
(Vn< [[tagG (AE)]]Y‘S = {(wV, injy,(case(G)) Vr) € Atomp [tagG(AE)](s | (w,V},Vy) € (Vn< [[AE]]YCS}
YV [tagg(AD)]ys = {(w,V, injy, (case(G)) Vr) € Atomp [tags (AD)]S | (W, V, Vi) € (V™ [AR]yé)}
V7 VX.BE]ys = {(w,V},V;) € Atomp[VVX.A5]6 |

VR € Rel, [A;, Ar].YW 3 wNoy, 0w’ E (07,00, |Rlw.j) =
(w’, force Vi [A]] gy, force V, [A/] or) € E;[BE]y’8’
(where y’ = y,cx > (07,04), and 8’ = §,X — (A, ArR))}
V7 [3"X.B5]ys = {(w,pack (A}, V)),pack (Ar,Vy)) € Atom,[3VX.B5]6 |
3R € Rely, [AL, Ar]. YW T wNop, 0r. W' . E (01, 00, |R]w j) =
(force Vj oy, force V, oy) € E;[BE]y’8’
(where y’ = y,cx — (0p,0r), and 8’ =6, X — (A, ArR))}
ESTARIYS = {(w,M;, M) € CAtom,[A5]5 | (w.2p, My) =¥ V((w.Z, My) »=" (37,0))
V(3w 3 w.(w,V, V) € VI[AE]yS.
(w25, M) =Y I~%J (w3 ret V) A (w.Sp, My) —* (w5, ret V;))}
ET[AR]yS = {(w, M, My) € CAtomy, [AE]S | (w.Bp, My) =T v((w.Z), M) =" (24, T))
vaw’ 3 w.(w’,V, V) € V,X[AE]ys.
(W2 M) =" (W .3 ret V) A (w.En, My) =Y I~YJ (w35, ret V,)}

VIARIys = | Vi [A%Iye &7 [ARlys = | &;[4F]ys
neN neN
G [1 = {(w,0,0) | In.w e World,,}
G [TE,x:A5] = {(w,(y.x = (VL V). ) | (w,1.8) € G~[TE] A (w, V. V) € V~[AS]ys}
GT[T=X] = {(w,(y.ex = (01,07)),8,X - (AL AnR) | (w,y,8) € G7[T]
AR € Rely [A}, Ar] A (01, 07, | R]w.j) € W}
GTTE X = A5] = {(w,(yicx = (0,09)),8,X = (AL Ar, V7[AE]yS)) | (w,1,6) € G7[TE]

wE (01,0r,Vyy [AS]y8)}

IS E M C M € A5;TY IS E M C< M, € A5;TY ATE E M, C> M, € AE;TY
IS FEMC~M € ASTY = VY(w,y,0) € ™[I 5T
(w, [M ] [ya1187), [MA ] [yi1 [61]) € &~ [A=]ys

Fig. 17. Graduality/Parametricity Logical Relation (fragment)

6.4 Parametricity and Free Theorems

Our relational approach to proving the graduality theorem is not only elegant, it also makes the
theorem more general, and in particular it subsumes the parametricity theorem that we want for
the language, because we already assign arbitrary relations to abstract type variables. Then the
parametricity theorem is just the reflexivity case of the graduality theorem.

THEOREM 6.4 (PARAMETRICITY). IfT + M : A;T/, thenT E M* C M* : A;T".

To demonstrate that this really is a parametricity theorem, we show that from this theorem
we can prove “free theorems” that are true in polymorphic languages. These free theorems are
naturally stated in terms of contextual equivalence, the gold standard for operational equivalence of
programs, which we define as both programs diverging, erroring, or terminating successfully when
plugged into an arbitrary context. The appendix contains a formal definition [New et al. 2020].

To use our logical relation to prove contextual equivalence, we need the following lemma, which
says that semantic term precision both ways is sound for PolyG” contextual equivalence.

LEMMA 6.5. IfT E M; C My € A;Ty andT E My C My € A; Ty, thenT E M 2 M, € A; Ty
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M: VXX —>X Va:A Ve :B
A_:?.unsealx (M{X = A}(sealxVa)) =™ A_:2.let y= M{X = B}Vp;Va

M:V'XV'Y.(XXY) > (YXX) Va:A Vg:B

A_:?let (y,x) = (M{X = A}{Y = B} (sealxVy,sealyVg)); (unseal xx, unsealy y)
X )_:2.1et (y,x) = (M{X = B}{Y = A} (sealx Vg, sealyVy)); (unsealyy, unseal xx)

NOT = Ab : B.if bthen falseelse true
WRAPNOT = Ax : X.sealx (NOT (unsealxx))
pack” (X = B, (sealxtrue, (WRAPNOT, Ax : X.unsealxx)))
~*™ pack¥ (X = B, (sealxfalse, (WRAPNOT, Ax : X.NOT (unsealxx))))

Fig. 18. Free Theorems without ?

We now substantiate that this is a parametricity theorem by proving a few contextual equivalence
results. First we present adaptations of some standard free theorems from typed languages in
Figure 18. The first equivalence shows that the behavior of any term with the “identity function
type” VVX.X — X must be independent of the input it is given. We place a A on each side to
delimit the scope of the X outward. Without the X (or a similar thunking feature like V" or 3"),
the two programs would not have the same (effect) typing. In a more realistic language, this
corresponds to wrapping each side in a module boundary. The next result shows that a function
VX V'Y (X xXY) — (Y x X), if it terminates, must flip the values of the pair, and furthermore
whether it terminates, diverges or errors does not depend on the input values. Finally, we give an
example using existential types. That shows that an abstract “flipper” which uses true for on and
false for off in its internal state is equivalent to one using false and true, respectively as long as
they return the same value in their “readout” function.

Next, to give a flavor of what kind of relational reasoning is possible in the presence of the
dynamic type, we consider what free theorems are derivable for functions of type VX.? — X.
A good intuition for this type is that the only possible outputs of the function are sealed values
that are contained within the dynamically typed input. It is difficult to summarize this in a single
statement, so instead we give the following three examples:

THEOREM 6.6 (VVX.? — X FREE THEOREMS). Let-+ M :V'X.? > X
(1) Forany-+V :?, then A_: ?.unsealx(M{X = A} V)) true either diverges or errors.
(2) Forany-+V :Aand-+V’':B,
A_:?.unsealx(M{X = A} (sealxV)) ~® A_:?.1et y = (unsealx(M{X = B} (sealxV’)));V
(3) Forany -+ V:A,-+ V' :B, -+ Vy: 2,
A_:?.unsealx(M{X = A} (sealxV,V;)) ~* A_:?.1et y = (unsealx (M{X = B} (sealxV’,Vy)));V

The first example passes in a value V that does not use the seal X, so we know that the function
cannot possibly return a value of type X. The second example mimics the identity function’s free
theorem. It passes in a sealed value V and the equivalence shows that V’’s effects do not depend
on what V was sealed and the only value that V' can return is the one that was passed in. The
third example illustrates that there are complicated ways in which sealed values might be passed
as a part of a dynamically typed value, but the principle remains the same: since there is only one
sealed value that’s part of the larger dynamically typed value, it is the only possible return value,
and the effects cannot depend on its actual value. The proof of the first case uses the relational
interpretation that X is empty. The latter two use the interpretation that X includes a single value.

Compare this reasoning to what is available in GSF, where the polymorphic function determines
which inputs are sealed and which are not, rather than the caller. Because of this, Toro et al. [2019]
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only prove “cheap” theorems involving ? where the polymorphic function is known to be a literal
A function and not a casted function. As an example, for arbitrary M : VX.? — X, consider the
application M [B](true, false). The continuation of this call has no way of knowing if neither,
one or both booleans are members of the abstract type X. The following examples of possible terms
for M illustrate these three cases:

(1) M; = (AX.Ax : B xB.if orx then Uelse Q) :: ¥VX.? - X
(2) My = (AX.Ax : X xB.if sndx then fstxelse Q) :: VX.? —» X
(3) M3 = (AX.Ax: X X X.sndx) : VX.? - X

If M = M, both booleans are concrete so X is empty, but from the inputs the function can determine
whether to diverge or error. If M = M, the first boolean is abstract and the second is concrete, so
only the first can inhabit X, but the second can be used to determine whether to return a value or
not. Finally if M = M3, both booleans are abstract so the function cannot inspect them, but either
can be returned. It is unclear what reasoning the continuation has here: it must anticipate every
possible way in which the function might decide which values to seal, and so has to consider every
dynamically typed value of the instantiating type as possibly abstract and possibly concrete.

7 DISCUSSION AND RELATED WORK

Dynamically typed PolyG" and Design Alternatives. Most gradually typed languages are based
on adding types to an existing dynamically typed language, with the static types capturing some
feature already existing in the dynamic language that can be migrated to use static typing. PolyG”
was designed as a proof-of-concept standalone gradual language, so it might not be clear what
dynamic typing features it supports migration of. In particular, since all sealing is explicit, PolyG"
does not model migration from programming without seals entirely to programming with them, so
its types are relevant to languages that include some kind of nominal data type generation.

The fresh existential types correspond to a particular mode of use of a module system that
supports creation of nominal types. The package itself corresponds to a module with a fresh type
declaration. Then sealing corresponds to the constructor of the fresh datatype, and unsealing to
pattern matching against it. For example, in Racket structs can be used to make fresh nominal
types and units provide first-class modules. It would be interesting future work to see if our logical
relation can usefully be adapted to Typed Racket’s typed units [Tobin-Hochstadt et al. [n. d.]].

Our fresh polymorphic types are more exotic than the fresh existentials, and don’t clearly corre-
spond to any existing programming features, but they model abstraction over nominal datatypes
where the datatype is guaranteed to be freshly generated. One issue with adding this feature to a
realistic language is that the outward scoping of type variables may be undesirable, so it is useful to
consider alternative designs that achieve the same abstraction principles. One possible design would
be to force an ANF-like [Sabry and Felleisen 1992] restriction on instantiations of polymorphic
functions, where all instantiations have to be of the form let M{X = A} = f; N, where X = A is
bound in N. This makes the scope of the X explicit: it is only bound in N. Our translation could
easily be modified to accommodate this feature, we chose instead to consider the outward scoping
since it makes it easier to compare to programming in the style of System F.

Our use of abstract and known type variables was directly inspired by Neis et al. [2009], who
present a language with a fresh type creation mechanism which they show enables parametric
reasoning though the language overall does not satisfy a traditional parametricity theorem. This
suggests an alternative language design, where V and 3 behave normally and we add a newtype
facility, analogous to that feature of Haskell, where newtype allocates a new case of the open sum
type for each type it creates. Such a language would not have known type variables or PolyG"’s
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inside-out scoping of type instantiation, but it would also not be parametric by default. Instead,
programmers could manually create fresh types and know that they are abstract to other modules.

Since sealing is explicit in PolyG", it does not provide a drop-in replacement for System F,
and so the additional syntactic overhead of sealing and unsealing can be quite heavy, especially
when using higher-order combinators. For instance a higher-order function composition combi-
nator has type VVX.V'Y.V'Z(Y - Z) - (X —» Y) —» X — Z and the System F composition
compose[I][B][B] not (> 0) would in PolyG"” be written

An : L.unseal z(compose{X = I}{Y = B}{Z = B}(Ay : Y.sealz(not (unsealyy)))
(Ax : X.sealy(> 0 (unsealxx)))
sealxn)
This syntactic overhead can be mitigated via generic wrapping functions using dynamic typing:
wrap sealx unsealyz (compose{X = I}{Y = B}{Z = B}(wrap unsealy sealyz not)
(wrap unsealy sealy (> 0))

But the syntactic overhead cannot be completely removed or done entirely with static typing.

Tag Checking. Siek et al. [2015] claim that graduality demands that tag-checking functions like
our is(B)? form must error when applied to sealed values, and used this as a criticism of the
design of Typed Racket. However, in our language, is(B)? will simply return false, which
matches Typed Racket’s behavior. This is desirable if we are adding types to an existing dynamic
language, because typically a runtime tag check should be a safe operation in a dynamically typed
language. Explicit sealing avoids this graduality issue, an advantage over previous work.

Logical Relations. Our use of explicit sealing eliminates much of the complexity of prior logical
relations [Ahmed et al. 2017; Toro et al. 2019]. To accommodate dynamic conversion and evidence
insertion, those relations adopted complex value relations for universal types that in turn restricted
the ways in which they could treat type variables. Additionally, we are the first to give a logical
relation for fresh existential types, and it is not clear how to adapt the non-standard relation for
universals to existentials [Ahmed et al. 2017; Toro et al. 2019].

Next, while we argue that our logical relation more fully captures parametricity than previous
work on gradual polymorphism, this is not a fully formal claim. To formalize it, in future work we
could show that PolyG" is a model of an effectful variant of an axiomatic parametricity formulation
such as Dunphy [2002]; Ma and Reynolds [1991]; Plotkin and Abadi [1993].
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+T I'rA T +T I'rA
|_ . — —
F,x: A FIL,X FLX=A
XeT T'+A; '+ A, T'+A; T'+A, I'X+A
I'r? T'trB
X IT'rA; XA, T'rA; — Ay r-3a"x.A
ILX+HA
Fr-V'X.A
Fig. 19. Well-formedness of Environments, Types
X eIt I“FA:ALCG
rc+?2:2c? I"+B:BCB
Ir"rX:Xcx IS Ftag(A5):AC?
I X+AR: A CA, IS X+AR: A CA,
IS +V"X.AR V"X A CVYX A, IS+ 33X AR 3X.A; C A"X A,
I+ AR A C A, IS +B-:B/CB, I+ AR A C A I+ B-:B,CB,
I+ A" - B~: A, > B, C A, — B, I+ A xB-:A;xB; C A, X B,
| =+
(X = A5 TE)|p = X = A5, (T5 |, FV(AE)NT’ = 0)
(X = A5 TO)|r =T x (FV(A=)NT’ #0)

Fig. 20. Type Precision in a Precision Context, Restriction of a Precision Context

A  SURFACE LANGUAGE

Well-formedness of environments and types is mutually defined:

B TYPE PRECISION
We present the definition of type precision with respect to a precision context in Figure 20.
With this presentation it is easy to see that
(1) There is at most one derivation of =+ A C A’
(2) ?is the most imprecise type.
(3) Precision is reflexive.
(4) Precision is transitive.
The latter 3 statements are actually ambiguous because we haven’t said what I'® is in each situation.
We don’t use these operations in their full generality, but ok.

LEmMMA B.1. IfT5+ A5 : AC A’ andT=B- : AT A’ then A= = B-
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AnN?=A
?MB=B
XNX=X
BnB=B

(A1 X Az) M (By X Bz) = (A1 M By) X (A2 M By)
(Ai = A,) N (B; = By) = (Ai M B;) — (A, M By,)
(3"X.A) N (3"X.B) = 3"X.(AN B)
(V'X.A) 1 (Y'X.B) = V'X.(AM B)

Fig. 21. Gradual Meets

Proor. By induction on derivations. If A” # ?, then only one rule applies and the proof follows
by inductive hypotheses. If A= = ? : ? C ?, the only other rule that could apply is tag; (A=), which
cannot apply because it is easy to see that ? £ G does not hold for any G. Finally, we need to show
that if A= = tag;(A") and B® = tag, (A%) then G = G’ because it is easy to see if A C G and
AC G thenG=G". O

This is “identity expansion”, the derivations are used in the parametricity theorem.
LEMMA B.2. IfT + A is a well-formed type thenT' + A: AE A.

Proor. By induction over A. Every type constructor is punned with its type precision constructor.
]

This is “cut elimination”:

LEmmA B3. If TS + AB- : A C BandTE + BCE : B C C then we can construct a proof
IS+ ACE:ACC.

ProoF. By induction on BCE.

(1) If BC= = ? : ? C ?, then the proof is just AB-

(2) If BCE = tag;(BGF), then BGE : B C G so by inductive hypothesis, there is a proof
AGE : A € G and the proof we need is tag; (AG®).

(3) If BCE = BCIE X BCZE, then it must also be the case that ABE = ABlE X ABZE, and then our
result is AC 1; X AC ZE where AC %, AC 2; come from the inductive hypothesis.

(4) All other cases are analogous to the product.

]

Next, we (partially) define gradual meets A M B in Figure 21. The meet is undefined if the case is
missing.

LEMMA B.4. ForeveryI' + A,B,T' + AT B and there are precision derivations

(1) THrAN*:ANBCA
2)T+BN~:ANBLCB

Such that for anyT + C withT + CA® : CC A andT + CBE : C C B, there exists a derivation
r+Cn=:CCANB
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E[U] U where E # []
E[unseal,(seal,V)] E[V]
E[is(G)? (injg V)] E[true]

E[is(6)? (injy V)]
Y > E[hide X = A; M]

E[false] where G #+ H
Y,0:AvE[M[c/X]]

unpack (X, x) = pack’(X = A, [AE T], M); Care p|letx= (AE[o/X])I M[o/X];
ZDE[N >, 0:A'>E N[o/X]
E [pack’(X = A, M)] E[packV(X = A’, [],M)]
E[(NX.M){oc = A}] E[M[o/X]]
E[(A(x : A).M) V] E[M[V/x]]
E[if true then M;else M,] E[M;]
E[if false then M;else M,] E[M;]
E[let (x,y) = (V1,V2); M] E[M[V1/x][V2/y]]
E[let x = V;M] E[M[V/x]]

E[(AR)T V]

E[(AT x A7) (Vi, V)]

E[({A} = A7) V) Ve

E[(3"X.AS)] pack”(X = A, [A’S 1, ..], M)]
E[((V"X.AR)] V){o = A}]

E[(tags(A=)] V]

E[(tagg(AD)) injg V]

E[(tag (AR injy V]

E[V] where AE € {B, s, ?}
E[({(AD)T V1, (AD)T Va)]
E[{AD)T (i (AD)T™ V)]
E[pack¥(X = A/, [AE [,A'E 1/,..], M)]
E[{A=[o/X])T (V{c = A})]
Elinjg (AR)] V]

E[(A=)| V]

O where H # G

1717171117111 7T117 1T 11111

Fig. 22. PolyC" Dynamic Semantics (full)

C CAST CALCULUS

We present the full cast calculus operational semantics in Figure 22.

Some of the semantics in Figure 7 involve terms with os in places we would expect Xs, in
particular instantiations, seals, and unseals. These forms come about when we evaluate a hide and
substitute o for X. We also have our aforementioned intermediate form for pack casts. Figure 23
gives the static typing rules for runtime terms. Note that the typing of runtime terms depends on a
given X. To reason about well-typed terms at runtime, we also thread a store through the rules in
Figure 5.

We prove a few standard operational lemmas.

LEmMA C.1 (UNIQUE DECOMPOSITION). IfX;;- + M, : A, then there exist unique E, M, such that
M, = E[Mz]

Proor. By induction on M;. O

LEMMA C.2 (CAST CALCULUS DYNAMIC SEMANTICS ARE DETERMINISTIC). [f> > M +— X; > M; and
oM 22>M2 thenZl = 22 andM1 =M2.

Proor. By unique decomposition and definition of the dynamic semantics. O

LEmMMA C.3 (PROGRESS). If2;;- + M; : A then either 1> My = 23> My, My = U, or My =V for
someV.
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x:AeTl STFM:A;pTy STrRAR: A CA, STHM: An Ty T FAS: A C A,
ST kx4 ST F(AS M: Ar Ty ST (AR, M : A;Ty
S TFM: ATy X0, Ty, x :AF N : BTy ST M: AT, X=Ael, I,
;T rFlet x=M;N:B;Iy,In ;T FsealyM: X;T,
XIeM:X;T, X=Ael, I, X TeM:?2T, TG
;T F true: B;-
T+ unsealyM: A;T, ST +is(G)? M:B;T,

5, THM:B;I'y 20, F Ny - BTy Z;F,FMI-Nf:B;TN
>; T+ false : B;-

;T +if Mthen N;else Nf BT, Iv

5T M ATy S 0,T F My Ay Ty
Tk (M1, Mp) : Ap X Ag; T, T

5T FM: A X ATy 50T x: A,y Ay F N BTy T rHA >;Ix:A+M:B;-
3Tk let (x,y) = M;N : BTy, I > TrAx:AM:A — B;-
X TrM:A— BTy 5.I,TyFN:A TN »I,X=A+M:B;-
X, T'FM N :B;Ty, Iy ;T rpack”(X = A M) : 3"X.B;-

STFM:3'XATy SO Xox:AFN:BTy  S:DTyrTy  5:T,Ty Ty - B
;T Funpack (X,x) = M;N : B;Ty, Iy

0, XEM:A;- ST FM:VYX.A Ty %I, Ty B
T FAXM:VVX.A;- T FM{X =B}: A; Ty, X =B
STFM:Ty X =AT),  STTy T, STFM:AT, o:AeX
;T + hide X = A; M; Ty, FI(/I ;T FsealgM : 031,
X5TeM:o;T, c:AeX STHM:V'X.A Ty og:A€eX
>;T Funseal M : AT, T+ M{oc=B}: ATy

WILX =A +(ABY] .. M:B;-
T+ pack”(X = A”,[AF ] ...],M) : X .B;-

Fig. 23. PolyC" Typing for Runtime Forms

Proor. If M; = U or M; is a value, we conclude. Otherwise, by Lemma C.1 (unique decomposi-
tion), we have unique E, M3 such that M; = E[M;]. We proceed by cases on Ms.

e Mz = U Since M; # U, we have E # [], so M; — U and we conclude.

e M; = hide X = B; M, Then X; > M3 +— X,0 : B> My[o/X], so we conclude since M, +—
E[My[o/X]].

e M; =if Vthen My else Ms Since M is well-typed, V : B and so, by Lemma F.9 (canonical
forms), which we may use thanks to Lemma F.2, either V = true or V = false. In the first
case, M3 — M, and in the second M3 +— Ms, so we conclude.
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e M; =1let x = V; M, Then M5 — M,[V/x], so we conclude.

e Ms = let (x,y) = V;M, Since M; is well-typed, V : A; X A, for some Ay, A; and so, by
Lemma F.9 (canonical forms), V = (V3, V;) for some Vi, V,. Then Ms — My[V1/x][V2/y], so
we conclude.

e M; = pack’(X = B, M) Then M3 +— pack”(X = B, [], M), so we conclude.

e M; = unpack (X,x) = V;M, Since M; is well-typed, V : 3'XB for some B and so, by
Lemma F.9 (canonical forms), V = pack”(X = B, [], Ms) for some Ms. Then X > M3 +— X, 0 :
Brlet x = Ms[o/X]; My[o/X], so we conclude.

e M3 = V{o = B} Since M; is well-typed, V : Y'XA; for some A; and so, by Lemma F.9
(canonical forms), V = A"X.M, for some M, or V = (V'X.A5)] V; for some AE, V;. In the
first case, M3 — M,[o/X] and in the second, M3 — (A%[c/X])] (Vi{o = B}).

e M; = V; V; Since M; is well-typed, V : A; — A, for some A;, A; and so, by Lemma F.9
(canonical forms), V; = Ax : A;.M, for some M, or V = (AT — AZ)] V; for some AL, AZ, V;.
In the first case, M3 — M;[V;/x] and in the second, Ms — (AZ)] (Vi (AD)]™ Va).

e M; = unseal,V Since M; is well-typed, V : ¢ and so, by Lemma F.9 (canonical forms),
V = seal,V; for some V;. Then M; +— Vi, so we conclude.

e M3 = is(G)? V Since M is well-typed, V : ? and so, by Lemma F.9 (canonical forms),
V =injy Vi for some H, Vi. If H = G, then M3 +— true, otherwise M3 — false.

e My = (3"X.A%)] V Since M; is well-typed, V : 3"X.A; for some A; and so, by Lemma
F.9 (canonical forms), V = pack’(X = B,[AS I, ...], My) for some B,AS I .., M. Then
Mz > pack”(X = Ay, [A= T,AS T2 .1, My).

o Mz = (Al; XAZE )1 V Since M; is well-typed, V : B; X B, for some By, B; and so, by Lemma F.9
(canonical forms), V = (V1, V;) for some V;, V,. Then M3 +— ((Alg I Vi, (AZE)I Vo).

o Mz = (A5)] V where A® € {B, 0,?} Then M3 — V.

o Ms = (tag;(AF))] V Then Mz — injg (A=) V.

o M; = (tag;(A=)){ V Since M; is well-typed, V : ? and so, by Lemma F.9 (canonical forms),
V =injy Vi for some H,V,. If H = G, then M3 — (A%)| V. Otherwise, M — U.

]

D CBPV

Definition D.1 (Preamble store, substitution). We name the store generated by the preamble %,
defined as

Zp = (4f)
f(0) = B
f(1) = U(OSum — FOSum)
f(2) = OSum x OSum
f(3) = 3IX.U(Case X — FOSum)
f(4) = U(VX.Case X — FOSum)

We define y, to be a substitution that closes terms with respect to I, using the store %,:

Yp ( CBool) =0
)/p (CFun) = 1
Yp(CTimes) = 2
Yp (cex) = 3
Yplean) = 4
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;AT HVr:Case A ;AT 'V : OSum »NT,x:A|-+M:B >»MANT | -+ N:B
AT | -+ match Vpwith V{inj x.M | N} : B

ocg:A€eX ArFA A+FA ;A;T,x:Case A | -+M:B
>;A;T Fo:Case A 3;A;T | -+ newcaseys x; M : B
;AT +Vr:Case A SANTHV A »AX;T | -+-M:B
;AT - injy,. V : OSum AT | - AX.M:VX.B
;AT | ©FM:VX.B  ArA S;ATFV : A[A7/X]
AT | ©F M[A] : B[A/X] 3 AT + pack(A’,V)as IX.A:3X.A

SANTHV IXA A+ B »AX;T,x:A| -+M:B
% N;T | - Funpack (X,x) =V;M: B AT, x: AT Fx: A

>SANTHV:B AT | --M;:B AT | -+My:B
>;A;T | e:Bre:B Y;A;T | -+ if Vthen M;else M, : B

S 0NT RV A 0T HVy DAy

>;A;T F true: B >;A;T + false: B 0T (VL) AL XA
ST RV A XA, AT, x:AL,y:Ay | -FM:B >»MNT | -+M:B
AT | -+ let (x,y) = V;M: B S;A;T + thunk M : UB
>;A;THV :UB S ATHV A
;N;T | -+ forceV:B % NT | -+-retV:FA

AT | OF M FA AT | -FN:B AT | OFrM:A— B SANTHV A
AT | O x «— M;N : B AT | OF MV :B

A+A »NMNT,x:A|-+V:B
AT | - FAx:AV:A— B AT | -+0U:B

Fig. 24. CBPVosym Type System

We give the full translation from PolyC” to CBPVgum in Figure 26. Added to the cases from the
paper are the translation for types B and A X B.

E TERM PRECISION

Figure 29 shows the full definition of term precision for PolyG". Figures 30 and 31 shows the full
definition of term precision for PolyC".

LeEmMA E.1 (CASTS ARE MONOTONE). IfA=: Aj C A, and AB[ : A; C B; and AB: : A, C B, and
BE : B; C B,, then
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S[U]— T
Y > S[newcases x; M] — X, 0: A>S[M[o/x]]
S[match inj, Vwith o{inj x.M | N}] — S[M[V/x]]
S[match inj, Vwith o2{inj x.M | N}] — S[N] (where o1 # 03)
S[if true then Melse N]| +— S[M]
S[if falsethen Melse N] +— S[N]
Sllet (x,y) = (Vi, Vo); M] — SIM[Vi /x, Va/y]]
S[force (thunk M)] — S[M]
S[unpack (X, x) = pack(A,V);M] — S[M[A/X,V/x]]
S[(AX.M)[A]] — S[M[A/X]]
S[(A(x : A).M) V] — S[M[V/x]]
S[x < ret V;N] — S[N[V/x]]

Fig. 25. CBPVsum Operational Semantics

[x] = retx
[let x = M;N] = x < [M];[N]
[0al =0
[sealoM] = [M]
[unsealoM] = [M]
[inig M] = re [M];ret injease(c) *
[is(G)? M] = re [M];
match rwith case(G){inj y.ret true | ret false}
[hide X = A; M] = newcase[u] cx;[M]
[(A5)1 M] = [ASTC(IMI)
[true] = ret true
[false] = ret false
[if M; then M;else Ms] = r« [Mi];if rthen [Mz] else [Ms]
[(My, Mp)] = x; « [Mi];xz « [M];ret (x1,x2)
[let (x.y) = M;N] = r« [M];let (x,y) = r;[N]
[pack¥(X = A, M)] = ret pack(A, thunk (Acx : Case A.[M]))
[pack”(X = A", [AF Tn ... AT T1l.M)] = ret pack(4, thunk (Acx : Case A.Mp))

where Mj = [M]

and M/, = [A5;,]0i+1[force (thunk (Acx : Case A”.[M;])) cx]
[unpack (X,x) = M;N] = r« [M];unpack (X, f)=r;

newcasey cx;x «— (force f) cx; [N]

[AYX.M] = ret (thunk (AX.A(cx : Case X).[M]))
[M{a = A}] = f — [M]; (force f)[A] (case(a))
[A(x : A).M] = ret thunk A(x : [A]).[M]

[M NJ = f« [M];a < [N];(force f)a

Fig. 26. PolyC" term translation
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I*:LCT, TEFAS: A CA, I'“:LCT, ITFAS: A CA,
C
(T5,x:A5) T, x: A C T, x: A, TE X 2AR) X =ACL. X =A,
rs:ncr,

(T5X): T, XCT, X

Fig. 27. Type Precision Contexts

cod(A* — B%) =Bt

cod(?) =7
cod(tag; (A= — B%))) =B-
mi(Ay X AT) = Af

ﬂi(?) =7
mi(tagy (Ag X A7) = A7
unV" (V"X .AF) AE

unV’(?) =7?
unV" (tagyvy (V' X.A%)) = AF
un3"(3'X.AF) = AF

und¥(?) =7?
un3d”(taggvy ,(3"X.A%)) = AF

Fig. 28. Metafunctions extended to type precision derivations

(1) IfT= + M E M, : A=;T=, then T= + (AB[)] M; C (ABF)] M, : B=; T
(2) IfT=+ N E N, : B=;T, thenT= + (c)| insertsthatABFN; E (ABF)| N, : A= T
Proor. (1) By the following derivation
IS+ M C M, :A=Tr
T+ M C(ABS)] M, : AB[: T
T'=F (ABF)] M; C (ABF)] M, : BS; T

Where AB- : A; C B, which exists by transitivity lemma B.3.
(2) By the following derivation

I+ N/ CN,:B5T,
T+ (AB[)L NJC N, : AB; T
TSk (ABF)L Nj C(ABP)L N, : AT

Where ABI';r : A; C B,, which exists by transitivity lemma B.3.
O

LemMA E.2 (HIDE MONOTONICITY). Ifl"lg :I; £ T, and 1“2; : Ty C g and Ty C Iy and T C Ty
and M; C M,, then

hide Ij; C Tj; M C hide Ty € Tp; M,
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IS+ MLCM,: A5 TY I'STY +B-:B/CB, x: A5 eT*
'S+ (M; = B) © (M, = B,): B5;T¥ I'“+xCx:A"

I'=+ M CM,:AST, I'=,x:ASF N CN,: BTy
I'=+let x=M;N; Clet x = My; N, : BTy, Ty

I'“rMCM,:A"- X = BE eIt TS+ M C M, : A5 T X =B eTET-
IS+ sealxM; C sealxM, : X I'S + unsealxM; C unsealxM, : B5;T-
IS+ true C true: B;- I+ false C false : B;-

T=F M M : AS Ty TS5 Ty; F Nit © Nyt BTy I= T+ Nig ENyp:Bo T

£
I'=+if M;then Nj else Niy C if M, then N,; else N,¢: By U Bj%;rjﬁ, - N rf;

IS+ My E M,y ASTE TSI F Mp E Myp 0 A5 T
TS b (Mg, Mip) € (My1, Myp) : AT X ATSTE, Ty

T+ M C M, :A5Ty; I Ty x:m(AS),y : m(AD) F Nt C N, : B5;Tg
I'=+let (x,y) = MjN; Clet (x,y) = My;N, : BS;T), T'g

IS x: A+ M;C M, : B5;TY TEFAR:ACA,
IS+ Ax: ApM; C Ax : A, M, : A® — BF;.

=+ MLCM,:AST, IS Ty F N CN,:B5Tg
I'=+ M; N;CT M, N, : cod(A=);Ty;, Ty

IS, X =B5+ M C M, : A5;T- I+ B-:B,CB,
I'E F pack’(X = By, M;) C pack’(X = B,, M,) : "X .A%;.

I+ MCM,:A5T,;, T5I;X,x:un3d"(A5) kN C N, : B5;Ty
T'= + unpack (X,x) = M;; N; C unpack (X,x) = My; N, : B, Ty, T lx

IS, X+MCM,:ASTE
IS F AVX.M C AXM, :V'X.AF;-

I=+MC M :AST,; I+ B-:B,CB,
I'=+ M{X = B;} € M,{X = B,} : unV"(A=);T};, X = B-

Fig. 29. PolyG" Term Precision
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IS+ M; C M, : ACE;TY IS, T¥ ACE:ACC
ILI'+AB=:ACB IS, T~ +BCE:BCC

Max S. New, Dustin Jamner, and Amal Ahmed

IS+ M; © M, : BC5;TY IS, T¥+ACE:ACC
ILI'+AB5:ACB TI5T¥+BCE:BCC

IS+ (AB5)] M; C M, : BC5;TY

IS+ M;C M, :ABS;TY  TETYrACE:ACC
ILI'+BCE:BCC T5TY+AB:ACB

IS+ (AB5)L M; © M, : ACE;TY

IS+ M, C M :ACE;T¥  TET¥rACE:ACC
ILI'+FBCE:BCC IS TY+AB:ACB

IS+ M; C (BCE)] M, : ACE;T¥

IS+ M; C (BCEY, M, : ABE;TY

Fig. 30. PolyC" Term Precision Part 1

Proor. By induction over I'S, each case is either congruence or trivial application of inductive
hypothesis. O

Lemma E3. IfT= + M; © M, : A=;T=' in the surface language, then T= + M; C M} : A=; T

Proor. By induction on term precision derivations.

(1) Cast. By applying lemma E.1 twice.

(2) Var: Immediate

3)

(4) seal: by the argument for the ascription case.

(5) unseal: There are three cases for A=: X, ? and tag (X). The first case is immediate. If A= = ?,
we need to show

unsealx(tagy (X))l M;" C unsealx(tagy (X)) M;

Let: immediate

Which follows by unsealx congruence and lemma E.1. For the final case we need to show
unsealxM;” C unsealx(tagy (X))} M/

which follows by congruence for unsealx and the downcast-right rule.

(6) tag-check is(G)? M; E is(G)? M,: follows by congruence and lemma E.1.

(7) tru: Immediate

(8) fls: Immediate

(9) if: By if congruence, we need to show the condition and the two branches of the if are ordered.
e For the condition there are three subcases M; T M, : AF: either B, ? or tagy (B). The

ordering follows by the same argument as the unsealyx case.

o The two branches follow by the same argument. We describe the true branch. We have by

inductive hypothesis that N C N, and we need to show

(B)! hide Iy € Ty N Ty N E (BR)d hide Iy € Ty N Tp N

Which follows by lemmas E.1 and E.2.
(10) Pair intro: Immediate by inductive hypothesis.
(11) Pair elim: By similar argument to unsealx
(12) By congruence and lemma E.2.
(13) Function application: similar argument to unsealy
(14) 3" introduction: by congruence and lemma E.2.
(15) VY elimination: by similar argument to unsealy, and lemma E.2.
(16) VY introduciton: by congruence and lemma E.2.
(17) VY elimination: by similar argument to unsealyx case.
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x:A eT* IS+ MCM,:A5Ty IS Ty,x: A5+ N;C N, : B5 Ty

I“FxCx:A" IS+ let x = Mj;N; C let x = My; N, : B5; Ty, Inv

TS+ M, C M, :B5TY, X = A5, TY IS T FAS: A C A,
IS+ hide X = A;; M, C hide X = Ap; M, : B5; T T

(X = A5 eTE TV IS+ M C M, : A5;T¥
I'E + sealxM; C sealxM, : X;T%

(X = A5) eTE T IS+ M C M, :X;T¥

I'" + unsealxM; C unsealxM, : A5; T

I'™+ false C false: B

=+ M CM, :B;T; I'= Ty F Ny €Ny i BSiT I'= Ty F Nip © Np: BS T

ISk trueC true: B

I'=+ if M; then Ny else Nif C if M, then Ny, else N,;: B5;Ty, Tg

ISk My E My ASTE TETEFMp C My A5 T
= b (M, Miz) © (M1, Myo) = AT X A7 TE, T

T=+ M C M, : AT XA5Ty, I= T, x: AT y: Ay F NJE N, : B5; Ty

I=rlet (x,y) = M;N; C let (x,y) = M;;N, : BS;Ty, Tg

IS x:A - M, C M, : BS;- I+ AR A C A,
IS+ Ax: Ap.M; C Ax : Ap.M; : A= — BE;.

I+ M CM,:A= - B5I;;, TSIy +NLCN,:AS5Ty
IS+ MN CMN,:B5T; T

IS, X =B+ MLCM,:A";.
I'S F pack’(X = B;, Mj) C pack’(X = B,, M,) : 3"X_.AF;-

I= Ty +HIg I'= Ty F BE
=+ MCM, :3F'XA5T; I5 T X,x A5+ N C N, : B5;T;

I'= + unpack (X,x) = M;; N; C unpack (X,x) = My; N, : BTy, Tg

I+ M;C M, :V'XA5TY I'*+B-:B,CB IS, XFMLCM,: A5

46:43

I'Sr M{X =B}C M{X = B,} : A5;T¥ X = B- IS F A'X.M CAXM, :V'XAS;.

Fig. 31. PolyC” Term Precision Part 2
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F SIMULATION

We provide the full proof of simulation here, including all supporting lemmas. As outlined in the
paper, this proof revolves around a translation relation that generalizes our translation function.

LEMMA F.1 (TARGET LANGUAGE DYNAMIC SEMANTICS ARE DETERMINISTIC). If %' > M’ X » M]
and ¥’ > M’ — 3} > M) then 3 = X and M{ = M,.

Lemma F.2. If5;T + M : A;T7, then M ~CT [3;T + M].
Proor. By induction on M. O

The proof of simulation requires knowledge about how substitutions translate. Value substitutions
are straightforward due to the definition of our relation. Type substitutions behave differently
depending on whether the type variable to be replaced is known.

LemMma F3. If3;T + M ~CT M’ : B;T" and X €T and o : A € 3, then M[o/X]| ~T M'[[%;T v
A]/X][o/ex].

ProOF. By induction on the derivation of M ~~¢T M’ O

LEMMA F4. If5;T + M ~~CT M’ : B;T" and X = A€ I,T" and o : A € 3, then M[c/X] ~CT
M’[o/cx].

ProOF. By induction on the derivation of M ~~¢T M’ O

LEMMA F5. If ;T x : AT + M ~CT M’ : A;T” and 3;T + V. ~CT ret V' : A’;-, then
T, T - MV /x] ~CT M'[V’/x] : A;T”.

ProOF. By induction on the derivation of M ~~¢T M’ O
We use a restricted form of reduction that only eliminates bind steps in our proof of simulation.

This reduction gives us exactly the leeway we need to deal with the possibility of administrative
redexes in our translation.

Definition F.6 (bind reduction). We define —, to be the least relation on closed terms such that
S[x < ret V/;M’] 5, S[M’[V’/x]]. Note that >, is a strict subset of . We use —; to mean
its reflexive, transitive closure.

LEMMA F.7 (BIND REDUCTION NORMALIZATION). Let X;- + M; : A. There exists a unique M such
that M, r—)*b M, and M, does not take a bind reduction.

Proor. By induction on the number of binds in M; not under thunks. If M; = S[x < ret V; N;]
then M; -}, N;[V/x] and we conclude by the inductive hypothesis for N; [V /x]. Otherwise, M;
must not take a bind reduction, so M; = M; and we conclude by reflexivity. O

LEMMA F.8 (BIND REDUCTION CONFLUENCE). LetX;- + My : A, ;- F My : A, and ;- + Mz - AL If
M; |—>z M,, M; |—>z M3, and M3 does not take a bind reduction, then M, |—>z Ms.

Proc. ACM Program. Lang., Vol. 4, No. POPL, Article 46. Publication date: January 2020.



Graduality and Parametricity: Together Again for the First Time 46:45

STEM T x —ret VM : ATy
ST FM~CT MV /x] - ATy

ST M ~CT M AT ST - My ~CT My AgsTo
T F (Mg, My) ~CT X1 M{;XZ — MZ,; ret (xi,x2) : A1 X Ag; 0, Iy

STEM~CT M BT 0T F My~ M- AT” ST - My ST My AT
:T F if Mthen My else My ~CT r « M’;if r then M[else My : A;T',T”

>; T+ true ~CT ret true: B;- >; T+ false ~CT ret false: B;- >T+O ~CT o, A;-

STFM~ST M AT STT.x:Ar N~CT N . BT”
ST+ let x=MN ~T x —« M;N": B;T",T”

ST FM~CT M A XA T! SiT,T . x:Any: Ay + N ~CT N B;T”
Tk let (x,y) = M;N ~CT r— M';let (x,y) = N’ : B;I",T”

STLX2ArM~CT M B A =[S:AF A]
%:T + pack” (X = A, M) ~T ret pack(A’, thunk A(cx : Case A’).M")as [T + 3'X.B] : 3VX.B;-

STFM~T M 3"X AT STFN~STN:BT” T.I'T”+B

%:T F unpack (X,x) = M;N ~T r — M’;unpack (X, f) = r; BT, T
newcasey cy;x « (force f) cx; N’

STX M ~CT M- A
T F AX.M ~CT ret thunk AX.A(cx : Case X).M’ : V'X A;-

ST FM~ST M V'X.BT’
ST - M{X = A} ~CT f — M’;(force f)[A] cx : BT/, X = A

ST +M~CT M VVX.B;T’
T F M{c = A} ~CT f— M’;(force f)[A] o: Blo/X];T’

STEFM~ST M A— BT’ ST +N~TN AT
ST MN ~CT f e M';a — N';(force f) a: B;I",T”

5T FM~CT M . B;-
5Tk Ax: AM ~CT ret thunk Ax: [5;T - A[.M": A — B;-

STFM~ST M AT X=Ael,T/ STFM~T M . X;T! X=AelT’

T+ sealxM ~ST M’ X;T7 T+ unsealxM ~CT M’ . A;T/

Fig. 32. PolyC" translation relation
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STrM~T M. GT

T kinjg M~ x  M'iret injeue(c) X : 517

SLX=AFM~CT M B A =[5AFA]
%:T F pack”(X = A, [, M) ~CT ret pack(A’, thunk A(cx : Case A’).M)as [£;T + 3"X.B] : 3"X.B;-

T + pack’(X = A, [Az T2 ...], M) ~T ret pack(A’, thunk A(cx : Case A’).M’) as 3X.Ay : EIVX.A'I;I;~
T+ pack”(X = A [A; 1,42 12 .1, M)
ret pack(A’, thunk Acx : Case A’.
~CT [=:0,x = A+ AF]] :3VXAS S
[(force thunk Acx : Case A”.M’) cx]) as [[EIVX.AI%]]

2T+ pack”(X = A, [A2 I3 ..., M) ~CT ret pack(A’, thunk A(cx : Case A’).M’) as 3X.A"y : I"X.A ;-
T rpack”(X = A [A; LLA2 T2 ..., M)
ret pack(A’, thunk Acx : Case A’.
~CT [Z;T,X = A"+ AF]| 13X AL
[(force thunk Acx : Case A’.M’) cx]) as [3"X.A5]

LT FM~ST M ART ST AR STEM~CT M A5 T 5Tk AS

Tk (ASY] M ~CT [35T + AR]T [M'] : AS;T/ STk (AS), M ~CT [T - ARJL[M] : AR T

ST M ~CT M 2,1
re—M;
match case(G)with r{inj y.ret true | ret false}

ST is(G)? M ~ET 1

Fig. 33. PolyC" translation relation (Continued)

Proor. By induction on M; = M,. If M; = M;, then we conclude since M; +—; M;. Otherwise,
by the definition of —7, we have M; -}, N; |—>’l‘J M,. Since M; takes a bind reduction, M; # M3
and so we must have M; >, N, »—)Z Ms. Furthermore, by Lemma C.2 (deterministic semantics),
we have N; = N;. We then conclude by the inductive hypothesis for Nz, M,, M. ]

At the core of our simulation argument is the guarantee that, up to some bind reductions, any
related terms have a related structure that follows the form of the translation function.

LEMMA F.9 (CANONICAL FORMS OF THE TRANSLATION RELATION). IfX;- + M ~CT M’ 2 B, then
either

e M =AX.N; and M’ = ret thunk AX.A(cx : Case X).N{

o M= Ni{o = A} and (f — Nj; (force f)[A] 0)[y,] > M'[y,]

e M =hide X = A;N; and M’ = newcasey cx; N/

® M = (Ni,Nz) and (x; < N{;x; < Nysret (x1,x2))[yp] =} M'[y,]

e M=let (x,y) = NisN; and (r < Nf;let (x,y) = r;N))[ypl =) M'[y,]

e M = true and M’ = ret true

e M =false and M’ = ret false

e M =if Njthen N;else N; and (r < N{;if rthen Njelse N;)[y,] —, M'[y,]
e M =1let x =Ni;N; and (x < N{;Ny)[yp] =, M'[y,]

e M=Ugand M’ =T
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o M= ian Nl and (X — Nl/’ injcase(G) X) [yp] H; M/[Yp]
o M= (AD)] Ny and [ AL N1 [yp] ) ML)
e M=1is(G)? N; and
(r < M’;match case(G)with r{inj y.ret true | ret false})[y,] —; M'[y,]
e M = seal;N; and N{ 0—>;; M
e M =unseal,N; and N{ —; M’
e M =pack”(X = A N;) and M’ = ret pack(A4, thunk A(cx : Case A).N)) as [B]
o M =packV(X = A’,[AF ] ..],Ny) and M’ = ret pack(A, thunk A(cx : Case A).M}) as [B]

where
Moo= N
M/, = [ZA+FA5 [Tilforce (thunk (Acx : Case A”.[M;])) cx]

e M =unpack (X, x) = Ni; Ny and Mynp >, M’ where

Mynp = r < Nj;unpack (X, f) =r;
newcasex cx;x « (force f) cx; N,

for some Ny, .., N, and NJ, ..., N;, where N; ~CT N

Proor. By induction on the derivation of M ~~¢T M’. If the derivation ends in a congruence
from the translation, the conclusion is immediate by reflexivity. We then have only the bind-
reduction rule to consider. In this case, we have M’ = M”/[V’/x] where M ~~CT x « ret V/;M".
By the inductive hypothesis, we have the desired property for M and x < ret V’; M”. Then,
since (x « ret V';M")[y,] —p M"[V'/x][yp] = M'[y,], we have what we need to show by
transitivity. O

LEmMmA F.10. Let 3;- + V : A IfV ~CT M, then for any closing y M'[y] —, ret V'[y] and
V ~CT ret V’ for some V',

PRrOOF. By induction on the derivation of V ~+CT M’. All cases are immediate since M’ = ret V’
except the following:
o (Vi, V) ~»CT xi N/;x; < N,;ret (x1,x;) where V; €T N/ and V, ~CT N,: By the
inductive hypothesis for each of these sub-derivations, we have N/[y] +; ret V/[y] and
Vi ~CT ret V/. Then, by definition, we have M'[y] +; ret (V;,Vz)[y] and (V3, V) ~~CT
ret (V1, V) as we were required to show.
O

Since our dynamic semantics for PolyC" uses evaluation contexts, we need to be able to describe
their transformation into CBPVosum-

LEMMA F.11 (TRANSLATION CONTEXT DECOMPOSITION). If3;- + M : A and¥;- + E[M;] ~CT M’ :
B, then for any closing y, S[M{][y] v}, M’[y] for some S and M; such that %;- + M, ~~CT MY A
and E ~CT §.

ProOF. By induction on the derivation of E[M;] ~~T M’. All cases are straightforward except
the bind rule. That case proceeds as follows: we have E[M;] ~CT x  ret V/; M"" and, from the
inductive hypothesis, some S, M such that S[M{][y] =} (x « ret V;M")[y], Z;- + M, T
M]:A and E ~CT S Tt then suffices to show that S[M{][y] ¥}, M”[V//x][y], which we have by
definition. O
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T .:A}—[]WCT.:A;.

ST | :ArE TS AT ST - My ST My AT
T | @: Ar (Eq, M) ~CT X1 SI;XZ — Mz’;ret (x1,x2) : Ay X Ag; T, Ty

STV ~Tret V)i ATy ST | @ AFEp ~CT S5 AyTy
ST | Ak (Vi,Ez) ~CT xp  Shiret (V] x2) : Ay X Ag;T1, I

ST | oA FE~CTS BT ST FM ~T M AT LT My ~CT My AT”

ST | @: A+ if Ethen Mjelse My ~CT r « S’;if rthen M| else Mj : A;T',T”

ST | e:AFE~~TS AT ST ,x:ArN~CST N :.BT”
ST | e:A rlet x=EN ‘T x « §;N': BT, T”

ST | @:ArE~CT 8" A x Ay T' ST, x:Apy: Ay + N ~CT N : B;T”
T | e:Arlet (x,y) = EN ~CT r 8" 1et (x,y) = N’ : B;T",T”

ST | 0:ArE~T S :3"X AT STEN~STN:BT” T.I.T”+B

re=S’
unpack (X, f) =r;
;T | o: At unpack (X,x) = E;N ~CT | newcasex cx; :B; T, T”
x « (force f) cx;
N/

Fig. 34. PolyC" evaluation context translation relation

LEMMA F.12 (TRANSLATION CONTEXT PLUG). If3;- + My ~CT M]:Aand%;- | e: A+ E ~CT
S: B, then ;- + E[M;] ~CT S[M] : B.

ProoF. By induction on the derivation of E ~¢T §S. O

LEMMA F.13 (TRANSLATION STACK DECOMPOSITION). If3;- + M ~~CT S[M]] : A then M = E[M]
for some E and M; such that E ~CT S and My ~~€T M;.

ProOF. By induction on the derivation of M ~~¢T S [M]]. o

LEMMA F.14 (BIND REDUCTION PRESERVES TRANSLATION). If¥;- + M ~CT M : A and M{[y,] =y
Mj[yp] then S5+ M ~T M : A

Proor. By the definition of -, we have that M| = S[x « ret V';M;] and M; = S[M;[V'/x]]
for some S, V', M;. By Lemma F.13 (stack decomposition), we have M = E[M;], E ~CT S and
M; ~CT x « ret V’; Mj. We then apply the bind reduction rule, so we have Ms ~~CT M;[V’/x]
and conclude by Lemma F.12 (translation context plug). O

We would like all PolyC" terms to make progress whenever their corresponding CBPVosym
translation evaluates. However, this is not always the case since some PolyC" terms step to terms
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ST | @: A+ E~CT 8" V'XBT
T | @: A" FE{X = A} ~ T f  §';(force f)[A] cx : BT, X = A

ST | e:A +E~ST S . v'X.BT
ST | @: A+ E{oc = A} ~CT f « §";(force f)[A] o : Blo/X]:T’

ST |e:AFE~CTS A5 BT SIT FN~CT N AT
2T | : A FEN T f— §a« N';(force f) a:B;I’,T”

STV ST ret Vv :A—> BT ST | e A FE~CT 8 AT
ST | 0: A +VE~CT g8 (force V') a: B;I',T"

ST | e:AFE~TS AT X=AelT ST | e:AFE~T S X;I!  X=Ael,T
ST | e: A’k sealyE ~CT 8" : X;T” ;T | o: A’ FunsealxE ~CT 8 : AT’

T O:A'I—EWCTS’:G;I‘/

T | oA’ Finjg E~T x « 8 injease(c) x : 5T

ST | e:BrE~CT & ART STk AR
T | e:BF(AB E ~CT [Z:T + AR]1[S] : AT/

;T | e:BrE~CT 8 AT 5T A"
ST | @: B (AS), E~CT [T - ARJL[S'] : AR T

ST | @:BrE~CT S 2T
reS; )
match case(G)with r{inj y.ret true | ret false} |’

;T | @:BF is(G)? E ~CT B;I’

Fig. 35. PolyC" calculus evaluation context translation relation (Continued)

with identical translations. However, the number of such steps is limited by the syntactic size of
the term, defined below.

Definition F.15 (Type/Term size).

|let x = M; N| = 1+|N[M/x]|

|tag, (A5)] = 2+]A5|

|pack’(X = A", M)| = 2+ |M|

|C(AE, M)| = 1+ X, M+ 2 i |A%| otherwise

where C denotes any syntactic term or precision judgment constructor.

THEOREM F.16 (SIMULATION). If ;- + M; : A;- and 55+ + My ~CT M{ : A;- and 3 » My —
3 > My, then '3+ + My ~ST M : A;- and either £,, [Z] » M{[y,] = 2, [Z'] » M;[y,] or
2, [Z] > M{[yp] =* 2p, [Z7] > My [yp] and |My| > |M,] for some M,.
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Proor. Note that, by unique decomposition, we have some context E and redex M; such that
M; = E[M;] and either M3 = Ug or M3 +— M, for some M,. By Lemma F.11 (translation context
decomposition), we have some S, M such that S[M;][y,] —; M][y,] where E ~CT S and Mz ~~CT
M;. We proceed by cases on X » M; + X’ » M,. In each case, we first use Lemma F.9 (canonical
forms of the translation) to determine the form of M.

e Error:
E[Up] + Utype(s; +E[v5]) Where E # []
We have M; = U and so S[M;][yp] = U. Since s = Urype(sira) ~" U s type(S;- F My),

we have what we were required to show.
¢ Instantiation:
E[(AX.Ny){o = B}] — E[N;[c/X]]
Let B’ = [2; - + B]. We have
(f < ret thunk AX.A(cx : Case X).N{; (force f)[B'] o)[y,] =} Ms[y,]

for some N/ such that N; ~+“T N/. Then, by Lemma F.8 (bind confluence), we have M;[y, ] -y
((force thunk AX.A(cx : Case X).N)[B’] 0)[y,] and so by the dynamic semantics, we
have the following:

M{Iy]

[(force thunk AX.A(cx : Case X).N{)[B’] o][y,]
[(AX.A(cx : Case X).NJ)[B’] olly,]

[(Aex : Case B').N/[B'/X]) ally,]
[N{[B'/X1[o/ex]1[1p)

Furthermore, by Lemma F.3, since o : B € % and 3; X + Ny ~¢T N] : Ay, we have that
Ni[o/X] ~€T N/[B’/X][o/cx]. Then, by Lemma F.12 (translation context plug), we have
what we were required to show.

¢ Hiding:

S
S
S
S

11117

%> E[hide X = B;N] 3,0 : Case B> E[N[c/X]]

We have M; = newcasep cx; N’ for some N’ such that N ~CT N’ We then have the
following by the operational semantics:

[Z]> S[newcasep cx;N'][y,]
— [2],0:Case B> S[N'[c/cx]][yp]

Then by Lemma F.4, since 3;- - N ~¢T N’ : A, X = B, we have N[o/X] ~T N'[c/cx], so
we conclude by Lemma F.12 (translation context plug).
e Pack:
E[pack’(X = A;,N;)] = E[pack”(X = Ay, [], N1)]

Note that pack” (X = Ay, Ny) ~T M; iff pack”(X = Ay, [], N1) ~¢T Mj, so by Lemma F.12
(translation context plug), we may choose M; = M. Then, it suffices to show that |M;| > [M,].
This holds since |pack”(X = A, N;)| = 2+ |Ny| > 1+ |Nj| = |pack”(X = Ay, [], N1)|.

e Unpack:

> E[unpack (X,x) = pack”(X = Ay, [A= T ...], N1); Ny ]
— X, 0:Case A;»  E[let x = (A5[o/X])] ... Ni[o/X]; N2 [0/X]]
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Let A’ = [3;- + 3"X.B] and A} = [Z;- + A;]. We have

r « ret pack(Aj, thunk A(cx : Case A]).N/,[yp]) as A’;
unpack (X, f) =r;
newcasex cx;
x « (force f) cx;
Nz’[)/p]
=y Ml

where N/, = [3;X = A; v A%]|] [force (thunk (Acx : Case A’.(... N] ...))) cx] and

N; ~CT N/. We then have the following by Lemma F.8 (bind confluence) and the operational

semantics:
Mi[y,]
= unpack (X, f) = pack(Aj, thunk A(cx : Case A]).N/,[yp]) as A’
newcasey cyx,
x « (force f) cx;
N;ly]
— [Z]> newcases cx;
x « (force thunk A(cx : Case A]).N/;,[yp]) cx;
N;[1p1[A}/X] [thunk A(cy : Case A7) Nz, [y,]/f]
= [Z]> newcases cx;
x « (force thunk A(cx : Case A7).N/;,[yp]) cx;
N; Ly [A]/X]
=" [Z].o: A x — N, lypllo/ex]s
N;ly,l (A1 /X1 [o/cx]
—* [Elo:Als x — [5X = A - AR[T lypllo/ex]s
N} [1p1[A}/X ][0/ ex]
Note that, since 2; X = A] + N; €T N/, we have ;X = A] + (A5[0/X])] ... Ny €T
[Z;X = Ay v AR [... N] ...] by the definition of the translation relation for casts. Further-
more, by LemmaF4 since o : A; € 3, we have (A5 [a/X])] ... Ni[0/X] ~CT [Z;X = A +
ARJLL. Jlo/cx] and by Lemma F.3, since o : A; € ¥ and %; X + Ny ~¢T N, : Az, we

have Ng[O'/X] €T N, [A]/X][o/cx]. Thus, we have
let x = (AS[0/X])] ... Ny [0/X]; No[0/X] ~CT x e [5;X = Ay F AR]T[... N ..][0/cx]; Ny [A]/X][0/ex]

so we conclude by Lemma F.12 (translation context plug).
o function application

E[(Ax : AN;) V] > E[N;[V/x]]

We have (f « ret thunk Ax : [3;- + A].N;a « Nj;force f a)[y,] =} M;[y,] where
N; ~CT N/. By Lemma F.10 (value translation), we have some V’ such that Ny [ypl =,
ret V'[y,] and V ~CT ret V’. Then, by Lemma F.8 (bind confluence), we have M;[yp] =,
(force (thunk Ax : [3;- + A].N)) V')[y,]. Then M;[y,] —* N/[V'/x][y,] and by Lemma
F.5 (value substitution translation), we have %;- + Ny [V /x] ~~¢T N/[V’/x] : B. Thus, we
conclude by Lemma F.12 (translation context plug).

o If true:

E[if true then N;else N,] — E[Ni]
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We have (r « ret true;if rthen N/ else N;)[y,] =} M;[y,]. where N; ~~T N/. We
then have the following by Lemma F.7 (bind normalization) and the operational semantics:
Myl
;  S[if truethen N else N;][y,]
= S[N{1lypl
We then conclude by Lemma F.12 (translation context plug) since N; ~~¢T NJ.
If false:
if falsethen Njelse Ny — M,

We have (r « ret false;if rthen N{else N;)[y,] =} M;[y,]. where N; ~“T N/. We
then have the following by Lemma F.7 (bind normalization) and the operational semantics:

M{[yp]
—,  S[if false then Njelse Nj][y,]
= S[N;1ypl
We then conclude by Lemma F.12 (translation context plug) since Ny ~~¢T NJ.
Pair elimination:

let (x,y) = (W}, V5); N = N[V;/x][V2/y]

We have (r <« M"”;let (x,y) = r;N')[y,] =} M;ly,] where (V,V2) ~CT M’ and
N ~~CT N’.Thus, by Lemma F.10 (value translation), we further have M "lypl 5, ret V'[y,l
and (V1, V) ~CT ret V’ for some V’. Note that by the type of V', we have V' = (V/, V) for
some V/, V.
We then have the following by Lemma F.8 (bind confluence) and the operational semantics:
Mi[ypl
'_)Z S[let (x’ y) = (V/’ Vzl);N,] [yp]
= SIN'[VY /x]Vy [yl [ypl

By Lemma F.5, since V; ~¢T ret V/, we have N[V;/x][V2/y] ~CT N[V [x][V] /y]. We
then conclude by Lemma F.12 (translation context plug).
Let:

let x = V; Ng = Ng [V/x]
We have (x < N{; N;)[yp] =, M;[y,] where V ~CT N/ and N, ~CT N,. Then, by Lemma
F.10 (value translation reduction), we have N/ [y,] =} ret V’'[y,] for some V' such that

b
V ~~CT ret V. Thus, we have the following reduction:

S[x « N{sNy1lypl =y SIN; [V /x]11yp]

By Lemma F.7 (bind normalization) there exists a unique M, such that
Slx < N{; Npllyp] =4 Milypl

and M;[y,] does not take a bind reduction. Then, by Lemma F.8 (bind reduction confluence),
we have M[y,] —, M{[yp] and SIN; [V’ /x]1[yp] =}, Milypl-
Note that, by Lemma F.5 (value substitution translation), we have Ny [V /x] ~~¢T N, [V'/x]
and thus by Lemma F.12 (translation context plug), we have E[N,[V /x]] ~~¢T S [N, [V'/x]].
Then, by Lemma F.14 (bind reduction preserves translation), we have E[N,[V /x]] ~¢T M.

It finally suffices to show that |M;| > |M;|, which we have since by definition |M;| =
1+ [N [V /x]l.
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e Unseal:
E[unseal, seal, V] +— E[V]

We have N'[y,] —; M;[y,] where V ~~CT N’ and so S[N’] [vp] =} S[M;][yp].- By Lemma
F.7 (bind normalization) there exists a unique M, such that S[N'][y,] —; M{[y,] and
M, [yp] does not take a bind reduction. Then, by Lemma F.8 (bind confluence), we have
S[Mg]lyp] =, M{lypl. Since, by Lemmas F.12 (translation context plug) and F.14 (bind
reduction preserves translation), we have E[V] ~~¢T Mj, it suffices to show that [M;| > [Mp].
This holds since by definition |M;| =1+ 1+ |V]|.

e Atomic cast:

E[(A®)] V] — E[V] where A € {B, a, ?}

The reasoning for this case is analogous to the prior case.

e Pair cast:

E[(AT X AD)T (V1, V)] = E[({AT)T Vi, (A7)T V2)]

We have [%;- F AT X AZ]T [x1 <= NJ;x2 <= Njsret (x1,x2)][yp] =) M;[y,] where V; ~CT
N/. Then, by Lemma F.10 (value translation reduction), we have N/[y,] —} ret V/[y,] for
some V/, V) such that V; ~CT et V. Thus, we have the following reductions:

[3:- + A X AZJU 31— Njsx, — Njret (x1,x2)] [y, ]
[+ AS x ART [ret (V) V)]1yp]

let (xy,x2) = (V1” VZ/) [YP];

x|« [T+ AST [ret xi][ypl;

x) — [T F AZ]T [ret x2][y,];

ret (xj,x;)

—
—

SRS I

Let M,[y,] be the latter term. By Lemma F.8 (bind confluence), we have M;[y,] —; M;[y,].
Thus, we have this last reduction:

S[M;]1ypl
o S[IM]yp)
- S[x] « [5T F ATl [ret V/;
xp — [T FAZ] [ret V)
ret (x7,x5)][ypl

And, since V; ~€T ret Vi’, we have that this result is related to M, by Lemma F.12 (translation
context plug), so we conclude.
e Function cast:

E[({AT = A7)T V1) Vo] = E[{AD)T (Vi (AT)]™ V)]
We have (f « [2;- + AS — AZ[T[N{];a « Nj;force f a)[y,] =} M;[y,] where V; ~T
N/. Then, by Lemma F.10 (value translation reduction), we have N[y,] —} ret V/[y,] for
some V/, V, such that V; ~CT ret V. Thus, we have the following reduction:
(f « [+ AF = AZ[T[N/];a < Ny; force f a)[y,]
>, (force (thunk Ay : [3;T F A5
a« [T+ AF[T [ret yls [T + AS]T [force V/ al) Vy)[y,]
7 (a— [T ARl [ret V)1 [T = AS[T [force V[ a])[y,]
Let M;[y,] be the latter term. Then we have (AZ)] (Vi (A7)]™ Vs ~CT M, since V; ~CT

ret V/, applying the bind reduction rule to eliminate the first bind. We then conclude by
Lemma F.12 (translation context plug).
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e Universal cast:
E[((V"X.A%)] AX.N){o = A;}] — E[(A=[0/X])T N[o/X]]
Let A} = [%;- + A;]. We have
(x « [T F V'X.A5]l [ret thunk AX.Acx : Case X.N']; force x [A7] 0)[y,] =} M;lyp]

where N ~¢T N’. Let V' = thunk AX.Acx : Case X.N’. We then have the following
reduction:

(x — [ FV'X.AE]T [ret V']; force x [A]] 0)[y,]

5 (force (thunk AX.Acx : Case X.[3; X + A=]T[force V' [X] ex]) [Af] 0)[y]

Then, by Lemma F.8 (bind confluence) and the operational semantics, we have

31 yp]
force (thunk AX.Acx : Case X.[2; X + A=]T [force V' [X] cx]) [Af] ollyp]

S[M,
S[
S{(HZ X+ ASIT[A]/X][o/cx])[force V' [Af] o]]ly,]
S
S[

=

b
-t
-t

([%:X + AT]T [A [X1[a/exDIN'[AT/X][a/ex1]]yy]
[Z:X v AS[TIN'TIAL /X1 [0/ ex]11yp]

Let M;[y,] be the latter term. Then, by Lemma F.12 (translation context plug), and since
(A5[0/X1)I N[o/X] ~CT [2;X + AS]T [N'][A}/X][0/cx], which we have by Lemma F.3
(type variable translation substitution) because ;X + N ~¢T N’ : Band o : A; € 3, we
may conclude.

e tag upcast:

E[(tags(A%))] V] = E[injg (A%)] V]
We have [2; - + tagg (AS)[1 [N'][y,] =} M;[y,] where V ~~CT N’. Then, by Lemma F.10

(value translation), we have some V’ such that N'[y,] —} ret V'[y,] and V ~CT ret V.
Thus, we have the following reduction:

[+ tagg (AS)[T [N 1yp]
=y [2 F tagg (AS)]T [ret V7] [y,]
= (V — [[Z’ -k AEHI [ret V,]; injcase(G) r) [yp]

Let the latter term be M;[y,]. By Lemma F.7 (bind normalization) there must exist some M,
such that S[M{][y,] +—} Mi[yp] and M;[y,] does not take a bind reduction. Then, by Lemma
F.8 (bind confluence), we have that M{[y,] +—; M;[y,]. Note that E[injg (AE)] V] ~CT
S[M;] by Lemma F.12 (translation context plug). Then, by Lemma F.14 (bind reduction
preserves translation), we have E[injg (A5)] V] ~¢T M. Thus, it suffices to show that
[(tags (AR))] V| > linjg (A=)] V|, which we have since [(tag;(A5))] V| = 1+2+|A%[+|V].
e tag downcast:
E[(tagg (A=) injg V] = E[(A5)| V]

We have [2; A + tag; (AS)] [r < N’;ret injees) rllypl = Mj[y,] where V ~CT N7,
Then, by Lemma F.10 (value translation), we have some V” such that N'[y,] —; ret V'[y,]
and V ~~CT ret V’. Thus, we have the following reduction:

[[2; Ar tagG(A;)]]bL [r — N';ret injcase(G) r] [YP]
HZ [[2; Ak tagG(A;)]HJ [ret injcase(G) V’] [Yp]
, Mmatch case(G)with (injeuse(q) V){ing y.[ZT + A=[L[ret y] | U}ly,]
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Let M;[y,] be the latter term. Then, by Lemma F.8 (bind confluence) and the operational
semantics, we have the following reductions:

M{[yp]
>, S[match case(G) with (injcase() V/){in] y.[Z:T F AR [ret y] | U} [yl
= S[[ZT - AS]L [ret V][]

Then, since V ~<T ret V’, we have (AS)| V ~T [T + AS]{ [ret V'][y,] and we may

conclude by Lemma F.12 (translation context plug).
e tag downcast error:

E[{tag(AS))| injy V] +— E[Up] where G # H

We have [3; A + tag(AS)]{ [r <= N';ret injeem 7llypl —y M;[yp] where V ~CT N,
Then, by Lemma F.10 (value translation), we have some V' such that N'[y,] —} ret V'[y,]
and V ~CT ret V’. Thus, we have the following reduction:

[[2; Ar tagG(AE)]H [7‘ «— N’;ret injcase(H) r] [Yp]
HZ [[Z; Ar tagG(A;)]]i [ret injcase(H) V,] [Yp]

>, match case(G) with (injeuee(m) V/){inj y.[%T FAR]L [ret y] | U}yl

Let M;[y,] be the latter term. Then, by Lemma F.8 (bind confluence) and the operational
semantics, we have the following reductions:

M{[)’p]
S[match case(G)with (injcasery V/){inj y.[Z:T AR [ret y] | U}yl
—  S[U][y,]

Then, since Up ~¢T U, we may conclude by Lemma F.12 (translation context plug).
Existential upcast:

E[(3"X.AT)] pack”(X = A, [A T ..],N1)] — E[pack"(X = A, [AT [,AF T ..]1,Ny)]

For some N such that N} ~CT N/, we have
[Z;- + 3'X.AT]] [ret pack(A’, thunk Acx : Case A".N/,) as [Z;- + 3" X.AL]1[ypl —; Msly,]

where Ng;; = [;X = A’ + AS] 7 [force (thunk (Acx : Case A’.(.. N/ ..))) cx] and
A’ = [3;- + A]. By Lemma F.8 (bind confluence), we then have the following reductions:

M[yy]
7 unpack (Y, f) = pack(4’, thunk Acx : Case A’.N/,,) as [[EI"X.AIEI]];
ret pack(Y, thunk Acx : Case Y.[2;Y, X = Y + AS]] [force f cx]) as [F"X.AT][y,]
—*  ret pack(A’, thunk Acy : Case A’.
[Z:X = A’ + AT]] [force (thunk Acx : Case A’.N/,) cx])as [3"X.AL][yp]

Let the above term be M;[y,]. We know that pack’(X = A", [AF [,AS T .., N1) ~T M;
since Ny ~~¢T N7, so we conclude by Lemma F.12 (translation context plug).
e Existential downcast:

E[(3"X.AT)| pack”(X = A, [A5 ] ...], N1)] — E[pack"(X = A, [AT |,AZ T ..]1,Ny)]

This case proceeds analogously, replacing AT with A1El and vice versa.
e Tag check true:

E[is(G)? injg V] ¥ E[true]
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We have
(r < x « N’;ret injease(g) X;
match case(G)with r{inj y.ret true | ret false})[y,]
» Mlypl
where V. ~~¢T N’. Then, by Lemma F.10 (value translation), we have some V' such that
N'[yp] —}, ret V'[yp] and V ~~CT ret V’. Thus, we have the following reduction:

[ d

(r < x < N’';ret iNJcase(G) %5
match case(G)with r{inj y.ret true | ret false})[y,]
,_)z (r —ret injcase(G) |48
match case(G) with r{inj y.ret true | ret false})[y,]
e (injcase(G) V) {inj y.ret true | ret false})[Yp]

b
Then, by Lemma F.8 (bind confluence), we have
M
y (match case(G)with (injease(sy) V/){inj y.ret true | ret false})[y,]

g ret true

Since true ~T ret true, we conclude by Lemma F.12 (translation context plug).

e Tag check false:
E[is(G)? injg V] +— E[false] where G #+ H
This case is analogous to the former except that since G # H, the translation produces false

and since false ~€T false, we conclude.
O

LEMMA F.17 (MULTI-STEP SIMULATION). If3;- + M ~¢T M’ : A and 3> M —* %, > My, then
M; ~CT M] and 3,, [£] > M'[y,] =" 2p, [Z1] > M{[y,] for some M].
Proor. We proceed by induction on the number of steps nin X > M —* X; » M;.

e n =0: Then M; = M, so we have M; ~¢T M’ and M'[yp] =" M'[y,] by reflexivity.
e n = n’ + 1: Then there exists some Xy, M, such that X > M +—* 3, > M, > 31 > M;. By the
inductive hypothesis for n’, we then have some M} such that M, ~~¢T M} and

Zp, [=] = M’[Yp] = 2p, [Z.] » Mz’[Yp]

Finally, by Theorem F.16 (simulation), since M, ~~¢T M, and %, » My +— Xy » My, there
exists M such that M; ~T M/ and ,, [2] » M;[y,] —* =p, [21] » M][y,]. Therefore,
Zp, [Z] > M [yp] =7 Zp, [21] » M{[y,] as we were required to show.

]

F.1 Adequacy

Now that we have established the multi-step simulation theorem, we can prove our desired adequacy
theorems that say that we can tell if a PolyC" term terminates, errors or diverges by looking at its
translation to CBPVosum. They follow by our simulation theorem and progress for PolyC".

CoROLLARY F.18. If %5+ + M ~~CT M’ : A, and =, [S] > M'[y,] 0, then=> M q.
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Proor. Assume the opposite, that M —* M; and M; does not take a step. By Lemma F.17 (multi-
step simulation), we have some M] such that M; ~CT M and M'[y,] =" M][y,]. Then, by Lemma
C.3 (progress), M; = U or M; =V for some value V so we have two cases to consider:

e M; = U: By Lemma F.9 (canonical forms), M] = U and we have M’[y,] =" U, but M’ [y,] 1,
so we have a contradiction.

e M; = V: By Lemma F.10, we have M’[y,] =" M][y,] =" ret V' for some value V', but
M’[yp] 1, so again we have a contradiction.

]

TueoreM F.19. If%;- + M ~T M’ 1 A, and =), [£] » M'[y,] |, then S> M .

Proor. We proceed by induction first on the number of steps M’[y,] takes and then on |M]|.
Assume that ¥ > M — 3 > M; since otherwise, we may conclude. By Theorem F.16 (simulation),
we have some M/ such that M; ~T M/ and either =, [S] » M'[y,] —* Zp, [21] » M{[y,] or
2p, [2] > M'[yp] =" 25, [Z1] » M{[yp] and M| > [M;]. Note that since M'[y,] |, by Lemma
F.1 (target semantics deterministic) we have M;[y,] . We then have two cases to consider. If
M’ 7" M;, then we conclude by the inductive hypothesis for M/ [y,] ||. Otherwise, we have that
|M| > |M;]|, so we conclude by the inductive hypothesis for |Mj].

O

LemMA F.20. If S5+ + M ~T M’ : A, and 2, [E] > M'[y,] | U, then > M |} Uaa.

Proor. By Theorem ?? (target termination implies source termination), we have X > M || Mg
for some Mg. If Mg = U4, we conclude. Otherwise, Mg = ret V for some V. We prove this case by
contradiction. By Lemma F.17 (multi-step simulation), We have some Zp, Ml’e such that Mg ~~€T Ml’e
and %, [2] » M'[y,] =" =,,[2r] > M}[y,]. Then, by Lemma F.10 (value translation), we then
have My[y,] =} ret V'[y,]. However, by Lemma F.1 (target language deterministic), we have
Mg[yp] U U and we have a contradiction. O

LemmA F21. If S5+ M ~ST M’ 1 A, and =), [E] > M'[y,] U ret V', then=>M || V.

Proor. By Theorem ?? (target termination implies source termination), we have X > M || Mg
for some Mg. If Mg = V for some V, we conclude. Otherwise, Mg = U4. We prove this case by
contradiction. By Lemma F.17 (multi-step simulation), We have some 2, Ml’e such that Mg ~~¢T Ml’e
and 3, [Z] > M'[y,] =" %, [Zr] » Mg[y,]. Then, by Lemma F.9 (canonical forms), we then have
My, = U. However, by Lemma F.1 (target language deterministic), we have Mg [y,] | ret V' and
we have a contradiction. O

G GRADUALITY AND PARAMETRICITY

First, we show the full graduality/parametricity logical relation in Figure 36

Definition G.1. We say ¥, § are valid instantiations of I'* in CBPV gy, written (y, §) F T'E. when
e For each i € {I,r}, there exists 3; such that for each (x : A¥) € T5,3; | -+ yi(x) : [A{]
when =+ A5 : A C A, and foreach X € TS, - + §;(X) and 3; | - F yi(cx) : Case §;(X).

e For each X € T'F, 6p(X) € Rel, [6;(X), 5,(X)].
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VolXlys = LX) Ia

YV, [?lyd = {(w.inj,, Vi,inj, V) € Atom,[?]6 | w.n E (01,0 R) A (w,V},V;) € >R}
(Vn< [[tagG(AE)]]Y5 = {(W, Vi, injy,(case(G)) V;) € Atom, [tagG(AE)]é | (W, ViLV;) € (Vn< [[AE]]YS}
V7 [tagg(AS)]yd = {(w, V1, indy, (case(c)) Vi) € Atom,[tag;(AR)]6 | (w, Vi, V) € (V™ [AR]yd)}

V[B]yd = {(w,true, true) € Atom,[B]&} U {(w, false, false) € Atom,[B]d}

VoA xA7]ys = {((Vir, Viz), (Vi1, Vi) € Atom,[AT x A7]6
| (w Vi, Vi) € VT TA(Ty0 A (w, Vi Vi) € VT4 Ty}
Vo[A= - BE[ys = {(w,V.V;) € Atom,[A® — B=]§ | Vw’' I w.(w', V], V) € V7 [AR]yé.
(w’,force V; V/,force V, V) € &, [B=]yd}
VIIV'X.B=]ys = {(w,V,,V,) € Atom, [V'X.AF]6 |
VR € Rel, [A;, Arl.VW D wNo, 0,..w'.n E (01,00, [Rlwj) =
(w’, force V; [A[] oy, force V; [A,] o) € &, [BE]y’S
(where y’ = y,cx — (0y,0,), and 8" = 6, X — (A, A, R))}
VI[I'X.B5]ys = {(w,pack (A, V), pack (A, V,)) € Atom,[3"X.B5]5 |
3R € Rely, [AL Ar]. YW D wNoy, 0w E (01,00, [Rlw.j) =
(force V; o, force V;, o,) € &, [B-]y’S’
(where y’ = y,cx — (0y,0,), and 8" = 6, X — (A, A, R))}
EXIATIYS = {(w, My, My) € CAtom, [AT]S | (w31 M) =™ V(w55 My) = (3, 0))
V(3w I w.(w,V, V) € VI[AR]yS.
(w3, M) =Y I (w3, ret Vi) A (w3, M,) =* (.5, ret V;))}
E7IATTYS = {(w, My My) € CAtomy[AT]S | (w3, My) =" V((w.3p, My) -* (3, D))
vaw’ Jw.(w,V, V) € V[AR]yé.
(w3, M) =* (W.S,ret V) A (w3, M) =Y (w3, ret V,)}

V- [a=lys = | vy [a%Ivs & [ays = | ) &;14%ys
neN neN
G [l = {(w,0,0) | 3n.w e World,}
G7[r=x: A% {(w, (r,x > (Vi V), 8) | (w,1,8) € G7[TE] A (W, V1, V) € V™ [AF]yS}
G [T5X] = {(w, (y,ex = (01,00)),8,X > (AL, AL R) | (w,y,8) € G7[T5]
AR € Rel, [A;, Ar] A (01,07, | R]w.j) € W}

Gr=x =A% = {(w (r.ex = (01,01)),6.X = (AL A, VT [AS]yd)) | (w,y.0) € G7[T7]
TSEMCM, € ASTY = TEEMC<M, € AS;TY ATEE M, C> M, € A5, TY

TS E M T~ M, € ASTY = V(w,y,6) € G[T,, TS, T=].
(w, [M][y:118:], [M ] [y [81]) € & [A=]yS

Fig. 36. Graduality/Parametricity Logical Relation

Definition G.2. We define the extension of an interpretation n with a new association between
seals as
n B8 (o, 0+, R) = (n.size + 1, (f, n.size — (o1, 01)), (p, n.size — R))

Logical Lemmas
LEmMA G.3. IfR € Rel,[A}, A.], then |R], € Rel,[A1, A/]

Proor. Direct by definition. O
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LEMMA G4. |V~ [AS]yS], =V, [AR]yd
Proor. Direct by definition. O
LEmMMA G.5. IfR € Rel,[A}, Ar], then >R € Rel, [A}, Ar]

Proor. If (w,V}, V;) € (>R) and w’ 2 w, then to show (w’, V], V;.) € »R, we need to show that for
any w” O w’, that (w”, V}, V,) € R, but this follows because (w, V},V;) e > Randw” I w’ Jw. O

LEMMA G.6. Let TE be a well-formed context, with T= + A% : A T A,. If (y,8) E TE, then
V. [AR]yS € Rel,[AL A].

Proor. By induction on AE.

(1) X: by lemma G.3.

(2) 2:If (w,inj,, Vi, inj, Vi) € V, [?]yd and w” 2 w, then there exists R € Rel,[A;, A,] with
w.n E (01, 0r,R) and (w, V1, V;) € »R. By definition of 3, we have that w’ F (o, oy, [ R+ j) s0
it is sufficient to show (w, V;, V) € »|R],, j, which follows by lemma G.5 that later preserves
monotonicity.

(3) tag; (A"): by inductive hypothesis, using lemma G.5 in the > case.

(4) B: immediate

(5) x: immediate by inductive hypothesis.

(6) —:If (w,V,V;) € V,[A= — B=]yd and w’ 2 w. Then given w”’ 2 w’ and (w”,V/,V/) €
V., [A=]ys, we need to show (w”,force V;V/, force V,V,)&E, [B=]yd, but this holds by
relatedness of V;, V; because w”/ 3 w by transitivity of world extension.

(7) VYV, 3": similar to the — case.

LEMMA G.7. If (w,y,8) € G~[T5] and w’ 2 w, then (w’,y,8) € G~ [T=].
Proor. By induction on 'S, uses monotonicity of V"~ [A=] i
COROLLARY G.8. V~[A=]yS € Rel,[A, Ar]

LEMMA G.9 (ANTI-REDUCTION). (1) If w' 2 w and (w.5;, M) "I~ (w".Z;,M]) and
(w2, M) B (W2, M)) and (W', M/, M) € E<[A=]yS, then (w, M;, M,) € EX[AE]yS.

() Ifw’ 3 wand (w2, M) =¥~ (w3, M) and (w.5,, M) " (w'.5,, M[) and (w', M/, M]) €
E”[AE]yS, then (w, M;, M,) € E[AS]yd.

Proor. We do the < case, the other is symmetric. By case analysis on (w’, M/, M) € E<[AE]yS.

(1) If w3, M/ Y I then (w.3, My) Y=Y itl and wj—w/ . j+w j+1=wj+1.

(2) Tw .2, M/ 7 3,0, with j < w.j, then w.3;, M; o> WS W ] S, 0andw.j—w'j+j < w.j
since j —w’.j < 0.

(3) Finally, if there is some w”’ 3 w’ and (w”,V}, ;) € V<[A]yS with w’.3, M s WimWj
w” 3, ret Viandw’. 3, M/ " w”, 3, ret V,, thenw.3;, My - IV J+WJ=w"j 4/ 5 ret v/
and w.2,, M, —* w”’ 3, ret V,and w.j—w'.j+w'.j—w".j = w.j—w”.j so the result
holds.

O

LEMMA G.10 (PURE ANTI-REDUCTION). If (w, M}, M) € &~ [A=]yS and (w.Z;, My) =° (w.2;, M])
and (w.2,, M;) -0 (w.3,, M), then (w, M, M,) € E[AS]yé.

Proor. Immediate corollary of anti-reduction lemma G.9 O
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LEMMA G.11 (PURE FORwWARD REDUCTION). If (w, M/, M) € & [A%]yS and (w.3, M;) +—°
(w.2, M) and (w.Z,, My) =0 (w.3,, M)), then (w, M;, M) € &~ [A=]ys.

Proor. By determinism of evaluation. O

LEMMA G.12 (MonapIC BIND). If (w, Mj, M;) € E~[AS]yS and for allw’ 3 w, and (w',V},V;) €

V[AR]yS, (W, Si[ret Vi1, S, [ret V,]) € E7[B=]yd, then (w, S;[M;], S, [M,]) € E[B=]yé.

Proor. We show the proof for & <[A=], the > case is symmetric. By case analysis on (w, M, M,) €

ETAR]YS.

(1) If w.Z;, My —="J*1 then w.3;, S[M;] "7+,
(2) If w.Z;, My 7 w.2}, U, then w.3;, S[M] —J w3}, 0.

(3) Otherwise there exists w’ and (w’, V;, V;) € V<[A=]yd with w.2;, My 7=/ w’ %) ret V
andw.3,, M, —* w’.3,, ret V.. Thenw.3;, $;[M;] »¥7~YJ w3, S[ret V;] andw.2,, S, [M,] —*
w’.2,, Sy[ret V;], and the result follows by the assumption.

[m}

Pure evaluation is monotone.

LEmMA G.13. If3,M —* 3, N, then forany¥’ 13,3, M —* 3/, N.

Clamping

LEmMma G.14. If (w,V},V,) € Rand w.j < n, then (w,V,V,) € |R],.

Proor. Direct from definition. O
Tag-to-type

LemMA G.15. V7 [G]yS = [Sr(case(G))]n

Proor. Direct from definition O

LEMMA G.16 (WEAKENING). IfTE + A and T C TY and (w,y,8) € G™[T] and (w,y’,8’) €
G~ [T~'], wherey Cy’ and 8 C &', then all of the following are true:
VIAEly6 = VAT S
& [A%ys = 6 [4°Ty's

Proor. Straightforward, by induction over re. O

G.1 Cast Lemmas

To prove the cast left lemma, we need the following lemma that casts always either error or
terminate with a value on well-typed inputs.

LEMMA G.17 (CasTs DON'T DIVERGE). IfT + AS : A C A,, then forany 3, and S | - +y : [T,

(1) If | - vV : A}, then either 3, [(A%){][ret V]][y] =" 2,0 or %, [{A=){][ret Vi][y] —*
Y. ret V.

(2) IfS | - + V : A, then either 3, [(A%){][ret V][y] —* %, U or %, [{A=){][ret V][y] —*
>, ret V.

Proor. By induction on AE.
(1) If A® € {?, B} the cast is trivial.
(2) Case A= = tag;(AGF):
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(a) The upcast definition expands as follows:
[(tagg (AG™))][ret V[y] = x « [(AG=)[][ret V][yl;ret inj, x

where o = y(case(G)). By inductive hypothesis, [(AG=)]][ret V][y] either errors (in
which case the whole term errors), or runs to a value V', in which case

x « ret V;ret inj, x =" ret inj, V'
(b) The downcast definition expands as follows:
[(tago (AGE)) L] [ret V][y] = x « ret Vimatch xwith o{inj y.[(AG=){][ret y][y] | U}
Since X | -V : OSum, V = inj,, V' for some ¢’ € 3.
(i) If o’ = 0, then
match inj, V' with o{inj y.[(AG=){][ret y][y] | U} ="' [(AG=)L][ret V’][y]
and then it follows by inductive hypothesis with AG=.
(i) If o’ # o, then
match inj, V' with o{inj y.[(AG=){][ret y][y] | U} ' T
and the result holds.

(3) If AE = AlE X AZE, we consider the downcast case, the upcast is entirely symmetric. First,

(AT x A7) ][ret V][y] =x « ret V;
let (x1,x2) = x;
y1 < [(AD) ] [ret x][yl;
y2 — [(A7)i][ret xo][yl;

ret (y1,y2)
Next, since V is well-typed, V = (V1, V). Then,
x & ret V; %y — [(AD) ] [ret Villyl;
let (x1,x3) = x; Y2 — [(Ap)][ret Va][y];

y1 — [(AS)][ret x1][y]; ret (y1,yz2)
y2 — [(AD) ] [ret x;][y];
ret (yi,yz)

Applying the inductive hypothesis to AT , either [(AT){][ret Vi][y] errors (in which case
the whole term errors), or it runs to a value V,'. Then we need to show

Y2 — [(A7){][ret Va][yl;
ret (V/,y2)

errors or terminates. Applying the inductive hypothesis to Az, either [(AZ){][ret V3][y]
errors (in which case the whole term errors), or it runs to a value V,. Then the whole term
runs to ret (V/, V).

(4) If A= = A= — A5, we consider the downcast case (upcast is symmetric). The downcast
definition expands as follows:

[[(Al.E — A=) ][ret V][y] = f « ret V;ret thunk Ax.[{AS){][y « [[(A%)Iﬂ[ret x][y]; force fylly]

Which steps immediately to a value.
(5) If A= = V"X.A5, then it follows by similar reasoning to the function case, that is, it immedi-
ately terminates.
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(6) If A= = 3"X.A%, we consider the downcast case (upcast is symmetric). The definition expands
as follows:

[(3"X.AS)][ret V][y] = unpack (X,x) = ret V;ret thunk Acx.[(AS){][force x cx]
Which steps immediately to a value.
]
LEMMA G.18 (CAsT RiGHT). For anyT= : T, if T + ACE: AC C andT= + AB® : AC B, and
I’ + BCE : BC C, Then if (w,y,68) € G7[T-],
1) If (w, V1, V;) € V™ [AB=]yd, then (w,ret Vi, [(BCE)]][ret V;][y,]) € E7[AC=]yd
2) If (w, V1, V) € V-[ACE]y8, then (w,ret Vi, [(BC=){][ret V;][y,]) € E[AB-]ys

ProoF. By induction on BCE.

(1) If BCE € {B, ?, X}, then the cast is trivial.
(2) If BCE = tag;(BGF), then ACE = tag;(AGE).
(a) For the upcast case, we are given that (w, V;, ;) € V~[AB=]yS and we need to prove that

(w,ret Vi,y « [(BG=)][Vi1lyr];ret injg y) € & [tags (AGH)]yd
By inductive hypothesis, we know
(w, ret Vi, [(BGH)[V;[y2]) € £ [AGE]y

We then use monadic bind (lemma G.12). Suppose w’ 2 w and (w’,V/, V) € V~[AG=]yd.
We need to show that

(w',ret V/,y « ret V/;ret injg y) € & [tagg(AG™)]ys
By anti reduction, it is sufficient to show
(W, Vi, inj,, ) Vi) € V™ [tags (AGS)]ys

(i) If ~=<, we need to show (w’, V;, V;) € V~[tag;(AG")]yd, which follows by inductive
hypothesis.
(i) If ~=>, we need to show (w’,V},V;) € »V"[tag;(AG")]yd, that is for any w”’ 3 w’,
(w”, V1, V;) € V™ [tags(AG=)]ys which also follows by inductive hypothesis.
(b) For the downcast case, we know (V, V) € V~[tag;(AGE)]wy. Let o, = y,(case(G)).
(i) In the < case, we know V;. = inj,_V, and

(w, Vi, V) € V[AGF]ys
we need to show
(w,ret Vi, match (inj,, V/)with o.{inj x.[(BG=){][x][y.] | U}) € EX[AB=]ys
the right hand side reduces to [(BG=){][V"'], so by anti-reduction it is sufficient to show
(w.ret Vi [(BG)][V/]) € &<[AB]ys

which follows by inductive hypothesis.
(i) In the > case, we know V, = inj, V,/ and

(w, V, V) € (V= [AG=]yd)
(note the »). We need to show
(w,ret Vi, match (inj,, V/)with o.{inj x.[(BG=){][x][y.] | U}) € & [AB=]ys

the right hand side takes 1 step to [{BG=){][V/].
(A) If w.j = 0, then we are done.

Proc. ACM Program. Lang., Vol. 4, No. POPL, Article 46. Publication date: January 2020.



Graduality and Parametricity: Together Again for the First Time 46:63

(B) Otherwise, define w’ = (w.j — 1, w.Z;, w.2,, [W.n ]+ j—1). Then by anti-reduction, it is
sufficient to show

(w’,ret Vi, [(BG=)L][V/]) € E7[AB=]ys
(w',ret Vi, [(BG=){][V/]) € & [AB]

By inductive hypothesis, it is sufficient to show
(W', Vi, V;) € V<[AGE]ys
which follows by assumption because w’ I w.
(3) If BC= = BC} x BCY, then by precision inversion also AC= = ACT x ACy and AB- =

ABF X ABj. We consider the upcast case, the downcast case follows by an entirely analogous

argument.
Given (w,V;, V) € V~ [[BCIE X BCZQ]])/& we need to show

(w,ret V,, [(BCT x BCS ) ][ret Villy,]) € & [ACT x AC5]yé
Expanding definitions, and applying anti-reductino , this reduces to showing

(w, ret Vi, let (ynys) = Vs ) € E"[ACT x ACE]ys
zy < [(BCD) ] [ret yillyrl;
zz « [(BCH){][ret yal[y,];
ret (Zl, Zz)
Since (w, V,V,) € V™ [[BCIE X BCZE]])/S, we know

Vi= Vi1, Viz) Vi = (Vi1, Vi2)

(Vi1, V1) € V7[BCT]yé (Viz, Vo) € V7[BC3]ys
So after a reduction we need to show

(w,ret Vi, z; — [(BCE){][ret Vui][y.]s) € E[ACT x ACS]ys

z; — [(BC) ] [ret Vially: s
ret (Z],Zz)

By forward reduction, it is sufficient to prove the following, (which is amenable to monadic
bind):
(w,z « ret Vi, z1 « [(BCE)][ret Vully,];) € E7[ACT x ACS]ySwy

zy « ret Vip; z; « [(BCS)L][ret Vio][y.];
ret (zi,z2) ret (z1,22)

We then apply monadic bind with the inductive hypothesis for BCT. Given w’ 3 w and
(V/, V) € V~[ACE]yé the goal reduces to

1> 'r1
(W',z2 « ret Vigs, zp — [(BCS)][ret Via]l[y ];) € 8 [ACT x ACS]ys
ret (V/,z2) ret (V/,z)
We then apply another monadic bind with the inductive hypothesis for BC. Given w” 2 w’
and (V) V,) € V~ [[ACZE]]W’)/, the goal reduces to

(", (Vi Vi), (Vi V) € VIACE x ACSTw"y

which follows immediately by our assumptions from monadic bind.
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(4) If BCE = BC; — BC}, then by precision inversion also AC= = AC; — ACj and AB- =
ABF — ABS. We consider the upcast case, the downcast case follows by an entirely analogous
argument.

Given (V;,V;) € V~[BC — BCg]yd, we need to show

(w,ret V,, [(BC — BC)H ] [ret Vi1[y,]) € E7[ACE — ACs]ys
Expanding definitions, this reduces to showing
(w, Vi, thunk (Ax.y « [(BC=)L][ret x][y ];) € V [ACF — ACS]ys
z « force V,y;
[(BCs)1][ret z][y:]

Let w' J w be a future world and (w’, V};,V,;) € V™~ [[ACH]}/& Then our goal reduces to
showing
(w, force ViVi,y « [(BCP){][ret V,illy,]5) € €7 [ACS]ys
z « force V,y;
[(BCH 1] [ret z][y/]

by forward reduction, it is sufficient to show
W,y « Vi ,y « [(BCO){][ret Vil[y,];) € 8 [ACS ]y
force Viy z « force V,y;
[(BCS)lret 21[y,]

We then use the inductive hypothesis on BC- (which applies because of downward-closure)
and monadic bind: assume w” 3w’ and (w”,V}, V) € V~[AC;]yd. We need to show
(w”, force ViV, z « force V,V/; ) e 8 [AC;]yé
[(BCH)1][ret z][y:]

We apply monadic bind again, noting that the applications are related by assumption and
downward closure. Assume w”’ 3 w”’ and (w"”, Vo, V;») € V™ [ABS]yd. By anti-reduction ,
the goal reduces to showing

(ret Vo, [(BC)H I [ret VJ1[y]) € &7 [ACS]yS

which follows by inductive hypothesis for BC.

(5) If BCE = VYX.BCx, then by precision inversion also ACE = VVX.AC5 and AB= = VVX.ABE.
We consider the upcast case, the downcast case follows by an entirely analogous argument.
Given (w, V, V;) € V~[VVX.BC5]yd, we need to show

(w, ret Vi, [(V*X.BCE) ] [ret Vi [y,]) € & [V'ACS ]y
Expanding definitions and applying anti-reduction, this reduces to showing
(w, Vi, V) € V7[VYACS]ys
where
V! = thunk (AX.Acx : Case X.[(BCS)L][(force V;) X cx][yr])
Let w’ 3w, R € Rel[A}, A;], and w.n E (07, 0, | R].j), then we need to show that
(w’, (force V) Aj oy, (force V) A, 0,) € & [ACS]y'S’

where y’ = (y,cx = (01,0,)) and 8’ = (6, X — (A}, Ay, R)) which reduces in 0 steps to
showing

(w’, (force Vi) Ay oy, [(BCy )] [(force V) A, ol[y/]) € E7[ACS ]y’
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by noting that by definition, y; = y;,, cx = 0.
Then, we invoke monadic bind using (w’, (force V;) A; oy, (force V,) A, 0,) € E™[BCS]y’5’.
Let w” 3w’ and (w”, Vjp, Vyo) € V~[BC5]y’S8’. We then need to show

(w”, ret Vip, [(BCE) L] [ret Viol[y/] € E7[ACSTy'S)

which follows by inductive hypothesis.

(6) If BC= = 3"X.BC%, then by precision inversion also AC= = 3'X.AC5 and AB= = 3'X.AB:.
We consider the upcast case, the downcast case follows by an entirely analogous argument.
Given (w,V, V;) € V~[3"X.BC5]ys, we need to show

(w,ret Vi, [(3"X.BC)1][ret V;1[y,]) € E7[3"AC;]yd
Expanding definitions and applying anti-reduction, this reduces to showing

(w,ret Vj,unpack (X,y) = ret Vy; ) € E7[3".ACs]ys
ret pack(X, ()thunk (Acx : Case X.[(BC5)[][(force y) ex][y+]))

By definition of V~[3"X.BC5 ]yd, we know
Vi = pack (A, V;)
V, = pack(A,, V})
and there is an associated relation R € Rel,, [A;, A,]. Then the goal reduces to showing
(pack(AL V), pack(A, ()thunk (Acx.[(BC5)I][(force V) ex]lyr])) € V7 [3"X.ACs]ys

we choose R as the relation for X, and then we need to show (after applying anti-reduction)
that for any w’ 3 w, w’ F (0, oy, |[R]w ;) that

(w', (force V) o, [(BCs)][(force V) o]ly/]) € E[ACS]y'S

where y’ = y,cx > (05,0,). and §" = §, X +— (A}, Ay, R). We use the relatedness assumption
and monadic bind again. Then we are given w” 2 w’, and (Vjo, V;») € V[ABS]y’8’ and
need to show

(w”, ret Vi, [(BCs)I][ret Viol) € E7[ACS]y'6
which follows by inductive hypothesis.
m}

LEMMA G.19 (CasT LEFT). ForanyT'= : T, TS+ ACF:ACC,T+AB-:ACBT-+BC-:BLCC
and (w,y,8) € G~[T5],

(1) 1 (w, Vi, V) € V=[BCE]ys, then (w, [(ABS)L][ret Vil[yil,ret V;) € &~ [AC<]y6

(2) If (V1, V) € V~[ACE]yS, then (w, [{AB=)]][ret Vi][y], ret V;) € & [BC]ys

PrOOF. By nested induction on ABS and ACE, i.e., if ABS becomes smaller ACE can be anything
but if ACE becomes smaller, then ABE must stay the same.
(1) If AC® € {B,AC; x ACT,AC; — AC5,VVX.ACS,3"X.AC5}, then AB® has the same top-
level connective, and the proof is symmetric to the case of lemma G.18, which always makes
ABF and ACF smaller in uses of the inductive hypothesis.
(2) If ACE = ?, then also AB® = BCE = ? and the cast is trivial.
(3) If ACE = tag;(AGF), there are two cases: either BC= = ? or BCE = tag;(BGF).
(a) If BCE = ?, then AB® = tag;(AG®) = ACE. Define o; = y;(case(G)), o, = yr(case(G)).
(i) In the upcast case, we know (w,V,,V;) € V™ [tag;(AG®)]yS. In which case, V, =
inj, V/

r
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(A) In the < case, we know (w, V}, V)/) € V<[AG]yé, and we need to show
(w, (x — [(AGE) ] [ret Vil [yilsret inj,, ), ret inj, V) € &[]y
which by forward reduction is equivalent to showing
(w, (x « [(AG=)]][ret Vil[yi];ret inj,, x),x « ret V/;ret inj, x) € E~[?]ys
By inductive hypothesis, we know
(w, [(AG%)][ret Vil[yil. ret V') € Sr(case(G))

so can we apply monadic bind. Let w’ 3 w, and (w",V/, V") € V~[G]yd. Then we
need to show (after applying anti-reduction)

(W', indo, V), inj, V) € V[?]ys
To do this, we need to give a relation R such that w” F (o, 0, R) and (w’, V/, V") € »R.
Since y(case(G)) = (o0y, 0+), we know R = | dr(case(G)) . j. And we need to show
that for any w” 3 w’, that (w”,V/, V") € [R],, ;. Which follows by monotonicity
because w” J w.

(B) The > case is slightly more complicated. This time we only know we know (w, V, V)/) €
>V~ [AG=]y$ (note the »), and we need to show

(w, (x « [(AG=)[][ret Vil[yi];ret inj,, x),ret inj, V/) € &7 [?]ys

By lemma G.17, we know [(AG=)]][ret V;][yi] either runs to error or terminates. If it
runs to an error then our goal holds. Otherwise, let [(AG=)]][ret Vi][y;] —* ret |78
Applying anti-reduction, we need to show

(w,injy, Vi, inj,, V)) € V7 [?]ys

by the same reasoning as above, we need to show

(w,V/, V) € »|Sr(case(G)) Jw.j
Let w" O w. We need to show

(W', V), V) € [Or(case(G))w.j
By our assumption, we know

(W, Vi, V) € V7 [AGE]ys
so by inductive hypothesis, we know
(w", [{AGS)I][ret Vil[yi]. ret V') € &7 [G]yd = r(case(G))

And since we know w’.%;, [(AG=)]][ret Vi][yi] =" w’.3, ret V/ by lemma G.17,
this means
(W', V/, V) € V7 [G]yd = Sr(case(G))
so the result follows by lemma G.14.
(ii) For the downcast case, we know (w, V},V;) € V~[?]yS which means there exists oy, o, R
with w.n F (01,04, R) and V; = inj,, V/ and V, = inj, V; and

(w,V/,V/) €»R
Expanding the definition of the cast and applying anti-reduction, we need to show
(w,match Vywith o;{inj x.[(AG=){][ret x] | U}, ret V,) € & [tags(AG=)]yd
If y;(case(G)) = oy, the left side errors and the result holds. Otherwise,
match Viwith o;{inj x.[(AG=){][ret x] | U} ' [(AG=){]ret V/
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(A) In the > case, we need to show
(w, [(AG=){]ret V/,ret V,) € & [tag;(AG=)]ys
Which follows by inductive hypothesis if we can show
(W, V], V;) € V7 [tagg(G)]ys
which reduces to showing
(w, V[, V) € »V”[G]ys
So let w* 3 w. We need to show
(W', V. V) € V" [Glys

But we know (w’,V/, V) € R where R = [r(case(G))]w.; so the result follows by
lemma G.15.
(B) In the < case, we check w.j
o If w.j = 0, then the left side takes 1 step so the result holds.
o Otherwise, define w’ = (w.j—1, w.3;, w.E,, |[w. |, j-1). Then it is sufficient to show

(w', [(AG=){]ret V/,ret V,) € & [tags(AG")]yé
To apply the inductive hypothesis we need to show
(W, V/,ret V;) € V=[tag;(G)]ys
Unrolling definitions, it is sufficient to show
W, V/, V) e VZ[G]ys

But we know already that (w’,V/, V) € R where R = | 6r(case(G))].j so the result
follows.
(b) Finally, if BC® = tag;(BGF), then AC® = tag;(AGF). We consider the downcast case,
the upcast case is entirely symmetric. Let (w, V;, V;) € V™ [tags(BG")]yS. Then we know
V. =inj, V/ where o, = y,(case(G)).
(i) If ~ = <, we furthermore know (w, V}, V') € V~[BG=]yS. We need to show that

(w, [(AB=){][ret Vil[yi].ret inj,, V) € & [tagg(AGT)]yd
by forward reduction it is sufficient to show
(w, [(AB=){][ret Vil[y],x « ret V/;ret inj,, x) € &7 [tagg(AGT)[yd
We know by inductive hypothesis that
(w, [{AB=){][ret Vil[yi], ret V;)

so we can apply monadic bind. Let w’ I w, and (w’,V/, V") € V<[AG=]yd. Then we
need to show (after applying anti-reduction) that

(W, V/,inj,, V') € V~[tag;(AG")]ys
Which, unrolling the definition, is
(W, V), V") € V[AG=]ys

which was our assumption.
(ii) If ~=>, we only know (w, V;, V) € >V [BG=]y$ (note the »).

(w, [(AB=){][ret Vil[yil, ret inj,, V) € & [tagg (AGT)]yd

By lemma G.17, the left hand side either errors or terminates with a value.
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(A) If w.3y, [(AB=){][ret Vi][yi] —* w.2, U, then the result holds.
(B) If w.3;, [(AB=),][ret Vi][y] —* w3, ret V/, then we need to show that

(w,V/,inj,, V/) € V” [tag;(AG=)]ys

Which unrolls to

(w, V. V) €V~ [AG=]ys
So let w’ 3 w. We need to show

(w, V[, V) € V7[AG"]ys
By inductive hypothesis, we know

(w', [(AB=){][ret Vil[y], ret V') € E"[AG"]ys

and so by determinism of evaluation, we know

(W', V/, V) € V*[AGE ]y
so the result holds.

G.2 Compatibility Lemmas
Lemma G.20.
IFx: AR T, ExC~x € AN
Proor. We need to show
(w,ret V,ret V) € &7 [A%]ys
where V; = y;(x). Since both sides are values, it is sufficient to show
(w, y1(x), v (x)) € V[A"]ys
By definition of G~ IS, x : A5 T ], we know y = y;,x — (V,V,),y2 and § = &;, 8, where
(w,y1,62) € G7[I] and (w, V1, V) € V™ [AF]y161.
Then the result follows because V~[A5]y;16; = V~[A5]yS by Lemma G.16 i
LEMMA G.21. Generation compatibility.
I'“E M C~M, e B5;TY, X = A5, TY TS T EAR:ACA,
I'“ F hide X = A;; M; C~ hide X = A,; M, € B5;T¥, TY”

Proor. The translation is defined as
[hide X = A;; M;] = newcase[a,] cx; [M;]
We need to show
(w, newcasea, s cx: [Mi][yi1[81], newcasepa 15,1 ex: [M: ][y 116:]) € E7[B=]ys
Define w' = (w.j, (w.2y, [A][8]), (W2, [A][8]), n B (w.3.size, w.2,.size, |V~ [AS]yS|w-J))-
Then
w.Ep, newcasepa s, ox; [Mi] [y (8] =° w'. S, [M] ][] [w' Z.size/cx]
and similarly for the right side
w.Z,, newcaseqa, (5,1 cx: [Mr][yr1[6:1 =° W' .Sr, [M][yr1[8,1[w' 2y .size/cx]
Then by the anti-reduction lemma G.9, it is sufficient to show

(W, [M]] [y [81][w' Zp.size/ex], [Mi] [yr] (8,1 [w' .2, .size/cx]) € E7[B=]yS
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Define y’ = y,cx — (w'.3;.size,w’ .3, .size) and &' = 6, X — (5(A)), 6-(Ar), V[AR]ydyd).
Then (w’,y’,8") € G™[I,,T¥, X = AT="] since (w',y,8) € G~[I,,,~",T="] (by monotonicity
lemma G.7). Furthermore, [M;][y:][6i][w’.Zi.size/cx] = [M;][y;]1[5;], so the result is equivalent

to

(w’, IM][y118]1. [M ][y 11871 € E7[B ]yd
which is equivalent to showing

(w’, [MiD Ty 10871 [M ][y 11671) € E7[BE]y's’
by lemma G.16. Finally this result holds by applying the hypothesis.

LEMMA G.22 (COMPATIBILITY: UPCAST LEFT).

I EMCM, e ACE;TY IETY EACE:ACC ILT'EAB:ACB

IS TY EBCE:BCC

I'S F (AB5)] M; € M, € BC=;TY
Proor. We need to show

(w, [(ABIIMI [y [0, [MAD Ty 106:1) € &7 [BC]ys

By assumption, we know

(w, [Mi][ya1 (8], [M, DTy 116/]) € E[ACE]yd

So we apply monadic bind. Let w’ 3 w and (w’,V},V;) € V~[ACE]yS. We need to show

(w', [{AB5)]][ret Vil[yil.ret V) € &7[BC"]ys

which follows by lemma G.19.

LEMMA G.23 (COMPATIBILITY: DOWNCAST LEFT).

I'*E M, C M, e BC5;TY IETY+ACE.ACC ILT'+ABE:ACB

IS TY+BC-:BCC

I'S E (AB5)L M; C M, € ACE;T¥

Proor. By same argument as lemma G.22.

LEMMA G.24 (COMPATIBILITY: UPCAST RIGHT).

I'SE M C M, € AB5;TY IS TYFACE:ACC ILI'+BC-:BCC

ISTY+AB-:ACB

'S E M; C (BCF)] M, € ACE;TH

Proor. By same argument as lemma G.22, but using lemma G.18.

LEmmA G.25.
'+ M, C M, :ACE;TY IS TY FACE:ACC IL['+BCE:BCLC

IS TY+-AB=:ACB

IS+ M, C (BC5)L M, : AB5;TY

Proor. By same argument as lemma G.22, but using lemma G.18.

LEmmA G.26. If (w,y,8) € G7[T, X = A5 T] of (w,y,8) € G~ [T, X, I7], then

V7 [X]ys =V [A"]ys
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Proor. By definition, y = y1,cx +— (0, 01), 2 and § = 61, X — (A, Ar, R), 8, where (w, y1, 1) €

G~[IF]. Then
V7 [X]ys = 8(X) = V7 [A%]nd
So it is sufficient to show
V7 [A 161 = V7[A"]yo

which follows by Lemma G.16. O

LEmMA G.27. Seal

(X = A5 eTE TV I+ M, C M, : A5 TY

I'" r sealyM,; C sealxM, : X;T~

Proor. Assume (M;[y][8;], My [y:11[81]) € E[A=]yS. We need to show
(M]3, Mr [yl [61]) € &7 [X]ys
This follows immediately from Lemma G.26 O

LEMmA G.28. UnSeal
(X =A%) eTE TV I+ M C M, :X;T¥

I'E + unsealxM; C unsealxM, : A5; T

Proor. By same reasoning as the seal case. O
LEmma G.29.
T; - true C~ true: B I; - false C~ false: B

Proor. Theresult (w, ret true,ret true) € & [B]yd follows because (w, true, true) € V~[B]yéd.
Similarly for false. O

LemMma G.30.
I"EMCM, eB;I, IS, Ty F N, CEN,; € B5;TE I'= T, F NjCN,yeB5TE
I'= E if M;then Nj, else Njs C if M, then N, else N,y € BS;T=, =

Proor. Define M; = [M;][y:][8;] and similarly for the rest of the subterms. Then we need to
show

(w,x « M;case x{x;.Nj, | x¢.Njc},x « Mf;case x{x;.NJ; | x7.N/(}) € E™[BE]ys

By assumption and weakening, (w, M/, M/) € & [B]yd, and we apply monadic bind. Suppose
w’ Jwand (w',V,,V,) € V~[B]yS. We need to show

(w,x < ret Vjcase x{x,;.N}, | x7.Nj;},x « ret V;;case x{x;.N/, | x7.N/}) € E™[B=]ys
By definition either V; =V, = true or V; = V, = false. WLOG assume it is true. Then
x « ret Vjcase x{x;.Nj, | x;.N/¢} Y N,
and similarly for the right side. By anti-reduction (lemma G.9), it is sufficient to show
(w',N;,,N},) € & [B-]ys
which follows by hypothesis. O

LemmA G.31. Product intro
T=E My C My € A5 T I= Ty F My €M,y € AGTE
IS E (M, M) € (Myo, My1) € A5 X AT T, T
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Proor. We need to show that

(w,x — [M][yi][8:]: x — [Mol[yr116:15) € E[A5 x AT]yd
y < [Mu]lyid[6); y — [Mn]ly: 10615
ret (x,y) ret (x,y)

By inductive hypothesis and weakening, we know (w, [Mjo] [yi1[8:], [Mro] [y+1[6:]) € E7[AF]Y6.
Applying monadic bind we get some w’ 3 w and (w’, Vi, Vo) € V™ [A;]yd and applying anti-
reduction, we need to show

W,y — [Mu][nl[81)sy — [Ma]lyr116:]5) € E7[AF x AT]ys
ret (Vio,y) ret (Vo,y)

By inductive hypothesis, weakening and monotonicity, we know (w’, [My1 ] [yi][81], [Mr1]ly+]1[6-]) €
&E~[AF]ys. Applying monadic bind we get some w” 3 w’ and (w”, Vi1, V;1) € V~[AT]yS and
applying anti-reduction we need to show

(", (Vio, Vin), (Vro, Vi1)) € VT[AF X AT]yS
That is that for each i € {0, 1} that
W, Vi, Vi) € V™ [[A;;]]y5
which follows by assumption and monotonicity. O

LEMMA G.32. Product elim
T=FEMCM €A; XAGT,;, TSI,x:A5y:AfFENECN, € B5Tg
I'=Flet (x,y) = M;N; C let (x,y) = M,;N, € B5;T;, I

Proor. We need to show

(w,z — [M][n][81]5 2 — [M][y-16,1;) € E7[B=]ys
let (x,y) = z; let (xy) = z;
[[Nl]] [YI] [51] [[Nr]] [Yr] [5r]

First, by inductive hypothesis and weakening, we know

(w, [M][ya1 811, [M:]y-116:1) € E7[Ag x Ar]yd

Applying monadic bind, we get some w’ 3 w with (w’, Vg, Vo) € V~[AF]yd and (w', Vi1, V1) €
V~[AT]yé, and applying anti-reduction we need to show

(w', [N [y/1 81, [N-D v/ 116, € E7[B]yd
Where we define y’ = y,x — (Vjo, Vy0), y — (Vi1, V;1). By weakening, it is sufficient to show

(w', INJ [y 10800, [Ny, 116:)) € E7[B=]y's
which follows by inductive hypothesis if we can show

(w',y",8) € G [, T5 Ty, Iy, x : Ag,y AT
which follows by definition and monotonicity. O

Lemma G.33. Fun intro
I'S,x: A5 E M, C M, € B5;-
IS EAx: ApM; C Ax: A.M; € A — BF;-
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Proor. It is sufficient to show
(w, thunk (Ax : A;[&;].M)), thunk (Ax : A.[6,].M))) € V~[A= — BE]ys

where M] = [M;]|[y;][8] and similarly define M;. Suppose w’ 2 w and (w’,V;,V;) € V~[A=]yéd.
We need to show

(w', force (thunk (Ax : Ar[81.[M][yi1[811)) Vi, force (thunk (Ax : A, [8,1.[M ][y, 1[8,1) V;) € & [B]ys
By anti-reduction it is sufficient to show
(w', [Mi][y]1180, [M ] [y/118:1) € &7 [B=]ys
where y’ = y,x — (V}, V;). By monotonicity, we have (w’,y’,6) € G™[I}, T'5] so the result follows
by hypothesis. O
LEmMma G.34.
I=+MCM,:A= - B5I,, TSIy +FNELCN,:AS5Ty
IS+ M N CMN,: BT, T

Proor. Define M] = [Mi][y1][]. etc. We need to show
(w, f < M];x « N/;force fxf « M/;x — N/;force fx) € & [B-]ys
We apply monadic bind with (w, M/, M/) € & [AS — BX]yS which holds by hypothesis and
weakening. Suppose w’ I w, with anti-reduction it is sufficient to show
(w',x « N/; force V;x,x « N/;force V, x) € E7[B=]yé
where (W, V,, V;) € V~[A= — B5]yé. Then we apply monadic bind with (w’, N/, N)) € E~[A5]yS

which holds by hypothesis, weakening and monotonicity. Suppose w”’ 2 w’; with anti-reduction it
is sufficient to show

(w”, force V; V/, force V, V/) € E7[B=]yé

Which follows by definition of the value relation and transitivity of 3. O

LEMMA G.35. Forall intro
IS, X E M C M, € A%;.
IS EAX.M CAX.M, € V'X.AS;-

Proor. Define M; = [M;][y;][5;] It is sufficient to show
(w, thunk (AX.Acx : Case X.M;), thunk (AX.Acx : Case X.M;)) € V™ [V'X.A5]yé
Given w’ 3 w, and R € Rel,[By, B,] and w’.5j F (o7, 07, | R]4wj), we need to show
(w’, force thunk (AX.Acx : Case X.M,) B; o;force thunk (AX.Acx : Case X.M,) B, 0,) € V™ [A=]y’&’
where y’ =y, cx — (0, 0,) and 8’ = 8, X — (B}, By, R). By anti-reduction it is sufficient to show
(w', M Y181, IM T 118,1) € V-[ASTy's”
which follows by hypothesis if since (w’, y’, ") € G~ [I},, T=, X] by definition and monotonicity. O
LemMA G.36. Forall elim
I=FMCM eV'XA5TY T=FEB-:B/CB,
IS E M{X = B} C M,{X = B,} € AS5;T~" X = B-
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Proor. By definition, instantiation translates as
[Mi{X = B;}] = f « [M;]; force f[Bi] cx
Define M; = [M;][y:][5:], then we need to show
(w, f « M/;force f [B/][&1] yi(cx), f « M/;force f[B,][8:]yr(cx) € ET[AR]yS

We know (w, M/, M]) € & [V'X.A5]yS by hypothesis and weakening (lemma G.16), so we can
apply monadic bind. Suppose w’ 3 w, then by anti-reduction it is sufficient to show

(w', force Vi [Bi][&1] yi(ex), Force V, [B1[8,] yr(ex)) € E[A%]ys

where (W', V1, V) € V~[VVX.A5]y$. Thus it is sufficient to give some relation R € Rel, [[B;][&/], [B:] [6+]]

such that w' E (yi(cx), yr(cx),R). By definition of G~[I,,I¥,X = BE], this holds for R =
V~[BE]yd. i

LEmma G.37.
IS, X = B5 = M C M, € AS;- I+ B-:B,CB,
It E pack"(X = B, M;) C pack”(X = B,, M,) € 3"X.A%;-
ProoF. Recall the translation is
[pack”(X = B;, M;)] = ret (pack([B;], thunk Acx : Case [B;].[M;]) as [3"X.A;])
where I'S, X + AE : A; C A,. So it is sufficient to show
(w, pack([B;][&:], thunk Acx : Case ([B;][&:]).[Mi][y:1[8:]) as [3"X.A=][8;], pack([B,][5,], thunk Acx : C

For the relation, we pick R = V~[B~]yS. Let w* I w and oy, 0, be seals such that w’.np E
(01, 0r, | R]w.j). Then we need to show

(w, force (thunk Acx : Case ([Bi][81])-[Mi][y:][81]) o1, force (thunk Acx : Case ([B/][6-]).[M:]Ly-]116+])
where

yl = Y) CX = (Ul’ O'r)
8" =6,X e ([B]la] [B][6]. R)

By anti reduction this reduces to showing

(w”, [M][y11871, IM T [y 118D € E7[A]y'8
which follows by assumption. O
LEmmA G.38.
=TI, FIy  TET;IgFEB-
I=FMCM e3I"'XAST,; I= T, X, x:ASFE N CN, € B5 Ty
I'= £ unpack (X,x) = M;; N; € unpack (X,x) = My; N, € B5;Ty, Tg

Proor. Recall the translation:

[unpack (X,x) = Mj; Ni] = p « [M;];
unpack (X, f) = p;
newcasex cx;
x « (force fcx);
[N:]
Let (w,y,8) € G~ [T, T'5, Ty, Tg]. By assumption (and weakening), we know (w, [M] [y/1[8]. [M:][y-1[6,]) €
&E~[3"X.A"]. We apply monadic bind. Let w 3 w and (w’, Vavj, Vav,) € V-[I'X.A"].
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Then V3v; = pack(Axy, V) and Vav, = pack(Axy, Vy,) with some associated relation R €
Rel[Axj, Axr]. Then by anti-reduction we need to show

(w’, newcasey,, cx; ,newcasea,, cx; ) € &7 [BE]ys
x « (force Vyycx); x « (force Vp, cx);
[Ni] [y:] 61 [N-]y:] [61]

Define
w” = (w'.j, (W .2, Ax1), (W .2, Ax,), w'.n B (Ax1, Axr, [R]w j))
Y =v.cx > (w'.3size, w' .3, size)
8" =0,X  (Ax1, Axr, R)
Then by anti-reduction it is sufficient to show
(w”, (x  (Force Vyion); [NIIIY{1181), (x — (force Vi, o) INIy/1[8]]) € & [BTy'®’

By assumption (and monotonicity), (w”, force Vy; gy, force V, 0,) € E~[AS]y’d’, so we can
apply monadic bind. Let w'”’ 3 w”’ and (w””’, V;, Va,) € V~[A=]y’S’. Then after anti-reduction
we need to show

(w”, [N [y 10871 INA Ty 108D € &7 [B=]y'¢
where y”’ = y’, x +— (Vy, V4,). By weakening this is equivalent to
(w”, [Ny 10871 [N v 187D € E7[BE]y"8

which follows by assumption. O

G.3 Proof of Graduality
LEmMMA G.39. IfC: (T+-: A L,) = (I'F-: B;I)) andT E M; T M, € A;T,, thenT’ E C[M;] C
C[M,] € B;T,.

Proor. By induction on C, using a corresponding compatibility lemma in each case. O

We define contextual error approximation, following [New and Ahmed 2018]:

Definition G.40. Let T + M; : A;Tyy and T + M, : A; Ty Then we say M; (contextually) error
approximates My, written T’ E M; C°* M, € A;T); when for any contextC : (T + A;Ty) = (- + B; ),
all of the following hold:

(1) IfC[M;] 1 then C[M:]

(2) If C[M;] | V; then there exists V; such that C[M] | Va.

Definition G.41. IfT' + M, : A;Tyy and T' - M, : A; Ty, then My and M, are contextually equivalent,
I F M; =™ M, € A;Ty, when for any context C : (T + A;Ty) = (- + B;-), both diverge
C[M;],C[M;] I, or error C[M;], C[M;] || U or terminate successfully C[M;] || Vi, C[Mz] | V2.

From syntactic type safety, it is clear that mutual error approximation implies equivalence:
LEmMa G.42. IfT E My T My : A;Ty andT F My T My : A; Ty, thenT E My = M, : A; Ty

Proor. The first two cases are direct. For the third case, we know by type safety that there are
only 3 possibilities for a closed term’s behavior: C[M;] I, C[M;] | Vior C[M;] | U.If C[M;] | U,
then it is not the case that C[M;] f} or C[M;] || V; but by the first two cases that means that it
is not the case that C[M,] {} or C[M;] || V, so it must be the case that C[M;] || U. The opposite
direction follows by symmetry. O
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To prove the soundness of the logical relation with respect to error approximation, we first need
to construct for each step-index n a world w;(n) to hold the invariants for the cases generated in
the preamble of a whole program, a substitution &; to give the relational interpretation of y,, and a
“binary” version yf, of the preamble substitution y,,.

Definition G.43 (Preamble World, Relational Substitution).

n,(n) = 0 8 (B, B,V, [B]00) B (OSum x OSum, OSum X OSum, V,"[? x ?]00)
B (U(OSum — FOSum), U(OSum — FOSum), |V, [? — ?]00],
B (3X.U(Case X — FOSum), 3X.U(Case X — FOSum), V, [3"X.?]00)
H (U(VX.Case X — FOSum), VX.U(Case X — FOSum), V, [V'X.?]00)
Wy () = (%, S 1y ()
5; = (,Bool — (B, B, V~[B]00), Times + (OSum X OSum, OSum X OSum, V"~ [? x ?]00),
Fun — (U(OSum — FOSum), U(OSum — FOSum), V~[? — ?]00),
Ex — (3X.U(Case X — FOSum), 3X.U(Case X — FOSum), V~[3"X.?]00),
All — (U(VX.Case X — FOSum), VX.U(Case X — FOSum), V~[V'X.?]00)

Yp(x) = (1p(x), yp(x))

The crucial property is that these together satisfy G~ [I,]:

LEMMA G.44 (VALIDITY OF PREAMBLE WORLD). For every n, (w;, (n), yf,, 5,) € G7[L,].

Proor. Clear by definition. O

LEmMMA G.45.
I'EMECMeATy
T E M C M, € A; Ty

Proor. Let C be an appropriately typed closing context. By the congruence Lemma G.39 we
know

-E C[M;] CEC[M;] € B;-
By Lemma G.44, we know that
(w3 (), [CIM T, [CIM ]y € 8- [BET1265
(noting that [C[Mi]][y,1[5,1 = [CIM:I] [y, ])-
e If C[M;] 1, then by the simulation Theorem F.16 we know X,, [C[M;]][y,] . Then, by

adequacy for divergence Corollary F.18, to show C[M;] 1 it is sufficient to show that
2, [CIM:]][yp] 1. We will show that for every n, X, [C[M]][yp] +" 24, N, for some

>, Np. We know
(w,, (n), [C[Mi]] [yp), [C[M:]] [¥p]) € E7[B]ys
we proceed by the cases of & [B=]yd
- Ifwy (n).2,, [[CIM]][ypl] " (W] \we are done because w, (n).Z, =%, and wy (n).j =
n.
= Ifwy (n).2; [[C[M]][yp]] —* 2, U we have a contradiction because 3, [[C[Mi]][y,]]

- If w;(n).El, [[C[M]][ypl] =" X’',ret V;, we also have a contradiction for the same
reason.
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o If C[M;] || V; then by simulation we know X, [C[M;]] =" X’,ret V/ for some n, V;.
Furthermore, to show C[M;] || V; it is sufficient by simulation to show %, [C[Mz]] —*
ret V;. We know

(wy (n), [CIMi]1yp ], [CIM]][yp)) € E7[B-]yS

we proceed by the cases of EX[B=]y4.
- Ifwy (n).21, [C[Mi]][y,] s Wp (MJ+1 o wpy (n). 2, [C[Mi]][yp] 7/ U this contradicts the
fact that %, [C[M;]] =" %', ret V.
- Otherwise, w, (n).Z,, [C[M]][yp] =" 3, ret V,, so the result holds because w, (n).2, =
5.
|

Finally we prove Lemma G.39 that states that semantic term precision is a congruence.

Proor. By induction over C. In ever non-cast case we use the corresponding compatibility rule.
The two casts cases are precisely dual.

o If C = (A%)] C’, where T, T, + AF : A; C A, then we need to show
I' E (AR)] C'[M;] € (A5)] C'[M,] € Ax T,
First we use the upcast-left compatibility rule, meaning we need to show
I" EC'[M] C (A®)] C'[M,] € A5;T)
Next, we use the upcast-right compatibility rule, meaning we need to show
I’ E C'[M] EC'[M,] € AiT,
which follows by inductive hypothesis.
o If C = (A%)| C’, where T, T, + AF : A; C A, then we need to show
I" F (AR C'[M] E(AT)L C'[My] € AT,
First we use the downcast-right compatibility rule, meaning we need to show
I" E (AR)] C'[M] E C'[M,] € AS;T)
Next, we use the downcast-left compatibility rule, meaning we need to show
I EC'[M] CC'[M] e A5T)
which follows by inductive hypothesis.

G.4 Free Theorems

Most of the free theorems are stated in terms of contextual equivalence. We define contextual
equivalence of PolyG" terms to mean contextual equivalence of their elaborations into PolyC”
terms. By lemma G.42, we can prove a contextual equivalence M; ~™ M, by proving contextual
error approximation both ways (M; C* M, and My CT°* M;). We can prove contextual error
approximation by proving logical relatedness by soundness of the logical relation for open terms
(Lemma G.45), which is defined in terms of the two logical relations £<, >, giving us technically
4 things to prove: £<,E>, >J and <J. However, these cases are all very similar so we show only
one case and the other cases follow by essentially symmetric arguments.
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Standard Free Theorems.
M:V'XX - X Vy:A Vg : B

A_:?.unsealx(M{X = A}(sealxVy4)) ~* A_:?.1let y= M{X = B}Vp;Vy
THEOREM G.46.

Proor. There are 4 cases: E<,E>, >3 and <3 but they are all by a similar argument. Let
(w,y,98) € G, T]. We need to show

(w, ret thunk A_:?. ,ret thunk A_:?. ) € E7[A]yS
newcase[[A]”(;l] Cx; newcase[[A]”,;r] Cx;
[unsealx (M{X = A}(sealxVa))[[yil[&] [let y = M{X = B}Vs: Va]ly,1[6]

Given some w’ J w and (irrelevant) values (W', Vgumi, Vaumr), we need to show (after applying
anti-reduction) that

(w’, newcasepa(s,] €x; ,newcasepa(s,] €x; € E7[A]ys
[unsealx (M{X = A}(sealxVa)]ly:l[81] [let y = M{X = B}Vg; Va]ly-][6-]

Each side allocates a new case and we need to pick a relation with which to instantiate it. By
Lemmas F.10 and F.2, we have that [V4][y;][8] —° ret Vu and [Vs][y,][5,] —° ret Vg, for
some V4; and Vp,. We define R to be the “singleton” relation:

R ={(w.Vai. Var) € Atom[[A][&,], [B][61] | w I w'}
Then we define w”’ to be the world extended with |R], ;:
w” = (w'j,w Z, [A] (6], w2, [6,], w'.n B (W' .Zp.size, w' .2, size, |[R]w ;)
Then clearly w” 3 w’ and

w’.3%, newcasepay(s,] Cx; —° w3, [unsealx (M{X = A}(sealxVa))][y,1[6]
[unsealx (M{X = A}(sealxVa))]lyi][6i]

and similarly for the right hand side:

w’.3,, newcasepaj(s,] cx: =0 w3, [let y = M{X = B}Vg; Va][y/1[6,]
Hlet y = M{X = B}Vp; VA]] [yr105:]

where y’ = y,cx — (w'.2).size, w' .3, .size). Expanding definitions (and noting that cx is free in
M), we need to show

W, S IM] [y 10601 S [IM] [y, 1[6:11) € &7 [A]yd

where
Si = f « (z « o;force z([A][d1]) v, (cx));
x  [Va] [yl [d1];
force f x
and

Se=y | f < (z — o:force z([B][41]) yr(ex)): |s [Val [yr116/]
x — [Vs][yr][6:];
force f x
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We apply monadic bind. Let w””” J w’’ and (w””’, V}, V) € V~[V'X.X — X]y$. After anti-reduction
we need to show

(W, f  force Vi([A][61]) y; (cx)5 S/ | f  force Vi ([B][&1]) y/(ex)3|) € E7[A]yd
x — [Va]lyid 18] x — [Vs]ly-16:];
force f x force f x

where
S, =y — & [Va]ly:1[6:]) € E7[A]ys

By weakening it is equivalent to showing the terms are in the relation &~ [A]y’6’ where §’ =
([A][8:], [B][6:], R). By definition of V~[V'X.X — X], we have

(w", force Vi([A][81]) v/ (ex), force Vi ([B][6/]) yi(ex)) € E[X — X]y'¢’

So we apply monadic bind. Let w”” 3 w”” and let (w""”’, Vy;, Vy,) € V™ [X — X]y’6’. Applying
anti-reduction, we need to show

(w"”,force Vi Vai,y < force Vi, Vs [Vallyr116,]) € E7[A]y'S

By definition of V~[X — X], (w""”’, force Vy; Vy, force Vg, Vg,) € E7[X]y’8" if (W, Va1, V) €
V~[X]y’é” which holds because (w’”’,V4;,Vg,) € R. By Lemmas F.10 and F.2, we have that
[Vally-1[8-]1 —° ret Vy4, for some Vy4,. Applying monadic bind a final time we get Wrin 2w
and (wyin, V., Vg,) € V™ [X]y’8’ and after anti-reduction need to show that

(Wrin,ret Vi, ret Va,) € E7[A]y’d
By weakening this is equivalent to

(Wrin,ret Vy,ret Va,) € E7[A]yd

By the definition of V~[X]y’d’, V;, = Va;, so this follows by reflexivity; specifically that T' F
V4 C V4 € A;-. This is because, by the definition of E~[A]yd, since Va[y][8;] —° ret V4 and
Valyr1[8-] =° ret Vy,, those values are related. ]

THEOREM G.47.
M:V'XV'Y.(XXY)—> (Y xX) Va:A Vg : B

A_:?let (y,x) = (M{X = A}{Y = B} (sealxVy, sealyVg)); (unsealxx, unsealyy)
~ )i 2.1et (y,x) = (M{X = B}{Y = A} (sealxVp, sealyVy)); (unsealyy, unsealxx)

Proor. We show the C~ case, the ~J case is symmetric. Let (w,y,d) € G~ [[Fp, I']. Define the
following terms

Ny =[let (y,x) = (M{X = AH{Y = B} (sealxVya, sealyVp)); (unsealxx, unsealyy)]
Ny =[let (y,x) = (M{X = B}{Y = A} (sealxVg, sealyVy)); (unsealyy, unsealxx)]

Then we need to show for any w; 3 w that

(wq, newcasey cx;newcasep cy; Nj[yi][81], newcasep cx;newcasea cy; Ny [yr][6:]) € E7[AXB]ys
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By Lemmas F.10 and F.2, we have that [V4][y;][8;] —° ret Va; and [V][y:][5:] —° ret Vg, for
some V4; and Vp;. Define

A; = [A][41]
B; = [B][4:]
Rx = {(w, Vas, V,) € Atom[A}, B,;] | w I w;}
Ry = {(w, Vg, Va,) € Atom|[B;,A;] | w J wy}
wy = (w1.j, (W1.2, Ay, By), (w12, B, Ay), (wy.nH (A1, B,, LRXJW1.j) B (B, Ay, LRYle.j)))
oxi = wi.2;.8ize
oy; = wy.2;.Size + 1
Y’ =Y,cx — (be GXY‘)! Cy (O.Yls O.Yr)
5/ = 59X = (Alr Br, RX)’ Y = (Bl»Ar’RY)
Then it is sufficient to show that
(w2, Nily/ 116/, Ne[y71167]) € E[A x B]ys
which is equivalent by weakening to
(w2, Ni[y/116;), Nr[/1167]) € E7[Ax By’
Next, note that by reflexivity,
(wa, [IM] Ly 11671, IM] [y;1187]) € ET[V'X VY. (X X Y) = (Y x X))y’
and
N; = [SIM]TTvi1167]
for stacks
S =1let (y,x) = (o{X = AH{Y = B} (sealxVyu, sealyVp)); (unsealxx, unsealyy)
Sy =1let (y,x) = (o{X = B}{Y = A} (sealxVp, sealyVy)); (unsealyy, unsealxx)

So we can apply monadic bind. Let w3 J w; and (w3, Vyvy, Vyv,) € VT[V'XV'Y.(X X Y) —
(Y x X)]ly’8’. Then by anti-reduction it is sufficient to show

(ws, [S/][force Vv Ajoxql, [S/][force Vv, B, ox,]) € E7[AX B]y’'d’
for stacks
S/ =1let (y,x) = (e{Y = B} (sealxVa,sealyVp)); (unsealxx, unsealyy)
S/ =1let (y,x) = (o{Y = A} (sealxVp, sealyVy)); (unsealyy, unsealxx)

By definition, we know (ws, force Vyv; A; oxy, force Vyv, By oxy) € ET[V'Y.(X X Y) — (Y X
X)]y’é’, so we can apply monadic bind again. Let wy I w3 and (w4, V(,,, Vi) € V7[V'Y.(X x
Y) — (Y X X)]y’d’. Then after anti-reduction we need to show

(wy, [S]'][force Vi, By oy, [S/][force Vi, A, oy,]) € E7[AX B]y's’
for stacks

S;"=1let (y,x) = (e (sealxVy, sealyV)); (unsealxx,unsealyy)

S/ =1let (y,x) = (o (sealxVp, sealyVy)); (unsealyy, unsealxx)
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Similarly to before, we know (wy, force V{,, B; oy;, force Vi, A, oy,) € E(XxY) - (Yx

X)]y’8’" so we can apply monadic bind again. Let ws 3 w, and (ws, V1, V) € VT[(X X Y) —
(Y x X)]ly’8’. Next, note that

[(sealxVa, sealyVp)][y/116;] —C ret (Vas, Vi)
[(sealx Vs, sealyVa)][y/1[6.] —° ret (Va,, Va,)

So by anti-reduction we need to show
(ws, [S;"[force Vi, (Va, V)1, [S”] [force Viu, (Vsr, Var)]) € E7[A x B]y'8’
where

S/ =1let (y,x) = e;(unsealxx,unsealyy)

S/ =1let (y,x) = e;(unsealyy,unsealxx)
To show that
(ws, force V., (Var, Vi), force Vi, (Vi Var)) € E7[Y x X[y'8’

It is sufficient to show
(ws, (Var, VB1), (Vr, Var)) € E7[X x Y]y'6’

which follows because (ws, V45, Vp,) € Rx and (ws, Vg,, V4,) € Ry. Then we can apply monadic
bind a final time. Let wy;, 3 ws and (Wrin, Vo1, Vor) € V7Y x X]y’6’. Then we need to show

(wWrin, [S]"][ret Vorl, [S/ ] [ret V,r]) € E7[Ax B]y'S’

First, by definition, it must be the case that V,; = (Vp;, Vy;) and V,,, = (Vy4,, V). Then by anti-
reduction we need to show

(Wrin, ret (Vas, Vei), ret (Va,, V) € ET[AX B]y'd’
which means we need to show

(Wfina Vai, Var) € V7 [A]y'S’

and
(Wrin, V1, Var) € V7[B]y'¢’
which follows by reflexivity and monotonicity. o
LEmMmA G.48.

pack”(X = B, (sealxtrue, (NOT, Ax : X.unsealxx)))
~™ pack”(X = B, (sealxfalse, (NOT, Ax : X.NOT (unsealxx))))

Proor. We do the C~ case, the ~3 case is symmetric. Let (w,y,8) € G™[I},]. The goal reduces
to showing

pack(B, (thunk Acy : Case X.[(sealxtrue, (NOT, (Ax : X.unsealxx)))])),
W pack(B, thunk Acx : Case X.[(sealxfalse, (NOT, Ax : X.NOT (unsealxx)))])
eV[FXX X (X - X)x (X - B))]yd
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The relation we pick is R = {(w’, true, false) € Atom|[B, B]}U{(w’, false, true) € Atom[B,B]}
Then we need to show for any future w’ 2 w and w’ F (0y, oy, | R]\v_j), that

, (force (thunk Acx : Case X.[(sealxtrue, (NOT, Ax : X.unsealxx))]) o1),
W (force thunk Acx : Case X.[(sealxtrue, (NOT, Ax : X.NOT (unsealxx)))] o;)
eEX X ((X - X)x (X - B))]ys

where
Y =v.ex = (o1,07)
8 =6Xmr (BB,R)
And after applying anti-reduction, by monadic bind, we need to show the following 3 things:
(w', true, false) € V[X]y'&’
(w', INOT] [y]1[8]], INOT[y/1[8/1]) € &"[X — X]y'&’
(w', [Ax : X.unsealxx], [Ax : X.NOT (unsealxx)]) € E7[X — B]y’¢’

(1) First, (w/, true, false) € V~[X]y’é’ follows directly from the definition of 5g(X) = R.
(2) Second, let w” I w’ and (w”,V,, V) € V~[X]y’é’. Then we need to show

(w”, force Vnorly[118,]1 Vi, force Vyorly/116,1V;) € E7[X]y's’

where [NOT] = ret Vnor. There are two cases: either V; = true and V, = false or vice-
versa. In either case, NOT swaps the two values and the result holds.
(3) Finally, let w” 3 w’” and (w”,V}, V) € V~[X]y’6’. Then we need to show,

(w”, force Vg Vi, force Vp, V) € E7[B]y’d’

where [Ax : X.unsealxx] = ret Vy;and [Ax : X.NOT (unsealxx)] = ret Vy,. By definition
of R, either V; = true and V, = false or vice-versa. In either case, both sides evaluate to
ret V;, and we need to show

W', V, Vi) € V[B]y’8’
which follows by definition.

Free Theorems with the Dynamic Type.

THEOREM G.49. IfM :V'X.? > X and -+ A and - +V : ?, then either
((A_:?.unsealx (M{X = A} V)) true)* {
or

((A_:?.unsealx (M{X = A} V)) true)* »* U

Proor. Define N = (A_: ?.unsealx(M{X = A} V)) true By the adequacy lemmas ??,??, it is
sufficient to show that for every n € N, either

3 [(N) Tlypl ="
or
2p > [(N) [yl =" 0
Unraveling definitions, we get
2p; [((A_: 2.unsealx (M{X = A} V)) true)*] =" 2,; newcasepay cx; [(M{X = A} V))*][y,]
= 35 [(M{X = A} V) ] yp, ex = 0]
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where o = X,.size, X = 3, 0.

Next, define y = )/12,, cx b (0,0), w = (w(n).j, 2,2, wn B ([A], [A],0)) and 6 = 6;,X —
(TA], [A], 0), noting that we use the empty relation 0 as the interpretation of X.

To prove the claim, it is sufficient to show that

(w, [(M{X = A} V) Tyl [(M{X = A} V) TLye]) € E7[X]yd

since V=[X]yd = 0 and therefore the case where the two sides reduce to values is impossible.

First, since (w, y;, ;) € G~[T}], by reflexivity and weakening we know (w, [(M)*][y:], [(M)*][y,]) €
EX[VVX.? — X]yé.

We apply monadic bind. Assume w’ J w and (w’, Wy, W,) € V=[V'X.? - X]yé, then by
anti-reduction we need to show that

(w", [S][force Vv, [[A]] o1lvi] (&), [S][force Vi, [[A] o][y:1[5/]) € E~[X]yd

where
S=eV

Next, since w’.5 E (o, 0,0) and §(X) = ([A], [A], 0), we have (w’, force Vy; [[A]] o, force Vy; [[A]] o) €
&E[? — X]yd Again we apply monadic bind. Assume w” 3 w’ and (w”, Vs, Vy,) € V[? —

X]lyS. Then by Lemma F.10, we know = &> [V*][y;] —* > ret Vi [y:], so applying anti-reduction

it suffices to show

(w”,force Vi Vilyil, force Vi, Vily,]) € E7[X]ys
for which it suffices to show that
(W, Velyil, Vlyr]) € V=[2]yd
for which it suffices to show that
(W, [Vl IV'Tlyr]) € 87[7]yd
which by weakening is equivalent to showing
(w”, [V7] [vpl, v’ [ypl) € 8<[[?]])’;2>5;

which follows by reflexivity and the fact that (w”,y;,8,) € G~[I,]. |

THEOREM G.50. Forany-+ A,BandVy : A and Vg : B,
A_:?2.unsealx(M{X = A} sealxVy) =*

A_:?let y=(unsealx(M{X = B}sealxVg));V4a:? > A

ProoF. We show one direction of the 4 cases, the others are analogous. Let (w,y,§) € G™[I},].
We need to show

(w, ret thunk A_:?. , ) € &7 [A]yS
newcasepa] Cx;
[M{X = A} ((?){ (tagyx (X))] (sealxVa))]ly:l[6]

ret thunk A_: 2.
newcasepa] cx;
[let y = M{X = B} ((?){ (tagx(X))] (sealxVg)); Va]ly,1[5"]
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Given some w’ J w and (irrelevant) values (w’, Vgumi, Vaumr), we need to show (after applying
anti-reduction) that

(w’, newcasepu) cx; ) € E7[A]ys
[M{X = A} ()4 (tagy (X))] (sealxVa))][yi] (611

newcasepa] cx;
[let y = M{X = B} ((?){ (tagy(X))] (sealxVy)); Va]ly-1[5/]

Each side allocates a new case and we need to pick a relation with which to instantiate it. By
Lemmas F.10 and F.2, we have that [V4][y;][8] —° ret Vu and [Vs][y,][,] —° ret Vg, for
some V4 and Vp,. As in the ordinary identity function proof, we define R to be the “singleton”
relation:

R ={(w,Vai, Vgr) € Atom[[A][5/], [B][6-]] | w3 w'}
Then we define w”’ to be the world extended with |R], ;:
= (w'.j,w 2, [A][6:], W' .E, 8], w'.p B (W' Zp.size, w'.Z, size, | R]w ;)
Then clearly w”” 3 w’ and

w’ 2], newcasepay(s,] €x;
[M{X = A} ((?){ (tagy (X))] (sealxVa))]lyil[51]

=0 w2 [M{X = A} (D)4 (tagx (X))] (sealxVa)][y;1181]
and similarly for the right hand side:

w’.Z,, newcasepap(s,] €x;
[let y = M{X = B} ((?){ (tagx(X))] (sealxVs));Va]ly-]1[5/]

-0 w3, [let y = M{X = B} ((?){ (tagyx(X))] (sealxVg)); Va]ly,/115]

where y’ = y,cx — (w’.Z).size, w'.3, size). Expanding definitions (and noting that cx is free in
M), we need to show

W, SiIMI [y 10801, S [IM] Ty 116 11) € €7 [A]yd

where
Si = f « (z « o;force z([A][1]) y; (cx));
x  [(tagx XNT] [y ) [0 [[Val [y2] [61]]
force f x
and

So =y — |f « (z — o force z([B][6]) y/(cx)):  |:[Vally-1[8
x — [Ktagx GOy 1 (S 1 [VB] [y+ 1 [6-11;
force f x
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We apply monadic bind. Let w"”” 3 w” and (w'”, V, ;) € V~[V'X.? — X]yd. After anti-reduction
we need to show

(w"”, f < force Vi([A][41]) v (cx); ,Sp|f < force Vi([B][&1]) v/ (ex); )
x  [(tagy NIyl 8 [[Vallyad (8] |x < [Ktagy COM DLy 1 L6 1 L[V [y 118-11;
force f x force f x

€ E7[A]ys
where

Sy =y — & [Vally:116:]) € E7[A]ys
By weakening it is equivalent to showing the terms are in the relation &~ [A]y’6’ where §’ =
([AL L8], [B][61, R). By definition of V~[V'X.? — X], we have
(w"”, force Vi([A][81]) v/ (ex), force V. ([B][6:]) v/ (cx)) € E7[? — X]y'&’

So we apply monadic bind. Let w””” I w"” and let (w"”, V¢, Vy,) € V™[? — X]y’d’. Applying
anti-reduction, we need to show

(W, force Vg (inj,, Va),y « force Vi, (injs, Vir);[Vally-116:]) € E7[A]y¢’
By definition of V~[? — X], we can prove (w”"”’, force Vy; (inj,, Vai), force Vp. (inj,, Vs,)) €
&~ [X]y’é’ by showing that (w””’,inj,, Vas, inj,, Vsr) € V™ [?]y’d". This holds because (w"”’, Va1, Vp,) €
R|.n because w””’.n E (01, 0p, [ R]vwm n)-
By Lemmas F.10 and F.2, we have that [V4][y,][5,] +° ret Vy4, for some Vj4,. Applying monadic
bind a final time we get wg;, 3 w””" and (wyin, V1, Vi) € V7 [X]y’d" and after anti-reduction
need to show that
(wrin, ret Vi, ret Va,) € E7[A]y'S
By weakening this is equivalent to
(Wrin,ret Vy,ret Va,) € E7[A]yd

By the definition of V~[X]y’d’, Vi, = Vy, so this follows by reflexivity; specifically that T'

V4 C Vu € A;-. This is because, by the definition of &~[A]yd, since Va[y;][8;] —° ret Va4 and
Valyr][6-] —° ret Vy,, those values are related. O

THEOREM G.51. Forany-+A,BandVy : A Vg:B,-+V :7?,
A :?2unsealx(M{X = A} (sealxVy, Vy)) =

A_:?let y = (unsealx(M{X = B} (sealxVg, V4)));Va

ProOF. Again, we show one direction of the 4 cases, the others are analogous. Let (w,y, ) €
G~ [I]. We need to show

(w, ret thunk A_:?. , ) € ET[A]yS
newcase[[A]] Cx,
[M{X = A} ((?)} (tag,.,(X x ?))] (sealxVa), V)] [yi1181]

ret thunk A_:?.
newcasepa] cx;
[let y = M{X = B} ({(?){ (tagy(X X ?))] (sealxVp), Va); Vallyr1[6]
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Given some w’ J w and (irrelevant) values (w’, Vgumi, Vaumr), we need to show (after applying
anti-reduction) that

(w’, newcasepa) cx; , ) € E[A]ys
[M{X = A} ((?)} (tag,,,(X x ?))] (sealxVa), V)] [yi1[61]

newcasepa] cx;

[let y = M{X = B} ((?){ (tagy,(X x ?))] (sealx V), Va); Va]ly15:]
Each side allocates a new case and again we to pick a relation with which to instantiate it. Again,
by Lemmas F.10 and F.2, we have that [Va][y;][8;] —° ret V4 and [Vi][y-][5,] —° ret Vg, for
some V4 and Vp,. As in the ordinary identity function proof, we define R to be the “singleton”
relation:

R = {(w. Vi, Vi) € Atom([[A][&]. [B][5,1] | w 3w’}
Then we define w”’ to be the world extended with |R], ;:
w” = (w'j,w .Z, [A][6], w2, [6,], w'.n BB (W' .Zp.size, w' .2, size, |[R]w ;)

Then clearly w” 3 w” and

w'. X}, newcasepays;] ¢x;
[M{X = A} ((?){ (tagy (X x ?))] (sealxVa), V)] lyil[d1]

0w S [M{X = A} ()4 (tagy,o (X x 7)1 (sealxVa), Va)][y;1[é1]
and similarly for the right hand side:

w'.Z,, newcaseqay(s,] cx;
[let y = M{X = B} ({?){ (tagy,(X x ?))] (sealx V), Va); Va][y1(5"]

=0 w2, [let y = M{X = B} ((?) (tagp, (X x 2))] (sealxVp), Va); Va] [v/116/]
where y’ = y,cx — (w'.2).size, w’ .3, size). Following the same argument as the previous cases,
using monadic bind several times, we need to show that for some w”” 3 w”” and (w""’, Vp, V) €
V~[? — X]y’¥, that
(w"”, force Vi inj, epme (iNJe, Var, Var),y « force Ve ingy, cpney (indg, Var Var)s [Vally-1[6/]) € €
By definition of V~[? — X], we can prove
(w"””,force Vi inj, cpme (iNJo, Var, Var), force Ve ingy cpy (inds, Ve, Var)) € ErelpXy's’
by showing that
(W,///’ ianl(CTmS) (inj(,l VAl,le): injyr(c.ﬁmes) (injgr Var, Vdr)) € (VN[[?]])/’5/

since (w””’,y,8) € G~ [I},], which holds because (w""”’, V1, Vg,) € Rand (w""”, Vg, Vy,) € & [dyn]y’s’.

So again we apply monadic bind, receiving some w””””" 2 w”"”" and (w”""”’, Vxi, Vx,) € V> [X]y’8’
and we need to show (after applying anti-reduction) that

(W™, ret Vi, [Vally-1[6:]) € E7[A]y’S’

But by definition of V™~ [X]}y’8’, we know that V; = V; and that [Va][y;][6;] —° ret Vyu, soitis
sufficient to show

(W [Val [yl (8], [Va] [y21(6:]) € E7[A]y'
which follows by reflexivity. O
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