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Abstract

Quest is a programming language based on impredicative type quantifiers and
subtyping within athree-level structure of kinds, types and type operators, and val ues.

The semantics of Quest is rather challenging. In particular, difficulties arise when we
try to model simultaneously features such as contravariant function spaces, record types,
subtyping, recursive types, and fixpoints.

In this paper we describe in detail the type inference rules for Quest, and we give
them meaning using a partial equivalence relation model of types. Subtyping is
interpreted as in previous work by Bruce and Longo, but the interpretation of some
aspects, namely subsumption, power kinds, and record subtyping, is novel. The latter is
based on a new encoding of record types.

We concentrate on modeling quantifiers and subtyping; recursion is the subject of
current work.
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1. Introduction

Type theory provides a general framework for studying many advanced programming
features including polymorphism, abstract types, modules, and inheritance. (See [Cardelli
Wegner 85] for a survey.) The Quest programming language [Cardelli 89] attempts to take
advantage of this general framework to integrate such programming constructs into a
flexible and consistent whole.

In this paper we focus on the Quest type system, by describing and modeling its most
interesting features. At the core of this system is a three-level structure of kinds, types
(and type operators), and values. Within this structure we accommodate impredicative
type quantifiers and subtyping. Universal type quantifiers can then be used to model type
operators, polymorphic functions, and ordinary higher-order functions. Existential type
guantifiers can model abstract types. Subtyping supports (multiple) inheritance, and in
combination with quantifiers results in bounded-polymorphic functions and partially
abstract types. Subtyping is realized in a uniform way throughout the system via a notion
of power kind, where P (A) isthe kind of all subtypes of A.

Formally, Quest is an extension of Girard's Fw [Girard 72] with additional kind
structure, subtyping structure, recursive types, and fixpoints at all types. Alternatively, it
is a higher-order extension of the calculus studied in [Curien Ghelli 90], which is the kernel
of the calculus in [Cardelli Wegner 85]. Recursion is necessary to model programming
activities adequately, and causes us to abandon the Curry-Howard isomorphism between
formulas and types.

New kinds and types can be easily integrated into the basic Quest system to model
various programming aspects. For example, basic types can be added to model primitive
values and their relations [Mitchell 84]; record and variant types can be introduced to model
object-oriented programming [Cardelli 88, Wand 89, Cardelli Mitchell 89, Cook Hill Canning 90];
and set types can be introduced to model relational data bases [Ohori 87]. In all these cases,
subtyping performs a magor role. Many of these additional type constructions can
however be encoded in avery small core system, which is the one we investigate in this
paper.

The type rules we consider are very powerful, but not particularly complex or
unintuitive from a programming perspective. This contrasts with the semantics of Quest,
which is rather challenging. In particular, difficulties arise when we try to model
simultaneously features such as contravariant function spaces, record types, subtyping,
recursive types, and fixpoints. In this paper we concentrate on modeling quantifiers and
subtyping; recursive types and values are an active subject of research [Amadio 89] [Abadi
Plotkin 90] [Freyd Mulry Rosolini Scott 90].

The model we present for such advanced constructions is particularly simple; the
basic concepts are built on top of elementary set and recursion theory. This model has
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been investigated recently within the context of Category Theory, in view of the
relevance of Kleene's realizability interpretation for Category Theory and Logic. Our
presentation applies and further develops, in plain terms and with no general categorical
notions, the work carried on in [Longo Moggi 88] and [Bruce Longo 89]. Our work is also
indebted to that by Amadio, Mitchell, Freyd, Rosolini, Scedrov, Luo and others (see
references).

The presentation of the forma semantics is divided into two parts, corresponding to
sections 4 and 5, where we discuss variants of the language with and without explicit
coercions. However, the underlying mathematical structure is the same and the
interpretations are strictly related.

We conclude this section with a few examples, both to introduce our notation and to
provide some motivation.

The polymorphic identity function below introduces the universal quantifier over
types (IM) along with A-abstraction over types (A (X::TYPE)) and type application, and the
function space operator (—) along with A-abstraction over values (A(x:X)) and value
application:

letid: M(X:: TYPE) (X—=X) =
A(X:TYPE) A(x:X) X

id(Int)(3) =3 : Int

Abstract types are obtained by existential quantification over types (%) [Mitchell Plotkin
85]. (Asiswell known, these existential quantifiers, with their associated primitives, can
be defined in terms of N and —. Similarly, cartesian product (%), can be defined from —.)
The following might be the type of a package providing an abstract type X, a constant of
type X, and an operation from X to Int:

S(X:TYPE) (X x (X—Int))

Bounded universal quantifiers allow us to write functions that are polymorphic with
respect to al the subtypes (<:) of agiven type. Thisis particularly useful for subtypes of
record types, which are generally meant to model object types in object-oriented
programming languages. Here {age:Int) is the type of records that contain a field age of
type Int, and (age=5, color=red) is a value of type {age:Int, color:Color), which is a
subtype of {age:Int). The following ageOf function computes the age of any member of a
subtype of age:Int).
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let ageOf : N(X<:{age:Int)) (X—Int) =
A(X<:fage:Int)) A(x:X) x.age

ageOf(fage:Int, color:Colord)((age=5, color=red)) = 5:Int

Bounded existential quantifiers are useful for representing types that are partially
abstract in the sense that they are known to be subtypes of a given type, but are not
completely specified:

s (X<:fage:Int)) ...

Bounded existential quantifiers also model types that are subtypes of abstract or partially
abstract types.

S (X<:fagesInt)) Z(Y<:X) ...

These last two features are present, in specific forms, in Modula-3 [Cardelli Donahue
Glassman Jordan Kalsow Nelson 88].

We refer to [Cardelli 89] for detailed programming examples that use the full power of
the system.

The paper is organized as follows. Section 2 describes the formal theory of Quest,
including its typing rules, and can be understood on its own. Sections 3, 4, and 5 are more
technical and are concerned with semantics. Section 3 provides background material on
partial equivalence relation (p.e.r.) models, and more specific material on subtyping.
Section 4 gives meaning to Quests (with explicit coercions), while section 5 gives
meaning to Quest (with implicit subsumption).

2. Quest rules

In this section we discuss the typing and reduction rules for Quest. We use K,L,M for
kinds; A,B,C for types and operators; a,b,c for values; X,Y,Z for type and operator
variables; and x,y,z for value variables. Wealso use T for the kind of al types, and P (B)
for the kind of subtypes of B. In general, we use capitalized names for kinds and types,
and lower-case names for values.
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2.1 Terms

The pre-terms are described by the following syntax. Only those pre-terms that are
validated by the rulesin the following subsections are legal terms.

K:=
P(A)
Mnex::K)L

A=
X
Top
n(x::K)B
A—B
A(X::K)B
B(A)
HX)A

a:.= Va

X

top

A(X::K)b

b(A)

A(X:A)b

b(a)

Ca 5@

H(X:A)a

The following abbreviations will

T = P(Top)

M(X)L = NX:T)L
nxB = NX:T)B
A(X)B = AMX:T)B
A(X)b = AMX:T)b

Kinds

the kind of all subtypes of atype
the kind of operators between kinds

Types and Operators

type and operator variables
the supertype of al types
polymorphic types
function spaces

operators

operator application
recursive types

ues

value variables

the distinguished value of type Top
polymorphic functions
polymorphic instantiation
functions

function application

coercions

recursive values

be used:

the kind of al types

NX<AL = MNX:P (A)L
NX<:A)B = M(X::P(A)B
AX<A)B = A(X:P(A)B
AX<Ab = AX:P(A)b

From the abbreviations above we can see that this calculus includes all the terms of Fw

[Girard 72] and Fun [Cardelli Wegner 85].
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2.2 Judgments
The formal rules are based on eight primitive judgment forms plus three derived ones,
listed below.

FEenv

EF K kind
EFA:K
EF A type
EFaA

EF K<::L
E+ A<B

EFK<::>L
E+ A<:>B::K

EFA<>B type

EF a<=sbA

E is an environment

K isakind (in an environment E)
type A haskind K

A isatype (abbr. for E- A:T)
value ahastype A

kind K is asubkind of kind L
type A is asubtype of type B (abbr. for E+ A::P (B))

K and L are equivalent kinds

A and B are equivalent types or operators of kind K

A and B are equivalent types (abbr. for EF- A<:>B::T)
aand b are equivaent values

A judgment like E I aA isinterpreted as defining a relation between environments,
value terms, and type terms. This relation is defined inductively by axioms and inference
rules, as described in the following sections. The rules are then summarized in section

2.9.

2.3 Environments and variables

An environment E is a finite sequence of type variables associated with kinds, and
value variables associated with types. We use dom(E) for the set of type and value
variables defined in an environment.
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Fgenv

[Var X]

[Env X] [Env ]

EFKkind X¢dom(E) EFAtype x¢dom(E)
FEX: K env FEXA env

[Var X]

FE' X:K,E" env FE' x:A,E" env

E'X:K,E"FX:: K E'xXAE'FX:A



2.4 Equivalence and inclusion
Equivalence of kinds (<::>) isthe least congruence relation over the syntax of kinds
that includes the following rule involving type equivalence:

[KEqP]
EF A<>A' type

EFP(A)<:>P (A)

Equivalence of types and operators (<:>) is the least congruence relation over the
syntax of types that includes 3 and n type conversions (shown later), and the following
rule for recursive types. Here Al X means that A must be contractive in X in order to
avoid non-well-founded recursions; see the definition in 2.9. The third rule below claims
that every contractive context C has a unigue fixpoint.

[TFH]
E, X:T FAtype AlX

E F u(X)A type

[TH]
EX:T FAtype AlX

EF u(X)A <> A{X<u(X)A} type

[TEq Contract]

EF A<:>C{X<A} type EF B<:>C{X<B} type CIX
EFA<>Btype

Inclusion of recursive typesis given by the following rule, working inductively from the
inclusion of the recursive variables to the inclusion of the recursive bodies:

[Tincl p]
EFu(X)Atype EFM(Y)Btype E Y:T,X<YFA<DB

EFu(X)A < u(Y)B

Equivalence of values (<=) is the least congruence relation over the syntax of values
that includes 3 and n value conversions (shown later), together with the following rule
for recursive values:
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[ul
EFu(x:A)b: A

EF pu(X:A)b <= b{x<—u(x:A)b} : A

The rules for recursive types and values will not be modeled in the later sections.
Nonetheless, we consider them an essential part of the language, and refer the reader to
[Amadio 89], [Abadi Plotkin 90], and [Freyd Mulry Rosolini Scott 90] for related and ongoing
work.

The following rules state that the property of having a kind (respectively atype) is
invariant under kind (respectively type) equivalence; that is, equivalent kinds and types
have the same extensions:

[KExt] (Kind Extension) [TExt] (Type Extension)
EFA:K EFK<:>L EFaA EFA<>Btype
EFA::L Era:B

The relations of type and kind inclusion are reflexive and transitive:

[KIncl Refl] [KIncl Trang)
EFK<:>L EFK<:L EFL<:M
EFK<:L EFK<:M
[TIncl Refl] [TIncl Trang]
EFA<>Btype EFA<B EFB<C
EFA<B EFA<C

We shall see shortly that the subtype relation is actually defined in terms of power kinds,
then all the rules written in terms of subtyping are interpreted as rules about power kinds.

2.5 Subsumption vs. coercion

The following rules reflect the set-theoretical intuitions behind the subtyping relation.
We present two aternatives. subsumption and coercion.

Subsumption formalizes a computationally natural way of looking at subtypes. When
viewing computations as type-free activities, any element of atype is directly an element
of its supertypes:
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[TSub] (Subsumption)
E-aA EFA<B

Era:B

A mathematical model of Quest with subsumption is given in part 5. That model is
the main semantic novelty of this paper.

Before that, in part 4, we consider a system without subsumption, called Questc. In
Questc, subsumption is replaced by a coercion rule, where a value of atype A must be
explicitly injected into a supertype B by a coercion function ca g. Invariance under type
inclusion will be true only modulo coercions in the most straightforward semantics given
in part 4.

[TSub] (Coercion)

EFaA EFA<B
Etcap(@: B

In the semantics of Quest; we obtain a single coercion function c: M(X::T) M(Y<:X)
Y —X; then ¢(B)(A) gives meaning to Cp g.
Coercions satisfy the following basic rules; more rules will be given later.

[VCoer Id/ Questc] [V Coer Comp / Questc]
EFaA EFaA EFA<B ERB<C
EF CA,A(a) < a:A EF CByc(CA,B(a)) <> CA,C(a) :C

The important intuition about coercions is that they involve little, if any,
computational work. Often they are introduced as identity functions with the only
purpose of "getting the types right". In compilation practice they are often removed
during code generation. Semantically, this will be understood in the model for Questc
below by observing that they are computed by (indexes of) the identity function. In
Quest, the subsumption rule above is a strong (or explicit) way of saying that coercions
have no computational relevance.

2.6 Power kinds

For each type A thereisakind P (A) of all subtypes of A. The kind P (Top) is then
the kind of all types, and is called T. Here are the formation and introduction rulesfor P ;
the subsumption/coercion rule serves as an elimination rule for P .
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[KFP] [TIncl Refl]
EF A type EF A type

EFP (A) kind EFA:P(A)

The subtype judgment E + A<:B is defined as an abbreviation for a judgment
involving power kinds:

EFA<B iff EFA:P(B)
The subkind judgment E - K<::L is primitive, but has very weak properties. It is

reflexive and transitive, it extends monotonically to P, and it extends to I viaa covariant
rule:

[KIncl P] [Kincl ]
EFA<A' EFKkind E, X:KFL<:L'
EFP(A)<:P(A) EFNX:K)L < MNX::K)L!

Note that the first rule above impliesP (A) <:: T.
Moreover, we have a subsumption rule on kinds:

[KSub] (Kind Subsumption)
EFA:K EFK<:L

EFA:L

Unlike type subsumption, kind subsumption is satisfied by both modelsin parts 4 and 5.

2.7 Operator kinds

The kind of type operatorsis normally written as K= L in Fw (operators from kind K
to kind L). In our system, as in the Theory of Constructions, we use a more general
construction M (X::K)L since X may actually occur in L within a power operator, for
examplein M(X::T) P (X).

Individual operators are written A(X::K)A with standard introduction, elimination,
and computation rules, shown later.

2.8 Thekind of types
Thekind of all types T contains the type Top, the types of polymorphic functions, the
types of ordinary functions, and the recursive types.
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The type Top is the maximal element in the subtype order:

[TF Top] [Tincl Top]
FEenv EF A type
EF Toptype EFA< Top

Hence the power of Top is the collection of al types and, as already mentioned, we can
define the kind of all types asfollows:

T = P(Top)

There is a canonical element of type Top, called top. Moreover, any value belonging
to Top is indistinguishable from top:

[VI Top] [VEQTop] (Top Collapse)
FEenv EFaTop EFb:Top
EFtop: Top EFa<b:Top

When using the subsumption rule, we obtain that every value has type Top, since Top
is the largest type. Moreover, every value is equivalent to top when seen as a member of
Top, and hence Cp 1op(a) <= Cg Top(b) for any aA and b:B. By this, when using the
coercion rule, there is a unique coercion Ca top(a) from A into Top. This rather peculiar
situation will be understood in the semantics by the meaning of <: and by the
interpretation of Top as the terminal object in the intended category. Top and its
properties will play acrucial rolein the coding of records.

The types of polymorphic functions are modeled by an impredicative general-product
construction, M(X::K)B. Although we do not show it here, from this product we can
derive "weak" general sums, which are used in the Quest language for modeling abstract
types.

The standard formation, introduction, elimination, and computation rules (shown in
section 2.9) are complemented by rules for subtyping and coercion:

[TIncl N]
ErFK'<:K E, X:K'F B<:B'
EFN(X:K)B <: M(X::K")B'
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[VCoer M]
EFb:N(X:K)B EFA:K EFNX:K)B < M(X:K)B'

EF (Cnx:k)Bnec:k)B(0)A) <= cgix—a} Bix<Aa}(B(A)) : B{X<A}

Ordinary higher-type functions are modeled by a function space construction (—). We
avoid first-order dependent types (IM(x:A)B, which generalize A—B) because in practice
they are hard to typecheck and compile. Again, most rules are standard, but we may want
to notice subtyping and coercion:

[TIncl =]

EFA<A EFB<HB
EFA—-B< A'-B

[VCoer —]

E-b:A-B EFra:A' EFA—-B< A—B
EF(ca-pa—p(b)(@ < cgpi(blca A(@): B

2.9 Formal system

In this section we summarize the formal systems for both Quest and Questc. Therules
of these systems are presented simultaneously as they largely coincide.

Rules are named, for example, [TExt/ Quest] (Type Extension) extra. Here Text is the proper name
of the rule. The notation / quest means that this rule applies only to Quest, while the
notation/ quest; applies only to Queste; otherwise the rule applies to both systems. This
rule is sometimes called Type Extension in the text. Finally, exra means that this rule is actually
derivable or admissible and is listed for symmetry with other rules or for emphasis (for
example, [KEqRefl] and [TEqRefl] are provable by simultaneous induction on the derivations).

The rules grouped as "computation" rules may be oriented in order to provide
reduction strategies.

A recursive type p(X)C is legal only if Ciscontractivein X, written Cl X [MacQueen
Plotkin Sethi 86]. A type C is contractive in a (free) type variable X if and only if C has one
of the following six forms: a type variable different from X; Top; M(X":K)C' with
X¢free-variables(K) and C'{ X; A—B; (A(X"::K)B)(A) with B{X'«<A} | X; or p(X)C
with C'{ X (aswell asC'{ X").

We are conservative about the contractiveness conditions on M (X"::K)C, and these
deserve further study. The condition X¢free-variables(K) prevents constructions such as
H(X)M(Y<:X)X—X, whose semantics is unclear. The condition C'{ X agrees with one of
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the semantics we give to I as a non-expansive intersection, although syntactically this
restriction seems unnecessary.

Judgments
F E env E is an environment
EF K kind K isakind (in an environment E)
EFA:K type A haskind K
EF A type A isatype (abbr. for EF- A:T)
EFaA valueahastype A
EFK<:L kind K isasubkind of kind L
EFA<B type A isasubtype of type B (abbr. for EF A::P (B))
EFK<:>L K and L are equivalent kinds

EFA<>B::K A and B are equivalent types or operators of kind K
EFA<>Btype A andB areequivalent types (abbr. for E+ A<:>B::T)
EFa<bA aand b are equivaent values

Environments

[Env ¢] [Env X] [Env X]

EFKkind Xg¢dom(E) EFAtype x¢dom(E)
F g env FEX:K env F E XA env

[Var X] [Var x]
FE' X:K,E" env FE' x:A,E" env

E'X:K,E"FX:: K E'xXAE'FX:A

Kind formation

[KFP] [KFM]
EF A type EFKkind E, X:KFLkind
EFP(A) kind EF M (X:K)L kind

Kind equivalence

[KEq Refl] extra [KEg Symm] [KEq Trang]
EF K kind EFK<:>L EFK<:>L EFL<:>M
EFK<:>K EFL<:>K EFK<:>M
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[KEqP] [KEqN]
EFA<>A'type EFK<:>K' E X:KEFL<:>L'

EFP(A)<:>P(A) EFN(X:K)L <> MN(X:K)L!

[KExt] (Kind Extension) extra

EFA:K EFK<:>L
EFA:L

Kind inclusion

[KIncl Refl] [KIncl Trang]
EFK<:>L EFK<:L EFL<:M
EFK<:L EFK<:M
[KIncl P] [KIncl M]
EFA<A' EFKkind E X:KFL<:L'
EFP(A)<:P(A) EFN(X:K)L <:: N(X:K)L'

[KSub] (Kind Subsumption)
EFA:K EFK<:L
EFA:L

Type and Operator formation

[TF Top] [TFu]
FE env E, X:T FAtype AlX
EF Toptype EF u(X)A type
[TFM] [TF—=]
EFKKkind E, X::K I Btype EFAtype EFI Btype
EFM(X::K)B type E+A—B type
[T ] [TEM]
EFKkind E,X:KFB:L EFB:MX:K)L EFA:K
EFAX:K)B :: M(X:K)L EFB(A) :: L{X<A}

Type and Operator equivalence

[TEq Refl] extra [TEq Symm] [TEqQ Trang|
EFA:K EFA<>B: K EFA<>B::K EFB<>C::
EFA<>A: K EFB<>A:K EFA<>C:K

Page 16



[TEq X] [TEq Top]

EFX:K FEenv
EFX<>X 1K EF Top<:>Toptype
[TEqM] [TEq -]
EFK<:>K"'" E, X::KF B<:>B'type EFA<>A'type EF B<:>B'type

EFM(X:K)B <:>M(X::K")B' type EFA—B<>A'-B'type
[TEqAbs] [TEq Appl]

EFK<:>K' E X:KFB<>B':L EFB<>B': M(X:K)L EFA<>A': K
EFA(X:K)B <:> A(X::K)B":: M(X:K)L EFB(A) <>B'(A") :: L{X<A}
[TEqH] [TEq Contract]

E, X:TFB<>B'type B,B'lX EF A<:>C{X<A} type EF B<:>C{X<B}type CIX
EF u(X)B <:> u(X)B' type EF A <>Btype
[TExt / Quest] (Type Extension) extra [TExt/ Questc] (Type Extension)
EFaA EFA<>Btype EFaA EFA<>Btype
EFa:B EFa:B
[Thn]

EFB: M(X:K)L Xg¢dom(E)
EF ACX:K)B(X)) <:>B :: M(X:K)L

Type and Operator computation

[Tng
EFAMX:K)B)(A) i L

EFACK:K)B)(A) <:>B{X<A} :: L

[TH

EX:T FAtype AlX
EF pu(X)A <> A{X<u(X)A} type

Typeinclusion

[TIncl Refl] [TIncl Trang]
EFA <>Btype EFA<B EFB<C
EFA<B EFA<C
[TIncl Top] [Tincl M] [Tincl =]
EF A type EFK'<:K E, X:K'FB<:B' EFA<A EFFB<B
EFA<: Top EF N(X:K)B <: M(X:K)B' EF-A—-B< A'—B'
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[Tincl p]

EFu(X)Atype EFM(Y)Btype E YIT,X<YFA<DB

EFu(X)A < u(Y)B

[TSub / Quest] (Subsumption)
E-aA EFA<B

Era:B

Value formation

[VI Top]
F E env

EFtop: Top

[vin
EFKkind E, X:KFDbB

[TSub / Questc] (Coercion)
E-aA EFA<B

Etcap(@:B

[VEM]
EFDb:MN(X::K)B EFA:K

EFAX:K)b: M(X::K)B

Vi—=]
EFAtype E,x:AFbB

El b(A) : B{X <A}

[VE -]
EFbA—=B EFaA

EFA(X:A)b: A—B

[VI ¢/ Questc]

EFA<B EFaA
Ercap(@:B

Vi
EFAtype E xAFDA

EFu(x:A)b: A

Value equivalence

[VEq Refl] extra
EFa:A

[VEq Symm]
EFa<b:A

EFb(a):B

[VEq Trang]

EFa<sb:A EFb<c:A

EFa<a: A

[VEqQSub / Quest] (Subsumption Eq)
EFa<sd:A EFA<B

EFa<d:B

[VEgX] [VEqtop]

EF XA

EFb<=a:A

EFa<cCc:A

[VEqSub / Questc] (Coercion Eq)
EFa<sa:A EFA<B EFA<>A'type EI B<:>B'type

FEenv

Etcap@<cap(d):B

[VEQTop] (Top Collapse)
EFa<sa:Top EFb<b:Top

EFEX< XA
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[VEq TAbs] [VEq TAppl]

EFK<>K' E X::KFb<Db:B EFb<b i M(X:K)B EFA<>A':K
EFAX:K)b <= A(X::K)b'": TT(X::K)B EFDb(A) < b'(A) : B{X<A}
[VEq Abs] [VEqQ Appl]
EFA<>A'type E,xAFb<Db':B EFb<b:A—-B Ela<a:A
EFAXA)D < A(X:A)D' : A—>B EFDb@ < b(@):B
[VEqu]

EFA<>A'type E,xXAFb<Db:A
EFpuXx:A)b <= p(x:Adb': A

[ n /7 Questc] [ n/ Questc]
EFb: MN(X:K)B Xg¢dom(E) EFb:A—=B x¢dom(E)
EF ACK:K)b(X)) <= b: M(X::K)B EFAMXA)D(X) <= b: A—B

Value coercion

[VCoer Id/ Questc] [V Coer Comp / Questc]
EFaA EFaA EFA<B EFB<C
El cA7A(a) = a:A EL CB,C(CA,B(a)) - cA,C(a) :C

[V Coer Top/ Questc] extra

EFa:A
EF ca Top(@ <= top: Top

[V Coer N / Questc]

EFb:M(X:K)B EFA:K' EFMX:K)B<: M(X:K")B'
EF (Cnx:k)B,nec:k)B(0)A) <= Caix—a} Bix<Aa} (B(A)) : B{ XA}

[V Coer — / Questc]
EFb:A—-B Era:A'" EFA-=B< A—B

EF(ca-Ba-B(D)(@ < cg g(b(ca' A() : B’
[VCoer p / Questd
EFa:u(X)A EFA:K EFuX)A < p(Y)B

EF Ccuooauy)B(@ <= Carx—pp)ay B{Y <puey) (@ 1 u(Y)B

Value computation

[np] [—=B]
EF (AX:K)b)(A) : B EF (A\(xA)b)@ : B

EF (A\(X:K)b)(A) <> b{X<A} : B EF (A\(x:A)b)(@) <> b{x<a} : B
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(M
EFu(x:A)b: A

EF pu(x:A)b <= b{x<—u(x:A)b} : A

2.10 Records and other encodings

Record types are one of the main motivations for studying type systems with
subtyping [Cardelli 88]. However, in this paper we do not need to model them directly (as
already done in [Bruce Longo 89]), since they can be syntactically encoded to a great extent.

More precisely, we show how to encode the record calculus of [Cardelli Wegner 85],
although we do not know yet how to encode the more powerful calculi of [wand 89] and
[Cardelli Mitchell 89]. Moreover, we show how to encode the functional update problem
discussed in [Cardelli Mitchell 89]; this problem cannot be represented in the calculus of
[Cardelli Wegner 85].

In this section we discuss these encodings, and then we feel free to ignore recordsin
the rest of the paper.

We start by encoding product types, in the usual way:

AxB = TI(C)(A—-B—C)—C
par : T1(A)N(B) A—-B—=AxB
= A(A) A(B) A(aA) A(b:B) A(C) A(f:A—=B—C) f(a)(b)
fst . M(A) N(B) AXB—A
= A(A) A(B) A(c:AxB) c(A)A(X:A)A(Y:B)x)
snd : T1(A)N(B) AxB—B

A(A) A(B) A(c:AxB) c(B)(A(x:A)A(y:B)y)

We often use a more compact notation:

ab = aaxgb = par(A)(B)(3@(b)
fst(c) = fstaxg(©) = fst(A)(B)(c)
snd(c) = sndaxp(C) = snd(A)(B)(c)

The expected rules for products are now derivable:

EFA<A" EFB<B
EFAxB < A'xB'
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EFP<AxB EFpP EFP<<AxB EFpP
E- fStAxB(p) CA E- SndAXB(p) ‘B

As afirst step toward records, we define extensible tuple types as iterated products
ending with Top, and extensible tuple values as iterated pairs ending with top. A similar
encoding appearsin [Fairbairn 89].

Tuple(Aq,...An) = AX(..x(ApxTop)..)

tuple(ay,...,an) ay,(....(an, top)..)

Hence:

EFa:A...EFa, A
E - tuple(ay,...,a,) : Tuple(Aq,....,Ap)

EFA;<By..EFA,<B,..EFAptype
E+ Tuple(Ay,...Ap...Ap) <: Tuple(By,....Bp)

For example: Tuple(A, B) <: Tuple(A) since A <: A, BxTop <: Top, and x is monotonic.

We now need to define tuple selectors (corresponding to product projections). This
would be a family sel;" of terms selecting the i-th components of a tuple of length n. In
fact, by using subtyping it is sufficient to define afamily sel; of terms for extracting the i-
th component of any tuple of sufficient length:

Sell . I'I(Al) AleOp—>A1
)\(Al) )\(t:AleOp) fStAleOp(t)

sel, 1 T1(Ao) TopxA,xTop—A,
A(Ao) A(t:TopxA,xTop)
fsta xTop(SNAropxa,xTop(t))

etc.
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We can also define tuple updators, that is, terms that replace the i-th component of a
tuple with a given value. The crucia point here is that these updators do not forget
information about the type of the components that are not affected by the update. To
achieve this effect, we must use knowledge of the encoding of tuples as pairs. Again, we
can define afamily upd; instead of afamily upd;".

upd; : T1(By M(By) M(A1) ByxBy—A1—>A1xBy
A(B1) A(By) A(Ap)
A(t:B1xBy) AM(&q:A7) @1,4,xB, SNdp, xB, (1)

updy 1 T1(By) M(Bp) M(By) M(A2) B1xBxBy—>Az—>B1xAxBy

A(B1) A(B2) A(By) A(A2)
A(t:B1xB,xBy) A(ap:A) Tst(t),(ap, snd(snd(t)))

etc.

These definitions solve the functional update problem [Cardelli Mitchell 89] for tuples.
This problem can be explained by the following example, where we update a field of a
tuple in such a way that the updating function works equally well on subtypes of the
stated tuple type.

We have a type of geometric points defined as Point = Tuple(Int,Int), where the
integers represent respectively the x and y components. Since these are tuples, a point can
have additional components, for example a color; then it is a member of ColorPoint =
Tuple(Int,Int,Color). We further assume that the subrange type 0..9 is a subtype of Int.

The problem consists in defining a function moveX that increments the x component
of a point, returning another Point. Moreover, when applied to a ColorPoint (with
adeguate type parameters) this function should return a ColorPoint, and not just a Point.

One might think that moveX has type N (A<:Point) A—A. This is not the case; we
show that the parameter type A must change appropriately from input to output.

Point = Tuple(Int,Int)
moveX @ T1(Bi<:Int) N(By<:Tuple(Int)) B;xBy—=IntxBy
= A(Bi<iInt) A(By<:Tuple(Int)) A(p:B1xBy)
upd; (B1)(By)(Int)(p)(sel 1(Int)(p)+1)

Obvioudy, we have:

p : Point = tuple(9,0)
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moveX(Int)(Tuple(lnt))(p) = tuple(10,0) : Point

However, note that in the following example the result does not, and must not, have type
Tuple(0..9,Int):

p : Tuple0..9,Int) <: Point = tuple(9,0)
moveX(0..9)(Tuple(int))(p) = tuple(10,0) : Point

We can aso verify that color is preserved:

p : Tupleg0.9,Int,Color) <: ColorPoint = tuple(9,0,red)
moveX(0..9)(Tuple(Int,Color))(p) = tuple(10,0,red) :  ColorPoint

Hence, we obtain a moveX function with the desired properties, but only by taking
advantage of the encoding of tuples as products. Note that in the input type of moveX,
Point is split into Int and Tuple(Int).

Now we turn to the encoding of records Rcd(l1:Aq, ... ,I4:Ap); these are unordered
product types with components indexed by distinct labels|;.

We fix a standard enumeration of labels |1, 12, ... . Then arecord type is the shortest
tuple type where the type component of label | ' is found in the tuple slot of index i, for
each i. The remaining slots are filled with Top. For example:

Red(13:C,11:A) = Tuple(A, Top, C)

Under this encoding, record types that differ only on the order of components are
equivaent, and we have the familiar:

EFA;<B;..EFA,<B,..EFAtype
EF Red(I:Aq,....lp Al miAm) <t Red(14:By,....10:Bp)

Record values are similarly encoded, for example:
red(I3=c, I1=a) = tuple(a, top, )

E|_a1:A1...E|_a.n:An
Etred(l1=ay,...,|5=a,) : Red(l1:A ... 1n:ApR)
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EFr:Recd(l1:A1,...,11:Ap) EFr:Rcd(l1:Aq,...li:A ..., 11:A) EFDB
EFrlt A EFrlj<b:Rcd(l{:Aq,...li:B,....I5:AR)

Here record selection r.l; is defined via sel;(r), and record update r.l;<—b is defined via
upd () (b).

Note that it is not possible to write a version of moveX for records solely by using the
derived operators above. The functional update problem can be solved only by using
knowledge of the encodings, as was done for tuples. In this respect (an encoding of) a
calculus like the one in [Cardelli Mitchell 89] is still to be preferred, since it can express the
moveX functions independently of encodings.

Under the encodings above, more programs are typable than we would normally
desire; thisisto be expected of any encoding strategy. The important point hereisthat the
familiar typing and computation rules are sound.

3. PER and w-Set

The rest of the paper describes the mathematical meaning of the Quest system
described in the previous section. The goal here is to guarantee the (relative) consistency
of Quest's type and equational theories. The model though is also meant to suggest
consistent extensions. This is one of the reasons for which we construct a specific (class
of) model(s), instead of suggesting general definitions. These may be obtained by slight
modifications of the work in [Bruce Longo 88] , or, even better, by following the categorical
approach in [Asperti Longo 91]. Indeed, in the latter case, the invention of a general
categorical meaning for subtyping and subkinds would be arelevant contribution.

In this part, we first try to give the structural (and partly informal) meaning of kinds,
types, and terms, as well as their crucial properties. The reader will find the properties
formally described in part 2 reflected over sets and functions, and should grasp the
essence of the trangdlation. Part 4 develops further the details of the interpretation of
Quest, that the experienced reader could give by himself, at that point. Part 5 describes
Quest with the subsumption rule, instead of with coercions.

Because of the presence of type operators, the structure of kindsis at least asrich as
the type-structure of typed A-calculus. Thus, kinds need to be interpreted as objects of a
Cartesian Closed Category, CCC. The category we will be using is w-Set below. Its
objects must, of course, include the kind of types, which in turn must be structured as a
CCC.
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In a sense, we need a frame (or global) category, inside which we may view the
category of types as an object. More precisely, we need a frame category and an internal
category, but we will not go into this here, except in remark 3.1.5. The general approach
by internal categories was suggested by Moggi and has been developed by several
authors; see 3.1.5 for references.

The specific structures used here, that is w-Set and PER below, are described in
[Longo Moggi 88], where their main categorical properties are also given. The approach in
[Longo Moggi 88] is elementary: indeed, these categories may be seen as subcategories of
Hyland's Effective Topos (see [Hyland 82 and 87] for the topos theoretic approach). The
idea of interpreting subtypes as subrelations is borrowed from [Bruce Longo 89], where the
semantics of Quest's progenitor system, Bounded Fun (with coercions), wasfirst given.

3.1 Semantics of kindsand types

The key idea in the underlying mathematical construction is to use a set-theoretic
approach where the addition of some effectiveness prevents the difficulties discussed in
[Reynolds 84]. In this regard, the blend of set-theoretic intuition and elementary
computability provides a simple but robust guideline for the interpretation of
programming constructs.

The construction is based on Kleene's applicative structure (w, -), where w is the set
of natural numbers, together with a standard godelization ¢, of the computable functions
in w—w, and where . is the operator such that n.m = ¢,(m). However, the same
mathematical construction works for any (possibly partial) combinatory algebra, in
particular on any model of type-free A-calculus. We prefer, in this part, Kleene's (w, -) in
view of everybody's familiarity with elementary recursion theory. In part 5, though, we
will base our construction on models of the type-free A-calculus.

Definition 3.1.1

The category w-Set has:
objects: [A, A0 w-Set iff

Aisasetand I-p O wxA isarelation, such that HadA. [h. nlka a
morphisms: f 0 w-Set[A,B] iff

f:A—=B and (h.nlFp_pgf,

where nlFa_.gf < OadA.0Op.plkaa = nplkgf(a O

Thus, each morphism in w-Set is "computable” in the sense that it is described by a

partial recursive function that is total on {p | p -5 &}, for each adA. If p I- a (we may
omit the subscripts), we say that p realizes a (or p computes a).
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We next define the category of types. When A is a symmetric and transitive relation
on w, we set:

nAm iff nisrelatedtomby A,

dom(A)={n|nAn},

n"p ={m|mA n} the equivalence class of n with respect to A,
Q(A) ={'n'a |nOdom(A)} the quotient set of A.

Definition 3.1.2

The category PER (of Partial Equivalence Relations) has
objects: AOPER iff

A isasymmetric and transitive relation on w,
morphisms: fOPER[A,B] iff

f: QA) = Q(B) and [h. Op. (pAp = f(p'a) =n-p') O

PER is a category where the identity map, in each type, is computed by (at least) any
index of the identity function on .

The category PER can be fully and faithfully embedded into w-Set. In fact, for every
partial equivalence relation (p.e.r.) A, define the w-set In(A) = [Q(A), OaLl where Q(A)
are the equivalence classes of A as subsets of w, and Op is the usual membership relation
restricted to wxQ(A). Clearly, Op defines arealizability relation in the sense of 3.1.1 and
the functor In isfull and faithful. Note that 0, is asingle-valued relation, as equivalence
classes are digoint subsets of w.

The following simple fact may help in identifying which are the maps in PER, by
viewing them also as morphisms in w-Set. (The reader should practice going from one
category to the other; the next proposition is just an exercise with this purpose.)

Proposition 3.1.3

Let f 0 PER[A,C], then

PpFascf(inw-Set) < Or.(rAr = prc=1(Tp))

Pr oof

plFa~cf = UaoQ(A). Url-p a p-ri-¢ f(a)

< Or.rAr = prof(ry),
since I- coincides with O (with respect to an equivalence class).
Hence we must show:

Or.(rAr = prof(ry) < O (CAr = prc=f(Ta)).
Case <) Obvious, sincep-r 0p-r'c
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Case =) Suppose p-r'c # f(r'p), then'p-r'ic n f('r'a) = @ since Q(C) is a quotient, but
p-r 0'p-r'c, and by hypothesisp-r 0 f(r'a). Contradiction. [

What is relevant for us, though, is that PER may be viewed also as an object of w-
Set; thisinterpretsthe fact that T isakind. The point isthat the objects of PER form a set
and every set may be viewed as an w-set:

Definition 3.1.4

Let A: Set — w-Set be given by A(S) =[S, IFdJwherelFg = wxS, that is, On Osnl-g s
(the full relation). The function A is extended to a functor by setting A(f) = f, the identity
on morphism. [

In particular, set M , = A(PER) O w-Set, the w-set of types.

Remark 3.1.5 (For readers with some experience in Category Theory.)

w-Set was equivalently defined in [Hyland 82] as the "~~separated objects’ in his
Effective Topos, Eff. The category w-Set has all finite limits and is alocally CCC (see
below for the cartesian closure). The embedding A above preserves exponents and limits.
Moreover, one may embed w-Set into Eff by a functor which preserves limits and the
ICCC structure.

By this, the present approach appliesin a simple set-theoretic framework the resultsin
[Hyland 87], [Pitts 87], [Hyland Pitts 87], [Carboni Freyd Scedrov 87], and [Bainbridge Freyd Scedrov
Scott 87]. The general treatment of models, as internal categories of categories with finite
limits, which was suggested by Moggi, is given in [Asperti Martini 89] and [Asperti Longo 90].
The elegant presentation in [Meseguer 88] compares various approaches. We use here the
fact that w-Set is closed under productsindexed over itself and, in particular, we use the
completeness of PER as an internal category. The categorical products are exactly those
naively defined below (to within isomorphism). Both the explicit definition of PER as an
internal category and the required (internal) adjunctions are given in detail in [Longo Moggi
88], which iswritten al'so for non category-theorists. (See also [Asperti Longo 90].) [

The reason for the next definitions is that we need to be able to give meaning, over
these structures, to kinds and types constructed as products, as expressed in rules [kr nj
and [Trn] in section 2.9. We take care of this point first, since it deals with the crucial
aspect of impredicativity in Quest. A first idea is to try to understand those rather
complex kinds and types as indexed products, in the naive sense of set theory. Namely,
given aset A and afunction G: A — Set, define as usual:

Xa0aG(@ = {f |f: A = UanaG(a) and f(a) 0 G(a)}.
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This product wouldn't work, but the following simple restriction to realizable maps f, will
work.

Definition 3.1.6
Let [A, IFA[10 w-Set and G: A — w-Set. Define the w-set M ;A G(a), IFn glby
1) fOMnaG@E) iff fOX;paG(a) and [h. DanA. Oplka a n-pl-geg) f(2),
2) nikpgf iff DadA. Opl-p a nplbg f(a) O

When the range of G isrestricted to PER we obtain a product in PER:

Definition 3.1.7
Let [A, IFp[10 w-Set and G: A — PER. Let N j7aG(8)per O PER be defined by
N (MNanaG@per) M iff DadA. Op,gl-a a n-p G(a m-q O

A crucial property of w-Set is that the products defined in 3.1.6 and 3.1.7 are
isomorphic for G: A — PER.

Theorem 3.1.8 ([Bruce Longo 89])

Let [A, IFA[10 w-Set and G: A — PER. Then

[I]'IaDAIn(G(a)), ”_l_lGD O In(I'IaDAG(a)pER) in w-Set.

Proof

Let I-q be defined asin 3.1.6. We first prove that I-r g is a single-valued relation.
Assumethat nlFng f On kg h. We show that ClaDA. f(a) = h(a) and thus, that f = h. By
definition UalA. Op l-p a n-pl-g) f(8) On-pl-g(g) h(a), and thus f(a) = h(a) since, for
al a, the relation IG5 is single valued (and any ain A is realized by some natural
number).

The isomorphism is given by J(f) = {n | n lFng f}; thus the range of Jis a collection
of digoint setsin w (equivalence classes). The isomorphism Jand itsinverse are realized
by the (indices for the) identity function. [

The existence in PER of "products" indexed over arbitrary w-setsis a very relevant fact.
The point is to show that these object are real products, in a precise categorical sense; this
is hinted in remark 3.15. What we can do here, in our elementary approach, isto use the
ideain definition 3.1.7, in order to construct exponents as particular cases of products.

Corollary 3.1.9
w-Set and PER are CCC's. Moreover, the embedding In: PER — w-Set is full,
faithful and preserves the structure of CCC.
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Proof

Observethat if G: A — w-Set isaconstant function, G(a) = B, IFg[for al adA, say,
then M, oA G(d), FgO= BA, I-a_.gLs the exponent representing w-Set[A,B] in w-Set.
Clearly, inthat case, nlFa_.g f iff a0A. Opl-5 @ n-pl-g f(a). Products are defined by
using any bijective pairing functions from wxw to w. Any singleton set S gives aterminal
object A(S). Eval and the currying operation A are defined as in Set and are realized by
(the indexes of) the universal function and the function s of the ssm-n theorem. (The
reader may check this as an exercise or see [Asperti Longo 90] for details.)

The same argument applies to PER by taking, for AODPER, G: A — PER constant in
3.1.8. (Just recall that PER may be viewed as the w-set M ; = A(PER) and set [A, I-5[F
M.) Or also, by embedding PER in w-Set by In, the corresponding w-sets give
exponents, products, and terminal objects (up to isomorphisms), as In trivially satisfies
the properties stated. [

To clarify the construction, let's look more closely to exponent objectsin PER. Take
say A—B, that is, the representative of PER[A,B]. Then by definition each map
fOPER[A,B] is uniquely associated with the equivalence class of its realizers, 'p'a_.g O
A—B, say, inthe sense of 3.1.3.

It should be clear that the notion of realizer, or "type-free computation” computing the
typed function, is made possible by the underlying type-free universe, (w,-). As we will
discuss later, this gives mathematical meaning to the intended type-free computations of a
typed program after compilation. As for now, this feature of the realizability model
suggests a distinction between isomorphism in our categories, which does not need to
make sense in other frames (and is relevant for the intuition on which our mathematical
understanding is based):

Definition 3.1.10
Anisomorphismf: A OB inw-Set isidentical (or isanidentical isomorphism) if both
f and itsinverse f-1 are realized by the indices of the identity function. O

It is easy to rephrase this notion for objects in PER. Note though that A OB in PER
viaan identical isomorphismiff A =B (that is, A and B are equal).
In w-Set, though, the isomorphismin 3.1.8 isidentical (but it is not an identity).

Proposition 3.1.11
In: PER — -Set preserves products and exponents to within identical isomorphism.
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Proof
Exercise. (The category oriented reader may check these preservation properties also
for equalizers, limits... and observe that they are generally not on the nose.) [

In summary, our types may be essentially viewed as kinds, by a very natural (and
strong) embedding. We applied this embedding in theorem 3.1.8, and gave there a unified
understanding of various products and arrows in the syntax. However, theorem 3.1.8
really leads to much more than the cartesian closure of PER, which is shown in corollary
3.1.9. In plain terms, 3.1.8 is the crucial step towards the meaning of the second-order
(polymorphic) types, namely of the types obtained by indexing a collection of types over
akind, possibly over the collection of al types (an impredicative construction).

3.2 Inclusion and power kinds
The purpose of this section is to set the basis for the semantics of the subkind and
subtype relations in Quest.

Definition 3.2.1 (subkinds)
Let [A, IFALB, IFgJ w-Set. Define:
A, IFAE B, IFgO iff A OB andOalJA.On. (nl-p a = niFga) O

Theideain this definition is that kinds may be related by the < relation in w-Set only
when they are actually subsets and when the realizability relation is defined in accordance
with this. Thus there is no need of coercions (equivalently, coercions are just identity
functions). Hence, the subsumption rule [ksub) for kinds is realized. Subtyping will be
interpreted in PER in a more subtle way, which allows a closer ook at the computational
properties of the types of programs.

Definition 3.2.2 (subtypes)
Let A, B [0 PER. Define:
A<B iff Onm. (nAm = nBm) O

Both < relations in w-Set and PER are reflexive and transitive. They are even
antisymmetric, because for [A, =50 B, IFg0O w-Set we have [A, IFp0= B, Fg[ <=
A, IFAO< B, FgOO B, IFgl< A, IFpSimilarly, for CDOPER wehave C=D <«
Cs<D0OD<C.

The semantic notion of subtype we are using here is the one defined in [Bruce Longo
89]. However, we differ from that approach for subkinds, in order to model the strong
relation we formalized in the syntax of Quest.

Page 30



Clearly "<" is a partial order which turns the objects of PER into an algebraic
complete lattice. When A and B arein PER and A < B, then there is a coercer cp g from
A to B. It is defined by the map cp g: Q(A) — Q(B) such that cp g(n'a) ='n'g, whichis
computed by any index of the identity function. By definition, ca g is uniquely
determined by A and B. (We may omit the subscripts, if there is no ambiguity.)

Intuitively, given n such that nAn, the coercion cp g takes its A-equivalence class,
n'p, to its (possibly larger) B-equivalence class, ‘'n'g. This is why cp g, the coercion
morphism, is computed by all the indices of the identity function. Note that in general
n'p issmaller than 'n'g; they coincide just when Q(A) [ Q(B), a special case of A < B.
Note also that for A,BOPER, if In(A) < In(B) regarded as w-sets, then A < B. The
reverse implication holds only when Q(A) O Q(B). The result is that, here, < is used
with a glightly different meaning in the two categories, in contrast to the approach in
[Bruce Longo 89]. The advantage is given by the construction of a model of the current rich
kind and type theory.

The power operation is expressed in terms of quasi-functors, a weak notion of
categorical transformation between categories, widely used in several settings. (See
[Martini 88] for recent applications to the semantics of the A-calculus.) This interpretation
is due to the blend of set-theoretical and categorical intuition at the base of the current
model of subtyping in a higher-order language. Quasi-functors take morphisms to sets of
morphisms which behave consistently with respect to application (see below), and are
such that the image of each identity map contains the identity in the target category.

Definition 3.2.3
The power quasi-functor P : PER — w-Set is given by:
onobjects: PA = {BOPER |B< A}, IFJwhere OB < A [nn |+ B;
on morphisms: for f: A—=C and p I f, define P y(f): P A—=P C pointwise by
mP ,(f)(B)n iff [m',n. m'Bn" and m=pm" and n=pn’
SetthenP (f) ={P x(f) [pI-f}. O

For each f: A=Cand p - f, one has P y(f) U c>-Set [P A,P C] since w-Set[P A,P C] =
Set[P AP C] in view of the full realizability relation given to the w-set P C. (More
generally, each set-theoretic function which has as its target an object in the range of A:
Set — w-Set isrealizable by al indices.)

It isaso easy to observethat P (fog) O P (f)oP (g) and id 0 P (id) for f, g, and id in the
due types. This provesthat P isaquasi-functor.
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We claim that the interpretation of subtyping we are using, faithfully corresponds to
the intuitive semantics of subtyping (or is"compelling”, as suggested in [Mitchell 88] with
reference to [Bruce Longo 89]).

Note first that the coercion ca g in general is not amono (or injective map) in PER. It
happens to be so only when Q(A) [0 Q(B), that is, when one aso hasIn(A) < In(B), as w-
sets. Indeed, the topos theoretic notion of subobject as mono from A to B, given by Q(A)
[0 Q(B), would not be able to give us the antimonotonicity of "—" in the first argument,
and thus the ssimple but important theorems 3.4.1 and 3.4.2.

Moreover, in categories (and toposes) one usually works "to within isomorphisms”,
while the programming understanding of subtypes and inheritance is surely not "to within
isomorphism". At most, the programming understanding is "to within identical
isomorphisms’, as a general isomorphism may be a very complicated program and is not
likely to be computationally irrelevant.

In conclusion, we want a mathematical semantics which reflects the intuition of the
programmer, who views a subtype almost as a subset, but not exactly, as some coercion
may be allowed. Our model suggests what sort of coercions may be generally natural:
they must be computed by the type-free identical maps and preserved by identical
isomorphisms.

This interpretation explains why coercions may disappear in the description of the
programming language and why they do not show up at compile time, even though they
do not need to be exactly the identity. In our understanding, the compilation of a typed
program into its type-free version corresponds to the passage from a morphism in the
category of types or kinds, PER or w-Set, to its type-free realizers. Type coercions, in
particular, are realized by identical computations.

Because of this interplay between sets, computations, and categories, the present
approach to subtypes is halfway between the set-theoretic notion of subset and the
category (or topos) theoretic subobjects. We claim that this is a suitable mathematical
understanding of the programmer's attitude.

We interpret now the formal equivalence of kinds and types as the equality in the
model. It is then easy to prove that the relations < in 3.2.1-3.2.2, and the quasi-functor P
in 3.2.3, satisfy the applicable properties listed under "Kind inclusion” and "Type
inclusion”, in section 2.9. We are then left with justifying subsumption and coercion,
described in section 2.5. We have aready discussed the meaning of coercions; these ideas
will lead to the formal interpretation of Quest in part 4. Subsumption and Quest will be
dealt with in part 5. As already mentioned, recursive types and functions are not
considered.
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3.3 Operator kinds

The formation, introduction, and elimination rules for operators ({xr nj, (11 N}, and [TE
n]) are easily taken care of. Definition 3.1.6 tells us that we can form a kind, the w-set
Ma1aG(a), IFq gLl out of any kind (w-set) [A, IFCand any function G: A — w-Set [kFn).
By definition, the elements of N5 G(a), IFnglare the (computable) functions f such
that, when fed with alJA give as output elements f(a) of G(a). Thisis exactly what rules
rmin) and te ) formalize.

Rule [T n g is understood in the model by the behavior of a A-term as a function.
Indeed, [T n n) stresses that in any model, functions are interpreted extensionally.

3.4 Thekind of types

The lattice PER has w = (w, wXxw) as largest element, that is, w with the full relation.
Clearly, w contains just one equivalence class, w. Thus w gives meaning to Top, and wto
top. Moreover, the w-set of all p.er.'sisgiven by M, =P (w).

Rule [tF m] here is given meaning by definition 3.1.7. The interpretation is apparently
very simple, but there is a crucial asymmetry with respect to [kr n]. Rule [kF n] has the
structure:

kind  kind
kind
Rule trny, instead, looks like:
kind type
type
In particular, the kind on the left may be T, the kind of types.

This schema is the crucial type construction in explicit polymorphism. It is
impredicative in that, in order to know what types are, one must already know their entire
collection, T . ([Feferman 87, 88] and [Longo 88] provide further discussions.) This peculiar
type construction is reflected in the related rules.

In (vi n] one allows the formation of terms where abstraction is not done with respect
to variables ranging over atype, asin the first-order case. Instead, they range over akind
(possibly T, again). By this, it makes sense by rule [ve ] to apply aterm to an element of
akind (possibly atype, and even the type of that very term). Thisis the dimensional clash
which is hard to justify mathematically, and is a central difficulty in the semantics of
polymorphism.

Theorem 3.1.8 relates (xF n) and [tF mp by telling us that they are interpreted by the
same construction, in the universe of w-sets. This gives mathematical unity and clarity of
meaning. In particular, it says that the interpretations of terms constructed by [vi nj are
going to be computable functions which may be fed with elements of an w-set and which

Page 33



then output a term of the expected type, as required by [ve nj and as modeled in the
structure by definition 3.1.6.
Rule [tinc Ny is validated by the following theorem.

Theorem 3.4.1

Let (A, IFAQAY, IFA' 0O wSet and G: A — PER, G: A" — PER. Assume A'<A in
w-Set and that Ja'JA', G(a) < G'(a), in PER. Then:

I'IaDAG(a) < I'Ia-DA-G'(a'), in PER.

Proof

Recall that n (MyaG@pPER) M iff DalA. Op,gl-a a n-p G(a) m-q . Then
HalJA". Op,g -5’ a n-p G(a) m-g. Since n-p G(a) m-q implies n-p G'(a) m-qg, we are
done.

With reference to the discussion on rules [kr n] and [Tr nj above, atype formation rule

for products with the structure:
type  type
type

would be a first-order rule and may be soundly interpreted over PER [Ehrhard 88].
Quest(c) has nothing of this structure for products, as it complicates typechecking and
compilation. An implicit use of it is the formal description and the semantics of records
given in [Bruce Longo 89]. In the current paper we could avoid any reference to first-order
constructs by coding record types in the second-order language (section 2.10). More on
their interpretation will be given in section 3.5.

As for ordinary higher type functions, the interpretation of their rules, by corollary
3.1.9, is given as a specia case of the meaning of the rules above, except for [Tind -1,
since in this specific model types happen to be kinds (by the embedding In). The arrow
types are just degenerated products (that is, products defined by a constant function, asin
3.1.9).

As an exercise, let's see what happens to the exponents in PER and their elements
(the equivalence classes). This may be done by a little theorem, which proves the validity
of rule [Tind -] in section 2.8.

Proposition 3.4.2

Let A, A',B, BOPER be such that A' < A and B < B'. Then A—=B <A'—B'. In
particular, for n (A—=B) n, n'p_.g O N'p'p’
Pr oof

n(A-B)m <« 0Opg. (pAg= npBm.q)
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= 0p,a.(pA'q = n-pB'm.q),
aspA'qg= pAg= npBmq= npB'mq
< n(A'—=B)m
Therest is obvious. [J

Proposition 3.4.2 gives the antimonotonicity of — in itsfirst argument, as formalized
in the rules of Quest [Tind -], and required by inheritance. Moreover, and more related to
the specific nature of this interpretation of —, proposition 3.4.2 reveals a nice interplay
between the extensional meaning of programs and the intensional nature of the
underlying structure.

Indeed, typed programs are interpreted as extensional functions in their types, as we
identify each morphism in PER with the equivalence class of its realizers. That is, if n
IFa_p f, then 'N'a_g O A—B represents fOPER[A,B] in the exponent object A—B.
Assume for example that M: A—B isinterpreted by fOPER[A,B]. (For the moment we
will call A both a type and that type's interpretation as a p.e.r.; see part 4 where the
interpretation of terms and types is given.) In the assumption of the proposition,
fOPER[A,B] and c(f)DPER[A',B'] are distinct elements, and live in different function
spaces. The element c(f) is uniquely obtained by the coercion ¢, which gives meaning to
adjusting the types in M in order to obtain a program in A' — B'. Also, when viewed as
equivalence classes of realizers, f and c(f) are different sets of numbers.

However, the intended meaning of inheritance is that one should be able to run any
program in A—B on terms of type A' also, asA'isincluded in A. Whennl-5_.g f, thisis
exactly what 'n'a_.g U 'n'p'_.g' €xpresses: any computation which realizes f in the
underlying type-free universe actually computes c(f) also. Of course, there may be more
programs for c(f), in particular if A'is strictly smaller than A. Thus, even though f and
c(f) are distinct maps (at least because they have different types) and interpret different
programs, their type-free computations are related by a meaningful inclusion, namely
Ma-p U Na—p inthismodel.

This elegant interplay between the extensional collapse, which is the key step in the
hereditary construction of the types as partial equivalence relations, and the intensional
nature of computations is afundamental feature of the realizability models.

3.5 Records

Formally, there is nothing to be said about the semantics of records, as they are a
derived notion. However, we mention one crucial merit of the coding proposed and its
meaning.

Record types should not be understood simply as cartesian products. The main reason
is that the meaning of a record type R' with more fields than a record type R (but where
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al thefieldsin R arein R’) should be smaller than the meaning of R. Indeed, R' contains
fewer record relizers. This situation was obtained, say, in the PER interpretation of [Bruce
Longo 89] by understanding record types as indexed, first-order products. That is, if | isa
(finite) set of (semantic) labels, then M A; would interpret a record whose fields are
interpreted by the A; 's. By theorem 3.4.1, ;A gives the required contravariance in the
meaning of records.

In the present approach, we can use the expressive power of Quest as a higher-order
language with a Top type, and model records with little effort. Record types are coded as
ordered tuples. Top is the last factor of the product and replaces missing fields (with
respect to the order), and by doing so it guarantees contravariance. This intuition is
precisely reflected in the model, by interpreting Top as the largest p.e.r.. Thus, any
extension of agiven record type by informative fields, that is, by fields whose meaning is
different from the full relation on w, givessmaller p.er.'s.

4. Semantic inter pretation of Quest,

In this section we give the formal semantics of Quest; over the w-Set/PER model.
The basic idea, for the inductive definition, is to interpret type environments as w-sets
with arealizability notion which codes pairs as elements of a dependent sum. In this way,
if for example E = (g, y: B, x: A), then[E] contains all pairs:

<e,a> with ellg, y: Bl and alllg, y: B I A typele

In this approach one has to interpret judgments, not just terms, as judgments contain the
required information to interpret (free) variables. For example, the variable x is given
meaning within the judgment E + x:A, say, for E as above. In particular, its interpretation
[E F x:Al€, for afixed environment value € = <e,a>[[E], is the second projection and
gives alllg, y: B - A typele. (See also [Scedrov 1988], [Luo 1988].) The projection is clearly
arealizable map, that is, it is computed by the index of a partial recursive function. Note
that the interpretation of closed terms depends on the judgments they appear in, in
particular on the types they are assigned to.

Moreover, the meaning of a judgment gives, simultaneously, the interpretation of a
construct (kind, type, or term) and makes a validity assertion; for example, it says that a
given term actually livesin the given type, under the given assumptions.

Kinds, types, and terms are interpreted as maps from the w-set interpreting the given
environment to w-Set, PER, and the intended type, respectively. As our morphisms are
extensional functions, the interpretation is uniquely determined by their behavior on the
elements of the environment. The indexes realizing these maps may be computed by
induction, using as base the indexes for the projection functions. The crucial step is the
interpretation of lambda abstraction and application for terms. For example, given a
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realizer p for the map <e A> +— [E,X::K I b:Bl<e, A>, aredlizer for e~ [EF A(X::K)b:
M(X::K)Ble is obtained by the recursive function s of the ssm-n (or iteration) theorem,
namely by an index for n — s(<p,n>), where s(<p,n>)(m) = p(<n,m>). Similarly, any
index for the universal partial recursive function gives the realizers for an applicative
term. We prefer to leave to the reader the intensional details of the computations and
focus on the extensional presentation of the interpretation maps. These maps already
require afair amount of detail for afull description and should not be further obscured by
the explicit mention of the indexes of the realizable functions.

Observe that, in afixed environment, kinds are interpreted as w-sets, while types are
p.er.'s. More precisely, operator kinds are functions which take an element of a kind
(possibly atype) as input and give an element of akind (possibly atype) as output. Also,
these functions live in an w-set, which is obtained as an indexed product in the sense of
3.1.6.

As is common when dealing with CCC's, we make no distinction between an
exponent object, the p.e.r. A—B, say, and the set of morphisms, PER[A,B], it represents.
Thus, the meaning of aterm in PER[A,B], say, may be viewed either as a function from
the p.er. A to the p.e.r. B, or as the equivalence class of its redlizersin the p.er. A—B
(see also definition 4.1.1.(1) below). This poses no problem with regard to w-Set, since
an exponent object is exactly an (w-)set of (realizable) functions, as in the category of
sets.

4.1 Interpretation
We interpret, in order, environments, kinds, types, and terms.

Environments
E=g [El = <{1}, > where OnCwnl-1

E=FE, X:K [El = <{<e,A> | ellET O ALIE F K kindle}, I+ g >
where <nm>I- g <eA> iff nlFg'e and ml-[E | K kindle A

E=E, xA [E] = <{<ea> | edJIET OallE' I A typele}, I+ g >
where <nm> |- g <ea> iff ni-ge and mi-[g - A typele@

Kinds

FEenv OedlEl [EF T kindle= Mg
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FEenv OedlEL [EF P (A) kindle = P [E A typele
+Eenv OedlEl. [E + N(X::K)L kindle = M aqpe- K kingeGA), FnchD
where G: [EF K kindle — w-Set isgiven by
G(A) =[EX::K I L kindl<e A>
FEenv OedlEl [EFA(X::K)B :: M(X:K)LIe O Marer k kingdEX::KFL kindl<e,A>
such that OACIE F K kindle.
((EFA(X:K)B : M(X:K)LIe)(A) = [EX::K | B::LI<e A>
F E env OedlEl [EF B(A) :: L{X - A}le= (I[E F B:: N(X:K)LIe)(IE F A::K]e)
Types

FE=E, X5:K,, E"
Oe=<..<epAp>,..>OlEL [EF Xp:Kple = A O [E'+ K, kindle,

FEenv OerlEL [E F Top typele = w = (w, w*w)

FEenv OedlEl [E F MN(X::K)B typele = Marie - K kindld E-X::K - B typel<e,A>
FEenv OedlEl [E+ A—B typele=[E}F A typele — [E \- B typele

Terms

E=F, x,A, E

Oe=<...<epay>,...>HlEL [EF x:Anle = a0 [E'+ A, typele,

FEenv OenlE]. [E | top:Tople = w
FEenv OedlEl [E - CA,B(a):B]]e =CELA typelelE - B type]]e([[E F a_'A]]e)
FEenv OedlEL [E - A(X::K)b: N(X::K)Ble

O I_IAD[[El— K kind]]e[[E,X::K FB type]]<e,A>
such that OAOIER K kinde.
([E-AX:K)b: M(X::K)Blg)(A) = [E,X::K I b:Bl<e, A>
F E env OedlE] [EF b(A) : B{X - A}le=(IEF b: M(X::K)Ble)(IE - A typele)

Page 38



FEenv OedlE] [EF A(x:A)b: A—=Ble O [EF A typele—[E I B typele
such that OarlE F A typele.
(IEFA(XX:A)b: A—=Ble)(a) = [E,x:A I- b:Bl<e,a>

FEenv OedlElL [EF b(a) : Ble= (IEF b : A—=Ble)([E FaAle)

In view of the interpretation of kinds, types, and terms, the meaning of the judgments
isthe obvious one. The :: and : relations go to [ for w-sets and p.e.r.'s, respectively; the
relations <:: and <: are interpreted as subkind and subtype in w-Set and PER; finally,
<::>and <:>arejust equality.

Indeed, by induction on types and terms, one may check directly that this is a good
interpretation. In particular, one can check that all the given functions are actually
realized, as mentioned above, and hence that types and terms inhabit the intended
function and product spaces; see 4.1.2. (For example, [E F A(X::K)b : M(X::K)Ble is
actualy in Mamier k kingldEX::K F B typel<e,A>.) However, this also follows from
general categorical facts, namely the cartesian closure of w-Set and the observation that
PER, viewed as M, is an internal CCC of w-Set where the internal product IM is right
adjoint to the diagonal functor. (We obtain an internal model of Girard's Fw; see [Asperti
Longo 1990] where the general categorical meaning of Fwisgiven.)

The next theorem, whose proof is left to the reader, summarizes all these facts, and
states the soundness of the interpretation. Before stating it, though, we set a better
foundation for the interplay of the interpretations of "terms as functions" and "terms as
equivalence classes'. This is done by the following definition which extends the
applicative structure of (w, -) to equivalence classes, and also to the application of an
equivalence class to an element of an w-set (cf. 3.1.7).

Definition 4.1.1
1-Let A and B bep.er.'s. Define then, for n(A—B)n and mAm,
WA B TTA = N'MR
2 - Let K, IFx[J w-Set and G: K — PER. Set, for short, M =M a7 G(A)pgr and
define, for nlMn, AOK, and pI- A:
nR-A ="NPga)
(Note that "." : MxK — [JagkG(A) depends on K and G.) This is well defined as
n"p'g(a) does not depend on the choice of the number p, which realizesA. 1]
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By this explicit reconstruction of the applicative behavior, one may more clearly
understand equivalence classesin the p.e.r.'s A—B and N5 .k G(A)pgr as functionsin the
due types.

Theorem 4.1.2
FEenv = [E] isawell-defined w-set
E+ K kind = OedlEl. [EF K kindle isawell-defined w-set
EFA:K = OedlEl [EF A:KleD IEF K kindle
E+ A type = OedlE]. [EF A typele 0 Mg
EFaA = OedlEl. [EF aAle OIEF A typele
EFK<:L = OedlEl. [EF K kindle<[EF L kindle in w-Set
EFA< B = COedlE]. [EF A typele<[EF B typele in PER
EFK<:>L = OedlEl. [EF K kindle=I[EF L kindle
EFA<>B = OedlE]. [EF A typele=[E I B typele
EFa<Db = OedlEl. [EF aAle=I[E}F b:Ale O

4.2 Emulating coer cions by bounded quantification
In Queste and in its current interpretation we have no subsumption, but instead we
have coercions. This means that programs of the form

(A(x:B)d)(@) whereaA<:B (with AZB) Q)
are not legal: an explicit coercion hasto be applied, asin
(A(x:B)d)(ca 5(a)) )

In this latter case, one may avoid both subsumption and coercions and recast (1) via

an additional bounded quantifier:
A(X<: B)A(:X)d)(A)(a) 3

It isclear that (3) has the same effect as (1) or as (2), since thisis how (1) can be correctly
expressed in our current framework, by coercions. The fact that (2) and (3) are equivalent
isafairly deep property of the semantics, relating a bounded quantifier to a coercion. In
general, thisis not derivable from the syntax.

The following theorem states that, semantically, coercions can be removed in favor of
bounded quantifiers.

Recall that EFa: A O EFA<:B = Etcppg(@:B.
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Theorem 4.2.1
Assumethat EF-d:D,EFa: Aand EF A <:B. Then, in PER one has
(AX<:B)A(X:X)d)(A)(@) = (M(x:B)d)(ca B(a))
Proof

For simplicity, we fix an environment e and identify types A, B, and D with their
meaningsas p.er.ine.

Set M =MNypgX—D andlet Ny =[ E+ (A(X<:B)A(x:X)d) : N(X<:B)(X—=D) Jle 0 .
Then 'n'p-C ="np'c—p for any C, such that E+ C <: B, and any p, since any number p
realizes C, when C < B, by definition of the power quasi-functor.

Let now mbesuchthat [EFa: Ale="m'a. Then cy g(m’s) ="M and:

[ EF AX<:B)A(x:X)d)(A)@ : D e

= AT AS NP Ao M A= TP
="n-p'g_.p- Mg Where n-\p(B—D)n-p by 4.1.1(1)
='n'p-B-‘'mpgby 4.1.1(2)

=[EF AX<B)A(x:X)d)(B)ca g(@) : D Ie
=[EF (A(x:B)d)ca g(d) : D Je by the syntax. (I

In Questc, we dropped the subsumption rule in favor of coercions. However, there is
also a proof-theoretic reason to warn the programmer about the use of subsumption in
connection with (n); namely, the equational system of typed terms would not be Church-
Rosser any more (with respect to the obvious reduction rules). Consider say:

AXA)(A(y:B)e)x (withx ¢ FV(A(y:B)e))
where x isnot freein A(y:B)e, and let A <: B.

In the presence of subsumption, this program would type-check, for any e and C such
that e:C. However,

AX:A)A(y:B)e)x > A(y:B)e:B—=C by (n)
AXA)AY:B)ex > Ax:A)e: A —=C by (B)
and confluence would be lost. Because of this, we abandon (n) in part 5.

In Queste, the program one has in mind when writing A(x:A)(A(y:B)e)x, is actually

described by the polymorphic term:
AOCA)A(X<:B) A(y:X) €)(A)(X)
which yields confluent reductions.

For this reason, (n) is adopted in Quest as an equality rule, but not as a computation
rule.

5. Semantic interpretation of Quest

In this section we model the original version of Quest, namely the language based on
the subsumption rule [Tsub/ Quest) Of section 2.9, instead of on coercions.
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Subsumption is important for at least two reasons. First, programming with explicit
coercions becomes too cumbersome; much of the appeal of subtyping has to do with the
flexibility and compactness provided by subsumption. Second, subsumption is intended
not as an arbitrary coercion, but as a coercion that performs no work; thisis essential for
capturing the flavor of object-oriented programming, where subsumption is used freely as
away of viewing objects as members of different types.

Hence we feel we are justified in presenting more complex semantic techniques in
order to give afaithful representation of subsumption.

Let (D, -) beamodel of type-free lambda calculus. The construction of the categories
D-Set and PERp over (D, -) works similarly. Indeed, all the work carried on so far can
be easily generalized to any (possibly partial) Combinatory Algebra or model of
Combinatory Logic. In view of the relevance of Kleene's realizability interpretation of
Intuitionistic Logic for these models, it is fair to call "realizability structures" the
categories D-Set and PERp over a Combinatory Algebra (D, - ). As aready mentioned,
we preferred (w, -) as it is more directly related to Kleene's work and because of the
immediate intuitive appeal of classical recursion theory. However, we now need to be
able to give meaning to type-free terms, which cannot be done over (w, -). For this
purpose, we work over an arbitrary A-model: that is, an applicative structure (D, - ) with
an interpretation D[ - ] of A-terms defined, say, asin [Hindley Longo 80] Or [Barendregt 84].

The interpretation of Quest is given in two steps. First we translate typed terms into
terms of the type-free calculus, by "erasing-types'. We add to the latter only a constant
symbol "top", in order to take care of the corresponding constant in Quest.

In the second step, we use the meaning of the erased terms to interpret typed terms.
Environments, kinds, and types will be interpreted as in Quests, except for an
"isomorphic change" in the interpretation of product types. Asfor typesin particular, this
interpretation is possible since, in view of our formal definition of subkinds and of its
semantics, we had no kind coercions even in Quest, but just type coercions.

Terms may still be understood as morphisms, in the due types. We already used the
identification of morphisms with the equivalence classes of their realizers. In the
interpretation of Quest we exploit this correspondence and interpret typed terms directly
as equivalence classes, with no ambiguity.

Briefly, for each environment e = <...<ejy,a,>,...> O [El we choose an environment
map Se: Var — D which picks up an element of the equivalence class a,. Then, by using
these environment maps, we interpret a typed term as the equivalence class which
contains the interpretation of its erasure.

The interpretation will not depend on the particular choice of the environment map.
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5.1 Preliminaries and structures

The categories D-Set and PERp over (D, *) are defined exactly as w-Set and PER|,,
over (w, -), in 3.1.1 and 3.1.2. However, their use in the semantics of Quest will be
slightly changed in a crucia point. Second-order impredicative quantification will not be
interpreted exactly by the set-theoretic indexed product of realizable functions, as in
3.1.7. We will use instead an isomorphic, but not identical, interpretation of this
guantification by p.e.r.'s obtained as a straightforward set-theoretic intersection. This is
made possible by the following simple, but fundamental theorem, which establishes a
connection between the previous interpretation of higher-order quantification and the one
given in [Girard 72] and [Troelstra 73]. It was first suggested by Moggi and actually started
most of the recent work on the semantics of polymorphism, by suggesting that Girard's
model could be given a relevant categorical explanation. (See remark 3.1.5.) We use it
here as atool for our semantic interpretation of Quest. We report its proof since it matters
for our purposes, as we point out in remark 5.1.2. Note first that, if { A} iSsacollection
of p.er.'s, then ()ig A isalso ap.er. by

n((igAp)m iff nA;m for al il

Theorem 5.1.1
Let [A, I-5[10 D-Set be such that -5 = DxA and let G: A — PERp. Then:
(MaaG@)per, O (NagaG(a) in PERp.
Proof ([Longo Moggi 88])

Let S=[),0AG(a) O PERp. By definition both I'IaDAG(a)pERD and Sarein PERp.
Thus we need to define a bijection H: S — lNyaG(a)per,, and prove that it is realized
withitsinverse.

Let H(n'g) = AaDA. n'g(g). Clearly, H(n's) 0ManaG(a) and H is well defined, since
N's ="m'simplies, n G(a) mfor all alA, and hence N'g(g) = 'Mg(g).-

Consider now the combinator k such that k-p-q = p, for al p, g O D. Then k-n realizes
H('n'g), since

HaoA. g lka a kn'g = n0'n'gg) = H(N's)(a),
and k realizes H. It is easy to observe that H isinjective. Let us prove that H is surjective.

If h O MaqaG(8), then by definition, Cm IFn g h; that is,

Cm. DaoA. Hglka @ mql-gg) h(@) or, equivalently,

[m. DazA. UgoD. h(8) ="'mgg(g), asl-a =DxA
Fix now an element 0 of D. Then, for n =m0, we have OadA. n G(a) n, that is,n Sn. In
conclusion, DalA. H(mg)(a) = "n'g(y = h(a), that is, H(''s) = h. Therefore H-! exists and
itisredized by any p 0 D such that pm=m-0, foral moD. O

Page 43



Remark 5.1.2

The key ideain the proof consists in defining the applicative or functional behavior of
each equivalence class'n's say, in S= NanoaG(a) 0 PERp, by setting

Mga=Tgg

This is how, to within isomorphism, "n's defines a function in M55 G(a). Observe that,
when the isomorphism is given by the "constant-constructor” combinator k, the proof
relates this notion of application to the application 'n'p-a = "n"p'g(y), for plka a as
defined in 4.1.1. Indeed, 'n"p'g(y) is constant with respect to p, under the assumptionl- =
DxA in 5.1.1. The next proposition shows that this assumption is satisfied by the D-sets
we are interested in: that is, by the definable ones, in the language of Quest. [

Proposition 5.1.3

Let - E env and E - K kind. Then, for al ed[El, [E - K kind]e is a D-set [A, o
with -5 = DxA.
Proof

Thisisclearly true for the base of the induction, in view of the interpretation of T and
P (C), for any type C. (Recall that one even has T = P (Top) ). Consider now E +
M(X::K)L kind. Then:

DeclED [E - N(X::K)L kindle = M e k kindelE.X:KFL kindl<e,A>, -l
where G(A) = [E, X::KFL kind]<e,A>. By induction, just assume that, for all e and A, the
D-set L(e,A) = [E,X::KFL kindl<e,A> has the full |- relation. Then any set theoretic
function f in XA e k kinglEX::KFL kindl<e,A> is realized by any n O D, since one
always has n-pl_ f(A), no matter which ACIE- K kindle and p are taken. [

Remark 5.1.4 (For readers with some experience in Category Theory.)

Continuing from remark 3.1.5. In [Hyland 87] and [Longo Moggi 88], the existence of a
(internal) right adjoint to the diagonal functor, that is, the small completeness of PER in
the Effective Topos or in w-Set, is shown by taking exactly the intersection as product
(see [Asperti Longo 90] for details). This fully justifies the interpretation below of second-
order impredicative types as intersections. [

5.2 Interpretation[ - I
We now trandlate typed terms into terms of the type-free calculus, by erasing all type
information. The type-free A-calculusis extended by a constant symbol, top.

Definition 5.2.1
The translation map erase from typed terms into type-free terms is defined by
induction on the structure of terms:
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erase(x) = X

erase(top) = top
erase(A(x:A)b) = Ax. erase(b)
erase(b(a)) = erase(b)erase(a)
erase(A (X::K)b) = erasg(b)
erase(b(A)) = erasg(b) O

With the preliminaries above, it is now straightforward to implement our idea: atyped
term isinterpreted by the equivalence class of its erasure, with respect to itstype as p.e.r..
We then need to show that this interpretation is sound. Indeed, this interpretation
generalizes a theorem stated in [Mitchell 86] and tidily relates to the alternative approach to
the semantics of the subsumption rule [Tsub / Ques iN [Bruce Longo 89]. Observe that this
interpretation, in contrast to the early attempt in [Bruce Longo 89], is direct. Thisis made
possible by the use of theorem 5.1.1, since by erasure the meaning of a second-order
typed term becomes an element of the intersection of all the types which form its range.
For example, the polymorphic identity function A(X::T) A(X:X) x : M(X::T) (X—=X) will
be interpreted as the equivalence class of the type-free identity Ax.x, which happens to
livein A=A, for any typeA.

Note finally that, since the interpretations of type-free terms are elements of D, while
the elements of types as p.e.r.'s are equivalence classes, we need a choice map to obtain
an environment for type-free terms from an environment for typed ones. This is done by
the following definition.

Definition 5.2.2

GivenE = E', XA, E" and e = <...<e,,a,>,...> O[E], fix sg: Var — D such that
se(Xn) O a, O [E' + A, typel'e,, where [E is defined as in section 4.1, and [E' - A,
typel'e, is the interpretation of types given below. (I

Note that sSe is defined only on term variables and gives no meaning to X::K. The
interpretation below will not depend on the choice of se. Recall that DI - ] is the
interpretation of type-freetermsin (D, - ).

Environments

[EI' coincides with [EI for Questc

Kinds No change.
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Types No change, except for:

FEenv DenlEl [E - N(X::K)B typel'e = Nanie- k kind'd EX::KFB typel'<e, A>
Terms
FEenv DedlEl. [Et-a: Al'e="Dlerasg@)Ise[E - A typele

Since higher-order quantification is interpreted as intersection, by an even easier
proof than for Quest., we have:

Lemma5.2.3
EF A<:B implies Ded[E]'. [EF A typel'e<[E}+ B typel'e O

The following theorem proves the soundness of the interpretation.

Proposition 5.2.4

The interpretation [ ' is a well-defined meaning for kinds, types, and terms over D-
Set and PERp
Proof

We need to check only the result for terms, since kinds pose no problem, and there
has been enough discussion concerning types and the use of intersection as product.
Recall from proposition 5.1.3 that [E- K kind]'e is a D-set with the full relation.

Thus we show by induction on the derivation that, for each EF a: A, Dlerase(a)lsg is
in the domain of [E + A typel'e and that it has the correct functional behavior.

Case E=FE', x,:An, E' FXn A

FEenv  OedlEl. [EFxpAple="se(Xn) [EF A typele
which corresponds to " "

Oe = <..<ep,a,>,...>0lEL [EF xApl'e = a0 [EFA, typel'e,

Case Etop:Top
Just recall that w isthe only element of w.

CaseEFDb(a): B
OenlED. [E+ b(a) : Bl'e =Dlerase(ba)lse|e - B typele
= "Dllerase(b)erase(a)lsg[Er- B typel'e
= (‘Dlerase(b)IseTe - A-B typel'e) - (Dlerase(@)Ise(e - A typele)
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= (IE+b: A-Ble) - (IE aAle)
where application between equivalence classesisdefined asin 4.1.1.
This simultaneously proves that [ - [' decomposes soundly and that Dlerase(ba)lsg is in
dom([E - B typel'e).

CaseEFA(X:A)b: A—B

DedlED. [E+ A(x:A)b : A—=Bl'e ="DIAx.erase(b)Ise[E - A—B typel'e
which iswell defined because by induction, from the semantics of E, x:A F b : B, one has
for al nID :

n([EF A typele)n = (Dlerase(b)lsg[n/x]) isin dom(E I- B typel'e)
Thus DIAX.erase(b)lse isin dom([E - A—B typel'e), by virtue of the familiar substitution
lemmas in the type-free model (D, -, D[ - ). (See [Barendregt 84].)

Case EF A(X:K)b: M(X::K)B

OenlEl. [E F A(X:K)b : M(X::K)Bl'e = "Dlerase(b)Isg's
where ¥ = na-k{IE F B{X A} typel'e}. (Note that, by the usual substitution
techniques, one has [E F B{ X - A} typel'e = [E,X::K I B typel'<e,A>, where we keep
identifying the semantic and the syntactic type A by an abuse of language.) Thisis well
defined just as before, since, by induction, one has:

EX::KFb:B implies Dlerase(b)lseisin dom(E,X::K I B typel'e)
However, in contrast to the previous case, Dlerase(b)lse does not depend on X::K while
B and its semantics do. Exactly because of this, for all types A one has

Dlerase(b)Isgisin dom(E F B{ X — A} typel'e)
and thus Dl erase(b)Ise isin dom(Z). The next case describes also the applicative behavior
of [EF- A(X::K)b: M(X::K)Bl'e.

CaseEFc(A) : B{X -A}
DedlED. [E+ c(A) : B{X - A}'e="Dlerase(c)Ise[E I B{X - A} typel'e
by the definition of erase. Observe now that one must have E + ¢ : M (X::K)B. By setting
2 =na-k{[EFB{X-A} typel'e}
by the previous case and the definition of erase, one has
OedlEl. [EtF c: M(X::K)Bl'e ="Dlerase(c)Isg’s in dom(Z)
Thus, for al A Dlerase(c)lsgisin dom(E - B{X - A} typel'e).
By this and by the definition of application of an intersection class to a p.er., given in
5.1.2, compute
Dlerase(c)lse[[E - B{X . A} typel'e = (Dlerase(0)lsg’s) - (IE - A typel'e)
= (I[EF c:N(X:K)Bl'e) - (EF A typel'e) O

We have also proved:
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Corollary 5.2.5
If - E env, then Oed[El [EFa: Al'e 0 [EF A typel'e. [

It isa minor variant of the work done for Quest. to check fully that we provided an
interpretation for Quest (that is, that the analogue of theorem 4.1.2 holds for Quest). The
crucial point isthe validity of the subsumption rule:

EFa:A EFA<B
EFa:B

Thisruleisvalid simply because the interpretation of the term a, say, comes with the
meaning of the entire judgment E+ a: A or E+ a: B. We gave this meaning in such a
way that it automatically coerces ato B in the semantics when interpreting E + a : B.
Indeed, the meaning of EF a: A is an equivalence class in the p.er. [E+ A typel'e
(together with the assertion that it actually belongs to the class), while the meaning of [E
Fa:Bl'eis an element of the p.e.r. [E+ B typel'e, which isin general alarger equivalence
class.

It is worth noticing the essential role of the interpretation of polymorphic types as
intersections. The isomorphism between product and intersection in 5.1.1 is the core of
this interpretation. (See the last two cases in 5.2.1.) It says that type erasing does not
affect the meaning of polymorphic terms, modulo equivalence classes, and reduces the
entire challenging business of how to apply aterm to atype, to a simple type coercion in
the model. That is, 'n's:A = "N'g(a), which interprets the polymorphic application for S =
NaokG(A) (see 5.1.2), corresponds to coercing n's to the generally larger equivalence
Classrn*G(A).

This has a clear mathematical and computational meaning. Mathematically, it derives
from the fact that the maps from any D-set with the full realizability relationto ap.e.r. are
constant functions. (See [Longo Moggi 88], or prove it for exercise.) Thisisasimple feature
inherited from a deep fact: the validity of the Uniformity Principle in the Realizability
Universe, which is the categorical background of this construction [Longo 88].
Computationally, it says that at run time we disregard types, or that computations are
type-free, in particular the computation of a polymorphic term. However, given a
computation n of type (1aokG(A), it happens that n is equivalent to more computations
when updated to type A: namely, all thoseinn'ga).

In [Bruce Longo 89] yet another interpretation of Fun, the progenitor of Quest, is given.
Theidea, in that paper, is to use the interpretation of the language with coercions in order
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to give meaning to the one without coercions. Thisis based on a series of theorems which
relate abbreviated terms (that is, terms where all coercions are erased) to their fattenings
(that is, terms where coercions are put back in place). More precisely, in our language,
given Elca: A, ajudgment in Quest, abbrev(a) is obtained by erasing all coercions.
Then, for EF b : B in Quest, b' is a fattening when abbrev(b") = b. The BL-interpretation
of thejudgment E+ a: A in Quest, is given by setting:

BLIEFa: Ale=[Et¢cd: Ale
where[E ¢ a : Aleisthe semanticsin part 4, for afattening a of a

With some work, [Bruce Longo 89] showed that thisis well defined. Indeed, it coincides

with our current interpretation [ - J'. In other words, by the results in [Bruce Longo 89] and
some further work, we claim that, given a model of the type-free A-calculus and the
realizability structures over it as models of Quest, one has:

BLIEF a: Ale=[Etla: Ale
Observe finally that thisinterpretation is "coherent”, in the sense of [Curien Ghelli 89], since
by definition it depends only on the proved judgment and not its derivation. More
generally, the model satisfies the conditions in the coherence theorem in [Curien Ghelli 89].

6. Conclusions

We have described aformal system, which can be considered the kernel of the Quest
language, and we have investigated a particularly attractive approach to its semantics.
The formal system requires a lot of semantics models, probably more than any previous
typed system. Fortunately, PER models promise to satisfy all the required features, and
more (e.g. dependent types). More work needs to be done both on the syntactic side,
studying the properties and the degree of completeness of the formal system, and on the
semantic side, mostly with respect to recursion and recursive types.
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