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Abstract

When a module language is combined with forms of non-parametric type analysis, abstract types require an
opaque dynamic representation in order to maintain abstraction safety. As an idealisation of such a module
language, we present a foundational calculus that combines higher-order type generation, modelling type
abstraction, with singleton kinds, modelling translucency. In this calculus, type analysis can dynamically
exploit translucency, without breaking abstraction. Abstract types are classified by a novel notion of
abstraction kinds. These are analogous to singletons, but instead of inducing equivalence they induce an
isomorphism that is witnessed by explicit type coercions on the term level. To encompass higher-order
forms of translucent abstraction, we give an account for higher-order coercions in a rich type system with
higher-order polymorphism and dependent kinds. The latter necessitate the introduction of an analogous
notion of kind coercions on the type level. Finally, we give an abstraction-safe encoding of ML-style module
sealing in terms of higher-kinded type generation and higher-order coercion.

Keywords: Abstract types, modules, generativity, coercions, parametricity, singleton kinds

1 Introduction

Modules play an important role in the construction of large-scale software and
appear in various forms in many programming languages. Particularly sophisticated
module systems have been developed and investigated in the context of the ML
family of languages [Mac86,HMM90,HL94,Ler94,Rus98, DCHO3].

Two features form the core of a module type system in this line of work:

(i) Type abstraction provides for encapsulation by hiding the definition of a type
exported by a module.

(ii) Type sharing enables module signatures to specify several types as equivalent,
without necessarily exposing their representation.

These two aspects are combined in the notion of translucency, where module signa-
tures can specify type components using an arbitrary mixture of opaque (abstract)
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signature COMPLEX = structure C :> COMPLEX =
sig struct

type cplx type cplx = real X real

type base = real type base = real

val mk : base — base — cplx fun mk xy = (x, y)

val abs : cplx — base fun abs z = sqrt (sqr z.1 + sqr z.2)

val add : cplx — cplx — cplx fun add z; z = (z1.1 + z2.1, 1.2 + z2.2)
end end

Fig. 1. Complex numbers in ML

and transparent (concrete) type specifications [HL94]. Sharing between two ab-
stract types can be expressed by keeping one abstract, while exposing the other as
manifestly equal to the first.

In their seminal paper, Mitchell & Plotkin explain type abstraction as existential
quantification [MP88]. Subsequent work on ML-style modules has mostly followed
this view, albeit with more sophisticated type theories involving dependent types
or kinds. Type sharing and translucency can be modelled elegantly with singleton
kinds [Asp95,SHO6]: classifying a type variable o with the singleton kind S(7) effec-
tively says that a = 7. Thereby, existentially quantifying over a type at singleton
kind makes it transparent.

As a running example, consider the ML signature COMPLEX given in Figure 1,
which specifies the interface for a rudimentary module of complex numbers. It
declares an abstract type cplx for complex values, but also a concrete type base
manifestly equal to real, denoting the vector base of the complex representation.
Combining existential quantification with singleton kinds, this signature can be
encoded with the following type:

COMPLEX = Hda:Q x S(real).
(.2 = a2 —al)x (el = a2) X (el = al—al)

This interpretation, also known as phase splitting [HMMO90], separates the signature
into two parts: the static part, consisting of a (type-level) Cartesian product of
all type components, and the dynamic part, a (term-level) product of all value
components. The first component of the static part, representing type complex, has
ground kind €2, providing no information about its witness. In contrast, the second
component, corresponding to the specification for base, has singleton kind S(real),
thus exposing the underlying definition. The tuple type describing the dynamic
part can refer to both types in a uniform manner, like in the ML signature.

In Figure 1 we ascribe the signature COMPLEX to an implementation C, which
hides the module’s representation of type cplx, while revealing the identity of base.
Following Mitchell & Plotkin, such an ascription corresponds to constructing an
appropriate value (7, e) of existential type COMPLEX, as reflected in Figure 2.

This interpretation of type abstraction is solely static — in particular, it cru-
cially relies on parametricity in the underlying language [Rey83]. Without para-
metricity, existential abstraction is no longer safe, since clients might potentially
uncover the representation of an abstract type at runtime. This is particularly
apparent in languages with reflective features, such as dynamic type analysis
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C = ({real x real,real),
(Ax : real. \y : real. (x,y),
Az : real X real. sqrt (sqrz.1+ sqr z.2),
Azy @ real X real. Azy i real X real. (z1.1 + 2.1, 21.2 4 29.2))
) as COMPLEX

Fig. 2. Type abstraction via existential quantification

(typecase) [ACPP91,HM95]. Using such a feature, we could write a function to
“cast” the abstract type to its representation:

let{ac,zc) =Cin ...
castc = Az:ae. 1. typecase z : .1 of 2 : real X real = 2’ else (0,0)

The dynamic semantics of existential elimination will simply substitute a, with the
respective witness, such that the typecase always succeeds (takes the first branch).

Unfortunately, forms of type analysis are indispensable to safely deal with open
systems. For example, Alice ML [Ros06] features modules as first-class packages
suitable for dynamic import and export. When a package is unpacked, its signature
is dynamically matched against a static annotation, to ensure type safety. A purely
static interpretation of type abstraction would enable abusing this feature to write
a function like castc. The question we address in this paper hence is: What is an
adequate dynamic interpretation of type abstraction with translucency?

Dynamic Type Generation with Translucency

A refined model for type abstraction that provides a natural dynamic inter-
pretation for type abstraction and does not suffer from parametricity violations is
dynamic generativity [Ros03,VWWO05,Dre07]. In this approach, type abstraction is
interpreted as the generation of a fresh type name. In a formal calculus, this can
be modelled by introducing a term construct newt = 7 in e that generates a new
type name and binds it to t. Within the body e the type variable ¢ is known to be
isomorphic to its underlying representation 7. However, t is not equivalent to 7 —
dynamic type analysis will properly distinguish the two. Any client code outside
the original scope of the new construct has no way of discovering the isomorphism,
it will just see an opaque type name.

In this paper, we extend earlier work on type generation by presenting the
foundational calculus \g, that combines it with (higher-order) singleton kinds.
This combination provides a dynamic interpretation of ML-style module types with
translucency. In particular, it is sufficiently rich to form the semantic basis for dy-
namic extensions to module type systems, such as those found in Alice ML [Ros06].

Abstraction Kinds

To type check the body e of an expression newt = 7 in e, the static semantics
needs a way to record the isomorphism ¢t =~ 7 in the typing environment. Previous
work has done so by extending typing environments in an ad-hoc manner.

A more regular and expressive approach, which we propose in this paper, is to
extend the kind system: in a fashion similar to singleton kinds S(7) that classify

3



ROSSBERG

types as equivalent to T, we introduce abstraction kinds A(7) that classify types as
isomorphic to 7. More precisely, in the typing rule for new, the type variable ¢ is
entered into the typing environment with kind A(7).

Analogous to singleton kinds [SHO6|, higher-order forms of abstraction kinds
are encodable. This observation leads to a more regular treatment of higher-kinded
abstract types than in previous work.

Coercions and Sealing
Because a generated type t and its representation 7 are merely isomorphic,
values in the Ag,-calculus have to be explicitly coerced between these types. In the
simplest case, coercions apply to individual values of the abstract type. We write
C;t,, for the coercion function 7 — ¢, and C,, for its inverse.
However, coercing individual values is not a realistic model for a module system.
Modules are typically implemented solely in terms of their representation types and
then abstracted a posteriori, in one atomic sealing operation applied to the entire
implementation. > A more realistic approach leads to the concept of higher-order
type coercions [Ros03,VWWO05] that apply to whole module implementations.
Similar notions of type coercion appear in a variety of other contexts, such as
the compilation of subtyping [Cra00], unboxing transformations [Ler92], hybrid type
systems [F1la06], or contracts [FF02]. In most of these works, the host type system
is comparably inexpressive. We show how type coercions generalise to a higher-
order polymorphic type system with singleton and dependent kinds. The latter
induce significant complications, and necessitate the definition of higher-order kind
coercions on the level of types. Fortunately, kind coercions are encodable.
Ultimately, we are able to define a dynamic version of an ML-style module
sealing operator as syntactic sugar in our system, by means of a simple combination
of higher-order type generation and higher-order type coercion.

2 Basic System

In the remainder of this paper, we are going to devise the \g,-calculus as a foun-
dational model for a higher-order language with modules and dynamic typing. It
extends the higher-order polymorphic A-calculus with the following features:

o Eristential types and pair kinds to express modules.

o Singleton kinds, subkinding and subtyping to express translucency.

e Dynamic type analysis to express runtime typing.

o Type generativity to give a dynamic interpretation to type abstraction.
e Higher-order coercions to express sealing.

We begin our presentation with a simplified version of the calculus that only
provides basic coercions and generativity for ground types. We will add higher-
order coercions and higher-order generativity in subsequent sections.

Figure 3 gives the syntax of the basic system, which we call Core A\¢,. It con-
sists of the (impredicative) higher-order A-calculus including all canonical product

2 Some languages with simpler module systems, such as Haskell, actually require explicit individual coer-
cions in the disguise of constructor applications and pattern matches.
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(base kinds) K := Q| A(7)

(kinds) k= K | Skg(7) | Houk.k | Bazk.k
(types) Tui=al|T—7|7X7T| Ykt | Jaik.T

| \a:k.m | 77 | (1,7) | T.1| 7.2
(terms) ex=ux | r:te |ee | (ee) |let(z,x) =eine

| Aa:k.e | eT | (T,€) | let{a,x) = ein; e
|newa ~ 7in; e | Cl., | Crn, | typecasee:T of x:T.e else e

TRT

Fig. 3. Core Ag,

constructions, extended with singleton kinds, simple type analysis, and the minimal
functionality for dynamic type abstraction.

The expression form newa = 7 in. e generates a fresh abstract type, with
representation 7. The variable o acts as an internal name for the abstract type
within the body e (of a-free type 7). At the same time, it represents a capability
for performing coercions over the new type: an upward coercion Cl. . (e) serves as
an introduction form for values of type «, while the dual downward coercion C_,, (e)
is the respective elimination form. Where clear from context, we occasionally drop
the “~7” part from coercions to avoid notational clutter.

The last term construct expresses a simple form of non-parametric type analysis:
evaluating typecasee;:m; of x:79.e0 else e3 compares the dynamic instantiations of
type 71 (of e1) with 79. If they match, the es branch is taken, binding z to the value
of e1, otherwise eg is evaluated. Matching is up to subtyping, so that typecase is rem-
iniscent of a “downcast”. Much more expressive forms of type analysis can be found
in literature, but this variant is sufficient to encode the type dynamic [ACPP91] as
the trivial existential Ja:Q.cv with introduction and elimination forms

dyne:7 := (7,e)
checke: Telsee = let(o,x) = ein; typecase z:cv of 2':7.2" else €’

Here, check works up to subtyping, and thus can explore translucency dynamically.

The type language of X¢, is completely standard. Note that type names are
simply represented by type variables. On the kind level, we distinguish between
base kinds K, i.e. ground kind and abstraction kinds, and general kinds including
singletons and standard dependent products and sums. Base singletons can only
be formed over base kinds. Higher-order singletons are obtained following Stone
& Harper’s definition [SHO6], with the added case S(7 : A(7')) := Sp()(7) for
singletons at abstraction kind. 3

Figure 4 shows how our module of complex numbers can be expressed using
Core X, : it still is an existential package, but this time the abstract type name is
represented by a fresh type name cplr that is used as a witness for a.1. To match

3 Note that it is crucial to distinguish Sa(r1(7T) from Sq(7). Conflating the two would necessitate a

subkinding rule that allows deriving S(7) < A(7’) if 7 : A(7’). However, such a rule would enable recov-
ering abstraction kind dynamically for a plain abstract type name (of static kind ) — and thus break
abstraction safety. E.g. consider Am:(3a:Q.a—int). let{a, f)=m in typecase(a, f) : (38:S(a).8—int) of m’ :
(3B:A(int).B—int). let(B, f'Y=m' in f’ (Cﬁ+ 0)... applied to (new amzint in3a.0.a—int (@, Az:a. 1/(Cq x))).
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C' = new cplz ~ real x real in
((eplx, real),
(A : real. \y : real. C:_plx (z,y),
Azt eplz. sqrt (sqr (Copp,2)-1 + sqr (Cppp,2)-2),
Az1 @ eplz. Az cple. C;lx«cc_plzzl).l + (C22)-1,(Copp1).2 + (€ 22)-2))
)

Fig. 4. Type abstraction via type generativity

the “signature” type COMPLEX , all operations have to use coercions for mitigating
between cplr and its internal representation real X real.

2.1 Static Semantics
The static semantics of A\g, consists of eight standard judgements:

kind equivalence) I'F k = &' :

type equivalence) ' 7= 7"
kind inclusion) T'Fx <k :
type inclusion) T'k7<7":

environment formation) I' - [

kind formation) k0O
type formation) 7k
term formation) ke:7

0O 0

( (
( (
( (
( (

Most of the rules defining these judgements are entirely standard. In particular,
rules regarding singletons and extensionality are taken almost verbatim from Stone
& Harper [SHO6]. The full type system can be found in the Appendix, here we focus
on the parts that are particular to our calculus.

Figure 5 shows the central rules. Abstraction kinds are formed like singleton
kinds, except that we in fact generalise singleton formation to arbitrary base kinds.
The same generalisation applies to the singleton introduction rule TEXT-SING. Note
that there is no introduction or elimination rule for abstraction kinds. Types of
abstraction kind are only introduced via new (i.e., there are no closed types of
abstraction kind), and like singletons, abstraction kinds are eliminated simply by
kind subsumption (rule KSABS-LEFT).

For terms, we find straightforward rules for type generation and type analysis.
Coercions require the annotated type to have abstraction kind, and are assigned cor-
responding function type. As a technical detail, existential formation (rule ECLOSE)
does not require a type annotation: thanks to subtyping (explained below), assign-
ing singleton kind to the witness 7 allows deriving a (fully transparent) existential
type that is principal. The burden of annotation is shifted to new-expressions, which
need to be given a 7o that avoids the local type variable «.

Equivalence for types and kinds bears no surprises, subtyping and subkinding
are more interesting: they enable forgetting singleton kinds (KSsING-LEFT) and
abstraction kinds (KSABS-LEFT). A type of abstraction kind may thus be used at
kind €2, which allows the type to act as an actual abstract type name, beyond its
use as a coercion key. For singletons, subsumption can go to the respective index
kind, or a superkind of it, thereby forgetting the type identity. Subtyping then
simply lifts the subkinding relation to quantified types, and ultimately, the entire
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Kind Formation an TEr:0Q . ks K I'kk:0O
F'-A(r): 0 ' Sk(r): 0O
Type Formation . . s K I'k71:k
EXT-SING —————
I'F7:Sk(r)
Term Formation I'ke:r
Fa:A(m)Fe:mm ThE1:Q I't7:x Thre:m
ENEW - EcLOSE
F'Fnewa T in, e:m L'k (r,e): Ja:k.To
I'm A I'km A
Eup T T (72) Epown — T (72)
FEClar, iT2— T MECham T — T2
I'Feg:mm Tyzmbey:m Theg:T
EcAsE
I' - typecaseeq:m of x:m.e9 else, e3 : T
Kind Equivalence I'k=k:0
KQaps T'Fr=7:Q KQSINGFI—TET/:K TFK=K':0O
F'FA(r)=A(7): 0O 'k Sk(1) =SkA(7) : O
Type Equivalence 'cr=7":%&
LE7:Skg(t") T k7 :Sk(r")
TQEXT-SING TF =7 Sx()
Kind Inclusion 'k<k:0
KSABS F'Fr=7:Q KSSINGFI—TET’:K IrFK<K':O
F'FA(r) <A(r):0O I'FSk(r) < Sk/(7') : O
KSABS-LEFT Lrr:Q KSSINGLEFTF'_T:K PFK< KO
] FFA(T)<Q:O i I'FSk(r) < K':O
Type Inclusion Fcr<7:x
TS ' <k:0 Ty,awbF7<7:Q T'FVakt:0
UNIV
I' -VakT <Vas'.7': Q
'k<k:0 T,akbr<7:Q TF3uk7:Q
TSEXIST

I'F 3okt < Jak' .7 Q

Fig. 5. Selected typing rules for Core A,
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(values) v = AzTe | (v,0) | dack.e | {T,v) | Clo, ()

(contexts) E:=_|FEe|vE|(Ee)| (v,E)|let(z,x) =FEine| ET| (1, E)
| let(or,x) = E in; e | typecase E:7 of x:7.e else e

(heaps) A = | AjaA(T)

(configurations) C == Aje

(Rapp) A; E[(Ax:T.e) v] — A; Ele[v/x]]

(RPrOJ)  A; Ellet{x1, x9)=(v1,v2) in €] — A; Elefvy /x1][va/x2]]

(RinsT)  Aj; E[(Aazk.e) 7] — A; Ele|[t/a]]

(RoPEN)  A; Eflet{c, x)=(7,v) in,s €] — A; Ele[r/a]v/z]]

(RNEW)  A; E[new a7 iny €] — A, a:A(7); Ele]

(RCANCEL) A;E[C Y (o e v)] — A; E[v]

(Rcasel) A, E[typecasev 71 of x:79.€1 else;r ea] — A;Eler[v/z]] if Ab 1 < 15:Q

(Rcase2)  A; Eltypecase v:ty of x:19.€1 else, ea] — A; Eles] ifA 7 <71:Q

Fig. 6. Reduction for Core Ag,

type language (by standard rules). This realises translucent signature matching.
For example, Ja:Sq(int).a x o < Ja:Q.cv X int is derivable.

2.2  Dynamic Semantics

Figure 6 defines a small-step operational semantics for Core Ag, . Values are defined
as a subset of expressions as usual and consist of A-abstractions, tuples, existentials
and values coerced to abstract type. Reduction is on configurations C, which are
expressions paired with a heap. Heaps capture the type names generated with new
as an ordered list of type variables classified by abstraction kind. Evaluating a new-
expression pushes the bound type variable on the heap, taking advantage of the
usual variable convention for freshness. The only rule for coercions is cancellation;
note that soundness ensures that AF 7 =7":Qand A7, = 7'+’ S A(T).

Type analysis uses the subtyping judgement from the static semantics to check
whether 7 matches 75. Since an evaluation context E cannot bind variables, both
types are guaranteed to be closed up to type variables from the heap A.

3 Higher-order Coercions

Core \g, has obvious limitations: coercions have to be used all over an imple-
mentation, which has to have a handle on the abstract type name beforehand. In
contrast, modules typically allow type abstraction after the fact, outside the actual
implementation. How can we faithfully recover that flexibility?

The key is generalising the notion of coercion: instead of performing coercions
on individual values of the abstract type, we allow higher-order coercions, which
apply to any type. Figure 7 shows the syntax and rules of such coercions: where
a basic coercion C; . just represents a function of type 7. — 7, a higher-order

T~’T
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P (7€) | CRT | G

(expressions) e = --- | eT G N G
(values) vou= e [ (7o) | CEG ()
'cr :A(r) T,aQF7:Q 'tr tA(r) T,aQF7:Q
Eup’ — —~ EDpOowN’ — —
It C{%Q T /o] — T[1./a] I Ca%g T /o] — T[1_/a]

(RarrOW) Cr%77™(v)  — Azm[rn/al. CEAP (v (CT4T 21))
(Rrives)  CRAT*™(v) = let(wy, wa) = vin (CFET ay, CLEP2o)

(RUNIV) Ci%zﬁ:”f(v) — A3ik[r,/a].CELT (v (TF B))

+ T$/Tj:

where 7/ = T[(’Z;O}aﬁ)/ﬁ]

(RexisT)  Cra () — let(B,z) = vin (T2 B,CFer o)
LR /T LR
where 7' = 7[(T27 6)/4)
¢
(RDROP) Cii%fﬁ(v) —v if f#a
(Roancer) €22 (CHe%) — v
it

Fig. 7. Extensions for higher-order coercions (reduction rules omit surrounding context A; E[_])

coercion C{ %7 is a function of arbitrary type 7[r_/a] — 7[r,/a] — similarly for
the downward directions. Basic coercions arise as the special cases Cii%?_i. Here,
concrete types T are a syntactic subset of types that we will explain in Section 3.2.

Types instantiating polymorphic variables are also restricted to be concrete.

3.1 Reduction

Higher-order coercions Cii‘ii} (v) are reduced to basic coercions via the reduction
rules given in Figure 7. Reduction is type-directed, driven by the residual type T
of the coercion. We assume that 7 is implicitly normalised [SHO06]. Essentially,
the rules proceed by functorially mapping the coercion over the residual type, thus
pushing it inwards. For monomorphic types this approach is fairly standard. For
quantified types however, the presence of dependent kinds demands extra work.
Without dependent kinds, rule RCOERCE-UNIV might simply look as follows [Ros03]:
CLE T () = ABR.CELT (vD)
In \g, this rule is incorrect however, because o may occur free in x. Unfortu-
nately, it is not enough to simply substitute 7, for « either. Consider the coercion

C:; ngg Sa(@).f (f): its reduct A\B:Sq(r,). C{ 'ii,fi( f ) would be ill-typed, because the
instantiation f (3 is not valid — f has type V3:Sq(7_ ). (by rule Eupr’), which clashes
with the incompatible kind Sq(7,) assigned to the A\-bound f.

In general, we need to instantiate the polymorphic value with a type of kind
k[7_/a] in the reduct, which we have to construct from 3 of kind [r_/a]. In other
words, we have to coerce 8 from the latter kind to the former. We write such a

type-level coercion as ’]’Ti/’ji (1) (’Z’T‘i‘/’j+ (8) here, due to its contravariant position).

Assuming kind coercions given for a moment, we can try reducing to
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T2 (1) =T

£ g

To ) = NGl ol T2 (7 (T2 ) where Ry = Ral (T2 )/
,]_Ti./iﬁ;f;l.kg (r) == <7—Ta/nT1 (r.1), T”‘/“? (1.2)) where &l = /%2[(7—:[/?1 (1.1))/8]

Fig. 8. Kind coercions

A\B:k[T./a).CELT (v ( Ti'/’ji B)). Unfortunately, inserting a kind coercion for the ar-

TNT

gument now changes the resulting type of the instantiation: the type of v (T a'/’ji B) is
:F
7[r./a][T> /. 3/B] — but the surrounding coercion expects 7[7._/a]. This final prob-

T /7'
lem can be fixed by finding a suitable residual type 7’ in the surrounding coercion

that fulfills the following equations:

T[r/a] = 7[r./a] (1)
7'lr/a] = 1lr/o](T2];, 5)/6] (2)

With such a type, the coercion yields type 7[7_/a[(7" /’j )/ 8] — 7[1./a], making
the entire reduct well-formed and type-preserving. Wlth the admissible rules for
kind coercions that we will give in the next section, it can be shown that the type 7/
used in Figure 7 indeed has this property: it contains a kind coercion to the actual
placeholder « of the surrounding coercion — we call that a placeholder-targetting

coercion. A similar trick is employed in rule RCOERCE-EXIST.

3.2 Kind Coercions

Figure 8 gives the definition of kind coercions by induction over the residual kind
k. Unlike types, the shapes of kinds are invariant under substitution, such that
kind coercions can be expanded statically and thus be treated as syntactic sugar.
Otherwise, the definition closely resembles the reduction rules for type coercions.
In particular, it employs placeholder-targetting coercions in the same manner.

The following formation and equivalence rules can be shown admissible:

FaQQkg:0 T't7:Q T'k7:Q

TCOERCE* _
=T Rl /a] — &[T, /o]
+ —

F'cr:R[r /o] T,a:QF&R:0 T'k7r.=7:Q
TH T () =7 Al /al
+7

TQDROP*

The most visible difference with the formation rule Eup’ for type coercions is that

source type 7_ and target type 7, need not be related by an abstraction kind, because

kind coercions do not have to reduce to a basic form. Consequently, kind coercions

need no polarity, the inverse of ’TTO‘/”T is simply 7% /“T The equivalence rule is
+ —

crucial to equation (1) above, and thus to the correctness of placeholder-targetting

coercions. Also note that kind coercions (obviously) commute with substitution.
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(expressions) e = ---|newa:k &~ Tin; € | C{‘iﬁT | C QGR.T
(values) v o= Cﬂ"i?a( )

(path contexts) P = _| Pt ] P1|P2

(heaps) A =] AT R)

F'Fn:k DaA(n:R)be:irn ThEm:Q
I'Fnewa:k = 71 ing, e: Ty

Tkt 7:Q ThE7:k Th7 A1 k)

[+ CrERT: 71 Ja] — 71, /o]

7'"‘7'

Eup

FakF7:Q TI'kr:& ThE7 :A(T:R)
r+c; O‘“T:%[q/a] — Tl /a]

T, T

EpownN’

A; E[new azirT ine] — A a:A(7: R); Ele]
C:I:a:/%.P[ﬁ} ('U) - C+a,:R,'P[a,/6:F”,][T:I:/a}Ciai"%~P[T'/ﬁil~€'}C_QIZRI-P[O//'B:’%/}[Ti/a] ('U)

TLRT_ ~1/ T NT Bror!
where 3 # o and A(B) = A(7 : R)
+a:k.Pla) +a:Q.a ta:k. P/ o:R]
Crmrs (V) = Cpir, jatilry falePlr jaiiliry jalCrmr T ()
where P # _

Fig. 9. Extensions for higher-order type generation (omitted A; E[_] for coercion reduction rules)

One important restriction on kind coercions is that they are not definable for
residual abstraction kinds, because those lack the necessary extensionality principle.
We call the syntactic subclasses of kinds and types containing no syntactic occur-
rences of abstraction kinds concrete, and use the meta variables k& and 7 to range
over them. Because all coercions with non-concrete residual kind (or type) would
eventually expand to a kind coercion over abstraction kind, we have to restrict the
use of non-concrete residuals, as implemented by the grammar in Figure 7. 4

4 Higher-order Generativity

So far, our language only allows the generation of ground types. Figure 9 gives the
main extensions to Full A&y, necessary to support higher-kinded type generativity.

The extensions to the syntax are straightforward: all occurrences of type names
are now annotated with a (concrete) kind. Accordingly, the respective typing rules
need to generalise the kinds assigned to these variables: instead of plain abstraction
kind A(7), they now have to assign higher-order abstraction kind A(T : k).

4.1 Higher-order Abstraction Kinds

Lifting abstraction kinds to higher order does not require any extension to the type
or kind language — Figure 10 shows how they are definable. The definition closely
4 It would be possible to encompass kind coercions at abstraction kind, but only for the price of making

them primitive. However, since abstraction kinds are “internal” and never show up in an encoding of module
signatures, the restriction is not substantial.

11
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Fig. 10. Higher-order abstraction kinds

mirrors that of higher-order singleton kinds [SHO6], with the only difference showing
up in the ¥ case: here, a single abstraction is split into two separate ones, one for
each component. Since the second component may refer to the first, it has to cross
the abstraction barrier of the first via a suitable kind coercion targetting a.

More concretely, higher-order abstraction kinds must be defined such that
higher-order generalisations of the rules from Figure 5 are admissible:

KABS* Lhr:k KQABS*F'_TET/:’% 'FR=r:0

FFA(r:k): O TFA(T:R)=A(r:/): D
KSABS-LEFT* I'b7:k KSABS*FFTET’:R T'e=r:0
F'FA(T:k)<k:0O TFA(T:R) <A(F:/):0

In particular, an abstraction kind must be a subkind of its index (KSABS-LEFT*).
Now consider k = A(7 : La:Q. So(a)—Q) with 7 = (int, \3:Sq(int).5). According
to the definition, it expands to Xa:A(int).I118:So(a). A(B) (modulo Bn-reduction
of constituent types). Clearly, this is a subkind of the original index, whereas
other obvious candidates for the expansion of A(7 : Ya:k1.R2) (such as Xa:A(7.1 :
R1).A(T.2 : Rg) or Ya:A(7.1: Rq1).A(T.2 : Ra[7.1/a])) would fail to produce one.

4.2 Reduction of Higher-kinded Type Coercions

One interesting consequence of the way we define higher-order abstraction kinds is
that we can keep the notion of value unchanged as well: abstract types can already
be denoted by arbitrary type expressions 7,, so that basic coercions subsume higher-
kinded abstractions. To see why, consider an abstract type stack : A(list : Q@ — Q).
This kind decomposes into ITa:Q.A(list ). Consequently, a stack of integers can be
formed as the value s = C;Eg‘cgﬁm list int 19> 2, 7] Tight away. Here, 7, = stack int is a
type path, not just a name, but yet has abstraction kind A(list int).

What we can not express with basic coercions is further abstracting the element
type of s with respect to date ~ int, as in C:;g‘;gf;t ervstack int(8) — this application
is ill-formed, because stack date has kind A(list date), not A(stack int). We need a
higher-order coercion Cjai‘ezfi‘j‘:k “(s) instead, where o appears in nested position.

The two additional reduction rules for coercions given in Figure 10 deal with
cases like this, where the residual type is an abstract path P[a]. For now, you
should read occurrences of path replacement P[7/« : k| in the rules as P[7].

The first rule treats the case where the head of the path is another abstract
type 3. It looks up f3’s representation 7’ on the heap, inserts an auxiliary coercion
to 7/, performs the actual coercion on the representation, and finally redoes the

coercion to 3. For example, C;’a‘;‘;%f:t”ka(s) will be split into three simpler coer-
12
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Pl /7_: K] — p[ngfj al
[OLHQ ] _ T[TJr/oz]
a R.Sal
[+/TQ ] = T[TJr/O[]
Pl = PG M ) where 7/ = T35 (7)
P[_.l][?—!ll}i;—zallkl-figT] — P[?_l:’;flT.l]
T /7 1
P[_‘2M$:7;—Za1:m-n27] — P[iz./;Tnz[q—. /aﬂTZ]
+ T /T

Fig. 11. Coercive path replacement

. +a’:Q—Q. o date [ p+a:Q. list o o' :Q—Q. o' int
cions, Cstack"*lzst (Cdatezint (Cst §k~hst (S)))7 and eventually become the

properly Staged Cstack daterlist date[ datewmt( ) C(—ii_a?;%-gzt(2)7Cz—l"_a%égﬁn(’?)]’

The second rule is more subtle. It applies whenever we coerce at a (non-
trivial) path P[a] headed by the placeholder variable itself, i.e. when we do a
coercion that is higher-order and higher-kinded at the same time. Intuitively,
the rule implements two simultaneous simplifications: (1) it splits the coercion
into two, first coercing the type arguments (occurrences of a in P) and then
the head of the residual type, and (2) it grounds the head coercion by lift-
ing path information from the residual type to the abstract type itself, yield-

ing a residual of ground kind Q. For example, C_° o). (e mt)([[?]]) will pro-

0 () list ) stack=list
+a:fl.a — 15t ( int . .
Cstack (stack int)~list (stack mt)( stack=zlist ([[7]]))’ where the inner coercion

treats the inner list, and the outer grounds the modified residual type by lifting
P[] = _(stack int) to the abstract type. With this rule, all coercions can ultimately
be brought into ground form, which is in contrast to previous work [Ros03,VWWO05].

duce

Once more, singletons create a complication: it is not generally correct to split
the coercion by simply replacing only the head of the path, even though we know
that 7, : K. What consists a valid split depends on the specifics of kind <. To see why,
consider kg = Xa1:Q.Ilag:So(a).Q and 7, : A(7_: kg). Under this kind assignment,
Pla] = .2 (a.1) is a valid residual type. However, forming P[7 | = 7 .2 (a.1) is not:
a.1 does not match the argument kind Sq(7 .1) of 7 .2!

To address this problem, the rules actually use coercive path replacement
P[r/a : k], which is defined in Figure 11. It coerces occurrences of a in P
where necessary, such that the resulting type remains well-formed. In the case
of Pla] = a.2(a.1) as before, P[r,/a : ks| = 7..2(7,.1). In fact, there is no way
to separate the two occurrences of . Consequently, a coercion C:.r Oifs o2 (. 1)( )

would not actually “split” the residual type, but ground it in one step with
+akg. 7 2(7_.1)

Fala (Cr ~r (v)) (leaving a redundant inner coercion that

7 .2(r DR 2(7 )N T
eventually vanishes). This is consistent with the fact that 7,.2 (7..1) : A(7_.2 (7_.1)).
Contrast this with a singleton-free variation of the example, using kind ko =
Yap:Q.I0ae:Q.Q. This results in P, /a : kq] = 7.2 (a.1), and thus the coercion

clpmalal(y) :aﬁ?%al)zT 2(r 1)(6221:01.2(&.1)(7)))7 where head
2 (r, )~ 27, -~

and argument are indeed handled separately. Here, 7,.2(7..1) : A(7..2(7,..1)). In
general, if 7, : A(7_: &), we have P[r, /o : k] : A(P[1_/a : R]), given a suitable P.

13
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5 Results

We now have all necessary ingredients to define a dynamically adequate notion of
a posteriori sealing as follows:

C+a:/%.7~—$>

e:>Ja:k.T = let{a,z) =einnew B:k = o ingg.z7 (G, N

with the admissible typing rule

ESEAL*

I'ke:3Jok.T
'k (e:> Ja:k.T) : k.7

Note how higher kinds allow uniformly generating just one type name for the whole
static part of the module, and then coercing the dynamic part appropriately with
a single higher-order coercion. Moreover, the definition of higher-order abstraction
kinds ensures that singleton components remain transparent. Applying this to our
complex number example lets us define the safe C’ from Figure 4 simply as follows:

C'" = C:> COMPLEX

where C is the original transparent definition from Figure 2.
The A¢,-calculus enjoys the usual soundness properties:

Lemma 5.1 (Preservation)
If Ate:7 and (Ase) — (A';€), then A'Fe @ 7.

Lemma 5.2 (Progress) If AtFe: 1, then either e = v, or (Aj;e) — (A';€).
More interestingly, type checking is decidable for Full Xg,:

Lemma 5.3 (Decidability) For each A\§, judgement there exists an algorithm
that is sound, complete and terminating.

All algorithms and proofs can be found in [Ros07]. The main difficulty is posed by
type equivalence with singleton kinds. Fortunately, we kept our type language close
enough to Stone & Harper [SHO6], so that only minor extensions to their algorithms
and proofs were required, mostly for dealing with the extended notion of base kinds.

6 Related and Future Work

Dynamic type generation for abstract types can be found in a number of previ-
ous works, including our own [Sew01,Ros03,LPSW03,VWW05,Dre07]. Likewise,
notions of higher-order coercion are a recurring scheme, as already mentioned in
Section 1. However, we are not aware of any previous work that investigates either
in the context of a type system such as ours, which includes both translucency and
type analysis or features dependent kinds.

In [Ros03] we first presented a calculus similar to Ag, , but without translucency.
Lacking the regularity of abstraction kinds as well, higher-kinded coercions could
not be reduced to a simple canonical form, requiring more ad-hoc rules.

14



ROSSBERG

Vytiniotis et al. [VWWO05] is the only other work that combines a (much richer)
type analysis construct with higher-kinded type generativity and higher-order co-
ercions, but without modelling translucency. Not having abstraction kinds, their

system syntactically distinguishes between basic and higher-order coercions: their
+a:(2—Q).aT

equivalent of CﬁzT (v) would ‘forget’ the residual type annotation and re-

duce to ngt (v), resulting in a lack of a principal type property. For example,

C;z o mt(3) could be assigned infinitely many incompatible types. It is not obvious
that type checking is decidable, considering higher-order cases like C;z A Qint (3)
that may ask for higher-order unification to infer a higher-kinded argument to f.

Crary [Cra00] presents a coercion calculus for eliminating subtyping and
bounded quantification. His language is equipped with intersection types, but does
not feature higher-order types or dependent kinds. That allows him to express
higher-order coercions by a separate coercion language, and have a simple proof
of erasability. Interestingly, Crary’s development requires defining a meta function
map that applies a pair of positive and negative coercions to all occurrences of a type
variable in a type. This roughly corresponds to a simple notion of kind coercion.
In another article [Cra07], Crary gives an elimination transformation for singleton
kinds. His definition of singleton expansion conincides with the degenerate case of
kind coercion where the placeholder o does not actually occur in the residual kind.

Grossman et al.’s abstraction brackets [GMZ00] are very similar to higher-order
coercions over ground types, but in a simply-typed system. Unlike coercions, nested
brackets are merged on reduction, dropping all intermediate type annotations. It is
not clear if that would leave sufficient information for decidable type checking in a
richer type system like ours, particularly with higher kinds and subtyping.

Dreyer employs explicit generativity to model type abstraction of recursive mod-
ules [Dre07]. For that purpose, he separates generation of type names (new alk in e)
from definition (set a:~7 in e). An effect system ensures linearity of the definitions.
He does not consider type analysis, and thus avoids the need for coercions by al-
lowing abstract type names to become transparent at run time.

Dreyer’s thesis [Dre05] describes a problem with the interplay between singleton
kinds and higher-order recursive types, where well-formedness of a recursive type
does not imply well-formedness of its unrolling. This is due to the same problem
that occurs in our setting in the reduction of higher-kinded coercions and led us to
introduce coercive path replacement. Dreyer’s solution is to syntactically restrict
the kinds on p-bound type variables, which is not a viable option in our case.

Crary et al. [CWMO02] show how type analysis can be translated into term-
level dispatch by introducing term representations of types. This translation can
be employed to selectively prevent the analysis of certain types, simply by not
introducing a representation for them. However, the choice cannot be made on a
level that is fine-grained enough for dynamic translucency. For example, if 3 is
the name of an abstract type, then inspection of int x G can only be prevented
altogether, whereas our system still allows inspecting the product, but not 3 itself.

Instead of type names, generative type tags [Gle99] can also ensure encapsulation
of abstract values. However, they do not enable regular typecase to translucently
match abstract types, and they do not easily support higher kinds.
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The most interesting question to address in future work is formally proving a
form of representation independence for our system. In [Ros07] we prove a rather
weak syntactic “Opacity” property, similar to Grossman et al.’s syntactic “Value
Abstraction” [GMZ00]. We would like to obtain stronger results by applying se-
mantic techniques like logical relations to this non-parametric setting.

Acknowledgement: 1 thank Derek Dreyer for helpful comments and suggestions.
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ROSSBERG

A Core \§, Summary

A.1 Syntax

base kinds K == Q| A(1)

kinds k= K | Sk(7) | Hek.k | Back.k
types Tui=al|T 7|7 XT|VukT | Sk

| \a:k.m | 77 | (T, 7) | T.1 | 7.2
x| Az:Te |ee | (ee) |let(z,x) =eine

terms e =
| Aazk.e | et | (1,€) | let{a,x) =ein; e
|newa ~ 7in; e | Clo,

environments I = .|, z:7 | T,k

heaps A= | AaAT)

configurations C ::= Aje

Higher-order Singletons

17
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A.2 Static Semantics

Environment Formation =0
NEMPTY
I'Hk:0O 'tE7r:Q
N - D r N T D r
TYPE . (o ¢ Dom(T")) TERM ForFO (x ¢ Dom(T"))
Kind Formation I'k:0O
KoMEGA rro KABs Fr7:@ KsiNag Lhr:K
r-Q:0 'FA(r): O I'FSk(r): D
Kot I'aki F Ky : O KSIGMA I'aki F Ky O
I'FIlaiky.ke - O ' Yaki.ke : O
Type Formation I't7:k
TVAR rro
I'-a:I'(a)
TARROWFl_Tl:Q 'm0 TTIMESFI—ﬁ:Q 'm0
F'Erm—m:Q F'E7m xm:Q
— Iaki Fr:Q TExIST ok Fm: Q
I'FVak).m: Q 'k da:ky.m: Q
TLAMBDA P, QiR1 H T2 . K9 TaApP 'k 71 - Ha:ﬁl./ig 'k T2 . K1
F")\QIRl.TQZHOﬁRl.KJQ F|—T1T22/£2[T2/a]
F'km:ikr ThEmikren/al Tk Xaky.kg : O
TPAIR
I'F (11, 7) : Baky ke
Trsr k7 Xaiki.ke TexD I'k7:XYaki.ke
F'eEr1:rk 'k 7.2: kalr.1/q]
T SING I'Fr: K
EXT-SING ———————————
'k 7:Sk(T)

k7 :lakikh Tk bE1a:ky TEIakykh: O
TEXT-PI

'k 7ok .ke

Pk7l:k TF72:k711/a)] TFXakike:O

TEXT-SIGMA
k71 Yak.ke

T'F7:x THr<K:O

TsuB
R

18
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Term Formation I'ke:r
Eva 'O
VAR —————————
'z :T(z)
ELAMBDA Tembe:n Eapp I'Feg:mm—m T'kFey:m
' Arime:m — 7 I'kFejey:m

F|—€1:T1 F"GQITQ
P|—<61,€2>:T1XT2

I'ter:mmxm xyim,xomber: T

EPRrO
PROJ [k let(xy,x0) =ejines : 7
EGEN NakkFe:T EINST I'kFe:Varkr Thkm:k
' A ak.e: Vack.T L'kem:7[me/d]
ECLOSEFI—T:R I'ke:n
Ik (1,e): k.1
I'te:dakmn T akzmbe:r T'E7T:Q
EoPEN -
Ik let{o,x) = ey inyeq: 7
FaA(m)kFe:n Thm:Q
ENEW -
I'Fnewa=Tiin, e: m
Tk A(r) L't A(r)
Eup EbpownN
PHEClan 2 — T I'EClnp i1 — T
I'tegr:mm TDaxmbey:m T'heg:T
EcAsE
I' - typecaseeq:m of x:m.e9 else, e3 : T
ESUBFI—e:T F'Fr<7:Q
'kFe:7
Configuration Formation re=C:r
CVALID I''Akre:7
I'tAse: 7

19



ROSSBERG

Kind Equivalence KQOMEGA reo 'k=+x:0
I'-Q=0:0
'Fr=7:Q 'r=7:K TFK=K':0O
KQAaBs KQsING

F'FA(r)=A(7): 0O 'k Sk(1) =Sk/(7) : O

'tri=r):0 T,k bFry=kh:0

K
Qrt I'F Mok ke = Hoek) .k 0 O
Fri=r):0 TakbFry=k,):0
KQsiacma
Qstam 't Yok .k = Bazk).kh : O
. l_ — /.
Type Equivalence TQUAR re=ogd tr=7":k
Fr'Fa=a:T(a)

Fr=7:Q Thrrn=1:Q

T

QARROW F'br—m=1—715:0Q
TQ SFI—ﬁET{:Q I'trn=1:0Q
TIME

FTFErxn=1x75:Q

TQUNIVFI—,«;EF;’:D NakkFr=1:Q
I' - Vak. T =Vok' .7 Q

TQExIST Fr=r:0 T,akbtr=7:Q
I'F 3k =3k’ 7 Q

Fri=r):0 TakbF7T7=7""kKe
TQLAMBDA

I'F Ak = Ak 7' Mok ke

F'br=7:Hakike ThEm=7hik

TQA
QApPP L7 =175 kolr2/a]
TQPAIRPl_TlET{:Rl F|_7'2E7'é/2l€?[7'1/04] I'FXYaki.kg 1 O
I <T177—2> = <7'1,7'2> L YK .K9
TQFST PEr=7":Sokk TQsND F'k7r=7": XK.k

FFrl=71:k FF12=17'.2:kol[r.1/q]

F'E7:Sg(r") T kF7:Sk(r")
TFr=r:Sx(")

TQEXT-SING

Nakmbra=ra:ky ThEr:lakkl, TE7 ok kY
TQEXT-PI

I'kF7r=7"":1ok .k

Ftrl=71:k Thk712=72:kK11/a] TFXaki.kg:O

TQEXT-SIGMA
TFr=7":Yak.Kko

TQSYMM Fr=7k TQTRANSFI—TET’:R 7 =+":x
T =7k rEr=+ r
'tr=7:x TI'Fr<kK:0O
TQsUB

T'tr=7":x«
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Kind Inclusion 'k<k:0O
KSoMEGA reo
T'EFQ<Q: O
KSABS I'tr=7:Q KSSINGFI—TET’:K IT'FK<K':O
F'FA(T) <A(r):0O I'FSk(r) < Sgi(7') : O
KSABS-LEFT Lhr:Q KSSINGLEFTF'_T:K TFK<K:O
] FFA(T)<Q:O i I'FSk(r) < K':0O
KSPIFI—R’l <k :0O T,aklibre<k,L:0 TFIakiky:O

I' b Ik ke < Hoek) .k : O

KSSICAA 'tk <k)p:0 T,k bre<rkh:0 TFIak).ck,:0
't Ya:k.ky < Tak).kh : O
Type Inclusion Fr<7:x
TS UIVP"TET/ZKJ
R <7':kK
F'Er<n:Q ThEn<:Q
TSARROW

'kt —n<1—1:0Q

b <7:Q ThEn<:Q
FErxm<tx7h:Q

TSTIMES

' <k:0 T,awb7<7:Q TI'FVakt:0

TS
UNIY I' -VakT < Vas'.7': Q

Fr<k/':0 TasbFr<7:Q TFIaw'7:Q

TS
BXIST I'F 3okt < 3’7 Q

Fr<t':xk THI<T: Kk

TSTRANS
TFr<7:k

A.3 Admissible Rules

Kind Formation I'kFk:0O
Ksma* I'kF71:k
'ES(r:k): 0O
Type Formation I'7:k
TEXT SING* M
Lk7:S(7: k)
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Kind Equivalence 'k=k:0

Fr=7:k TrFr=k:0

r
K k
QsING F'ES(r:k)=S(7":k): 0O

Type Equivalence F'r=7":x

Fr:S(r":k) Tk :S(H": k)
FEr=7":S(7": k)

TQEXT-SING*

P,a:lill—Tgtlig Fl—Tltlil

TQAPP-BETA*
Q I'F (Aaky.12) 11 = 1[n1/a] : kol /q]

TQLAMBDA—ETA* '+ T2 Ha:/il.lig

I'FAa:kima =1 lla:k.ko

I'tm: I'tmy: 'mn I'tmn:
TLm T2 TQSND-BETA* M T2 R

TQFST-BETA*
QF ToBET Ff— <’7’1,’7’2> 1—7’1 K1 FI_ <T1,T2>2—’7’2 K9

I'kF7: Yok ke

T _ *
QPAIR-ETA I'H(1.1,7.2) =7 : Yok .k

Kind Inclusion 'k<k:0
KSSING*FFTET’:R I'Fr<k:0O K SSING-LEPT™ 'Fr:k
I'ES(r:k)<S(r:K):0O i F'ES(r:k)<k:0O

A.4 Dynamic Semantics

Values and Contexts

values v == Aziee | (v,0) | Aazk.e | (1,0) | Cly, (v)
contexts £ := _ | Ee|vE | (E,e) | (v,E) |let(x,z) = Fine
| ET | (1, E) | let(or,x) = E'ine

| typecase E:7 of x:7.e else e

Reduction rules

(RaPP) E[(Az:T.e)v] — A; Ele[v/x]]

(RPROJ) Ellet(zq, z9)=(v1,v9) in €] — A; Elefvy /x1][va/x2]]

(RINST) El(Aa:k.e) 7] — A; Ele[r/al]

(ROPEN) Ellet{a, z)=(T,v) in €] — A; Ele[r/a][v/x]]

(RNEW) E[new art |nTr el — A, a:A(7); Ele]

(RCANCEL) ElC; -, (C} o , (0)] — A; Ev]

(Rcasel) [typecasev 71 of x:1o.e1 else; ea] = A; Elej[v/z]] if A1 <19: 0
(RCASE2) Eltypecase v:ty of z:19.e1 else, ea] — A; Eles] ifA T <1:Q
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w
B Full \,
B.1 Syntax
expressions e u=---|ef | (F,e) | newa:k &~ 7 in, e | CLURT | CIOFT

concrete kinds & 1= Q| Sq(7) | Ho:k.R | Bak.R
concrete types 7 =« | T — T | T X T | Vaek.T | Jw:R.T | \:R.T | 7T | (7, 7) | T.1| 7.2
heaps A= | AaA(T : k)
Kind Coercions To;f’;”
T e
a:k.So(T!
T =l
IR (7) = Aavihalr o) T ( (T o)) with &) = Rl T an fon]
TR EOURLRR (1) (TXR(7.1), T (.2)) with & = Ro[T (7.1) /o]
T /T T /T T /T a1
Higher-Order Abstraction Kinds A(r: k)
A(r:Q) == A(7)
A(7 : Sq(7")) := Sa(T)
A(7 : MRy .Re) = ok A(T o @ Rg) o
A(T : Bazky Ro) i= B A(T.1 2 Rp) A(T5™(1.2) « Re)
Sealing e:>T
e:>Jacky. T = let{a,z) = e ingqz, 7 NEW BiR1 & @ iN3a.z, 7 (ﬁ,C;;‘(fl'%zx)
B.2  Static Semantics
Term formation I'ke:7

F'tm:k TawA(m:R)Fe:mm ThEm:Q

ENEW’ — -
I'-newa:k ~ 11 ing, €:

JTyawkt-7:Q TRE7:k T'h7 AT :R)

Eup ——
T+ C{ij?f (T Ja] — Tl1./a]
FarbE7:Q Tk :k Thk71 :A(T:R)
EpownN’

[ C-%ET 71 Ja] — T[1,./a]

’T+ZT7
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B.8  Admissible Rules

Kind Formation I'kFk:0O

Type Formation I'7:k

Nakkbr:O0 TI'bt7:k T'kE7oik

TCOERCE* —— -
Ik ’Z’Ti/";f DR[T_Ja] — K[, /a]
Term Formation I'ke:r
Femars L€ T
I'te:>7:7
Kind Equivalence 'k=x:0
KQAS*FI—T:T’ kK Tkhr=fr:0
B
FFA(T:R)=A(r:F): 0O
Type Equivalence F'r=7":x
IT'Fr=x:0
Nakbi:O Iaw'Fr/ O
L&l /ol =/[r]/a]:0 T FER[T /ol =F[r/a]: 0O
Ftr.=7":k% 'Fr =71k
TQCOERCE* t —— -
T TorR = T5EF < &l /o]
+/ = +/ =

'br:R[r /o] TakbFR:O Th7.=7:kK
[ T¥R(r) =7 R[1_/a]

7—+/ T_

TQDROP*

'tr:R[r /o] T,akbFR:O Thk7:x Tk7:k

TQCANCEL* — — .
'+ ’Z;‘i‘/”frf(’l;i‘/’jf(ﬂ) =r71: k[ /q]
Kind Inclusion '-x<gk:0
KSApgH r=7:% T'FrE=F&:0 KSABS.LEFT* '7:k
FFA(T:R)<A(r:/): O i FFA(r:R)<k:O
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B.4 Dynamic Semantics

Values and Contexts

values Vo= e ‘ <7~',’U> ‘ C;;a,%ﬂ'a(?])

path contexts P ::= _| P17 | P.1| P.2

Reduction rules

(RNEW’)  A; E[new aziT ine] — A, a:A(7: k); Ele]

(RaRROW) CrE2T7R(v)  — Azimfr/al. CLED™ (v (CLEE ™))
(Rrives)  CRE7 ™ ™ (v) = let(zy,w2) = v in (CEE ™ a, C % )
£a:Q.Vp: o -
(Roxv)  Cres™™(w) = ABinlr/al. CEERT (0 (T2758))
B - T
where 7/ = T[(’Z;?}TZ“ )/ 5]
(Rexist)  CEETT0) — let(f,x) = vin (T0275,CEL0 )
where 7/ = T[(’Z;a/f'“ﬁ)/ﬁ]
"R Pld | B:R][T :gz Qi 113:5" ,—a':k .Pla’ | B:R|[7/
(Rswar)  CrZr V(o) gy e Bl 1051.13&/5. Pl Rl el
where 8 # o and A(B) = A(7' : &)
+a:k.Pla) +a:Q.a ta:k. P/ a:R]
(RGrOUND) Cr'xr’ (v) _)CP[T+/a:R}[Ti Jal~Plr iR, /a]CTﬁl )
where P # _
(RCANCEL) Ca‘;?a(Cj‘;ga ) — v
N

Notes: 1. Omitted surrounding A; F[] in reduction rules for coercions.
2. All RHS variables fresh.

Path Replacement

Plr./7: &) = P[50
—ﬁjﬁfﬂ = 71, /0]
a:k.So(T’!

_[T+/Tiﬂ( )T] - T[TJr Of]

P[_T/] [?_{:I};_Hal:%l.k%—] — P[?—zzkfz[—ru/aﬂTT//] where 7/ — 'Z;a/:f'kl (7'/)
LT /T )

P[_l] [a:n.2a1:n1-/i27_] — P[a:n.an 1]
7’+{7'7 o 7}{7': X

P[_Q][ng;fmzm.nzﬂ — P[iz./;fz[r. /aﬂT.Z]
+ T /T
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