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Abstract

Languages like ML and Haskell encourage the view of
values as first-class entities that can be passed as argu-
ments or results of functions, or stored as components
of data structures. The same languages offer paramet-
“ric polymorphism, which allows the use of values that
behave uniformly over a range of different types. But
the combination of these features is not supported—
polymorphic values are not first-class. This restriction
is sometimes attributed to the dependence of such lan-
guages on type inference, in contrast to more expressive,
explicitly typed languages, like System F, that do sup-
port first-class polymorphism.

This paper uses relationships between types and logic
to develop a type system, FCP, that supports first-class
polymorphism, type mference and also ﬁrst-class ab-
stract datatypes. The immediate result is a more ex-
pressive language, but there are also long term implica-
tions for language design.

1 Introductlon

Programming languages gain ﬂexxblllty and orthogonal-
ity by allowing values to be treated as first-class enti-
ties. Such values can be passed as arguments or results
‘of functions, or be stored and retrieved as components
of data structures. In functional languages, the for-
mer often implies the latter; values are stored in a data
structure by passing them as arguments to constructor
functions, and retrieved using selector functions.

In languages like ML [20] and Haskell [8], new types
of first-class value are specified by giving the names and
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types for their constructors. For example, a definition:
data List a = Nil | Cons a (List a)

introduces a new, unary type constructor, List, w1th
two constructor functions: =

Nil Va.List a
Cons : Va.a — List a — List a.

Pattern ma};ching allows the definition of selectors:

head i Ve list a—a
head (Cons z zs)

and other useful operations on lists, such as:

length . Va.List a — Int
length Nil =0 ,
length (Cons z zs) "= 1+ length zs.

All of these functions have polymorphic types; .whlch
indicate that they work in a uniform manner, indepen-
dently of the type of elements in the lists concerned.
Indeed, examples like these are often used to illustrate
the flexibility of polymorphic type systems.

An important property of languages based on the
Hindley-Milner type system [6, 19] is that most general,
or principal, types for functions like these can bein-
ferred automatically from the types of the constructors
Nil and Cons. There is no need for further type annota-
tions. At the same time, the typing discipline provides
a guarantee of soundness or type security; the execution
of a well-typed program will not “go wrong.” Combin-
ing these attractive features, the Hindley-Milner type
system has been adopted as the basis for a number of
different programming languages.

However, the Hindley-Milner type system has a sig-

‘nificant’ limitation: polymorphic values are not first-

class. Formally, this is captured by making a distinc-
tion between monomorphic types and polymorphic type
schemes. Universal quantifiers, signalling polymorphism,
can only appear at the outermost level of a type scheme,



and quantified variables can only be instantiated with
monomorphic types. To put it another way: first-class
values have monomorphic type.

In many applications, this limitation is considered a

reasonable price to pay for the convenience of type in- -

ference. For example, it is often enough to be able to
pass particular monomorphic instances of polymorphic
values to and from functions, rather than the polymor-
phic values themselves. On the other hand, comparisons
with explicitly typed languages, like System F [4, 29],
that do support first-class polymorphism, reveal signifi-
cant differences in expressiveness. We will see a number
of practical examples in later sections that use first-class
polymorphism in essential ways, but cannot be coded
in a standard Hindley-Milner type system.

1.1 This paper

In this paper we show that polymorphic values can be
used as first-class objects in a language with an effective
type inference algorithm, provided that we are prepared
to package them up as datatype components. The con-
structs that are used to build and extract these compo-
nents serve as an alternative to type annotations; they
allow us to define and use first-class polymorphic val-
ues without sacrificing the simplicity and convenience
of type inference. Although the notation is different,
the use of special constructs to package and unwrap
polymorphic values is not new. For example, System F
uses type abstraction to build polymorphic values and
type application to instantiate them. However, in con-
trast with our approach, the standard presentation of
System F requires -explicit type-annotations for every
A-bound wvariable, and the type inference problems for
implicitly and partially typed variations of System F
are undecidable [34, 1, 26].

Our approach is inspired by rules from predicate cal-
culus that are used to convert logical formulae to prenez
form, with all quantifiers at the outermost level. This
leads to a system that allows both universal and exis-
tential quantifiers in the types of datatype components.
The former provides support for first-class polymor-
phism, while the latter can be used to deal with ex-
amples of first-class abstract datatypes [21] in the style
suggested by Perry [23] and refined by Laufer (14, 16].

The main subjects covered in the remaining sections
of this paper are as follows: -

¢ Section 2 shows how ideas from logic can be used to
develop a type system that allows datatypes with
components whose types include universal or exis-
tential quantifiers. We refer to this type system as
FCP, a mnemonic for First-Class Polymorphism.

¢ Section 3 illustrates the expressiveness of FCP.
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Our examples include a representation for booleans
and Church numerals, a facility for using monads
[32] as first-class values, a treatment of stacks as
abstract datatypes, and the Pierce-Turner repre-
sentation of objects using existential types [27].

These examples have been tested using a prototype
implementation of FCP developed by the author.

o Section 4 gives a formal definition of FCP, includ-
ing the treatment of special syntax for constructors
and pattern matching. Type inference for FCP is
described in Section 5.

. ¢ Section 6 highlights a correspondence between uses
of constructors and selectors in FCP, and uses. of
type abstraction and application, respectively, in
System F. By defining an appropriate collection of
datatypes, we show that every System F program

- can be implemented by a term in FCP. ‘

o Section 7 describes the background for FCP and
discusses its relationship to other, largely orthog—
onal extensmns of Hmdley-Mllner typing.

2 Quantified component types
Consider a simple datatype definition:
data Te¢ = C.7,

"which introduces a new type constructor T, with a con-

structor C and an easily-defined selector unC of type:

C i Ver—Ta
unC :: Va.Ta—7r

In both types, the quantified variable a ranges. over ar-
bitrary monomorphic types, so the components of any
data structure that we build or access using these func-
tions must have monomorphic types‘

The purpose of this section is to show how these
ideas can be extended to datatypes with quantified com-
ponent types. Specifically, we are interested in a system
that allows definitions of the form:

data Ta = C (Qz.7),

for some quantifier Q € {V,3}. This would give con-

" structor and selector functions with types of the form:

C @ Va(Qz.r)—Ta
unC : Va.Ta — (Qz.7).

A general treatment of the nested quantifiers in these
types would make it difficult to deal with type infer-
ence, and could lead to undecidability [34, 1, 26]. But
our goal is more modest—nested quantifiers are used



only in the types of constructors and selectors—so it
is reasonable to hope that we can make some progress.
Indeed, we are not the first to consider extensions of
the Hindley-Milner type system that support datatypes
with quantified component types. For example, Perry
[23] and Laufer [14] have each described extensions of
Milner’s type inference algorithm that allow datatypes
with existentially quantified components. Rémy [28]
used an extension of ML with both universally and ex-
istentially quantified datatype components to model as-
pects of object-oriented languages, but did not discuss
type inference. Recent work by Odersky and Laufer
{22] has similar goals to the present paper and permits
universal quantification of datatype fields, with an en-
coding to simulate existential quantification. However,
their approach requires a significant extension of the
usual type inference mechanisms—replacing unification
with instantiation. We believe that the approach de-
scribed here is simpler, achieving the same degree of
expressiveness, but based on techniques that are easier
to use and easier to implement.

2.1 Eliminating nested quantifiers

- If we cannot work with nested quantifiers, then perhaps
we can find a way to eliminate them. There is a well-
known procedure in predicate logic for converting an
arbitrary formula, possibly with nested quantifiers, to
an equivalent formula in prenez form with all quantifiers
at thé outer-most level. The process is justified by the
following equivalences from classical logic, all subject to
the condition that z does not appear free in P:’

Vz.P=>Q) = P=(Vz.Q) (D
(Vz2.Q = P) = (F3z.Q)=P (2)
(Fz.P=Q) = P=(3z.Q) 3)
(3z.Q=P) = (Vz.Q)=>P 4

Us’ing. the Curry-Howard isomorphism {7} as a bridge
between logic and type theory, we can use Equation 1
to j_ustify the equivalence:

(VaVz.Ta 1) Va.T a — (Vz.7).

This result tells us that we can convert an arbitrary
term of one type to a corresponding term of the other
type. In this case, the equivalence allows us to deal
with selectors for datatypes with universally quantified
components, that is, with functions whose types are of
the form on the right hand side, by treating them as
values of the prenex form type on the left hand side.

In a similar way, Equation 2 suggests a simple treat-
ment for constructors of datatypes with existentially
.quantified components:

(VeVz.r - Ta) = Va.(3z.7)— Ta.
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We might hope that the two remaining equations
could be used to deal with selectors for datatypes with
existentially quantified components, and with construc-
tors for datatypes with polymorphic components, re-
spectively. But the Curry-Howard isomorphism deals
with the relationship between type theory and intu-
ttionistic rather than classical predicate calculus, and
Equations 3 and 4 are not valid in this setting. Instead,
we are forced to make do with weaker implications. For
example, the closest that we can get to the classical
equivalence of Equation 3 is the implication: '

Fz.P=2Q) = P=(32.Q). 3"

A term with the type shown on the right-hand side
is a function that, for each argument of type P, re-
turns a result of some type {r/z]Q. The choice of the
otherwise-unspecified witness type » may depend on the
particular value that the function is applied to; differ-
ent argument values may produce results of different
types. This is exactly the behaviour that we expect for
a selector function for a datatype with an existentially
quantified component. But compare this with the type
on the left-hand side of the implication; the position
of the quantifier in the formula (3z.P = @) indicates
that the choice of a witness type 7 is independent of
any particular argument value of type P. Clearly, the
two types are not equivalent, although the implication
tells us that we can convert an arbitrary term of the
left-hand type to a term of the right-hand type.

In a similar way, the closest that intuitionistic logic
gets to the classical equivalence of Equation 4 is an im-
plication:

(32.Q=P) = (V2.Q)=P. (@)

It follows that certain terms of type Va.3z.(r — T a)
can be substituted for terms of type Va.(Vz.7) — T a,
the type of a constructor function for a datatype with
a polymorphic component. Unfortunately, it does not
help us to determine which terms of the latter type can
be represented in this way. And even if that were not
a problem, we would still need some form of top-level,
existential quantification—a feature that is not usually
supported in Hindley-Milner style type systems.

We find ourselves in a rather frustrating situation. If
We are restricted to a language of types that allows only
outermost quantification, then we can select from, but
not construct datatypes with polymorphic components,
and we can construct, but not select from datatypes
with existentially quantified components. We cannot
meet our goa.ls if constructors and selectors are to be
treated as normal, first-class functions.



2.2 Special syntax for constructors

The problems that we have seen are the result of re-
stricting our attention to types in prenex form. In the
context of loglc,, such restrictions seem rather a,rt1ﬁc1a,l
given (Vz Q) = P as a hypothesis, we can try to con-
struct a proof of (Y2.Q) and then deduce P as a con-
clusmn, as in the following denvatxon

AL Q z¢A

A+Vz.Q (v1)

CAF(Vz.Q) = P 5)

AR P

Switching back from logic to terms and types, this is
exactly the structure that we need to deal with a con-
structor for a datatype with a universally quantified
component1

b AR E:r .z ¢ TV(A)
K:(Vzr)— Ta A‘I-E":\‘fz_.‘:é
AFKE:Ta ,

For this rule;:thére is no need totreat the constructor
K, with its non-prenex form type, as a ‘normal, first-
class function. Instead, we view the application of K

to E as a completely new syntactic construct——and as
a clear hint for the type-checker. ‘

(VI)
(fE)

" The remaining problem, to provide access to a value |

stored ‘in a datatype with an existentially quantified
component, can also be dealt with by introducing a new
syntactic construct. In this case, our inspiration:comes
from the elimination rule for ex1stent1al quantlﬁca.tlon

Jz.P V:cP=>Q z¢Q
Q

If we consider a constructor X :'(Vz.'r) — T a, then we
obtain a typing rule:

: ) CAyzirREE o1

ArE:Ta Ab Az E qu(( %

AFK-YE:3z.7r AF 2B Vzr——»r(aE)
;Al—(case Eof,(Kz)—».Ef).r o

with the side condition that z ¢ TV(A 7). An attrac-
tive feature of this approach is. that soundness of our
typing rules follows directly from-the soundness of the
corresponding rules in 1ntu1tloms%1c predicate logic.

We now have the key to understa,ndmg FCP—the
type system introduced in this paper. By abandon-
ing the first-class status of constructors and introducing
new syntactic constructs in their place, we obtain the
tools that we need to construct and access datatypes
with universally or existentially quantified components

1The notation TV (A) used here denotes the set of type variables
appearing free in A.
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3 Examples

Before going on to the formal deﬁmtlon of FCP we
pause for some examples. These serve both to:illus:
trate the expressiveness of the 'system, and to show the
notation that is used in our prototype implementation,
which is an extension of the Hugs [12] 1mp1ementat10n
of Haskell 1.3 {24]. -+ - o

The first example is an 1mplementatmn for booleans
using polymorphism and functions. ‘Apart from pass-
ing them around as normal first-class entities, the only
way that boolean values can be used is to'make choices
between alternatives. This leads us to a representation
for booleans as functions of type Va.a — a — a, and
there are only two.interesting' functions of this type:
true, which always returns the first of its two argu-
ments, and false, which always returns:the second of
its arguments. We can make this idea concrete using

T - 5

BJ (a-> a - a)

data Boolean

true, false :: Boolean

true =B (\t £ ~> t)

false =B (\t £ -> 1)

cond :: Boolean ~>.a -> a -> a

cond (Bb) =1

and, or :: Boolean ~> Bogplean ->‘Boolean
and x ¥y = cond x y false

or xy = cond x true y

Figure 1: An encoding of boolean values

the definitions in Figure 1. Our implementation adopts
the convention that variables like a in the definition of
the Boolean ‘datatype that are not bound on theé left
hand side of the definition are instead bound by an im-
plicit universal quantifier. So we can (almost) think of
B as a constructor of type (Va.a —. ¢ — a) — Boolean.
The corresponding selector function, cond, is just the
familiar conditional and can be used to define standard
operators like and and or. We have included type signa-
ture declarations for the operators defined here, and in
later examples, as-a form of documentation. However,
they are not strictly necessary; the same types would
have been obtained by the type inference algonthm

This treatment of booleans is an example of well-
known techmiques -that are used to encode standard
datatypes in A-calculus. The FCP encodings of natural
numbers (Church numerals) in Figure 2, and of lists in
Figure 3, are obtained in a similar way.



data Church = Ch ((a->a) .~> (a->a))

unCh :: Church ~> (a ~> a) > a > a
unCh (Ch n) = n

zéro, one :: Church

zero = Ch (\f x ~> x)

one =Ch (\f x -> £ x)

suce :: Church ~> Church

succ n . =Ch (\f x ~> unCh n £ (£ x))
pred :: Church ~> Church

pred n = fst (unCh n 8 z)

where s (x,y) = (y,succ y)
VA =

data Monad m

= MkMonad (a -> m a)

ma->(a->mb) ->mb)
unit (MkMonad u b) = u
bind (MkMonad u b) = b

join :: Monadm ->m (ma) ->ma
join m xss = bind m xss id

listMonad :: Monad [ ]
listMonad = MkMonad unit bind
where unit x = [x]
bind [ t=0
bind (x:xs) £ = £ x ++ bind xs

(error "pred zero", zero) ,
data Maybe a = Just a | Nothing
iszero . :: Church ~> Boolean
iszero n = unCh n (\x ~> false) true maybeMonad :: Monad Maybe
- maybeMonad = MkMonad unit bind
add, mul ::, Church ~> Church -> Church where unit x = Just x
add n'm = unCh n succ m : bind Nothing f = Nothing
mul n m = unCh n (add m) zero bind (Just x) £ = £ x
Figure 2: An encoding of Church numerals Figure 4: Monads as first-class values

data List a=L ((a->b ~>b) ~>b ->b)

fold :: List a -> (a~>b ->b) =>b~>0b

fold (L £)
= £
nil :: List a
nil =L (\¢n ->n)
cons :: a -> List a -> List a

cons x xs o
=L (\¢en->c x (fold xs ¢ n))

hd :: List a ~> a

hd 1 = fold 1 (\x xs -> x) (error "hd [1")
tl :: List a ~> List a

t11 = fst (fold 1 ¢ n)

where ¢ x (1,t) = (¢, cons x t)

n = (error "tl [1", nil)

Figure 3: An encoding of lists and folds
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The next example, in Figure 4, demonstrates the
combination of FCP and higher-order polymorphism
in our prototype implementation, to provide a type-
safe representation for monads [32) as first-class values.
Much has been achieved using constructor class over-
loading [11] to explore the use of monads and monad
transformers [2, 18]. As this example suggests, the same
experiments can be repeated in FCP by packaging these
items up as first-class values, In fact, FCP has exactly
the features needed to describe the implementation of
constructor classes by a source-to-source translation.

The ability to reify monads as first-class data struc-
tures was also an important part of Steele’s work to con-
struct programming language interpreters from reusable
building blocks [31]. These ideas can be expressed very
neatly in FCP, using essentially the sanie definitions as
in Figure 4. By comparison, Steele found that he had
to use a program specializer to circumvent problems
caused by limitations in the type system of the version
of Haskell that he was using at the time.

As an application of existential types, Figure 5 shows
a portion of an implementation of an abstract stack
datatype. The definition of testExpr produces a list of
integers by mapping an operation over a list of stacks,
each of which could have a different internal representa-



data Stack a

= Stack xs -~ self
(a -> xs -> xs) -- push
(xs ~> xs) -~ pop
(xs -> a) -~ top
(xs -> Bool) -~ empty

makeListStack :: [a] -> Stack a
makeListStack xs '
= Stack xs (:) tail head null

push ra > Stack a -> Stack a
push x (Stack self push’ pop top empty)
= Stack (push’ x self) push’ pop top empty

top :: Stack a > a
top (Stack self push pop top’ empty)
= top’ self

testExpr :: [Int]

testExpr = map (top . push 1)
[makeListStack [1,2,3],
makeListStack [4,5]]

Figure 5: A simple encoding of stack packages

tion, hidden by an existential quantifier. Note that our
prototype implementation adopts the convention that
variables beginning with an x are existentially quanti-
fied, avoiding the need for an explicit quantifier?.

Our final example, in Figure 6, is an implementation
of objects using the representation described by Pierce
and Turner {27], and demonstrating the use of both ex-
istentially and universally quantified datatype compo-
nents. For example, in this encoding, objects are repre-
sented by values of type 0bj m, with a state component
and a collection of methods; the type of the state, xs, is
hidden using an existential quantifier. Classes, on the
other hand, are represented by functions that are poly-
morphic in the “final representation type’, £, for objects
of that class. Other items defined in Figure 6 include a
function for constructing new instances of a class; a spe-
cific example—the ubiquitous pointClass; and the ext
oberator that is used to describe inheritance. The KT
type—which might be used in a more general setting to
describe natural transformations—is of particular inter-
est here. While Pierce and ‘Turner rely on higher-order
subtyping, we use values of type NT p q as explicit coer-

2This convention is acceptable in a prototype, but is also rather
ugly. We hope to find a more attractive alternative for use in future
language designs.
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data Obj m = MkObj xs —- state
(m xs) -— methods

data Class m s

= MkClass ((f -> s) -- extract
~> (£ -> 8 ~-> £f) -- overwrite
->mf -—- self
->n f)
new :: Classm s -> s => Obj m

new (MkClass c) s = MkObj = m
wherem=c (\r >1) (\_r->r1)m

-- Natural transtprmations:

data NT m n = MENT { coerce :: ma ->n a }

-- A specific example:

data PointM s = MkP{ set :: (s —> Int -> g),
get :: (s => Int) }

: NT p PointM ->
(0bj p -> Int -> Obj p)
point’Set st (MkObj s m) i = = '
= MkObj (set (coerce st m) s i) m

point’Set

pointClass :: Class PointM Int
pointClass = MkClazs (\extr over self ->

MkP{ set = \r i -> over r i,
get = \r -> extr r })
-- Inheritance:
data Inc s nr
= MkInc ((£ -> 1) -- extract
-> (f > r -> f) —- overwrite
-> s —-- super methods
->nf -- self methods
-> n £) ~- new methods

ext :: NT p q

~> Class q s ~-- super
=>Incqpr -- increment
-> (r ->s8) -- extract

-> (r -> 8 => r)-— overwrite
-> Class p r -- new class
ext st (MkClass sup) (MkInc inc) get put
= MkClass (\g p self ->
inc g p (sup (\s -> get (g s))
(\s t -> p s (put (g s) t))
(coerce st self))
self) ’

Figure 6: The Pierce and Turner encoding of objects



cions; another alternative would have been t6 use (mul-
tiple parameter) constructor classes, but these are not
currently supported in Hugs. It is beyorid the scope of
this paper to explain the Pierce’and Turner encoding
in any further detail; instead, we refer the interested
reader to the original paper [27].

'4 Formal Development
Our formal presentation of FCP begins with the Hindley-

Milner type system whose type language, term language,
and typing rules are summarized in Figure 7. The ex-

Type Language:

o u= Vio  polymorphic type
| monotype

T u= -t type variable
|

r— 1 function type

Term Language:

E == ¢z variables
| EE application
| Az.E abstraction
|

letz = Ein E local definition

Typing Rules:

(var) ——————~—(z o) €A
ArFz:o
- AFE: T 1 AFE T
E J
(=F) AVEE :7
(' N Ap,z:¥'+E:7
N
T AR X E T T
AFE:0c Ag,z:0FE :7
(let)
e
; At (letz=Ein E'): 7
AF E:Vio
VE Arb Vo
(VE) AR E:[7/tle *
VD) AFE:c t¢&TV(A) )

AFE :Vieo

Figﬁre 7: The Hindley-Milner Type System

tensions that are needed to accommodate FCP are sum-
marized in Figure 8. ;

Mechanisms for defining new datatypes and their as-
sociated constructor functions are clearly going to play
an importaﬁtw part in any practical system based on
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\(ma,ke),' ,

Type Language:

T u= T ... ™ datatype, arify(T): n

|
Term Language:
E K'e construction
MK 2).E -decomposition

—— i

Typing Rules, for each K : (Va.38.7') — 7

AFE:[v/Bl7 ag TV(4)

o AFKE:T
Ayz:lvfalrHE: 7" B¢ TV(A, r”,u)'
AF(MK 2).E): 17— 1"

(break)

Figure 8: Extensions for FCP

FCP. For the formal development, we will assume that
the type language of our system has been extended with
a collection of new datatype constructors, T, and that
the term language has been similarly extended with a
family of constructor function constants, K. However,
it is not necessary for us to go any further here in speci-
fying how this information might be extracted from the
notation used in particular source program texts. We
also assume that each constructor K has been assigned
a closed type of the form: ox = Vy.(Va.38.v) — V/,
where a, 8, and v represent (possibly empty) sequences
of quantified variables. We use the notation:

K:(Va3B7)y—>r

to indicate that the type (Va.38.7") — 7 can be ob-
tained by instantiating the variables 4 in o to partie-
ular types. Note that we do not make any assumptions
about uses of the type constructors, 7', in the types 7
and 7/, so the type inference mechanisms described here
can be used in more general ways than our current focus
on datatypes and constructor functions might suggest.
For example, our framework could also be used to type
Launchbury and Peyton Jones’ runST construct [17],
and Gill et al.’s build construct [3].

Note that we allow both universal and existential
quantifiers in the type of datatype components; this
avoids the need to treat constructors with existentially
and universally quantified components as separate cases,
although it does require slightly more complicated typ-
ing rules. The ordering of the quantifiers, placing ex-
istentials inside the universals is fairly arbitrary, but

" we have found this to be the most convenient choice



in practical applications, Of course, programmers can
control the ordering of quantifiers by embedding values
of one datatype inside another.

To simplify the presentation, we have assumed that
each constructor has precisely one argument. Construc-
tors with multiple arguments can be modelled by ex-
tending the language with n-ary tuples; in fact, this
could be achieved with an FCP encoding of pairs:

data Pair a b = MkPair ((a => b -> ¢) -> ¢)

Construction and decomposition are described by
FCP terms with a syntax that was chosen to reflect the
close analogy with normal function application and ab-
straction. A more conventional, but complex notation
for decomposition uses a case or match construct. For
example, an expression of the form:

case F of (Kz) — E’

could be treated as syntactic sugar for (A(K z).E') E.
Pattern matching against values from datatypes with
multiple constructors can be described using a ‘fatbar’
operator, as described by Peyton Jones [25].

The type checking rules for FCP are again justified
by appealing to the underlying logic, as explained in
Section 2.2. The actual derivations are complicated by
the presence of both existential and universal quanti-
fiers. For example, assuming K : (Va.38.7') — 7, the
(make) rule is obtained from the derivation:

AFE:[v/flr
AFE:387 ag TV(A)
AF E:Va.38.7
AFKE:~r

The derivation of (break) is a little more complex, but
follows the same basic pattern as in Section 2.2. To
simplify the presentation, we omit the terms at each
node of the proof tree: ‘ :

-A', THT
A THYa3p.7
Atk v/al38.7
A,k 380v/alr

@) An v/’ "

Atk v/a)r! — 7"
A, rEVRv/e]r — T
ATk 7"

(©)
(d)

The step labelled (a) corresponds to stripping the con-
structor K from a value of type 7 to obtain a value
of type Va.38.7'. The side conditions 8 ¢ TV (v),
B ¢ TV(A), and B ¢ TV (r") are used in steps (b),
(¢); and (d), respectively. - ‘
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Ero,m alanguage design perspective, it may be prefer-
able to allow only one: kind of local quantifier in the
type of any given constructor; none of the examples

in this paper actually use both kinds of quantification

in a single constructor. It is easy to obtain the ap-
propriate typing rules for this as special ¢ase of the
(make) and (break) rules. For example, a constructor
U : (Va.r') — r with universally quantified components
can be dealt with using the rules: o

AFE:7T agTV(4A) Azlv/ar'tE:7"
AFKE:T AR(MK 2).E):7 — 1"

In a similar way, a constructor K : (38.7') — 7 with
existentially quantified components can be dealt with

using the rules:

A+ E:[v/B7 A‘,z:Tf FE: f¢ TV(A,T”)
AFKE:T AF (MK 2).E):T7— 1"

Another option would have been to include only univer-
sal quantification in the formal description, and to have
dealt with existential quantifiers using an encoding:

Jz.P = Vy.(Vz.P=y)=y.

‘We have not followed this approach in the current pa-
per; first, because the encoding can sometimes be a
bit awkward to use in practice, and second because we
wanted to provide a reasonably symmetric treatment of
the two forms of quantification.

5 Type inferen(;e for FCP

In this section, we describe a type inference algorithm
for FCP, based on Milner’s algorithm W [19]. The al-
gorithm is both sound and complete with respect to the
typing rules for FCP in Section 4. In other words, the
algorithm succeeds if, and only if the input term is well-
typed, in which case it calculates a principal type for
that term. Thisis important'because it allows program-
mers to take advantage of the expressiveness of FCP,
without giving up on the convenience of type inference.

5.1 TUnification

As usual, unification [30] plays a central role in the type
inference process. Given two types 7 and 7/, the goal
of a unification algorithm is to find the most general
substitution U such that U7 = U7’. In this paper, we
use a modest extension of the standard algorithm that
takes a set of variables, V, as an additional parame-
ter. The algorithm treats each of these variables as a
constant that can only be unified with itﬁelf, or with
other variables that are not in V. As a result, none of



the variables in ¥V will be bound by the substitution U~

produced as a result of unification; in other words, the
restriction of U to V, written U]y, will'be the identity

substitution, id, on V. This is particularly important .

in the rules for constructing and decomposing values of
-datatypes with universally and emstentlally quantified
‘components, respectively.

The algorithm is a stralghtforward modlﬁcatlon of

Robinson’s original algorithm. The presentation in Fig-

ure 9 uses judgements of the form:
r & ' mod V

to indicate that the unification algorithm succeeds with
a most general unifier U for the types 7 and 7, such
that U|v = td. The substitution U is most general in
the sense that, if S7 = S’/ and S|y = id, then there
is a substitution R such that S = RU. Moreover, it is
easy to show that the algorithm fails only if there are
no substitutions S that satisfy these properties.

(id) ) %7 mod V
ot mod v VLTV
(var) '?[TL"']a mod 4 MG
o TEV mod V
(fun) ” ur K Uu modV

' (r,-w»r{) ~3(1/—>u’) mod V.

Pigure 9: Rules for unification.

5.2 A type inference algorithm

The rules in Figure 10 give a type _inferenéé algorithm
for FCP, with one rule for each of the six syntactic con-
structs in the language. A successful invocation of the

type inference. algorithm is represented: usmg a judge-
mient of the form: -

TAME : rmod V,

where the type assignment A, the term E, and the set
of variables V are the inputs, and the substitution T'
and type T are the outputs. The following theorem is
important because it tells us that any typing produced
by the type inference algorlthm cotresponds to a valid
typing derivation under the original typing rules.

Theorem 1 (Soundness) If TAF E : 7 mod. V, then
TAFE:7 and T|ly = id.
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Conversely, the following theorem indicates that, if a
term has type 7 under the original rules, then the type
inference algorithm will succeed, and the inferred type
will be at least as general as 7.

Theorem 2 (Completeness) IfSAFE: T and S Iv =
‘id, then TAWE :vmod V for some T, v, and. there
is a substitution R such that S ~ RT® and 7 = Rv.

For example, consider the special case of a well-typed
expression E in a top-level environment A with V = 0,
and TV(A) = 0 (and hence SA = A, for any substitu-
tion S). Together, the two theorems above tell us that

_ the type inference algorithm will succeed with a typing

A F E : v and that every possible type of E in A can
be expressed as a substitution instance of v.

6 From System F to FCP

The examples of first-class polymorphism and abstract
.datatypes that we have seen in previous sections can
also be programmed directly in explicitly typed lan-
guages like System F, the polymorphic A-calculus of

- Girard [4] and Reynolds [29], or higher-order variants

like Fw. In fact, the FCP implementations for booleans,
numbers, and lists in previous sections are djrect trans-
lations of the standard System F encodmgs for these
datatypes. The:'main difference is' that FCP prograims
use constructor and selectdr functions where' the Sys-

#em F uses type abstraction and type application, re-

spectively. For example, compare our definition of the
successor function:

succ = An.Ch (/\f Az.unCh n f (f :c))
with the System F 1mplementa.tlon

succ = An:Church.
Aa.Af:(a— a).Az: anaf(f:c)

Note also that the use of constructors and selectors in
FCP provides enough additional type. mfbrmatlon to
avoid the need for the type annotations on A bound
variables in System F. -

In the remainder of this sectlon we show that any
System F program can.he expressed in FCP, essentially
by replacing type abstractions and applications with
constructors and selectors. A complication occurs be-
cause some System F types can be represented in several
different ways in FCP, but we deal with this by deﬁmng
a family of conversions that allow us to switch between
different representations of any given type.

- For reférenee, we stmmarize the type language, term
language, and typing rules of System F in Figure 11.

258 m RT means that the substitutions S and RT are equal, ig-
noring ‘new’ variables introduced during type checking.



. :V . o '
(var)¥ (= A aT)EA B new
z : [#/a]r mod V
' (ME)“’ TAWE-ITIhod V T'TAW F:rmodV T'rX¢ —amod V @ new
UT'TAFEF : Uamod V
(—I)¥ T(A,,.,z a)FE:Tmod V o new
TAP Az E ; Ta—Tmod V
(let)™ TA YE:rmod V o= Gen(TA,7) T’(TA,,z AF .o mod v
‘ T!'TAY (letz::Em F) -
(make)w TKZ Vy.(Ve.3r) = o, fynew TAME:vmodV vXrmod VU{a} a¢ TV(UTA)
m
UTAM(K E): Ur' mod V
(break) ox = Vy.(Va3fr)— 7 @&, ﬂ,‘r new T(Az z:7)PE:vmodV U{ﬂ} B & TV(TA v, Ta)
l | FOK 2).B): Tr— vmod V

Figure 10: Type inference algorithm W.

6.1 System F types to FCP

We begin by defining a mapping that associates each
System F iype o with an FCP type ¢*. The mapping
requires the definition of a famxly of datatypes, one for
each type of the form Yt.o:

data Tyio @1 ... @n = Mhyto o*.

The parameters &;; ..., @, used here are the free vari-
ables of Yt.o, QObviously, the set of type constructors
Twt.« i8 infinite, but only finitely many will be required
in the translation of a given program. . The required
mapping can now be defined:

(A =
(o1 —ea) = o] =03
(vt.0)* = Tytoon ... g

(Again, the parameters o, ..., @, in the last line are

the free variables of Vt.or.) It is easy to verify that this

mapping takes the standard System'F encodings of the

boolean, number and list types to the corresponding
: FC'P versions given in previous sections:

(Va oo —q) = Boolaa.n
(Va.(a ~ o) — o — a)* = Ghurch
(VB(a—r f—f)—=f— ﬂ)“‘ = List o

For each constructor function Mhy; ,, we can define a
selector function: -
Mk "1 u V

. Yag ¥1.(Vt.0)* — o*
MkVt -4 (M,Wt o z) o ’
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The superscript on the selector is intended to empha-
size a view of the constructor and selector as mutual
inverses in an isomorphism that describes the packag-
ing and unpackaging of polymorphic values. Of course,
the choice of names for the type-and value constructors
and for the selectors is fairly arbitrary; in specific cases,
we can adopt more intuitive naming schemes.

6.2 Conversion between FCP types

There are often several ways to represent a System F
type in FCP, and the mapping described above gives
us only one of several alternatives. For example, the

encoding of ¢y = Vt.(t — Int) is 07 = § where:

data $ = D (t— Int).

Another way to obtain an encoding for ¢y is to start
with the more general type, o3 = Vi.(t — s) with an
encoding 05 = T s where:

data T's = C(t—3)

and to note that o = [Int/s]os. Thus System F values
of type o1 could be represented as FCP values of type S,
or of type T Int. Fortunately, although the two types
are not equal, it is easy to repackage a value of either
type as a value of the other by using an appropriate
combination of constructors and selectors. The follow-



" Type Language:

type variables
o — o function lypes

o u= 1
|
| Vto  polymorphic types

Term Language:

E = 12 variables
EE application
Az:0.E abstraction

Eo . type application

AtE type abstraction
Typing Rules: ,
(var) (z:0)€ A
ar —_—
, AFz:0
oo Ab B!
(—E) A}-E.o’ o At E cof
AFEE :0o
Az, 20’ E: o
(—1I) —
: AFAz:0.E:0' -0
Ar E Vio
VE ‘ -
(VE) A Ed [0 /tlo
AFE:c t¢TV(A
o o tgTV(A)

AFALE :VYico

Figure 11: System F
ing typing derivations show the steps that are needed:
AFE:S

At—DflE:t—#Int
A-C (DY E): T Int

AFE:T Int
AFCYE;t—Int
AFD(C*E):S

In fact, we can generalize this construction to deal with
any. pair of System F types in which one is obtained
from the other by substituting for a free variable;

Theorem 3 For any System F iypes 0y and o3, any
type variable t, and any FCP derivations:
AtF E:([o1ft]os) AR E :[o]/t]o;

there is an effective algorithm for constructing FCP terms
C and C' such that:
AR C:let/el AR C:(loy/H)on)

and Erase(C) =gy Erase(E), Erase(C') =gy Erase(E').
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We refer to the terms C and C’ as conversions of E and
E', respectively. The notation Erase(E) denotes the )-
term obtained from the FCP term E by deleting any
occurrences of constructor or selector function symbols;
this provides a semantics for £ in some underlying A-
calculus (as in Milner’s work [19]) where constructors
and selectors for Ty; , types are interpreted as identi-
ties. The significance of the theorem is that it allows
us to turn a derivation for a term of type [¢}/t]o} into
a derivation for a semantically equivalent term of type
([e1/t)e3)*. The proof, a construction of the conver-
sions C and C’, is a straightforward induction on o,.
However, it is worth mentioning that the existence of
conversions in both directions between the two types
[01/t)o% and ([o1/t]o2)* is essential because it allows
us to deal with the anti-monotonicity in the first argu-
ment of the function type constructor.

6.3 System F terms to FCP

It remains to show how arbitrary System F programs
can be converted to equivalent programs in FCP. Given
a System F term £ with type ¢ under the assumptions
A, our goal is to find a corresponding FCP term E*
with type ¢* under the assumptions in A*, where:

A'={(z:0*) | (z:0) € A}.

’I‘hefex'istence of suitable translations is guaranteed by
the following result:

Theorem 4 For any System F derivation A“F E : o,
there is an FCP term E* with Erases(E) =g, Erase¢(E*)
such that A* + E* . o*.

The notation Eraser(F) used here denotes the System F
erasure of E, which is the M-term obtained from E by
deleting any uses of type abstraction or application.
The proof of the theorem is by structural induction.
Most of the cases are straightforward, but conversions
are needed to deal with derivations involving the rule
(VE). To see this, consider a System F derivation that
ends with the instantiation of a polymorphic type:

A E:Vio
AFEco :[o'[t]o

It follows by induction that A* - E* : (Vt.0)* and hence
that A* F Mk;! E* : [0 /t]o*; now we can take a
conversion to obtain the required typing. _

We have now shown that arbitrary System F pro-
grams can be expressed in FCP. For example, the imple-
mentations of booleans, numbers and lists in previous
sections can all be obtained in this way. The general
encoding that we have used in this section can be a lit-
tle awkward to use; for example, it treats each universal




quantifier separately. But this will not cause problems
in practice because programmers can make direct use
of FCP and need not be restncted to the Tvio o famlly
of datatypes.

7 Conclusion and Discussion

We have ‘described a modest extension of the Hindley-
Milner type system that offers both the convenience of
type inference and the expressiveness of first-class poly-
morphlsm The conventional Hindley-Milner type sys-
tem is already powerful enough for many programming
tasks, but FCP provides an extra degree of flexibility
that is useful in particular situations, without compro-
mising ‘the benefits of simple type inference. A proto-
type type-checker for FCP has been xmplemented as an
extension of the Hugs implementation of Haskell. This
has been used to test the programs included in the body
of the paper, and seems to work well in practice.

7.1 Three dlmensmns df type inference

In general terms, the work descnbed in this paper con-
tinues a program of research to explore extensions of
the Hindley-Milner type system [6, 19]. Figure 12 illus-
trates three, largely orthogonal dimensions of the design
space that we have explored in work to date: overload-
ing, higher-order polymorphism, and, the main'subject
of the current paper, first-class polymorphism.

Qualified
types
. classes
Constructor
classes +|FCP
.................. Ny SE——
Hmdley First-class
Milner polymorphism
Higher-order .
polymorphism

)

Figure 12: Extensions of Hindley-Milner typing

Type class overloading, in the form described by
Kaes [13], and Wadler and Blott [33], was probably
the first of these three extensions to be incorporated

P
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in a widely used programming language. The seman-

‘tics of the system of type classes in the paper by Wadler

and Blott was explained by a type-directed, source level
translation into the. Hindley-Milner type system; extra
dictionary parameters were introduced to specify the

.meaning of overloaded operators at particular types. As
-such, type class overloading provides a convenient form

of implicit parameterization. This has proved to be par-
ticularly useful for dealing with equality and arithmetic
operations in the presence of a polymorphlc type sys-
tem.

Type classes were adopted as part of the design for
Haskell [9], but the early proposils were extended in
subtle ways to allow class definitions like the following:

class Foo a where
bar :: a -> b -> [b]

The variable b in the type of the bar member is bound
by an implicit universal quantifier, and suggests an im-
plementation in which -dictionary components can have
polymorphic types. So, while Haskell type classes can
be explained by a translation into FCP, they cannot,
in general, be implementéd'By‘a translation into the

standard Hindley-Milner type system. Implementors of

Haskell side-stepped the problems of augmenting the
language with general FCP-like constructs by choosing
either a more powerful language like System F {5], or a
simple untyped 1a,nguage [10] as a target for the trans-
lation of source programs.

The introduction of constructor classes [11]lead to
the discovery of several new uses for overloading. Some

of the best known applications—for example, using func-

tors or monads—were inspired by work in category the-
ory [2, 18]. As'a‘$implé example, a class of functors
might be deﬁned as follows

cla.sxsr Functor f where
ma (a->b)->(fa->fb)

The system of constructor classes was described as a
combination of overloading and higher-order polymor-
phism; the latter réferring to the ability to use vari-
ables ré,nging over different kinds of type constructors—
like £ in the example above. It is surprisingly easy to
generalize the standard results for type inference in a
Hindley-Milner framework to the hlgher-order case, SO
long as the language of type constructors is restricted to
avoid problems with undecidable, higher-order unifica-
tion. Biit, by itself, the resulting system is not particu-
larly useful; in practice, just as there are no interesting

terms of type Va.¥B8.c — 3, there are also no interesting .

terms of type Ya.Vf.a — f . With hindsight, we can
see that the expressiveness of constructor classes actu-
ally comes from the combination of higher-order poly-
morphism and hidden uses of first-class polymorphism.



For example, the map function described above would
not be useful without the implicit universal quantifica-

tion over the variables a and b. With observations like -

this, we are now in a better position to distinguish be-
tween the syntactic ¢onvenience of overloading and the
expressiveness of first-class polymorphism.

7.2 Areas for future work
There is still much work to be done:

o Further dimensions: It is clear that there are many
more dimensions to type inference than the three
that we have focused on here, an observation that
is supported by the extensive literature on the sub-
ject. For example, we consider the problems of
tackling various notions of eztensibility to be a par-
ticularly interesting direction for future work.

o Language design problems: For example, there is
a significant overlap in the facilities for defining
datatypes in FCP, classes in Haskell, and modules
in Standard ML. This might prompt a search for
more orthogonal language mechanisms supporting
the same features.

o Technical problems: For example, we have not
fully addressed the problems of integrating FCP
with type class overloading to allow datatypes with
components whose types are qualified by class con-
straints. To the best of our knowledge, only the
special case of datatypes with existentially quan-
tified components has been cons1dered in work to
date [15].

Type inference can be thought of as a compromise
between the convenience of programming without type
annotatlons and the expressiveness of explicitly-typed
languages. Practical systems include elements of both
extremes; for example, while languages like Standard
ML and Haskell do not require type information for
eath A-bound variable, the types assigned to constants
and constructor functions play a critical role in the type
inference process. Perhaps the most important aspect of
the PCP type system introduced in this paper is the new
perspective that it provides in helping us to understand
a small part of the design space. However, we hope that
it will also play a useful role in practical programming
language designs.
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