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ABSTRACT
By extending an ML-style type system with record polymor-
phism, recursive type definition, and an ordering relation
induced by field inclusion, it is possible to achieve seam-
less and type safe interoperability with an object-oriented
language. Based on this observation, we define a polymor-
phic language that can directly access external objects and
methods, and develop a type inference algorithm. This cal-
culus enjoys the features of both higher-order programming
with ML polymorphism and class-based object-oriented pro-
gramming with dynamic method dispatch. To establish type
safety, we define a sample object-oriented language with
multiple inheritance as the target for interoperability, de-
fine an operational semantics of the calculus, and show that
the type system is sound with respect to the operational
semantics. These results have been implemented in our pro-
totype interpretable language, which can access Java class
files and other external resources.
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1. INTRODUCTION
Recently emerging component architecture such as Java

Virtual Machine classes [13], COM [4], and Microsoft .NET,
brings a new software develop environment where the pro-
grammer can use rich collections of libraries implemented
in various different languages without knowing the details
of their implementation languages. Unfortunately, however,
there does not seem to exist any easy and natural way to ma-
nipulate these components from an existing statically typed
functional language. This is due to a form of “impedance
mismatch” between interface specification of component ar-
chitecture and static polymorphic typing of modern func-
tional languages. One way to overcome this problem is
to establish a type theoretical basis for integrating object-
oriented model, which underlies most of component frame-
works, and ML-style polymorphism, which underlies func-
tional languages.

Although there are some similarities, these two paradigms
differ in essential ways in their strength, expressiveness and
programming styles. In object-oriented programming, the
combination of an explicitly declared inheritance relation on
classes and dynamic method dispatch achieves flexible ob-
ject manipulation and finely controlled method sharing. For
example, this paradigm can naturally represent heteroge-
neous collections of objects having some common properties,
and generic methods performing the desired specialized ac-
tion dependent on the target object class. These features are
not easily representable in a typed higher-order functional
calculus. In contrast, ML-style polymorphic type inference
allows type-safe and flexible manipulation of higher-order
functions without requiring type annotation. A program
can be developed by composing polymorphic higher-order
functions. This feature is not well supported in an object-
oriented language.

These two paradigms are complementary ones, and we
would like to have a language system where we can enjoy
the benefits of both of them. Type theoretical foundations of
object-oriented programming have been extensively studied
and several methods for object-encoding have been proposed
(see, for example, [9] for a collection of works on the subject).
These results can be used to introduce object manipulation
primitives in a polymorphic functional language. This ap-
proach is taken in OCaml [12, 20], Moby [7], and O’Haskell
[17]. While this approach can introduce some features of
object-oriented programming, it complicates the language
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on which it is based, and even with sophisticated type theo-
retical machinery, it is rather difficult to provide the simplic-
ity, flexibility and expressiveness of existing object-oriented
languages.

In the present work, we take an alternative approach of
developing an ML-style language with a minimum extension
for interfacing with a class-based object-oriented language.
This is based on our following observations.

• The typing mechanism for using classes should be much
simpler than that for defining classes and methods. Al-
though it appears to be rather difficult to extend an
ML-style type inference system with the full features
of object-oriented programming including inheritance
and dynamic method dispatch, it would be feasible to
extend it with a mechanism to use existing classes and
methods implemented in an object-oriented language.

• This approach would also yields an ML-style interop-
erable language, where the programmer can freely use
a rich collection of object-oriented classes within an
advanced polymorphic type inference system.

The goal of this paper is to establish type theoretical ba-
sis for interoperability and to develop such an interoperable
language.

We define (in Section 3) a functional calculus as an exten-
sion of the core of ML with the primitives for object creation
and method invocation. The intended semantics of these
primitives is to call an external object-oriented language
and to perform object creation and dynamic method dis-
patch in the external language. The external object-oriented
language can be any one as far as it is a class-based stati-
cally typed language such as Java. For the functional calcu-
lus, we develop a polymorphic type system and an ML-style
type inference algorithm. To incorporate the two important
features of objects – polymorphic method invocation and
subsumption – we base our development on a polymorphic
record calculus [18], whose type system is strong enough to
represent objects and methods in a given class hierarchy.
To show type safety of our interoperable primitives, we de-
fine (in Section 4) a sample object-oriented language and
its operational semantics. We then define (in Section 5) an
operational semantics of our calculus, which refers to the
operational semantics of the object-oriented language, and
establish that the type system is sound with respect to the
operational semantics.

The interoperable calculus presented in this paper has
been implemented with Java as the target for its interoper-
ability. In this language, a program can import a collection
of Java classes and invoke object constructors and methods,
which are executed in a Java Virtual Machine runtime sys-
tem through JNI interface. In Section 6, we discuss some
practical issues in designing an interoperable language and
describe our prototype implementation.

Before giving a technical development of our interoperable
calculus, in the next section, we outline our approach and
compare it with related works.

2. AN APPROACH TO INTEROPERABLE
TYPE SYSTEM

The static structure of an object-oriented program is rep-
resented as a collection of classes connected with a sub-
class relation. A straightforward approach of extending ML

with objects would be to add class hierarchy (a collection of
classes and the associated subclass relation) with the sub-
sumption rule of the form:

T ¤ e : c c <: c′

T ¤ e : c′

This seemingly simple extension significantly complicates
both the type inference algorithm and the representation
of a type of a program. An inferred type of a polymorphic
program involves a set of order constraints, and becomes
difficult to understand for the programmer. For example,
even a very simple function such as λf.λx.f x can no longer
be given a simple polymorphic type. Considering extensive
usage of higher-order polymorphic functions in ML program-
ming, we would like to avoid this complication.

Our strategy is to decompose the mechanism of class in-
heritance into parametric polymorphism and a limited form
of object subsumption. The class inheritance in object-
oriented programming appears to support the following two
features.

1. Polymorphic method invocation.
A method of a class can be applied to objects of its
subclasses. For example, move method in a point class
can be applied to an object of colorPoint class. More-
over, if a method is redefined in some of the subclasses,
then the method code actually invoked is determined
by the actual (run-time) class of the object.

2. Object subsumption.
An object of a class can be used as an object of any of
its superclasses. For example, one can form a pointSet

containing objects of various subclasses of point, and
iterate a method move over the collection.

In an object-oriented class system, these two are combined.
However, these two aspects have different requirements in a
static polymorphic type system.

The first feature is precisely represented by the combi-
nation of record polymorphism [18, 19] and external method
invocation. We represent the type of an object as a form of a
record type containing all the applicable method signatures.
Suppose a class c contains a set of methods m1 : ρ1, . . . , mn :
ρn. Then the type of an object of class c is represented as
a record type of the form {m1 : ρ1, . . . , mn : ρn, . . .}. Poly-
morphic typing of field selection expression e.m in a record
calculus is sufficient for typechecking polymorphic method
invocation. We then bind the method invocation e.m not to
a particular method but to a code in the external language
that performs dynamic method invocation. Conceptually,
the meaning of e.m is the η-expanded method invocation
operation of the form

λx.invoke(x, m)

in the target object-oriented language where invoke is an
operation that performs dynamic method dispatch such as
invokevirtual in JVM. In this way, we achieves the desired
features of polymorphic method invocation with dynamic
method dispatching semantics.

The above “structural” encoding may incorrectly equate
classes that have the same set of method names and signa-
tures. In order to rectify this problem and also to account
for the second feature of object subsumption, we refine our

2



representation of a class c as follows

{m1 : ρ1, . . . , mn : ρn, . . . , c : unit, c1 : unit, . . . , cn : unit}
to include class name c and all its superclass names c1, . . . , cn

as record labels. This encoding explicitly specifies the set
of all classes to which an object belongs, and properly rep-
resents the uniqueness of each class. Furthermore, by com-
bining a shallow subsumption relation on record types, this
encoding allows us to type expressions such as “[p,cp,. . .]”
or “if e then p else cp” where [e1,e2,. . .] is a list for-
mation expression and p and cp are assumed to be of type
point and colorPoint respectively. Since we do not extend
this relation to other type constructors including function
type, the necessary extension to polymorphic type inference
is relatively small. We should note that this subsumption
relation is not needed for polymorphic method invocation.
In fact, eliminating this mechanism yields a slightly cleaner
type system while retaining most of the features except for
heterogeneous collections.

Since method signatures ρ in general contain classes, we
represent a given set of classes as a set of mutually recursive
type equations of the form c = [[c]] where [[c]] is the encoding
of c described above.

To illustrate some flavor of the polymorphic interoperable
calculus we shall develop in this paper, let us show some
examples. Suppose we have a class printable containing a
method toString, then we can easily write a polymorphic
function

fun layout L = foldr (fn (obj,rest) =>

obj.toString ^ rest) "" L

: ∀(t :: {{toString : t → string}}).list(t) → string

and map layout function over a list of printable objects,
where fun is ML-style function definition and list(t) is list
type whose element type is t. The notation ∀(t :: {{toString :
t → string}}) indicates that type variable t ranges over ob-
ject types containing the field toString : t → string. When
applied, this function invokes toString method on each ob-
ject of the list in the target object-oriented language, per-
forming the desired specialized action depending on the ac-
tual class of the object. Figure 1 shows some more exam-
ples. As seen from these examples, object-oriented features
including method dispatch and manipulation of heteroge-
neous collections can be freely combined with the feature of
higher-order functions with ML polymorphism.

Superficially, these examples may appear simple instances
of well studied record calculi, but they are not. We note that
the external method invocation such as p.move dispatches
move method on the object denoted by p, achieving the effect
of dynamically choosing the appropriate methods depending
on the actual class of the object.

2.1 Comparison with other approaches
Most of existing approaches use some form of subtyping to

represent subclass relation in object-oriented programming.
The simplest form of subtyping in type theory is struc-

tural subtyping [2], which is derived from the inclusion rela-
tion on sets of fields of record types. This has been the basis
of polymorphic method definition and for object subsump-
tion. However, a subclass relation in typical object-oriented
languages is a name subtyping explicitly declared by the
programmer, and is not directly representable by structural
subtyping. One of the central issues in designing a functional

language with object oriented features has been to properly
capture name subtyping. Moby [7] combines structural sub-
typing with name subtyping to form a hybrid system. A
type system of Objective ML [20], which underlies OCaml
[12], introduces explicitly declared class hierarchy on top
of a type system with structural subtyping. O’Haskell [17]
adopts a name subtyping on record like constructs. Each
of these approaches captures the features of subclass rela-
tion to some extent. Observing the complexity of required
type theoretical machinery and also the difficulty of achiev-
ing simple and powerful inheritance of object-oriented lan-
guage, Mondrian [14] avoids subtyping and resolves subclass
relation dynamically with a mechanism for catching runtime
type error.

Complications in these approaches come from their need
to provide language constructs for defining class hierarchy.
In contrast, our approach shows that record types and record
polymorphism are sufficient to use an existing class hierar-
chy. The feature of name subtyping is represented by in-
cluding class names in the representing record type.

Approaches most closely related to ours are those based
on “phantom types”. In [5], it is shown that interface hi-
erarchy of COM is represented in Haskell using phantom
types. However, this approach does not directly applicable
to multiple interface inheritance found, for example in Java.
This problem is solved in Lambada [15] by using type class
mechanism [10] of Haskell based on the following techniques.
Java class c is encoded as a type T using phantom types,
and if c implements interfaces I1, · · · , In, a type class is de-
clared for each Ii with T as its instance. While we see that
this encoding works, type class itself is an elaborate system
requiring certain amount of type theoretical machinery, and
its relationship to subclass is not entirely clear. Also, in
these proposals, the issue of type safety is not investigated.

In contrast, our system achieves seamless interoperabil-
ity with existing classes using the basic properties of record
structures, and its type soundness is formally established.

3. THE INTEROPERABLE CALCULUS
This section defines the interoperable calculus.

3.1 Syntax of the calculus
The set of terms of the calculus is given by the following

abstract syntax.

e ::= cb | x | λx.e | e e | let x = e in e end

| if e then e else e

| new c(e, · · · , e) | e.l | e.m(e, · · · , e)

The first two lines are those of core ML. The rest are those
for invoking operations in an external object-oriented lan-
guage. new c(e1, · · · , en) creates a new object of class c by
calling the constructor of c with n arguments. e.l retrieves
the value of field l of e. e.m(e1, · · · , en) invokes method m
on e with n arguments. Objects reside in a heap of an ex-
ternal object-oriented language, and all these operations are
performed in the external language.

Although we only explicitly include external object types
and base types, various (internal) data structures can also be
added. As we mentioned, the introduction of the standard
list type enables us to represent heterogeneous collections of
external objects without any additional machinery. There
are some issues in adding records depending on whether we
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type point = {X : int, Y : int, move : int× int → unit, point : unit}
and colorPoint = {X : int, Y : int, color : string, move : int× int → unit, point : unit, colorPoint : unit}

fun getX p = p.X

: ∀(t2::U, t1::{{X : t2}}).t1 → t2
fun slide p = (p.move(getX p,0); p) (* (e1; e2) is a sequence expression a la ML *)

: ∀(t2::U, t3::U, t1::{{X : t2, move : t2 × int → t3}}).t1 → t1
val points = [new point (0,0), new cpoint (0,0,"red")]

: list({X : int, Y : int, move : int× int → unit, point : unit})
map slide points

: list({X : int, Y : int, move : int× int → unit, point : unit})

Figure 1: Example typings in the interoperable calculus

want to treat objects and records uniformly or not. We shall
comment on this when we describe our prototype implemen-
tation in Section 6.

3.2 Assumptions on class structures
The calculus includes external objects. To develop a static

type system for the calculus, we need to make some assump-
tions on static structure of classes to which those external
objects belong.

We let c range over class names and b range over base
types. We use o to denote either a class name or a base type,
and ρ to denote a method type of the form o1×· · ·×on → o
representing the type of a method which takes a tuple of
objects of types o1, . . . , on (other than the “receiver” object)
and yields an object of type o.

In an actual programming language, the external classes
to be used is declared by the programmer. In Section 6,
we discuss a mechanism for importing external classes in
the perspective of practical language design and implemen-
tation. However, since they do not affect the typing mecha-
nism we develop in this paper, to simplify the presentation,
we assume that we are given a fixed collection of classes, and
that their static structure is described in a class environment
C consisting of the following:

• the set of class names and the associated subclass re-
lation,

• for each class name c, the set fields of field signa-
tures {f1 : o1, . . . , fn : on} of c (including all those
inherited),

• for each class name c, the type of its constructor, and

• for each class name c, the set methods of method sig-
natures {m1 : ρ1, . . . , m1 : ρ1} of c (including all those
inherited).

We write C ` c <: c′ if c is a subclass of c′, and write
C(c).ancestors for {c′|C ` c <: c′}; we write C(c).fields
and C(c).methods for the sets of field signatures and method
signatures of c in C, respectively. We also use the following
notations.

• C ` f : o ∈ c if c has a field f : o,

• C ` m : ρ ∈ c if c has a method m : ρ, and

• C ` new : ρ ∈ c if ρ is the type of the constructor of c.

Given a set of class definitions in an object-oriented language
such as Java class files, a class environment can easily be
extracted.

3.3 Object types and classes
We write {l1 : ρ1, · · · , ln : ρn} for a type of an external

object whose static properties are determined by the set of
fields l1 : ρ1, · · · , ln : ρn. To deal with mutual dependency
between classes and method signatures, we represent a class
as a recursive object type. Since the class structure C is
already given, it is sufficient to introduce explicit recursive
type declarations. Furthermore, since objects are created by
primitive construct new, no special mechanism for recursive
object creation is needed.

Let c1, . . . , cn be the set of class names defined in a given
class environment C. We regard c1, . . . , cn as type names in
the calculus, and define for each c, the encoding C[[c]] of the
object structure of c under C as follows.

C[[c]] = {f1 : o1, · · · , fk : ok,

m1 : ρ1, · · · , mm : ρm,

c1 : unit, . . . , cn : unit}
where

C(c).fields = {f1 : o1, · · · , fk : ok}
C(c).methods = { m1 : ρ1, · · · , mm : ρm}
C(c).ancestors = {c1, . . . , cn}

The encoding of the class hierarchy described in C is given
by the following mutually recursive type equations.

type c1 = C[[c1]]
...

and cn = C[[cn]]

The type system of the interoperable calculus is defined with
respect to this set of recursive type equations. Different from
datatype declarations in Standard ML, these are treated as
transparent equations, i.e. ci is equal to the corresponding
object type.

3.4 The type system
The type system is given based on the kinded type system

[18] for record polymorphism. The set of monotypes (ranger
over by τ), kinds (ranged over by k), and polytypes (ranged
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over by σ) are given by the following abstract syntax.

τ ::= t | o | ρ | τ → τ | {l : τ, · · · , l : τ}
k ::= U | {{l : τ, · · · , l : τ}}
σ ::= τ | ∀(t :: k, · · · , t :: k).σ

t stands for a given countably infinite set of type variables.
U is the universal kind , denoting the set of all monotypes.
{{l : τ, · · · , l : τ}} is an object kind (corresponding to a record
kind in [18]) denoting the set of all object types contain-
ing the designated fields. ∀(t :: k, · · · , t :: k).σ is a kinded
abstract types whose instances are restricted to those that
satisfy kind constraints.

Types are considered modulo type equivalence defined in
a given C. In the following development, we generally as-
sume type equations implicitly, and use type name ci for
the declared object type. When we need to mention type
equivalent explicitly, we write C ` c = τ if c is equal to τ
under C.

The calculus does not have any constructor for method
type ρ or a tuple type o1 × · · · × on. These are only used
in external object manipulation, and ρ appearing outside of
object types are useless.

On the set of object types, we define the following shallow
subtype relation.

τ < τ

{l1 : τ1, · · · , ln : τn, · · · } < {l1 : τ1, · · · , ln : τn}
Different from the ordinary subtyping such as those [16, 2, 3]
and subsequent studies on subtyping, it indicates inclusion
of fields of object types, and it is identity on all the other
types.

The following definitions on kinding are taken from [18].
The set of free type variables of a type σ or a kind k

are denoted by FTV (σ) and FTV (k), respectively. A kind
assignment , ranged over by K, is a mapping from a finite
set of type variables to kinds. A kind assignment K is well
formed if for all t ∈ dom(K), FTV (K(t)) ⊆ dom(K), where
dom(f) denotes the domain of function f . We implicitly as-
sume that any kind assignment appearing in the rest of the
development is well formed. A type σ has a kind k under
K, denoted by K ` σ :: k, if it is derivable by the following
set of kinding rules.

K ` τ :: U

K ` t :: k if K(t) = k

K ` {l1 : τ1, · · · , ln : τn} :: {{l1 : τ1, · · · , ln : τn}}
K ` τ :: {{l1 : τ1, · · · , ln : τn, . . . }}
K ` τ :: {{l1 :: τ1, · · · , ln : τn}}

A substitution S is well formed under a kind assignment
K if for any t ∈ dom(S), S(t) is well formed under K. A
kinded substitution is a pair (K, S) of a kind assignment
K and a substitution S that is well formed under K. The
kind assignment K in (K, S) specifies kind constraints of
the result of the substitution. A kinded substitution (K, S)
is ground if K = ∅. We usually write S for a ground
kinded substitution (∅, S). A kinded substitution (K1, S)
respects a kind assignment K2 if for any t ∈ dom(K2),
K1 ` S(t) :: S(K2(t)). Let σ1 be a polytype well formed
under K. We say that σ2 is a generic instance of σ1 under
K, written K ` σ1 ≥ σ2, if σ1 = ∀(t11::k1

1, · · · , t1n::k1
n).τ1,

K, T ¤ cb : b

K ` σ ≥ τ
K, T {x : σ}¤ x : τ

K, T {x : τ1}¤ e : τ2

K, T ¤ λx.e : τ1 → τ2

K, T ¤ e1 : τ1 → τ2 K, T ¤ e2 : τ1

K, T ¤ e1 e2 : τ2

K, T ¤ e1 : τ1

Cls(K, T , τ1) = (K′, σ)
K′, T {x : σ}¤ e2 : τ2

K, T ¤ let val x = e1 in e2 end : τ2

K, T ¤ e0 : bool K, T ¤ e1 : τ K, T ¤ e2 : τ
K, T ¤ if e0 then e1 else e2 : τ

K, T ¤ e : τ K ` τ :: {{l : τ1}}
K, T ¤ e.l : τ1

K, T ¤ e : τ
K ` τ :: {{m : τ1 × · · · × τn → τ0}}
K, T ¤ ei : τi (1 ≤ i ≤ n)
K, T ¤ e.m(e1, · · · , en) : τ0

C ` new : o1 × · · · × on → o ∈ c
K, T ¤ ei : oi (1 ≤ i ≤ n)
K, T ¤ new c(e1, · · · , en) : o

K, T ¤ e : τ1 τ1 < τ2

K, T ¤ e : τ2

Figure 2: The type system of the interoperable cal-
culus

σ2 = ∀(t21::k2
1, · · · , t2m::k2

m).τ2, and there is a substitution S
such that dom(S) = {t11, · · · , t1n}, (K{t21::k2

1, · · · , t2m::k2
m}, S)

respects K{t11::k1
1, · · · , t1n::k1

n} and τ2 = S(τ1).
A typing environment, ranged over by T , is a mapping

from a finite set of variables to polytypes. We write T {x : σ}
for the type environment T ′ such that dom(T ′) = dom(T )∪
{x}, T ′(x) = σ, and T ′(y) = T (y) for all y ∈ dom(T ′), y 6=
x. The closure of τ under T ,K, denoted by Cls(K, T , τ), is a
pair (K′,∀(t1::k1, · · · , tn::kn).τ) s.t. K′{t1::k1, · · · , tn::kn} =
K and {t1, · · · , tn} is the set of type variables free in τ under
K but not free in T under K.

Using these notations, the type system is defined as a
proof system to derive a judgment of the form

K, T ¤ e : τ

indicating the fact that e has type τ under T and K. The
set of typing rules is given in Figure 2.

The combination of our object representation, record poly-
morphism and object subsumption provides the sufficient
power to use objects and methods within an ML-style poly-
morphic calculus. The typing examples shown in Figure 1
are indeed derivable typings in this type system.

3.5 Type inference
One of the goal of designing this calculus is to preserve

the benefit of ML-style polymorphic type inference. For
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this purpose, we need to develop a type inference algorithm.
We use the kinded unification algorithm [18] for record type
inference.

A kinded set of equations is a pair (K, E) consisting of a
kind assignment K and a set E of pairs of types such that
E is well formed under K. We say that a substitution S
satisfies E if S(τ1) = S(τ2) for all (τ1, τ2) ∈ E. A kinded
substitution (K1, S) is a unifier of a kinded set of equations
(K, E) if it respects K and if S satisfies E. (K1, S) is a most
general unifier of (K2, E) if it is a unifier of (K2, E) and if
for any unifier (K3, S2) of (K2, E) there is some substitution
S3 such that (K3, S3) respects K1 and S2 = S3 ◦ S. The
following is shown in [18].

Theorem 1. The algorithm U takes any kinded set of
equations, computes a most general unifier if one exists, and
reports failure otherwise.

In order to infer types under the implicit subtyping on
objects, we also need the following two algorithms S and F
for subtype checking and for the least upper bound compu-
tation:

• S(K, τ1, τ2) returns (K′, S) such that τ0 = S(τ1) <
S(τ2) if such substitution exists otherwise it returns
failure.

• F(K, τ1, τ2) returns (K′, τ0, S) such that (1) τ0 is the
least one satisfying τ0 < S(τ1) and τ0 < S(τ2), and
(2) τ0 contains at least one class label, if such K, S, τo

exist, otherwise it returns failure.

These algorithms are given in Figure 3.
Using these auxiliary algorithms, we define a type in-

ference algorithm WK which takes (K, T , e) and returns
(K′, S, τ) or failure. The algorithm is given in Figure 4. For
this algorithm, we can show the soundness property simi-
larly to the corresponding theorem in [18].

This algorithm is, however, not complete; there is a ty-
pable term for which the type inference algorithm reports
failure. This occurs in combination of first-class functions
and object subsumption. To show a typical counter exam-
ple, we assume that C ` c <: c′, C ` new : int → c ∈ c, and
C ` new : int → c′ ∈ c′. Then the following term can be
typable but the algorithm reports failure.

(λx.z (y x) (y (new c(0))) (y x)) (new c′(0))

The problem is that type inference algorithm only consider
possibility of applying subsumption rule for concrete object
types but not for type variables. As a result, the type of x
is (prematurely) unified to c.

This incompleteness would have been a severe limitation
if subsumption rule were the source of polymorphism of
method application. In our calculus, however, method invo-
cation (e.m(e1, . . . , en)) is given polymorphic typing through
kinded record polymorphism, and the subsumption rule is
introduced for typing heterogeneous collections. We believe
that typable terms that are rejected by our conservative type
inference are negligible.

A trivial way to recover completeness of type inference is
to eliminate the subsumption rule in the type system, and to
modify the type inference algorithm so that S and F return
failure if the two types are not unifiable. The resulting type
system is still strong enough to interfacing with an object-
oriented language. In fact, our prototype implementation

S(K, {F1}, {F2}) =
if dom(F1) ⊆ dom(F2) then
U(K, {(F1(l), F2(l))|l ∈ dom(F1)})

else failure

S(K, τ1, τ2) = U(K, {(τ1, τ2)})
F(K, {F1}, {F2}) =

let L = dom(F1) ∩ dom(F2)
(K1, S1) = U(K, {(F1(l), F2(l))|l ∈ L})
F3 = the restriction of F1 on L

in if L does not contain class label then
failure

else (K1, S1, S1({F3}))
F(K, τ1, τ2) =

let(K, S) = U(K, {(τ1, τ2)})
in(K, S, S(τ1))

Figure 3: Subtyping checking and least upper bound
computation

does not contain subsumption rule for a different reason,
which we shall discuss in Section 6, and it still demonstrates
its expressiveness. The only missing feature is heterogeneous
collections.

A more systematic way to recover completeness of type in-
ference retaining the subsumption rule would be to perform
type inference modulo subclass relation similarly to those in
[16, 8, 21]. The rationale of not pursuing this direction is
twofold: (1) it significantly complicates the type inference
system and makes inferred types difficult to understand, and
(2) the extra generality is negligible.

We believe that the current definition is a good com-
promise for adding the feature of heterogeneous collections
without introducing much complication to the underlying
ML-style type inference system.

4. A SAMPLE OBJECT-ORIENTED LAN-
GUAGE

We believe that the proposed calculus serves as a model
of a language that achieves type safe interoperability with
various object-oriented languages. To demonstrate this, we
define a sample object-oriented language. It is not our pur-
pose to study type theoretical issues in object-oriented lan-
guages but to define a language that is expressive enough to
study the issues in interfacing with other systems. To this
purpose, we believe a language with the following features
is sufficient:

• a class system with multiple inheritance, and

• dynamic method dispatch.

Since the interoperable primitives only depends on class
structures in its static semantics, and on method dispatch
in its dynamic semantics, the results we shall establish with
the sample language should be applicable to other object-
oriented languages with various features such as interface
definitions.
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WK(K, T , x) =
if x 6∈ dom(T )then failure
else let ∀(t1 :: k1, · · · , tn :: kn).τ = T (x),

S = [s1/t1, · · · , sn/tn] (s1, · · · , sn fresh)
in (K{s1 :: S(k1), · · · , sn :: S(kn)}, ∅, S(τ))

WK(K, T , e1 e2) =
let (K1, S1, τ1) = WK(K, T , e1)

(K2, S2, τ2) = WK(K1, S1(T ), e2)
(K3, S3) = U(K2, {(S2(τ1), t → s)}) (t, s fresh)
(K4, S4) = S(K3, S3(τ2), S3(t))

in (K4, S4 ◦ S3 ◦ S2 ◦ S1, S4 ◦ S3(s))

WK(K, T , let x = e1 in e2 end) =
let (K1, S1, τ1) = WK(K, T , e1)

(K′1, σ1) = Cls(K1, S1(T ), τ1)
(K2, S2, τ2) = WK(K′1, (S1(T )){x : σ1}, e2)

in (K2, S2 ◦ S1, τ2)

WK(K, T , if e0 then e1 else e2) =
let (K0, S0, τ0) = WK(K, T , e0)

(K1, S1) = U(K0, {(τ0, bool)})
(K2, S2, τ1) = WK(K1, S1 ◦ S0(T ), e1)
(K3, S3, τ2) = WK(K2, S2 ◦ S1 ◦ S0(T ), e2)
(K4, S4, τ) = F(K3, τ1, τ2)

in (K4, S4 ◦ S3 ◦ S2 ◦ S1 ◦ S0, τ)

WK(K, T , e1.l) =
let (K1, S1, τ1) = WK(K, T , e1)

(K2, S2) =
U(K1{t :: U, s :: {{l : t}}}, {(s, τ1)}) (t, s fresh)

in (K2, S2 ◦ S1, S2(t))

WK(K, T , e.m(e1, · · · , en)) =
let (K0, S0, τ0) = WK(K, T , e)

(K1, S1, τ1) = WK(K0, S0(T ), e1)
(K2, S2, τ2) = WK(K1, S1 ◦ S0(T ), e2)

...
(Kn, Sn, τn) = WK(Kn−1, Sn−1 ◦ · · · ◦ S0(T ), en)
(Kn+1, Sn+1) = U(Kn{t :: U, s :: {{m : t}}},

{(s, Sn ◦ · · · ◦ S1(τ0))})(t, s fresh)
(Kn+2, Sn+2) =
U(Kn+1, {(Sn+1(t),

Sn+1 ◦ · · · ◦ S2(τ1)×
· · · × Sn+1(τn) → r)})

(r fresh)
in (Kn+2, Sn+2 ◦ · · · ◦ S0, Sn+2(r))

WK(K, T , new c(e1, · · · , en)) =
let (K1, S1, τ1) = WK(K, T , e1)

(K2, S2, τ2) = WK(K1, S1(T ), e2)
...

(Kn, Sn, τn) = WK(Kn−1, Sn−1 ◦ · · · ◦ S1(T ), en)
(Kn+1, Sn+1) =
U(Kn, {(ρ0,

Sn ◦ · · · ◦ S2(τ1)× · · · × τn → t)})
where C ` new : ρ0 ∈ c and t fresh

in (Kn+1, Sn+1 ◦ · · · ◦ S1, Sn+1(t))

Figure 4: Type inference algorithm (excerpts)

4.1 The syntax and the type system
We consider the language given by the following syntax.

P ::= classdef C; · · · ; C in e

C ::= class c extends {c, . . . , c} = F with M

F ::= {f : o, . . . , f : o}
M ::= {m : ρ = λ(x, . . . , x).e, . . . , m : ρ = λ(x, . . . , x).e}
e ::= cb | x | this | e.f | e.m(e, . . . , e) | new c(e, . . . , e)

A program is a sequence of class definitions C1; · · · ; Cn with
a main program e. Each class definition consists of super-
class declarations, field declarations F and method declara-
tions M . A method body can use a special variable this

which will be bound to the receiver object.
There are several potentially subtle issues in defining a

type system for this calculus regarding the interaction be-
tween multiple inheritance, method overriding and the this

variable. Although they are important in designing a sound
type system for expressive object-oriented language, they
are internal in typing a method and do not affect typing
issues in interfacing with another language. For this rea-
son, we do not consider these issues and make the following
simplifying assumptions.

• The relation induced by extends is acyclic.

• The set of fields of a class contains all the fields defined
in its superclasses.

• Overriding fields and methods have the same types.

• No name conflict occurs among superclasses.

• The constructor takes the set of field values in a fixed
order determined by some predefined ordering on field
names.

Under these assumptions, a set of class definition determines
the following class environment C.

1. The subclass relation C ` c <: c′ is determined by the
following rules.

C ` c <: c

“class c1 extends {· · · c2 · · · } · · · ” ∈ C
C ` c1 <: c2

C ` c1 <: c2 C ` c2 <: c3

C ` c1 <: c3

2. C(c).fields is the set of fields declared for c. By the
assumption, if C ` c1 <: c2 then

C(c1).fields ⊇ C(c2).fields

3. C(c).methods is the union of the sets of methods de-
clared for c′ such that C ` c <: c′. By our assumption,
if a method m is defined in both c and c′ then there
types must be the same.

4. C ` new : o1 × · · · × on → c ∈ c where o1, · · · , on is the
types of fields in C(c).fields ordered by a predefined
ordering on the labels.

Based on these assumptions, we define typing rules for
expressions, method and each class definition relative to a
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T ¤ x : o if x : o ∈ T
T ¤ cb : b

T ¤ e : c C ` f : o ∈ c
T ¤ e.f : o

T ¤ e : c C ` m : o1 × · · · × on → o ∈ c T ¤ ei : oi

T ¤ e.m(e1, . . . , en) : o

C(c).fields = {f1 : o1, . . . , fn : on}
T ¤ ei : oi (1 ≤ i ≤ n)
T ¤ new c(e1, . . . , en) : c

T ¤ e : c C ` c <: c′

T ¤ e : c′

Figure 5: Expression typing in a sample object-
oriented language

given class environment C. We then define a type-checking
rule for a program.

The type system of expressions is given in Figure 5. Under
a given class environment C, a method definition of the form

m : o1 × · · · × on → o = λ(x1, . . . , xn).e

is type correct under C if

{this : c, x1 : o1, . . . , xn : on}¤ e : o

is derivable under C.
A class definition of the form

class c extends {c1, . . . , cn} = F with M

is type correct if all the methods in M are type correct.
We now define the type-checking rule for programs. A

program

classdef C1; · · · ; Cn in e

is type correct if the following conditions are met.

• The set of class definitions C1; · · · ; Cn is well formed
(i.e. it satisfies the set of assumptions stated earlier),
yielding a class environment C.

• each class definition in Ci is type correct under C, and

• e is type correct under C, i.e. ∅¤ e : o is derivable for
some o under C.

4.2 Operational semantics and type soundness
In order to model realistic interoperability, we define an

operational semantics of this language using heaps (ranged
over by h) and heap addresses (ranged over by p). A heap is
a mapping from a finite set of heap address to heap values.
Heaps, heap values (ranged over by vh) and runtime values
(ranged over by v) are given as follows.

h ::= {p 7→ vh, . . . , p 7→ vh}
vh ::= cb | 〈f = v, . . . , f = v〉c
v ::= cb | p | wrong

where 〈f = v, . . . , f = v〉c is an object whose runtime type
is c, and wrong denotes runtime error. We write h{p 7→ v}

δ `o (h, x) ⇓ (h, δ(x))

δ `o (h, cb) ⇓ (h, cb)

δ `o (h, e) ⇓ (h′, p) h′(p) = 〈. . . , f = v, . . .〉c
δ `o (h, e.f) ⇓ (h′, v)

δ `o (h, e) ⇓ (h1, p)
h1(p) = 〈F 〉c
C ` m : ρ = λ(x1, . . . , xn).e0 ∈ c
δ `o (hi, ei) ⇓ (hi+1, vi) (1 ≤ i ≤ n)
δ{this : p, x1 : v1, . . . , xn : vn} `o (hn+1, e0) ⇓ (h0, v)
δ `o (h, e.m(e1, . . . , en)) ⇓ (h0, v)

δ `o (hi−1, ei) ⇓ (hi, vi) (1 ≤ i ≤ n)
C(c).fields = {f1 : o1, . . . , fn : on}
h′n = hn{p 7→ 〈f1 = v1, . . . , fn = vn〉c} (p fresh)
δ `o (h0, new c(e1, . . . , en)) ⇓ (h′n, p)

Figure 6: An operational semantics of the object-
oriented language

for the extension of h with {p 7→ v}. A similar notation is
used for H.

The operational semantics is defined as an evaluation re-
lation of the form

δ `o (h, e) ⇓ (h′, v)

indicating the fact that expression e yields a value v and a
new heap h′ when evaluated under environment δ and heap
h. The set of evaluation rules is given in Figure 6.

This set of rules is taken with the implicit rules saying that
the evaluation yields wrong if the conditions specified in a
rule are not met or evaluation of some of its subexpressions
yields wrong.

Runtime values may form cycles and sharing through ob-
ject pointers. To define value typing without resorting to
co-induction, we follow [11] and define types of values rela-
tive to a heap type (ranged over by H) specifying the struc-
ture of a heap, which is a function from a finite set of heap
addresses to types. The following three relations determine
value typing.

• |=o h : H (heap h satisfies heap type H.)
if dom(H) = dom(h), and for each p ∈ dom(h), one of
the following holds:

1. h(p) = cb and H(p) = b,

2. H(p) = c, h(p) = 〈f1 = v1, . . . , fn = vn, . . .〉c′ ,
C ` c′ <: c, C(c).fields = {f1 : o1, . . . , fn : on},
and H |=o vi : oi (1 ≤ i ≤ n).

• H |=o v : o (v has type o under H)
if either H |=o cb : b or H |=o p : c for some c such
that C ` H(p) <: c.

• H |=o δ : T (δ is a model of T under H)
if dom(δ) = dom(T ), and for all x ∈ dom(δ) H |=o

δ(x) : T (x).

A heap type H ′ is an extension of H if dom(H ′) ⊇ dom(H)
and H ′(p) = H(p) for p ∈ dom(H). The following theorem
shows soundness of the type system with respect to this se-
mantics.
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Theorem 2. If T ¤ e : o, |=o h : H, H |=o δ : T then
if δ `o (h, e) ⇓ (h′, v) then there is an extension H ′ of H
such that |=o h′ : H ′, H ′ |=o v : o.

Proof. The proof is by induction on the length of evaluation
steps using the following simple lemma.

Lemma 1. 1. If H |=o v : o and H ′ is an extension of
H then H ′ |=o v : o.

2. If H |=o v : o and C ` o <: o′ then H |=o v : o′.

The proof of the theorem proceeds by cases in term of the
rule used in the last evaluation step.

Case e ≡ e1.f . By the evaluation rule, δ `o (h, e1) ⇓
(h′, v0) for some v0. By the typing rule, there are some c, o′

such that T ¤ e1 : c, C ` f : o′ ∈ c and C ` f : o′ <: o.
By the induction hypothesis, there is some extension H ′ of
H such that |=o h′ : H ′ and H ′ |=o v0 : c. By the definition
of runtime typing, v0 = p such that C ` H ′(p) <: c. Since
C ` f : o′ ∈ c and the property of |=o h′ : H ′, h′(p) must be
an object containing f = v such that H ′ |=o v : o′. Then by
lemma we have H ′ |=o v : o as desired.

Case e ≡ new c(e1, . . . , en). By the typing rule, C(c).fields
= {f1 : o1, . . . , fn : on} for some types o1, . . . , on. By the
evaluation rule, δ `o (h, ei) ⇓ (hi, vi) for some vi (1 ≤
i ≤ n). By induction hypothesis and Lemma 1, there are
H ⊆ H1 ⊆ · · · ⊆ Hn such that |=o hi : Hi, Hi |=o vi : oi.
Let h′n = hn{p 7→ 〈f1 = v1, . . . , fn = vn〉c} (p fresh). We
can then take H ′ = Hn{p 7→ c}, for which |=o h′ : H ′ and
H ′ |=o p : c by the definition of value and heap typing. Since
C ` c <: o, by lemma H ′ |=o p : o as desired.

The cases for variables and constants are trivial. The
case for method invocation can be shown by combining the
techniques of the above two cases. 2

We define value typing and heap typing as follows.

• h |=o v : o (v has type o under h)
if there is some H such that |=o h : H and H |=o v : o.

• h |=o δ : T (δ satisfies T under h)
if there is some H such that |=o h : H and H |=o δ : T .

Then the above theorem yields the following.

Corollary 1. If T ¤ e : o and h |=o δ : T then if
δ `o (h, e) ⇓ (h′, v) then h′ |=o v : o.

5. SEMANTICS AND TYPE SOUNDNESS
OF THE INTEROPERABLE CALCULUS

We now give a formal operational semantics of our interop-
erable calculus with the sample object-oriented language as
the target language for interoperability, and establish type
soundness of the calculus.

5.1 Operational semantics
We write 〈X〉 to emphasize that X is an entity in the

object-oriented language.
The set of runtime values (ranged over by V ) is given by

the following syntax.

V ::= cb | 〈p〉 | cls(∆, λx.M)

We assume that constants (cb) of base types are implicitly
marshaled. 〈p〉 is a heap address in the external object-
oriented language. cls(∆, λx.M) represents a function clo-
sure. ∆ is a runtime environment, which is a mapping from
a finite set of variables to runtime values.

The operational semantics is defined by specifying the set
of evaluation rules of the form:

∆ `λ (〈h〉, M) ⇓ (〈h′〉, V )

indicating the fact that under environment ∆ and exter-
nal heap 〈h〉, expression M evaluates to value V yielding a
modified heap 〈h′〉. The set of rules is given in Figure 7.

5.2 Value typing and type soundness
Typing of values and runtime environments are given as

follows.

• H |=p cb : b

• H |=p 〈p〉 : o if H |=o p : o

• H |=p cls(∆, λx.M) : τ1 → τ2

if there is some T such that H |=p ∆ : T and T ¤

λx.M : τ1 → τ2.

• H |=p V : σ
if H |=p V : τ for any kind-respecting instance τ of σ.

• H |=p ∆ : T
if dom(∆) = dom(T ) and for all x ∈ dom(∆), H |=p

∆(x) : T (x).

These are relative to a given class environment C.
We can now show the following type soundness theorem.

Theorem 3. If K, T ¤M : τ , S is a K-respecting ground
substitution, |=o h : H, H |=p ∆ : S(T ) and ∆ `λ (〈h〉, M) ⇓
(〈h′〉, V ) then there is some extension H ′ of H such that
|=o h′ : H ′ and H ′ |=p V : S(τ).

Proof. The proof is by induction on the length of evaluation
steps using Theorem 1. Proof proceeds by cases in terms of
the rule used in the last evaluation step. We only show the
case for external method invocation. The other cases are
simpler.

Case M ≡ M0.m(M1, . . . , Mn).
Suppose K, T ¤ M0.m(M1, . . . , Mn) : τ . Then ∅, S(T ) ¤

M0.m(M1, . . . , Mn) : S(τ). By the typing rule, ∅, S(T ) ¤

M0 : τ0 such that ∅ ` τ0 :: {{m : o1 × · · · × on → o}}, and
∅, S(T ) ¤ Mi : oi. τ0 is a ground type containing a field
m : o1×· · · on → o. By the definition of the type system, the
only possible τ0 satisfying this condition is some c such that
C ` c = τ . By the evaluation relation, ∆ `λ (〈h〉, M0) ⇓
(〈h1〉, V0). By induction hypothesis, there is some H0 ⊇ H
such that |=o h′ : H0, and H0 |=p V0 : c. By the definition
of value typings, V0 = p0 for some p0 such that H ′ |=o

po : c. By evaluation relation and induction hypothesis,
we can show that there are some Hi(1 ≤ i ≤ n) such that
H0 ⊆ H1 ⊆ · · · ⊆ Hn, |=o hi : Hi, and Hi |=p Vi : oi. By
the definition of value typing, either Vi = cb and o = b, or
Vi = 〈p〉, oi = ci, and Hi |=o pi : ci. Let vi = pi if Vi = pi

otherwise vi = Vi. Then Hn+1 |=o {x : p, x1 : v1, . . . , xn :
vn} : {x : o, x1 : o1, . . . , xn : on}. By the encoding of c in the
record calculus, we must have C ` m : o1×· · ·× on → o ∈ c,
and therefore {x : o, x1 : o1, . . . , xn : on}¤x.m(x1, . . . , xn) :
o. By evaluation relation, {x : p, x1 : p1, . . . , xn : pn} `o

(hn, x.m(x1, · · · , xn)) ⇓ (hn+1, p). By Theorem 1, there is
some extension Hn+1 of Hn such that |=o hn+1 : Hn+1 and
Hn+1 |= v : o. Then either v = cb = V and o = b or v = p,
V = 〈p〉 and o = c. In either case, we can take Hn+1 as the
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∆ `λ (〈h〉, x) ⇓ (〈h〉, ∆(x)) ∆ `λ (〈h〉, cb) ⇓ (〈h〉, cb) ∆ `λ (〈h〉, λx.M) ⇓ (〈h〉, cls(∆, λx.M))

∆ `λ (〈h〉, M1) ⇓ (〈h1〉, cls(∆′, λx.M ′
1))

∆ `λ (〈h1〉, M2) ⇓ (〈h2〉, V2)
∆′{x : v2} `λ (〈h2〉, M ′

1) ⇓ (〈h3〉, V )
∆ `λ (〈h〉, M1 M2) ⇓ (〈h3〉, V )

∆ `λ (〈h〉, M) ⇓ (〈h1〉, 〈p〉)
∆ `λ (〈hi−1〉, Mi) ⇓ (〈hi〉, 〈pi〉) (1 ≤ i ≤ n)
C(c).fields = {f1 : o1, . . . , fn : on}
〈h0〉 = 〈hn{p : 〈f1 : p1, . . . , fn : pn〉c}〉 (p fresh)
∆ `λ (〈h〉, new c(M1, · · · , Mn)) ⇓ (〈h0〉, 〈p〉)

∆ `λ (〈h〉, M0) ⇓ (〈h0〉, 〈p0〉)
∆ `λ (〈hi−1〉, Mi) ⇓ (〈hi〉, Vi) (1 ≤ i ≤ n), Vi = 〈pi〉 or Vi = cb

let vi = pi if Vi = pi otherwise vi = Vi

〈{x : p0, x1 : v1, . . . , xn : vn} `o (hn, x.m(x1, · · · , xn)) ⇓ (hn+1, p)〉
∆ `λ (〈h〉, M0.m(M1, · · · , Mn)) ⇓ (〈hn+1〉, V )

∆ `λ (〈h〉, M) ⇓ (〈h1〉, 〈p〉)
〈{x : p} `o (h1, x.l) ⇓ (h2, p)〉
∆ `λ (〈h〉, M.l) ⇓ (〈h2〉, 〈p〉)

Figure 7: Operational semantics

necessary H ′ for which we have |=p h′ : H ′ and H ′ |=p V : o,
as desired. 2

Similarly as before, we define the following value typing.

• h |=p V : τ (v has type τ under h)
if there is some H such that |=o h : H and H |=p V : τ .

• h |=p ∆ : T (∆ satisfies T under h)
if there is some H such that |=o h : H and H |=p ∆ : T .

We then have the following desired result.

Corollary 2. If K, T ¤ M : τ , S is a K-respecting
ground substitution, h |=p ∆ : S(T ) and ∆ `λ (〈h〉, M) ⇓
(〈h′〉, V ) then h′ |=p V : S(τ).

6. EXTENSIONS AND IMPLEMENTATION
This work is part of our ongoing project of developing

an Interoperable ML. The aim of the project is to design
and develop a polymorphic language that is interoperable
with other programming models, including object-oriented
languages and database systems. As a step toward such an
interoperable language, we have implemented an experimen-
tal prototype system1 embodying the interoperable calculus
we have presented in this paper.

In design and development of the prototype system, we
have considered several issues other than those presented in
this paper, and have implemented some of them. An impor-
tant one of them is the development of a uniform mechanism
for interfacing with external languages of various different
programming models. In this paper, we have so far consid-
ered interoperability with a single object-oriented language.
Foreign function interfaces of most existing functional lan-
guages also usually presuppose single external model, espe-
cially that of C language [1, 6]. In practice, however, it is
desirable and sometimes essential to be able to manipulate
objects of various different models, such as Java, CORBA,
COM and .NET, simultaneously.

1The current experimental prototype system, which
we tentatively called Amethyst, is available at
http://pllab.jaist.ac.jp:8080/amethyst/index.html.
The interested reader may copy and try the system. Note,
however, that this is a prototype made available for evalua-
tion, and not intended for general release. We are planning
to develop Interoperable ML – a practical polymorphic
interoperable language.

To handle objects in various models, it is necessary to have
some language constructs for distinguishing name spaces
and for specifying required access protocols. To achieve this
in a modular and uniform way, we have introduced in our
implementation a notion of a domain representing a par-
ticular object model, and let object types of some object
model belong to the domain corresponding to the model.
The usual built-in records can be treated as object types
belonging to a special built-in domain. Our implementa-
tion extends the core of Standard ML (i.e. those except
for the module system) with a mechanism for domains. Its
runtime system consists of a bytecode executor and plug-in
modules, each of which realizes a particular domain. Cur-
rent prototype includes a module for accessing Java class
libraries and one for accessing PostgreSQL database server.
The module for Java domain is implemented using Java Na-
tive Language Interface (JNI). The bytecode compiler of the
main language together with the Java module realizes the
interoperable calculus presented in this paper.

The actual implementation differs from the formal presen-
tation in that it does not implement subsumption on object
types. The rationale of this deviation is due to our con-
sideration of the relationship between external objects and
internal records. Since they are similar in their properties
and usage, the programmer may often want to treat them
uniformly. Based on this observation, we make the elimi-
nation operations of records (field selection primitives and
polymorphic record pattern matching) applicable also to ex-
ternal objects. The lack of object subsumption is the price
of this uniform treatment. We could of course implement
external objects as those independent of records by intro-
ducing two sets of elimination operations. We are currently
investigating a typing mechanism that allows both object
subsumption and uniform treatment of records and objects.

Let us show some examples in our prototype system be-
low. First, types and functions necessary for manipulating
Java objects are declared through domain statement as fol-
lows.

domain Java = imports "init" of "jnilib";

external type ’t JObject =

JObject of ’t imports "JObject" of Java;

fun ObjOf (JObject obj) = obj;

In the first line, Java domain which is implemented in a mod-
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ule specified by "jnilib" is declared, and "init" specifies
the entry point of the module. external type statement de-
clares types representing external data structures, and has
the property similar to datatype declaration in Standard
ML. Type JObject wraps external Java classes, and plays
a role as a marker to distinguish them from object types of
other domains. A type parameter of JObject is the repre-
sentation of the class structure. The function defined in the
bottom line extracts the wrapped object.

This extra layer of type definition is necessary to deal
with multiple domains. If the only possible target language
is Java, then we could have used the same type encoding as
in our formal development.

Using these declarations, we show examples of using Java
classes. Suppose we have the following Java class.

public class C{

public String Name;

private int Age;

public C(String Name,int Age){

this.Name = Name;

this.Age = Age;

}

public int getAge(){

return this.Age;

}

}

Class C is imported as follows.

external type C =

{Name:string "field:Name:Ljava/lang/String;",

getAge:unit->int "method:C:getAge:()I",

java’lang’Object:unit "class",

C:unit "class"}

imports "C" of Java;

external fun C : string -> int -> C JObject

= imports "new:C:(Ljava/lang/String;I)V"

of Java;

C is an object type representing Java class C containing four
members. Name corresponds to the Name field of class C. The
string literal "field:Name:Ljava/lang/String;" is used by
Java domain to identify the correspondence between mem-
bers of external type and those of Java class. The second
member getAge corresponds to getAge method of class C.
The third and fourth members specify the ancestor classes
of C, i.e. java.lang.Object and C itself. A constructor
of class C is declared here as an external function by an
external fun statement.

These declarations allows us to manipulate Java objects
safely within the polymorphic type system. Moreover, we
can treat those Java objects in the same way as built-in
records of ML as seen in the following.

fun getName x = #Name x;

getName {Name="Murata"};

getName (ObjOf(C "Togo" 58));

Through this feature, we can enjoy the benefits of both ML-
style polymorphism and object-oriented programming. For
example, we can manipulate Java objects using ML-style
higher-order functions as seen below.

val s = C "Saigo" 78;

val t = C "Togo" 58;

map (getName o ObjOf) [s,t];

The resulting system is to some extent more flexible than the
original Java type system in manipulating Java objects due
to ML’s polymorphic functions with record polymorphism.
For example, suppose we have another class definition of the
form

class D{

public String Name;

}

Since D and C has no common superclass having Name field,
it is impossible in Java type system to define a function
(method) for extracting Name attribute that is applicable to
both C and D objects. By contrast, in our system the above
getName can be applied to C and D objects.

getName (ObjOf(C "Togo" 58));

getName (ObjOf(D "Yamamoto" 21));

In this way, we can define various useful polymorphic func-
tions manipulating Java objects by exploiting parametric
polymorphism extended to Java objects.

7. CONCLUSIONS
We have defined a polymorphic calculus that is capable of

interfacing with an object-oriented language, and have de-
veloped an ML-style type inference algorithm. The calculus
enjoys the features of higher-order programming with ML-
style polymorphism and class-based object-oriented program-
ming with dynamic method dispatch. Method invocation is
type checked in the polymorphic type system of the calcu-
lus. Its operational semantics is to call an external object-
oriented language for dynamic method invocation. We have
shown that the type system is sound with respect to an
operational semantics which faithfully models linking to an
external object-oriented language. These results have been
implemented in our prototype interoperable language, which
can access Java class files and other external resources.

This is our first step toward developing a statically typed
interoperable languages, and there are a number of issues to
be investigated. We only mention two of them below.

1. Accessing functions from an object-oriented language.
We have only considered the problem of accessing ex-
ternal classes from a polymorphic higher-order lan-
guage. We would also like to develop a mechanism
for accessing functions in a polymorphic language from
an object-oriented language. It should not be so hard
to access first-order functions from an object-oriented
language as a native static method. More challeng-
ing issues is to combine and use foreign higher-order
functions directly in an object-oriented language.

2. Memory management in interoperable languages.
In our formalism and in our implementation, values
in the polymorphic calculus may contain pointers to
the heap of the external object-oriented language, but
not vise versa. Due to this simple structure, garbage
collection in the object calculus can be done by includ-
ing the set of exported pointers in the root set. How-
ever, if we extend the formalism to allow bi-directional
interoperability as discussed above, then the heaps

11



of participating languages may contain global cycles,
and garbage collection could be a serious problem.
Garbage collection method in distributed computing
may give us some hint.

We are now investigating these and other issues using our
experimental prototype system.
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