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Abstract

Many statically-typed programming languages provide an abstract data type construct, such
as the module in Modula-2. However, in most of these languages, implementations of abstract
data types are not first-class values. Thus they cannot be assigned to variables, passed as func-
tion parameters, or returned as function results.

Several higher-order functional languages feature strong and static type systems, paramet-
ric polymorphism, algebraic data types, and explicit type variables. Most of them rely on Hind-
ley-Milner type inference instead of requiring explicit type declarations for identifiers.
Although some of these languages support abstract data types, it appears that none of them
directly provides light-weight abstract data types whose implementations are first-class values.

We show how to add significant expressive power to statically-typed functional languages
with explicit type variables by incorporating first-class abstract types as an extension of alge-
braic data types. Furthermore, we extend record types to allow abstract components. The com-
ponents of such abstract records are selected using the dot notation.

Following Mitchell and Plotkin, we formalize abstract types in terms of existentially quan-
tified types. We give a syntactically sound and complete type inference algorithm and prove
that our type system is semantically sound with respect to a standard denotational semantics.

Categories and Subject Descriptors: D.3.2 [Programming Languages]: Language Classifica-
tions — applicative languages; D.3.3 [Programming Languages]: Language Constructs and Fea-
tures — abstract data types, modules, packages; F.3.2 [Logics and Meanings of Programs]:
Semantics of Programming Languages — denotational semantics; F.3.3 [Logics and Meanings of
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1 Introduction

Many statically-typed programming languages provide an abstract data type construct, such as
the package in Ada, the cluster in CLU, and the module in Modula-2. In these languages, an
abstract data type consists of two parts, interface and implementation. The implementation con-
sists of one or more representation types and some operations on these types; the interface speci-
fies the names and types of the operations accessible to the user of the abstract data type.
However, in most such languages, implementations of abstract data types are not first-class val-
ues. Thus they cannot be assigned to variables, passed as function parameters, or returned as
function results.

Several higher-order functional languages, such as Haskell [10], Hope [2], Miranda [27], and
ML [19], feature strong and static type systems, parametric polymorphism, algebraic data types,
and explicit type variables. Most languages in this group rely on Hindley-Milner type inference
instead of requiring explicit type declarations for identifiers. Although some of these languages
support abstract data types, it appears that none of them directly provides light-weight abstract
data types whose implementations are first-class values. Instead, they provide several distinct
constructs that can be used to express abstract data types:

= Tuples or records of closures can be used to model abstract data types [23]. The hidden bind-
ings shared between the closures correspond to the representation, the closures themselves
correspond to the operations, and the type of the tuple or record corresponds to the interface.
The shortcoming of this approach is the complete encapsulation of the internal representation,
which makes it hard to add operations to the abstract type or to implement efficient binary
operations [11].

= Modules provide a mechanism for separate compilation and data abstraction. A module in
Haskell consists of an interface and an implementation of that interface. The Standard ML
module system generalizes modules by allowing signatures (interfaces) and structures
(implementations) as independent entities: several structures may share the same signatures,
and a single structure may satisfy several signatures. Furthermore, Standard ML provides
parameterized structures called functors. For type-theoretic reasons, first-class structures
would entail a type of all types, leading to inconsistencies in the language [18, 20]. Therefore
structures are not treated as first-class values. However, this causes considerable difficulties in
a number of practical programming situations [11]. (Some recent proposals that do treat struc-
tures as first-class values are discussed toward the end of this section.)
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e The abstype construct in Standard ML and Miranda allows the declaration of abstract data
types, but admits only one implementation per type. Haskell emulates this construct by
exporting an algebraic data type without its constructors from a module; thus it requires a sin-
gle implementation for each type as well. Since the abstype construct can also be emulated
in Standard ML within the module system, the former has largely been superseded by the lat-
ter.

On the type-theoretic side, Mitchell and Plotkin [22] and subsequently Cardelli and Wegner [4]
have shown that abstract types can be represented as existentially quantified types. By stating that
a value v has the existentially quantified type (.1, we mean that v has type [T/a]t for some
fixed, but private type T.

This paper demonstrates how light-weight abstract data types with first-class implementations
can be conveniently integrated into any functional language with a static, polymorphic type sys-
tem, explicit type variables, and algebraic data type declarations. The key idea of our work is to
allow existentially quantified component types in algebraic data types. For the sake of concrete-
ness, our proposal is presented as an extension to ML. It equally applies to other languages with
similar type systems, such as Haskell, Hope, or Miranda. Furthermore, our proposed extension is
independent of strictness considerations. We show how data types with existential component
types add significant flexibility to a language without even changing its syntax; in particular, we
give examples demonstrating how we express

= first-class abstract types,

= multiple implementations of a given abstract type,

= heterogeneous aggregates of different implementations of the same abstract type, and
= dynamic dispatching of operations with respect to the representation type.

We present a deterministic type inference system in the style of Damas and Milner [7] for our
language, which leads to a syntactically sound and complete type inference algorithm. Further-
more, the type system is semantically sound with respect to a standard denotational semantics.
We then extend record types to allow abstract components. The components of such abstract
records are selected using the familiar dot notation. The semantic soundness of this extension is
shown by a type-preserving translation [11] to the first extension.

Our proposal has been implemented by Leroy and Mauny [15] in the Caml Light compiler for
ML. All examples from this paper have been developed and tested using this compiler and are
given in Caml syntax.

Most other work on existential types does not consider type inference or permit polymorphic
instantiation of identifiers that have existential type. By contrast, such identifiers are let-bound in
our system and may be instantiated polymorphically, as illustrated in Section 2.

Hope+C [24] is the only prior work known to us that includes Damas-Milner-style type infer-
ence for existential types. However, the typing rules given there are not sufficient to guarantee the
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absence of run-time type errors, even though the Hope+C compiler seems to impose sufficient
restrictions. The following unsafe program, here given in ML syntax, is well-typed according to
the typing rules, but rejected by the compiler. (The type variable 'a is existentially quantified.)

type T = K of 'a
let f x = let Kz =x1in z

f(K 1) = f(K true)

Existential types combine well with the systematic overloading polymorphism provided by
Haskell type classes [28]. We extend Haskell’s data declaration similarly to the ML datatype
declaration [12, 11]. In Haskell, it is possible to specify what type class a universally quantified
type variable belongs to. In our extension, we can do the same for existentially quantified type
variables. This allows us to construct heterogeneous aggregates over a given type class.

Existential types are also beneficial in relation with dynamic types. Leroy and Mauny [14] pro-
pose an extension of ML with dynamics, pairs consisting of a value and its type. Dynamics admit
pattern matching on both the value and the run-time type. Existential types are used to match
dynamic values against dynamic patterns with incomplete type information. This makes dynam-
ics useful for typing functions such as eval . However, dynamics do not provide type abstraction
since they give access to the type of an object at run-time. It seems possible to combine Leroy and
Mauny’s system with ours, extending their existential patterns to existential types. We are cur-
rently investigating this point.

Pierce and Turner [25] describe an object-oriented language based on existential quantification
instead of recursive record types. Their language is based on an extension of F , that includes sub-

typing and seems sufficiently powerful to model most features found in typical object-oriented
languages, including class inheritance, reference to the methods of a superclass, and private
instance variables. However, their language is explicitly typed, and algorithmic type inference is
not considered.

Starting with earlier work by Mitchell and Plotkin [22] and MacQueen [16], there has been an
ongoing discussion whether abstract types should be replaced by an advanced module system
such as the one found in Standard ML [19]. Since modules are not first-class values for type-the-
oretic reasons, their use as abstract data types is limited.

Mitchell, Meldal, and Madhav [21] describe the possibility of treating modules as first-class
values but do not address the issue of type inference. By hiding the type components of a struc-
ture, the type of the structure itself is implicitly coerced from a strong (dependent) sum type to a
weak (existentially quantified) sum type.

Harper and Lillibridge [9] and independently Leroy [13] further explore this idea in a new
treatment of the Standard ML module system. In their approach, structures have weak sum types
and act as first-class values. Thus stratification of types into different universes of “small” types
and “large” strong sum types is no longer necessary. Furthermore, signatures may contain mani-
fest type specifications that express constraints on types in structures or functors. This treatment
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simplifies the sharing constraint mechanism of the Standard ML module system and supports
true separate compilation.

In the remainder of this paper, Section 2 describes an extension of algebraic data types with
existential quantification. Section 3 presents a system of abstract record types with a dot notation
for field selection. Section 4 contains a collection of examples. Section 5 introduces the underlying
formal language, EXML. Section 6 and Section 7 discuss a type system and a type inference algo-
rithm for EXML. Section 8 presents a denotational semantics for EXML, and Section 9 concludes.

2 Making Algebraic Data Types Abstract

This section illustrates how abstract data types can be provided in the form of algebraic data types
with existentially quantified component types. While our extension can be applied to any lan-
guage based on a polymorphic type system with algebraic data types and explicit type variables,
it has been implemented in the Caml Light compiler for ML [15], and all examples are given in
Caml syntax. (See [8] for an introduction to ML.)

An algebraic data type declaration is of the form

type [args] T= K of 1 i Kof T,
where the K’s are value constructors and the optional prefix argument args is used for formal type
parameters that may appear free in the component types T;. The value constructor functions are
universally quantified over these type parameters, and no other type variables may appear free
in the T;’s.

The extension we propose works as follows: without altering the type declaration syntax, we
give a meaning to type variables that appear free in the component types, but not in the type
parameter list. We interpret such type variables as existentially quantified.

For example, the type declaration

type KEY = Key of 'a * (‘la -> int)

describes a data type with one value constructor whose components are pairs of a value of type
'‘a and a function from type 'a to int . The question is what we can say about the existentially
guantified type variable 'a . The answer is, nothing, except that it ensures that the type of the
value is the same as the domain of the function. To illustrate this further, the type of the expression

Key(3,fun x -> 5)
is KEY, as is the type of the expression
Key([1,2,3],list_length)

where length is the built-in function on lists. Note that no argument types appear in the result
type of the expression. On the other hand,

Key(3,list_length)
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is not type-correct since the type of 3 is different from the domain type of list_length

We recognize that KEYis an abstract type comprised by a value of some type and an operation
on that type yielding an int . It is important to note that values of type KEY are first-class: they
may be created dynamically and passed around freely as function parameters. The two different
values of type KEYin the previous examples may be viewed as two different implementations of
the same abstract type.

Besides constructing values of data types with existential component types, we can decompose
them using a let -expression with pattern matching. We impose the restriction that a type vari-
able that is existentially quantified in a let -expression must not appear in the result type of the
expression or in the type of a global identifier. Analogous restrictions hold for the corresponding
open and abstype constructs for existential types (see [4, 22] for further discussion).

For example, assuming x is of type KEY, then

let (Key(v,f) ) =xin fv

has a well-defined meaning, namely the int result of f applied to v. We know that this applica-
tion is type-safe: the pattern matching succeeds since x was constructed using the constructor Key,
and at that time it was enforced that f could safely be applied to v. On the other hand,

let (Key(v,f) ) = Xxinv

is not type-correct since we do not know the type of v statically and, consequently, cannot assign
a type to the whole expression.

Our extension allows us to deal with existential types, with the further improvement that
decomposed values of existential type are let -bound and may be instantiated polymorphically.
This is illustrated by the following example,

type ' a T =Kof (‘a->"h * (b -> int)
let (K(f,g) ) = K ((fun x -> x), (fun x -> 3)) in
g(f true) = g(f 7)

which results in true . In most prior work, the value on the right-hand side of the binding would
have to be bound and decomposed twice.

3 Abstract Records and the Dot Notation

MacQueen [16] observes that the use of existential types in connection with an elimination con-
struct (open, abstype , or our let ) is impractical in certain programming situations. Often, the
scope of the elimination construct has to be made so large that some of the benefits of abstraction
are lost. In particular, the lowest-level entities have to be opened at the outermost level. These are
the traditional disadvantages of block-structured languages as compared to modular ones.

To overcome these problems, Cardelli and Leroy [3] propose a dot notation for existential
types. We use this notation in our proposal and show that it can be combined with polymorphic
type inference. We model abstract types as record types with existentially quantified component
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types. Values with abstract components are created by record construction and decomposed by
record field selection. This mechanism provides comparable expressiveness to modules in Mod-
ula-2, with the crucial difference that records are first-class values. (See Appendix B for a formal
treatment of a “dotless” dot notation in ML.)

Informally, fields selected from the same record identifier are always given compatible abstract
types. We can extend this rule to nested records; fields selected from identical access paths are then
given compatible abstract types. However, we disallow field selection from arbitrary record
expressions since we cannot determine statically when two abstract types have compatible repre-
sentations. This point is further discussed by Leroy [13].

The following examples illustrate the dot notation in ML syntax. We start with a record type
with existentially quantified component types:

type KEY = {x : 'a; f : 'a -> int}
In the first expression,

let z ={x =3, f=1fun x -> x + 2} in
zf z.x
the existential type variable in the type of f is the same as the one in the type of x, and the function
application produces a result of type int . This follows from the fact that both f and x are selected
from the same record identifier, z. Consequently, their types must be compatible, and the whole
expression is type-correct.
On the other hand, the following expressions are not type-correct. For instance,

let z={x =3, f=1fun x -> x + 2} in
z.f

is incorrect since the existential type variable in the type of f escapes the scope of z. So is

let z ={x =3, f=fun x -> x + 2} in
let y = z in
z.f y.x

because different identifiers are given different private types. As we cannot determine statically
that they hold the same values in this case, we must assume that the values have different types.
Our last example involves nested records:

type NEST = {k1, k2 : KEY}

let z={x =3, f=fun x -> x + 2} in

let n = (kI = z, k2 = z} in
While the application n.k1.f n.k1.x would be type-correct in the context of these definitions,
the similar expression n.k1.f n.k2.x would not since we cannot guarantee statically that both

n.kl and n.k2 have the same representation type.
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4 Examples

The following examples have been developed and tested using the Caml Light system [15]. (See
[11] for additional examples).

Minimum over a heterogeneous list

Given the type declaration from Section 2,
type KEY = Key of 'a * (‘la -> int)

we define a heterogeneous list whose elements are of type KEY along with some auxiliary func-
tions. Caml uses semicolons to separate list elements.

let | x =
let b2i b if b then 1 else 0

let ks = [Key(7,]); Key([1;2;3],list_length); Key(true,b2i)]

X

We then define a function that takes a value of type KEYand applies the second component (the
function) to the first component (the value):

let key(Key(x,f)) = f x

Finally, we define a function that returns the smallest element of a list of KEYs with respect to the
integer obtained by applying the function key to the elements:

let rec min = fun [X] -> X
| (x 2 xs) -> let y = min xs in
if key x < key y then x else y

Then the expression key(min ks)  evaluates to 1.

Multiple existentially quantified type variables

It is permitted to have more than one existentially quantified type variable in the component type
of a value constructor, as illustrated by the following example:

type MULTI = Multi of 'a * 'b * (la -> 'b -> int)

let multi(Multi(x,y,f) ) =fxy
let multiList =
[Multi(3, 4, prefix +);

Multi([1;2;3], [4;5], (fun x y -> list_length (X @ V)));
Multi([7;8;9], 10, (fun x y -> list_length x + y))]

The application map multi multiList then results in the list [7;5;13] . The expression
prefix + in Caml syntax is equivalent to op + in Standard ML and turns the operator + into a
prefix function symbol.
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Lists of composable functions

The algebraic data types in the preceding examples each have only one constructor. Data types
with several constructors are possible as well; any existentially quantified type variables are local
to the component type of the constructor in which they appear. The following type describes lists
of functions, in which the type of each function would allow it to be composed with the next:
type (‘a,'b) FUNLIST = FunCons of (a -> 'c) * ('c,'b) FUNLIST
| FunNil of 'a -> 'b

This type combines universal and existential quantification. The universally quantified type vari-
ables'a and'b correspond to the argument type of the first and the result type of the last func-
tion, respectively; the existentially quantified type variable 'c represents the intermediate types
arising during the composition of two functions. We can now construct lists of composable func-
tions, for example:

let twice x =2 * X
let equal X y = x =y
let double x = (X, X)
let funNil = FunNil (fun x -> X)

let fl = FunCons(twice, FunCons(equal 4, FunCons(double, funNil)))

We would like to write a function that applies a list of functions to an argument. The first, naive
attempt fails since the type of apply in the recursive call is different from the type of apply on
the left-hand side. This form of polymorphic recursion is not permitted in ML:

let rec apply = fun (FunNil f) x > f x
| (FunCons(f,fl)) x -> apply fl (f x)

We can overcome this problem by encapsulating the function list and its argument in another
abstract type:

type 'b FUNAPPL = FunAppl of (‘a,'b) FUNLIST * 'a

Thus the recursion in the following definition of apply’ is now monomorphic as both occur-
rences have type 'b FUNAPPL -> 'b , and we define apply in terms of apply'

let rec apply' =
fun (FunAppl(FunNil f,x)) > f x
| (FunAppl(FunCons(f,fl),x)) -> apply'(FunAppl(fl,f x))

let apply f | x = apply'(FunAppl(fl,x))

Evaluation of the expression apply fl 2 then resultsin (True, True) .

Stacks parameterized by element type

This example demonstrates how universal and existential quantification can be combined in
abstract container types. We first define an abstract record type STACKwith existentially quanti-
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fied component types. The advantage over a tuple type is that we can refer to the components by
name.

type 'a STACK =

{Self : 'b;

Push : 'a -> 'b -> 'b;
Pop :'b -> 'b;

Top :'b -> ‘g

Null : 'b -> bool}
An on-the-fly implementation of anint STACKin terms of the built-in type list  can be given as

{Self = [1;2;3]; Push = (fun x xs -> X I XS);
Top = hd; Pop = tl; Null = (fun xs -> xs = [])}

For the systematic implementation of stacks, we provide a constructor function for each imple-
mentation, one based on lists,

let makeListStack xs =

{Self = xs;

Push = (fun x xs -> X : Xs);
Top = hd;

Pop = tl;

Null = (fun xs -> xs = [])}

and one on arrays:

let makeArrayStack xs =
{Self = vect_of_list (rev xs);
Push = (fun x v -> concat_vect v [| x |]);

Top = (fun v -> vect item v (vect length v - 1));
Pop = (fun v -> sub_vect v 0 (vect length v - 1));
Null = (fun v -> vect_length v = 0)}

For dynamic dispatching, we write stack functions that work uniformly across implementations.
These “wrapper” functions work by decomposing a value of type STACK applying the intended
“inner” operation to the Self component, and constructing a new value with an updated Self
component.

let push x {Self=s; Push=p; Pop=0; Top=t; Null=n} =
{Self=p x s; Push=p; Pop=0; Top=t; Null=n}

When the result type of an operation is not abstract, no encapsulation is necessary:
let top {Self=s; Push=p; Pop=0; Top=t; Null=n} =t s

We can combine different implementations in a heterogeneous list of stacks and apply the wrap-
per functions to each element in the list. For example, the expression

map top (map (push 1) [makeListStack[2;3;4]; makeArrayStack[5;6;7]]

evaluates to [1;1]
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Parameterized stacks in the dot notation

The dot notation lets us express the stack wrapper functions much more elegantly. We rewrite the
push wrapper function to update the Self component by applying the inner Push operation.
Similarly, the new top wrapper function applies the inner Top operation to the Self component.
The keyword with is not part of Caml; we use it here to express component-wise, non-destructive
record update.

let push x s = s with {Self = s.Push x s.Self}
let top s = s.Top s.Self

5 The Language EXML

ExXML is an extension of Mini-ML [5] with user-defined algebraic data types. In addition to the
usual constructs (identifiers, applications, A-abstractions, and let-expressions), we introduce
sugar-free versions of the ML constructs that deal with data types. A data-declaration introduces
a new recursive data type; values of this type are created by applying a constructor K, their tags
can be inspected using an is-expression, and they can be decomposed by a pattern-matching let-
expression. Names z, needed in the definition of type environments, include identifiers x and
value constructors K. The syntax of EXML expressions is given in Figure 1.

Type variables a, 3
Skolem types K

Recursive types X = uB.Kqn,+... +Kn,

Types T =unit [ bool Jo J1yxtT, |11, | X | K(Tg-0h Tp)
Existential typesn = [h.n | 1

Typeschemes ¢ = Oo.o |t

Constructors K

Identifiers X,y

Names z =xY,K

Expressions

@
[

= x| (eq8)) | Axe | letx=¢ ine,

| datacine | K |isK | letKx=¢;ine,

Figure 1: Syntax of EXML types and expressions

The syntax of EXML types includes recursive algebraic data types x and Skolem types K ; the
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latter are used to type identifiers that are bound by a pattern-matching let-expression and whose
type is existentially quantified. Explicit existential types n arise only as domain types of value
constructors. The syntax of EXML types is included in Figure 1.

The match -expression in source-level Caml syntax corresponds to nested if-expressions with
is-expressions as conditions and pattern-matching let-expressions for the different cases. The fol-
lowing ML example

type ' aT=Kof'a|]Lofint*'aT| M

match x with K y > 1

| Liy,2) >y
| M > 0

can be written in EXML as follows, assuming that type int is defined:

data Oa.uB.Ka +L (int x ) + M unit
in ..
if is Kx then 1
elseifisLxthen letLz=xinfstz
else 0

ExML lacks special syntax for mutually recursive type declarations since mutual recursion in
algebraic data types does not add any expressive power to a language that already supports ordi-
nary p-recursion. This is an application of Beki¢’s theorem, which states that a group of mutually
recursive declarations can be replaced with several p-recursive declarations by successive elimi-
nation (see [29] for details). The following example illustrates this transformation; the source-level
ML type declarations

type S = SNil | SCon o f S | SMut of T
type T = TNil | TCon o f T | TMut of S

translate to the following equivalent ExML declarations:

data pBg.SNil unit + SCon Bg + SMut (UB+.TNil unit + TCon B+ TMut Bg) in
data pf+.TNil unit + TCon B + TMut (uBg.SNil unit + SCon Bg + SMut B4) in...

6 The Type System of ExML

In this section, we present the type system of ExXML. Our system is deterministic and syntax-
directed, thus there is exactly one type rule for each syntactic construct. A (type) environment is a
finite mapping A = [z,:04,...,2,,:0,] from names to type schemes. Value constructors are

mapped to the recursive type schemes to which they belong; A(K) is the type scheme ¢ such that
0 = 0a;...a,.... +Kn + ... The domain of A is Dom(A) = {z4, ...,z,} . The extension A[z:0]
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is a new environment that maps z to o and all z' in Dom(A) to A(z") . The free type variables in A
are given by FV(A) = FV(A(z,)) O ... O FV(A(z,)). The free Skolem types in atype T are given by

FS(1); FS generalizes to environments analogously to FV .

The auxiliary predicates and functions in Figure 2 are used in the type inference rules. The
predicates = and < describe instantiation of type schemes and generalization of existential types,
respectively. The corresponding functions inst; and insty replace the bound type variables in

type schemes and existential types with fresh type variables and are used in the type inference
algorithm (see Section 7). The function gen universally quantifies all free variables in a type that
are not free in the environment. Finally, the function skol replaces all bound type variables in an

existential type by fresh Skolem type constructors that are parameterized by the free type vari-
ables in the environment.

Oay...a,.1=20a";...a iff there are types 1,...1,, such that

m-T
T = [rl/cxl, ...,rn/an]r and

FV(@ay...a,.1) n {a'y, ..,a'} = O

oy ..o, Tty T iff there are types 1,...7,, such that

T = [rl/cxl, ...,rn/an]r and

FV([b(l...an.r) n {cx'l, cx'm} =0
insto(da...a,,.1) = [By/ay, ..., By/0,]T where B,...3,, are fresh type vars
inst{([ot;...0,,.7) = [By/ay, ..., B,/a,]T where B,...B,, are fresh type vars
gen(A, 1) = 0ay...a,.t where {a4,...,0,} = FV(1)-FV(A)
skol(A, [B;...B,,-0) = [kj(ay, ..., 0,)/B;]T where k;...k,, are fresh Skolem type

constructors such that FS(A) n {Kl, Km} = 0O and

{ag, ..., a,} = FV((B,...B-T) —FV(A)

Figure 2: Auxiliary predicates and functions for type inference

The four typing rules shown in Figure 3 are the same as in the Mini-ML system. They are used
in the typing of variables, abstractions, applications, and let-expressions.

Four new rules are given in Figure 4; they are used to type data type declarations, value con-
structors, is-expressions, and pattern-matching let-expressions. We explain each of the new rules
in turn:
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Ate 11,1 Ate,: 1

VAR AX)=T APP 1'1 2 1 F 22
Abx:t At(egey):1y

A[X:T e T Ate T Alx:gen(A, 1)) e, T

ABS [ 1”’ 2 LET i’ 1 1 [ : 1]1_ 22
AFAXe: T - T, Afletx=e;ine,: 1,

Figure 3: Type inference rules for Mini-ML expressions

AlKj:0,...,KiolfFe:t FV(o) = O o = 0aq...a,.Kng+ ... +Kn,

DECL Afdatacine:T

AK) =X [x/Bln<Tt X = UB.... +Kn+...
PACK ATK T x

AK) =X X = UB.... +Kn +...
TEST A tisK:x - bool

A tepix X = UB.... +Kn + ...
A[x:gen(A, skol(A, [x/BIn)] te,: T FS(1) O FS(A)

OPEN -
AtletKx=¢e ine,:T

Figure 4: Type inference rules for EXML expressions involving existential types

The DECL rule elaborates a recursive data type declaration data o in e . It adds the new out-
ermost constructors K, ..., K, to the environment as belonging to type o. It also guarantees that

o does not contain any free type variables.

The PACK rule assigns a type to a constructor K by looking up in the environment the recur-
sive type to which K belongs. By generalizing the component type [X/B]n of the constructor to
the type 1 of the prospective argument, the rule observes that existential quantification in argu-

ment position means universal quantification over the whole function or constructor type.

The TEST rule ensures that the predicate is K is applied only to arguments whose type x is an
instance of the result type of the constructor K.

Finally, the OPEN rule governs the typing of pattern-matching let-expressions. It requires that
the expression e; be an instance of the result type x of the constructor K. It then types the body
e, under the environment extended with a typing for the bound identifier x, whose type is a
Skolemized, generalized version of the component type of K. The new Skolem types K, ..., K,

must not appear in A; this ensures that they do not appear in the type of any identifier free in e,

other than x. The rule also guarantees that the Skolem types do not appear in the result type 1.
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The DECL rule does not prohibit nesting undeclared recursive types within the data type being
declared. As a consequence of the PACK rule, however, values of the nested data type can only be
constructed if its outermost value constructors have already been put in the environment by a pre-
ceding application of the DECL rule. Furthermore, if the same value constructor is redeclared in
a subsequent data type declaration, then that declaration hides the first one. Therefore a recursive
data type comes into existence only by the presence of its outermost value constructors in the
environment. This mechanism corresponds to generativity in ML.

The following theorem states that EXML is a conservative extension of Mini-ML.:

Theorem 6.1 For any Mini-ML expressione, At e: T iff A fyuim  €°T -

Proof: By structural induction on e. O
The theorem still holds if we extend Mini-ML to include recursive data types and pattern-
matching let-expressions without existential quantification.

7 Computing Principal Types for ExXML

In this section, we present the type inference algorithm W, for EXML and show its correctness.
We start out with some definitions. For an environment A and a substitution 0, we define
A = [x:8(A(X))|x O Dom(A)] . Wecall A aclosed environmentif FV(A) = 0. The free variables
of a substitution 6 are given by

FV() = Dom@®) O [ FV(6a).
all a

The algorithm W follows the syntax-directed type inference rules, hence there is one case for
each rule. W, takes as arguments the current substitution, the current environment, and the

expression to be typed; it returns the new substitution and the inferred type of the expression. The
four cases in Figure 5 are identical to algorithm W [6]. The four additional cases given in Figure 6
deal with data type declarations, value constructors, is-expressions, and pattern-matching let-
expressions:

The “data” case adds the new outermost constructors Ky oo Ky in a recursive data type dec-

laration to the environment and checks that the new type does not contain any free type variables.

The “K ™ case first looks up the data type A(K) to which the constructor K belongs. It then gen-
eralizes the component type of K and instantiates the result type A(K) with fresh type variables.
The assigned type guarantees that the constructor K is applied only to arguments whose type is
a generalization of the component type of K.

Similarly, the “is K case looks up the data type A(K) and instantiates this type with fresh type
variables. The assigned type guarantees that the predicate is K is applied only to arguments
whose type is an instance of the result type of K.
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Wp : Sub x Env x Exp - Sub x Type

W6, A, X) (8, inst(A(X)))

W6, A, (e,85)) let (84, 17) = WH6,A,e))
(05, 1,) = WH64,A,e))
fresh a

8" = mgu(6,1, = 6,1, - Q)

in (6'8,,a)
WEKB, A, AX.e) = let fresh a
(6, 1) = W8, A[x:a], e)
in (0,da - 1)
WEKB, A, let x = e, in e2) = let (el,rl) = Wde, A,el) in

WH8,, A[x:gen(6,A, 6,14)], €,)

Figure 5: Type inference algorithm for Mini-ML expressions

Finally, the “let K case assigns a type to a pattern-matching let-expression. It requires that the
expression e, be an instance of the result type X of the constructor K. It then types the body e,

under an extended environment, where the of the bound identifier x is a Skolemized version of
the argument type of K. This case also checks that the new Skolem types K, ..., K, do not appear

in A or in the result type 1 of e,.

The remainder of this section presents the lemmas and theorems needed to establish the sound-
ness and completeness of the algorithm. (See [11] for proofs).

Lemma7.1lIf A fe:1,then BA ¢e: 0T.

Proof: By induction on the structure of e. O
Theorem 7.2 (Syntactic soundness of algorithm W) If W6, A,e) = (6, 1) ,then 6'A t+¢e:0'T.
Proof: By induction on the structure of e, using Lemma 7.1. O

Definition 7.3 Let A be a closed environment. The type T is a principal type of an expression e if
Ate:tandif Ate:t implies gen(A, 1)=>T'.

Lemma7.4I1f A' +e: 1 where A' = 30A,then WEKB, A e) = (91, rl) and there existsa6l such
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W8, A, data ¢ in ¢) let 0 = Day...0,.uB.Kins +... +K N, in

if FV(o) = O then W6, A[K,:0, ...,K,:0], €)

W8, A, K) = let x = insty(A(K))
MB.... +Kn+... = X
in (6, inst{[x/BIn) - X)
W6, A, is K) = (8, insty(A(K)) - bool)

WHB, A, let K x =g, ine))

let (64, %) = WHB, A, e)

MB.... +Kn+... = X
T, = skol(8,A, 8,(Ix/BIn))

(05, 1,) = W64, A[x:gen(8,A,14)], e,)

if  FS(6,T,) 0FS(68,A) O

(FS(ty) —FS(81([x/BIN))) n FS(8,A) = O
then (8,, 1,)

Figure 6: Type inference algorithm for EXML expressions involving existential types
that A' = ,0,A and T" = 5,0,1,.
Proof: By induction on the structure of e. O

Theorem 7.5 (Syntactic completeness and principal types) If A +e: T and A is closed, then
WHO, A,e) = (6, 1) and Ot is a principal type of e.

Proof: Follows from Lemma 7.4. O

8 A Formal Semantics for EXML

In this section, we present a standard denotational semantics of EXML and show that our type sys-
tem is sound with respect to this semantics.

The evaluation function E maps an expression e to some semantic value v, in the context of an
evaluation environment p. An evaluation environment is a partial mapping from identifiers to
semantic values. Tagged values are used to capture the semantics of algebraic data types. We dis-
tinguish between three error situations: run-time type errors (wrong), nontermination (), and a
mismatch (fail) when an attempt is made to decompose a tagged value whose tag does not match
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the tag of the destructor.

Our type inference system is sound with respect to the evaluation function: a well-typed pro-
gram never evaluates to wrong. The formal proof of semantic soundness is given below.

The semantic domains of EXML are shown in Figure 7. In the definition of V, + stands for the

coalesced sum so that all types over V share the same [0 and fail values. The semantic function E

Unitdomain U = {unit} ¢,
Boolean domainB = {false, true} ¢

Constructor tagsT = {K, K,, ---}D fail

Semantic domainV 0 U +B+T+(V - V) +(V xV) +{wrong} ; o

Figure 7: Semantic domains

for EXML expressions is given in Figure 8. Although E is strict in both 00 and fail to model the

semantics of the ML language, our soundness considerations are orthogonal to the issue of strict-
ness.
We identify types with weak ideals [17] over the semantic domain V. A type environment { is

a partial mapping from type variables to ideals and from Skolem type constructors to functions
between ideals. The semantic interpretation of types is defined in Figure 9. The universal and exis-
tential quantifications range over the set 00 [0 [J(V) of all ideals that do not contain wrong.

It should be noted that our interpretation handles only p-recursive data types, which can
always be expressed in the form Oa;...a,.uB.Kn  + ... + K n, . Nonregular data types, such as

type 'a NONREG = Leaf | Node of 'a * ('a NONREG) NONREG

would require recursion over type constructors. An adequate semantics for nonregular types can
be given by extending the weak ideal model [1]; the machinery for this extension is given by Plot-
Kin [26].

Theorem 8.1 The semantic function for types is well-defined.
Proof: All type expressions are formally contractive [17], hence the fixed points exist. O

Definition 8.2 (Semantic type judgment) Let A be an assumption set, e an expression, and o a
type scheme.

() i:p’ LIJA means that for every x 0 Dom(A), x O Dom(p) and p(x) OT[ AX) Jv ;

@in A i:p’we . 0 means that Fp,wA implies E[e]pOT[ o]y ;and
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E . Exp - EEnv - V
E[x1p = p(X)
E[ e.e, Ip = ifE[e;]pOV - V then

(EL ey 1p)(EL e, 1p)

else wrong
E[ Ax.e]p = AvOV.E[ e ]p[x:v]
E[ letx=¢;ine,]p = E[ e, Ip[x:E[ €4 1p]
E[datacine]p = Efelp
E[K]p = AvOV.(Kyv)
E[isK]p = AvOV.wO{K} xV
E[let Kx=¢;ine,]p = E[ e, Ip[x: ifE[e; Jp O{K} xV then
snd(E[ e, 1p)
else fail]

Figure 8: Semantic function for expressions

(iii) A Ee: 1 meansthat A Fp MY forall p O EEnv and Y O TEnv.

Theorem 8.3 (Semantic soundness) If At e:1,then Afe:T.

Proof: By induction on the structure of the proof tree for At e : 1. See Appendix A for a proof
sketch. O

Corollary 8.4 1f At-e:1 and £, A, then E[ e ]p#wrong .

9 Conclusion

We have demonstrated how light-weight abstract data types with first-class implementations can
be integrated into any functional language with a static, polymorphic type system, explicit type
variables, and algebraic data type declarations, regardless of strictness considerations. We have
shown how abstract data types add significant flexibility and expressiveness to a language with-
out even changing its syntax. We have presented a type system that extends the Damas-Milner
system with existentially quantified component types of data and record types, have given a type
inference algorithm, and have proved that the type system is semantically sound.

The work on first-class modules by Harper and Lillibridge [9] and independently Leroy [13]

Page 19 of 29



Laufer and Odersky Polymorphic Type Inference and Abstract Data Types

T . TExp - TEnv - O(V)
T[ unit Jw = U

T[ bool Jw =B

Tlo]w = Y(a)

T[oyx0;, W = TloypJwxTLo, ¢
Tloy - 0, 1W = T[o, 1y - T[o, 1y

T[ k(oy, ..., o) JW WMoy T, ... T o, 1W)

TL KNy + ... +Ken T = (K} xTngJwO.. . O{K}*xT[n, Jw
T[ pa.o Jy = pAIOOV).T[ o Jw[a:1])

T[ Oa.o Ju = o aoom). T o ela

T[ Co.o Jw = doymoow) T o ela

Figure 9: Semantic function for types

can provide alternative solutions to the problems that motivated our proposal. However, modules
are rather heavy semantic machinery for expressing first-class abstract data types. By contrast, our
data and record types with existentially quantified component types have quite a different flavor:
they provide light-weight abstract types with an easily understandable semantics directly in the
functional core of a language. It might thus be desirable to include both proposals in the same lan-
guage and even to allow some redundancy between the core and module languages.
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A Proof of Semantic Soundness

We will use the following two lemmas in our proof:

Lemma A.1 Let Y be a type environment such that for every a 00 Dom(y), wrong O y(a) . Then
for every type scheme o, wrong O T[ o Jy .

Proof: By structural induction on . O
Lemma A.2 (Substitution) T[[o'/alo g = T[ o J[a:T[ ¢' Jy]

Proof: By structural induction on ©. O

Proof: To prove Theorem 8.3, we consider each of the cases given by the type inference rules.
Applying the inductive assumption and the typing judgments from the preceding steps in the
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type derivation, we use the semantics of the types of the partial results of the evaluation. In each
of the cases below, choose Y and p arbitrarily such that Fp qJA . We include only the four new

cases. Lemma A.2 will be used with frequency.

Atdatacine:T
The premises in the type derivation are A[K,:0, ...,K,:0] t-e: 1 and

o = Uay...a,.uB.Kynq + ... +K;n . By definition, i:p’wA[Klzo, ..., Ky :a] , and by the
inductive assumption, E[ datacine]p=E[e]pOT[ T ]

ArK:t-x
The premises are A(K)=x and [x/B]n <1,where X = pup.... +Kn +... and
n= EBl...Bm.f.Bydefinition, T = [Ti/Bi,x/B]f for some types 14, ..., T,,. First, choose an

arbitrary vOT[ Tt J& and afinite a<v. Then
a O (TL[t/Byx/BIT1W)°
= (TLIX/BIT TWIR:TL t; 1w])°

0 0 (TLIx/BIT TWIB;:3])°
Jyy nd O
= (Jl, .._’Jlim TL [x/BIT 1WIB;:3])°

= (T Ix/BIn 1w)°

Hence v = JJ{a|a finite Ja<v} OT[ [X/B]n J¢ by the closure of ideals under limits.
Thus

(Kyvy O {K}=xT[ [x/BIn 1y
O ..O{K}xT[[x/BInlwO...
= T ... +Kn+ ... JQ[B:TI x Tw]

TEx 1w
and E[K]pOT[T-> X1V .

A tisK:x - bool
Since (E[isK]p)vOB forany vOT[ x W ,wehave E[isK]JpOT[ x - bool Ju .

AtletKx=¢g;ine,: T
We follow the proof by MacQueen, Plotkin, and Sethi [17]. We know that A e, : X, where
X = UB.... +Kn+...andn = EBl...Bm.f.Let {ag, .o} = FV([X/BIn) —FV(A) . Then
i:p, llJ[Giili]A holds for every 14, ..., I,, 0 0O(V) since none of the a,’s is free in A.
Let v = E[ e; Ip , thus by the inductive assumption, vOT[ x Jy[a;:I;] . Since

1113 =1n1J for any weak ideals | and J, we have
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Bl

v O Il,...,lnDDT[[X]NJ[GI.II]
= Lofkrx I T elegn BT X Twlagt]] O

b 00

In the case fst(v) #K, E[letKx=¢e;ine,]p =falOT[ 1]y andwe are done.

In the more interesting case = (K, V), where

VO il | TL T 1lag:ly, By BT X 1w[ag:1]]

Iy 1,00 3y, ..,3,00
Letay, ..., ay be those variables among ay...0, that are free in [x/B]T, where h<n.We

choose a finite a< v. Thus

a O N 0 (TL [x/B]T 1wla;:1;, Bj3Jj])°
Lyl 00, .., OO

By definition of union and intersection, there exist functions f,, ..., f . [ D(V)h - 0O(V) such

that
a U " ___’HJHDD (TL Ix/BIT Twlag:l, Byefily, -y 11)°
0 |1,...,£DD TL [x/B1E 1Wlot;i . Byifilly, oo 1)
) Il,...,ﬂmm TL[Kj(@q, - ap)/ By x/BIT TWag: i ;]

= T[Oog...an[k@y, ..., cxh)/Bj,x/B]f TWIK;:f]
= T gen(A, skol(A, [x/BIn)) TW[K;:f;]
assuming that the ;s are the Skolem type constructors generated by skol(A, [X/f]n) .
Since none of the K;j ‘s are free in A, we have i:p Wikt ] A and we can extend A and p to
! 1
obtain i:p[a/x], Wik A[x:gen(A, skol(A, [x/B]In))] . By applying the inductive assump-
tion to the premise  A[x:gen(A, skol(A, [x/BIn))] e, : T andusing FS(t) O FS(A), we
obtain  E[e, Jp[x:a] OT[ t ]IqJ[Kj:fj] =Tl t]Jw .Finally, by the continuity of E,
E[letKx=e;ine,Jp = E[e,]p[x:V]
= I{E[ e2]|p[x:a]’afinite Oas<v}

The latter expressionisin T[ Tt Jy by the closure of ideals under limits. O
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B A “Dotless” Dot Notation in ExML

We formalize the dot notation presented in Section 3 in an extension of EXML called EXML°. As
records are merely named tuples and field selection is syntactic sugar for tuple component selec-
tion, abstract types are again modeled by data types with existentially quantified component
types. Values of abstract type are created by applying a constructor to a value and decomposed
by pattern-matching in a let-expression. However, we allow existentially quantified type vari-
ables to escape the scope of the identifier in whose type they appear as long as the expression
decomposed is an identifier and the existentially quantified type variables do not escape the scope
of that identifier. Each decomposition of an identifier, using the same constructor, produces iden-
tical Skolem type constructors. We call our notation a “dotless” dot notation since it uses decom-
position by pattern-matching instead of record field selection.

The type inference rules of EXML® are given in Figure 10. The VAR and APP rules are the same
as in the original system. The ABS and LET rules are modified to prevent Skolem type construc-
tors associated with a bound identifier to escape its scope. The DATA, PACK, and TEST rules
remain unchanged. Finally, the new OPEN rule prevents Skolem type constructors associated
with the bound identifier y from escaping their scope, but imposes no restrictions on Skolem type
constructors associated with x, the identifier being decomposed. A type inference algorithm to
compute principal types can be obtained by straightforward modification of the algorithm dis-
cussed in Section 7.

We retain our original semantic function E from Section 8. Following Cardelli and Leroy [3],
we prove semantic soundness by giving a type- and semantics-preserving translation to ExML.
The idea is that we can enclose any expression e with subexpressions of the form let Ky = x in ¢’
within an surrounding expression that defines y and replace each subexpression of the form

letKy=xine bye'. Thatis, we replace e by

letKy=xin[e/letKy=xinge]e

We chose the enclosing let-expression defining y large enough that no existentially quantified
type variables arising through the inner let-expressions escape this surrounding definition. Since
the ABS, LET, and OPEN rules guarantee that no existentially quantified variables emerging from
the decomposition of x escape the scope of x, it is safe to enclose the whole body of a A or let-
expression. However, we must be careful, since the surrounding decomposition in the translation
might fail, while the enclosed decomposition in the original expression might not necessarily have
been reached; this is possible if the value held by x does not have the constructor tag K. Therefore,
we need to replace e by an if-expression with branches for each possible constructor in the type
of x. This is reflected in the definition of the auxiliary translation function branch.

We modify the OPEN rule of EXML to use the function skolxl k - This facilitates the translation

since the Skolem type constructors can be left unchanged in the translation of a type environment.
The translation and auxiliary functions are shown in Figure 11. In the remainder of this section,
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Theorem B.3 (Preservation of types) If A{° e: 1, then trenv(A) ttrexp(e) : T .
Proof: By induction on the structure of e. We consider the following cases:

AP AXe:Ty > T,y

APFe 1,-1 AF et
vap A=zt APP Fet-1 et
AP x:t AP (ere):T1y

Alxt, ] e 1 FS (A)OFS (t,) = 0O
AP AX.e:T > T,
LET At e i1y Alx:gen(A, )] 1 e, 0 1, FS,(A) OFS,(t,) = 0O
AP letx=e ine,: T,
A[Kj0,.., Kol et FV(o) = O o = Oaq...a,.uB.King + ... +Kiny
DECL -
AP datacine:T
A(K) = x [x/Bln<Tt X = MB.... +Kn +...
PACK APK:T5Y)
A(K) =X X = UB.... +Kn +...
TEST A P isK:x - bool
A(X) =X X = UB.... +Kn + ...
Aly:gen(A, skol A, [x/ ° e T FS (A)OFS (1) = O
OPEN [y:gen( « K [XOB]n))] F _ y(A) (D
AP letKy=xine:T
Figure 10: Type inference rules for the dotless dot notation
we establish semantic soundness of ExML°.
LemmaB.1If trenv(A[x:a]) te:1 and FS,(A) OFS, (1) = U, then
trenv(A)[x:0] fbranch(e,x) : T .
Proof: Follows immediately using suitable typings for if and fail. O
LemmaB.2 EJ e Jtrrun(p[x:v],e) = E[ branch(e, x) Jtrrun(p, branch(e, x))[x:V]
Proof: By definition of branch and trrun. O

The premises in the derivation are A[x:1;] * e: T, and FS (A) O FS (1,) = O.Bythe

inductive assumption, trenv(A[x:T4]) |- trexp(e) : T, , and by LemmaB.1,

trenv(A)[x:T,]  branch(trexp(e), X) : T, . The claim follows by applying the original ABS

rule.
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trexp(e, e,)
trexp(Ax.e)

trexp(let x = ¢, ine,)
trexp(data o in g)

trexp(let Ky = x in e)

trexp(e)

branch(e, X)

branch(e, X)

trenv(A[x:0])

trenv(A[x:0])
trenv([])

trrun(p[x:v], e)

trrun([], e)

skolxl k(A [By...8,-D

trexp(e,) trexp(e,)
AX.branch(trexp(e), X)

let x = trexp(eq) in branch(trexp(e,), x)

data o in trexp(e)

let y = X, in branch(trexp(e), y)

e
if is K x then

let leK1 =X in [fail/sz, ...,fail/me]e
elseifis Ko then

let K2xK2 = X in [fail/xKl, faiI/sz, ...,fail/me]e

else if is KX then
let Kmem =X in [fail/xKl, ...,fail/me_l]e

else fail
where {K,,...,K,} = {K|xx OFV(e)}

e

trenv(A)[x: 0O, xKlzol, ka:ok] where

X = uB.Kng+ ... +Kny, 0 = Oay...a,.X,

g; = gen(A, skoIX’ k(A [X/BIny) ,and A" = A[x:0]
trenv(A)[X:0]

[l

trrun(p, e)[X:V, xKl:vl, ...,ka:vk] where Vi = snd(x) if
xO{K;} xV and v; = fail otherwise and

{Ky ooy Kb = {K|x DFV(e)}

(]
[le K, i(@g, ..., 0,)/B;]T where

{ag, ..., a,} = FV((B,...B,.T) —FV(A)
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AP letx=e ine,: 1,
The premises in the derivationare A e, 11, A[x:gen(A,1/)] * e,:1, ,and
FS,(A) O FS,(t,) = 0. By the inductive assumption, trenv(A) |- trexp(e) : T, and
trenv(A[x:gen(A, 1)]) t trexp(e) : T, . Thus by Lemma B.1,
trenv(A)[x:gen(A, T,)] + branch(trexp(e,), X) : T, , and we can apply the original LET rule.
AP letKy=xine:1
The premises in the derivation are A(x) 2 x and A[y:gen(A, skoIX’ KA [X/BIn)l £ et ,
where X = uB.... + Kn +.... By the inductive assumption,
trenv(A[y:gen(A, skoIX’ k(A [X/BIn))]) t trexp(e) : T . Thus by Lemma B.1,
trenv(A)[y:gen(A, skoIX’ k(A, [X/BIn))] t branch(trexp(e), y) : T . Since x I Dom(A),

Xk O Dom(trenv(A)) and A(xy) = gen(A, skolx, k(A, [X/B]In)) . The claim follows from the
original LET rule. O

Theorem B.4 (Preservation of semantics) E[ e Jp = E[ trexp(e) Jtrrun(p, trexp(e)) .
Proof: By induction on the structure of e. We abbreviate trexp(e) as e. The interesting cases are as
followvs:

AX.e:

E[ Ax.e]p

AV OV.(E[ e 1p[x:v])

Av OV.(E[ e Jtrrun(p[x:Vv], €))

Av O V.E[ branch(e, x) Jtrrun(p, branch(e, X))[x:V]
E[ Ax.e Jtrrun(p, Ax.e)

let x=¢;ine,:
E[let x=¢;ine,]p
=  EleyIp[x:E[eq 1p]
= E[ e, Jtrrun(p[x:E[ e, Jtrrun(p, e,)], e,)
= E[ branch(e,, x) trrun(p, branch(e,, x))[x:E[ e, Jtrrun(p, e,)]
= E[ let x = e, in branch(e,, x) Jtrrun(p, let x = e, in branch(e,, x))

letKy=xine:
Let e = lety = Xk In branch(e, y) . First, if p(x) O{K} xV , then
E[letKy=xine]p = fail = E[ e Jtrrun(p,e) .Otherwise,

E[letKy=xine]p
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= Elelply:snd(p(x))]

= E[ e Jtrrun(p[y:snd(p(x))], e)

= E[ branch(e, y) Jtrrun(p, e)[y:snd(p(x))]

= E[ branch(e, y) Jtrrun(p, &)[y:E[ x, Jtrrun(p, €)]

E[ e Jtrrun(p, €)
Proof: Since all other cases are trivial, our claim is proved. O

Corollary B.5 (Semantic soundness) If A+° e: 1t and Fp’ LIJA’ then E[ e ]p#wrong .

Proof: Follows from the previous theorem and Theorem 8.3. O
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