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Abstract
Most of the current implementations of functional languages adopt
so-called “tagged data representations” to support tracing garbage
collection. The representations impose a burden of data conversion
on the runtime performance and the interoperability between ML
and other languages. In this paper, we present a type-directed com-
pilation method for ML polymorphism that supports natural repre-
sentations of integers and other atomic data.

This is achieved by compiling ML so that each runtime object
(a heap block or a stack frame) has a “bitmap” that describes the
pointer positions in the block. Since a polymorphic function may
produce runtime objects of different types, the compiler needs to
compute appropriate bitmaps for each instantiation of the function.
This would require us to insert extra lambda abstractions and appli-
cations to pass the bits required in bitmap calculations. This com-
pilation process should be done for both stack frames and heap-
allocated objects including functions’ closures and their environ-
ment records. We solve these problems by combining the type-
directed compilation method with typed closure conversion, and
type-preserving A-normalization.

The resulting compilation process is shown to be sound with
respect to an untyped operational semantics with bitmap-inspecting
garbage collection. The proposed compilation method has been
implemented for the full Standard ML Language, demonstrating
its practical feasibility.

Categories and Subject DescriptorsD.3.1 [Programming Lan-
guages]: Language Constructs and Features
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Keywords Type-directed Compilation, Polymorphism, Memory
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1. Introduction
Most of the current implementations of functional languages adopt
so-called “tagged data representations,” where each word contains
one bit tag indicating whether it is a pointer or not. This yields
particularly simple memory management: a compiler only needs to
set one bit when emitting code, and a tracing garbage collector can
locate all the pointers in a heap block by simply scanning the tag
bit in each word in the block.

Drawbacks of this approach are the runtime overhead arising
from tagging and untagging operations (e.g. for arithmetic opera-
tions), and the lack of interoperability with other languages. Since
integers and other atomic data do not have their natural runtime rep-
resentation, they must be converted each time when they are passed
to primitive operations or other languages.

One drastic approach to avoid this complication is simply to
eliminate polymorphism at compile time through a whole-program
analysis and transformation. MLton [1], MLJ [3] and SML.NET
[4] have taken this approach. Although the results of these systems
have demonstrated the feasibility of this approach for the devel-
opment of a stand alone system, this causes code duplication of
polymorphic functions, and it is not compatible with incremental
and interactive programming – a common scenario in functional
programming.

In order to avoid the problem of tagged data representation
while enjoying the full benefits of polymorphic functional lan-
guages, tag-free garbage collection has been investigated [10, 27].
In this approach, the compiler generates type information for each
runtime object, and the garbage collector traces the heap space us-
ing the type information retrieved from the stack frame of the cur-
rent function. This solves the problem of incompatibility of inte-
gers and other atomic data. One drawback of this approach is the
runtime overhead arising from manipulating type information. An-
other drawback, which we regard as a serious obstacle in achieving
a high degree of interoperability, is the close dependency between
the garbage collector and the compiler. The garbage collector needs
to know the semantics of types and their precise runtime representa-
tions. This also implies that the traversal strategy is constrained by
type structures. For example, Tolmach’s algorithm relies on depth-
first traversal and is not necessarily compatible with commonly
used efficient strategies, including Cheney’s popular collector [5].

The goal of the present work is to develop a compilation method
for ML polymorphism so that runtime objects in a stack or a heap
can be directly passed to primitive operations and other languages
including C and Java. To achieve this goal, we consider the follow-
ing two features to be prerequisites.

• Integers and other atomic data have their natural representa-
tions.

• Each heap block includes its layout information for garbage
collection.



One natural strategy that satisfies these criteria is to include in each
heap-allocated block abitmapthat describes the pointer positions in
the block. For example, a nested record(1, (2, 3)) is implemented
as ([0, 1]; 1, ([0, 0]; 2, 3)) where [0, 1] is a bitmap indicating the
two word block of an atom and a pointer to a block, which in this
case is another record([0, 0], 2, 3). Since this representation only
includes the necessary information for garbage collection and does
not place any constraint on scanning strategy of garbage collection,
it should be efficient and compatible with heap management of
typed languages featuring monomorphic allocation, such as Java.

For a polymorphic language such as ML, generating the correct
bitmap for each allocation is challenging. To see the problem, let
us consider the following program in Standard ML syntax,

let fun f x = let fun g y = (x,y)
in (g 1; g "1")
end

in (f 1 ; f "1") end

where(e1,e2) is a record to be allocated in a heap, and(e1;e2)
is sequential evaluation. Although there is only one heap allocation
code, namely(x,y), it will allocate records of 4 different bitmaps
[0,0], [0,1], [1,0], and[1,1]. In order to set a correct bitmap
for each instance, it is necessary to evaluate the instance types of
x and y to get the corresponding portions of the entire bitmap,
compose them, and pass them to the code of(x,y).

Our strategy is to develop a type-directed compilation algorithm
that statically computes the necessary bit tags from the type infor-
mation. Before presenting in details the technical development, we
outline the compilation method and compare it with related works.

Method outline. The general idea behind computing bitmap in-
formation of heap-allocated objects inside a polymorphic function
is to follow polymorphic record compilation [20] and to encode the
necessary information in polymorphic types.

For example, consider the following explicitly typed polymor-
phic function.

let f:∀t.t → t× t = λx:t.(x,x)
in (f int 1; f string "1") end

Since the type of record expression(x,x) is t×t, we know that this
expression requires a bitmap corresponding tot × t. This bitmap
can be composed from bit tag information of objects of typet. We
extend the functionf by introducing new parametera and type this
new variable with a specialbit tag typeof the forms〈t〉. In general,
〈σ〉 denotes (the singleton set of)0 if σ is a type ofunboxedobjects
(i.e. non-pointer atoms), and1 if σ is a type ofboxedobjects (i.e.
pointers). In ML Core language, ifσ is not a type variable then〈σ〉
is determined by the outermost type constructor ofσ.

Using the bit tag type, we can obtain the necessary bit tag for
each usage off by inspecting the instance of the bit tag types. For
example, ift is instantiated toint then the corresponding bit tag
type is〈t〉[int/t] = 〈int〉 which denotes the (singleton) value0.
The value of bitmap(x,x) is therefore[0, 0]. Based on this idea,
the above program is compiled to the following term.

let f:∀t.〈t〉 → t → t× t = λa:〈t〉.λx: t.([a,a]; x, x)
in (f int 0 1; f string 1 "1") end

The syntax[e1, . . . , en] is the term constructor for bitmaps.
Related work. Most relevant to this paper is the work on tag-

free garbage collection, where the garbage collector traces data us-
ing type information generated by the compiler. Goldberg [10] has
proposed a tracing method by inspecting the call frame of the cur-
rent function to determine the type of each runtime object. If the
current function is a polymorphic function, then the type informa-
tion is computed from the types of its arguments. Tolmach [27]
has proposed a refined approach to pass types of arguments to each

polymorphic function. This approach requires runtime construction
and inspection of type information, which may be large and ineffi-
cient. In [17, 25], methods for optimizing type-passing compilation
have been proposed. Compared with these approaches, our method
can be regarded as a type-directed refinement of those type-passing
approaches by statically computing most of the layout information
at compile time. This reduces the runtime time and space overhead
of type-passing. Another important consequence of the refinement
is that our method produces self-contained layout information for
each runtime object so that the garbage collector may be imple-
mented independently of the language type system.

Our method yields an accurate collector based on reachability.
There have also been several attempts [9, 18, 13] to develop more
powerful GC exploiting type information at runtime. It is an inter-
esting open issue whether we can combine these approaches and
our type-based compilation approach.

Our method uses type information at runtime. This technique
is related to previous work on type-directed compilation, including
intensional type analysis [12], compilation of type classes [11, 24],
and mixed representation optimization [15]. In comparison with
these approaches, one type theoretical feature our method relies
on is the introduction of a family of bit tag types, each of which
denotes a singleton set of bit tags. This idea is first presented in
[20]. Crary, Weirich, and Morriset [6] have proposed a similar
mechanism.

As we shall briefly report in Section 5, we have implemented
the mechanism presented here in our SML# [2] compiler, which is
an extension of Standard ML.

The SML# compiler is composed of a series of type-directed
type-preserving transformation steps. This approach has the same
spirit of the TIL compiler [26] and the compilation of System F to
a typed assembly language [19].

Paper organization.The rest of this paper is organized as fol-
lows. Section 2 develops the compilation method outlined in Sec-
tion 1. Section 3 gives the solution to deal with a mutual depen-
dency problem between the compilation method and closure con-
version. Section 4 briefly introduces the method of generating lay-
out bitmaps for stack frames. Optimizations and implementation
are presented in Section 5. Section 6 concludes the paper.

2. The Bitmap-passing Compilation
In this section, we formally present the type-directed compilation
method for generating codes consisting of bitmap computations
from source expressions in an explicitly typed ML-style calculus
– λML. The compilation process is described in two stages. The
first stage, namedbitmap-passing compilation,transforms a source
expression inλML into a target expression in an explicitly typed
target calculus –λB . Bitmaps and bit tags are explicitly encoded
as terms inλB . The second stage erases all type annotations in
the explicitly typed resulting term inλB to achieve a term in an
implicitly typed target calculus –ΛB .

As a formal presentation, we define an untyped operational
semantics for the target calculusΛB , and show that the type system
of ΛB is sound with respect to the operational semantics. We
also show the syntactic correctness of the proposed compilation
algorithm. The combination of these two results guarantees that
the type system of the source calculus is sound with respect to
the operational semantics realized by our compilation algorithm
followed by evaluation of the compiled term.

2.1 The Source Calculus –λML

The source calculus is an explicitly typed ML-style calculus with
rank-1 polymorphism [23]. Supporting rank-1 types is important



`ML ∅
`ML Γ FTV (τ) ⊆ TV (Γ) x ∩ dom(Γ) = ∅

`ML Γ, arg(x : τ)

`ML Γ TV (Γ) ∩ t = ∅
`ML Γ, tvar(t)

`ML Γ FTV (σ) ⊆ TV (Γ) x 6∈ dom(Γ)
`ML Γ, local(x : σ)

Figure 1. Context formation rules

in obtaining efficient target code by suppressing unnecessary type
abstractions and type applications.

We write a for a sequence of objects denoted by the meta-
variablea. The sets of terms (ranged over bye), monomorphic
types (ranged over byτ ), polymorphic types (ranged over byσ),
and contexts (ranged over byΓ) are given by the following syntax.

e ::= co | x | λx : τ .e | (e e) | Λt.e | (e τ) |
(e, . . . , e) | πi(e) | let x : σ = e in e end

τ ::= o | t | τ → τ | τ × · · · × τ

σ ::= τ | ∀t.σ | τ → σ | σ × · · · × σ

Γ ::= ∅ | Γ, arg(x : τ) | Γ, local(x : σ) | Γ, tvar(t)

Lambda abstraction and lambda application are generalized with
multiple arguments. Since bit tag abstractions and bit tag applica-
tions usually occur together with ordinary abstractions and appli-
cations, this generalization is useful for generating optimized code
by uncurrying bit tag abstractions. We shall comment on this issue
in Section 5. A contextΓ is a sequence of assumptions of the forms
arg(x : τ), local(x : σ), andtvar(t) for lambda variables,let
variables, and type variables. To introduce bit tag abstraction, it is
necessary to record type variables explicitly in the context.

Let FTV (σ), FTV (τ) be the sets of free type variables ofσ
andτ , TV (Γ) be the set of type variables declared inΓ. A typeσ
is well formedunder a well formed contextΓ, written Γ ` σ, if
FTV (σ) ⊆ TV (Γ). We write` Γ if a contextΓ is well formed,
and writeΓ `ML e : σ if e has typeσ under a well formed context
Γ. The set of rules to derive these judgments are given in Figures 1
and Figures 2.

In the typing rule for variable, we checkx : σ ∈ Γ by
looking up the appearance ofx : σ in the arg() and local()
assumptions ofΓ. We also defineΓ(x) = σ for x : σ ∈ Γ and
dom(Γ) = {x|x : σ ∈ Γ}.

Figure 3 shows an example of untyped terms and the corre-
sponding explicitly typed terms in the source calculus which de-
picts the relevance to rank-1 polymorphism.f is given a nested
polymorphic type, andg is given a record type whose components
are polymorphic types. This mechanism not only allows partial ap-
plicationsf 1 and#1 g to have polymorphic types, but it also sup-
press redundant type instantiation and type abstraction. This feature
is especially important for generating efficient code in our type-
directed compilation where type instantiations may generate extra
lambda abstractions.

2.2 The Explicitly Typed Bitmap-passing Calculus –λB

This sub-section defines theexplicitly typed bitmap-passing cal-
culus, written λB , as an immediate language for the compilation
process.

Γ `ML co : o

Γ `ML x : σ if x : σ ∈ Γ

Γ, arg(x : τ) `ML e : σ
Γ `ML λx : τ .e : τ → σ

Γ, tvar(t) `ML e : σ
Γ `ML Λt.e : ∀t.σ

Γ `ML e1 : τ → σ Γ `ML e2 : τ
Γ `ML (e1 e2) : σ

Γ `ML e : ∀t.σ Γ `ML τ
Γ `ML (e1 τ) : σ[τ/t]

Γ `ML ei : σi for all 1 ≤ i ≤ n
Γ `ML (e1, . . . , en) : σ1 × · · · × σn

Γ `ML e : σ1 × · · · × σn

Γ `ML πi(e) : σi

Γ `ML e1 : σ1 Γ, local(x : σ1) `ML e2 : σ2

Γ `ML let x : σ1 = e1 in e2 end : σ2

Figure 2. Type system ofλML

The set of terms of this calculus is given by the following
syntax:

e ::= co | x | λx : τ .e | (e e) | Λt.λx : 〈t〉.e | (e τ e)

| (e; e, . . . , e) | πi(e) | let x : σ = e in e end

| [e, . . . , e] | B
B ::= 0 | 1

Λt.λx : 〈t〉.e is a bit tag function wherex are bit tag parameters
inserted by the bitmap-passing compilation (introduced later).〈t〉
representbit tag typescorresponding to the type variablest. A bit
tag function always comes together with a type abstraction, they
are tightened up together by using a single term constructor in the
syntax of the language.(e τ eb) is a bit tag application whereeb

are actual bit tags generated from the typesτ . We also use a single
term constructor for both bit tag application and type instantiation.
B is a static (constant) bit tag and[e1, . . . , en] represents a bitmap
composition fromn bit tags. The first componente0 in a record ex-
pression(e0; e1, . . . , en) is a bitmap term representing the bitmap
information of this record.

To define typing rules for terms involving bitmaps, the set of
types is extended with types for bitmaps and bit tags as:

τ ::= o | t | β | γ | τ → τ | τ × · · · × τ

σ ::= τ | ∀t.σ | τ → σ | σ × · · · × σ

β ::= 〈σ〉
γ ::= 〈〈σ, . . . , σ〉〉

whereβ ranges over bit tag types, andγ ranges over bitmap types.
In ML Core language, for anyσ type other than type variable,

whetherσ is a boxed type or an unboxed type is determined by its
outermost type constructor. We define the tag valuetagOf(σ) of a
typeσ as follows.



Untyped ML expressions The corresponding explicitly typed source terms

let fun f x y = (x,y)
in let val g = (f 1, 1);

in #1 g 1 end
end

=⇒ let f:∀t1.t1 → (∀t2.t2 → t1 × t2) =
Λt1.λx: t1.Λt2.λy:t2.(x,y) in

let g:(∀t1.t1 → int× t1)× int = (f int 1, 1) in
π1(g) int 1 end end

Figure 3. Examples of Explicitly Typed Source Terms

Γ, tvar(t), arg(b : 〈t〉) `TB e : σ

Γ `TB Λt.λb : 〈t〉.e : ∀t.〈t〉 → σ

Γ `TB e : ∀t.〈t〉 → σ Γ `TB eb : 〈τ〉 Γ `TB τ
Γ `TB (e τ eb) : σ[τ/t]

Γ `TB ei : σi (1 ≤ i ≤ n) Γ `TB e0 : 〈〈σ1, . . . , σn〉〉
Γ `TB (e0; e1, . . . , en) : σ1 × · · · × σn

tagOf(σ) = B
Γ `TB B : 〈σ〉

Γ `TB ei : 〈σi〉 (1 ≤ i ≤ n)

Γ `TB [e1, . . . , en] : 〈〈σ1, . . . , σn〉〉

Figure 4. Typing rules ofλB

tagOf(o) = 0 if o is an unboxed base type
tagOf(o) = 1 if o is an boxed base type

tagOf(τ → σ) = 1
tagOf(∀t.σ) = 1

tagOf(σ1 × · · · × σn) = 1
tagOf(〈σ〉) = 0

tagOf(〈〈σ1, . . . , σn〉〉) = 0
tagOf(t) = undetermined

Functions and records have bit tag1 since they are heap-allocated
objects. The case for∀t.σ requires some explanation: this type
always refers to a bit tag function type, so we can safely assume
∀t.σ to be a boxed type.

The well-formedness of types (Γ `TB σ) is similarly defined
as one in the source language with the following extension of the
functionFTV to bit tag and bitmap types:

FTV (〈σ〉) = FTV (σ)

FTV (〈〈σ1, . . . , σn〉〉) =
[

FTV (σi)

We writeΓ `TB e : σ if a target expressione has a target type
σ under a well formed contextΓ. The only differences between the
source typing rules and the target typing rules are the cases for bit
tag abstractions, bit tag applications, records, constant bit tags, and
bitmaps. Figure 4 shows these typing rules.

2.3 Bitmap-passing Compilation

As we briefly introduced, the first stage of the compilation process
is to transform a source expression inλML into an explicitly typed
expression inλB . The major differences between a target term and
its source expression are bitmaps at records, bit tag abstractions
at type abstractions and bit tag applications at type instantiations.
The goal of bitmap-passing compilation is therefore to insert these
objects into appropriate places for a given source expression.

In order to achieve this goal, we formulate the compilation
algorithm by compilation judgments of the formsΓ `TB e Ã
e′ where Γ is the context of the target calculus,e is a source

Γ `TB co Ã co

Γ `TB x Ã x If x : σ ∈ Γ

Γ, arg(x : τ) `TB e Ã e′

Γ `TB λx : τ .e Ã λx : τ .e′

Γ `TB e1 Ã e′1 Γ `TB e2 Ã e′2
Γ `TB (e1 e2) Ã (e′1 e′2)

Γ, tvar(t), arg(b : 〈t〉) `TB e Ã e′ b are fresh variables
Γ `TB Λt.e Ã Λt.λb : 〈t〉.e′

Γ `TB e Ã e′ Γ `TB τ Ã eb

Γ `TB (e τ) Ã (e′ τ eb)

Γ `TB ei Ã e′i Γ `TB e′i : σi

Γ `TB σi Ã eb
i (1 ≤ i ≤ n)

Γ `TB (e1, . . . , en) Ã ([eb
1, . . . , e

b
n]; e′1, . . . , e

′
n)

Γ `TB e Ã e′

Γ `TB πi(e) Ã πi(e
′)

Γ `TB e1 Ã e′1 Γ `TB e1 : σ′

Γ, local(x : σ′) `TB e2 Ã e′2
Γ `TB let x : σ = e1 in e2 end Ã

let x : σ′ = e′1 in e′2 end

Figure 5. Bitmap-passing Compilation

expression ande′ is a target expression. The set of compilation
rules is given in Figure 5.

A record (e1, . . . , en) in the source calculus is compiled to
(e0; e

′
1, . . . , e

′
n) wheree′i, for all 1 ≤ i ≤ n, is the compiled term

of ei , ande0 is the bitmap composition fromn bit tags created
from types ofe′1, . . . , e

′
n. The bit tag creation algorithm, which are

used in rules 6 and 7 in Figure 5, is defined by a set of rules to
derive a judgment of the formΓ `TB σ Ã e, wheree is the bit tag
term created from the typeσ under the contextΓ. The following
are two rules to derive this judgment.

Γ `TB σ Ã tagOf(σ) if σ has a proper outermost
type constructor

Γ `TB t Ã b whereb : 〈t〉 ∈ Γ

The compilation algorithm introduces new bit tag parametersb
of types〈t〉 for each type abstractionΛt.e in the source language to
achieve the resulting termΛt.λb : 〈t〉.e′ in λB (e′ is the compiled
term ofe). The introduction of bit tag parameters requires to insert
actual bit tag parameters at type instantiations. A type instantiation
term (e τ) in the source language is compiled to(e′ τ eb), where
e′ is compiled frome andeb is generated fromτ by using the bit
tag creation rules.

The bitmap compilation algorithm only inserts bitmap abstrac-
tions and bitmap applications in target types and terms. Erasing



τ ∼B τ

σ ∼B σ′

τ → σ ∼B τ → σ′

σ ∼B σ′

∀t.σ ∼B ∀t.〈t〉 → σ′

σi ∼B σ′i for each1 ≤ i ≤ n
σ1 × · · · × σn ∼B σ′1 × · · · × σ′n

∅ ∼B ∅
Γ ∼B Γ′ x 6∈ dom(Γ′) σ ∼B σ′

(Γ, local(x : σ)) ∼B (Γ′, local(x : σ′))

Γ ∼B Γ′ x ∩ dom(Γ′) = ∅
(Γ, arg(x : τ)) ∼B (Γ′, arg(x : τ))

Γ ∼B Γ′ b ∩ dom(Γ′) = ∅
(Γ, tvar(t)) ∼B (Γ′, tvar(t), arg(b : 〈t〉))

Figure 6. Simulation Relations on Types and Contexts

all bitmap abstractions from the type of a target expression should
therefore recover the original type of the source expression. To for-
malize this property, we define simulation relationsσ ∼B σ′ be-
tween source and target types, andΓ ∼B Γ′ between source and
target contexts in Figure 6. The case oftvar assumption shows that
if Γ ∼B Γ′ then there is always an assumptionarg(b : 〈t〉) fol-
lowed by atvar(t) in Γ′. This guarantees that the bit tag creation
algorithm never fails for well-typed expression in the ML Core lan-
guage.

The compilation algorithm preserves the typing relation as
shown in the following theorem:

THEOREM 1. SupposeΓ `ML e : σ. For anyΓ′ so thatΓ ∼B Γ′

the compilation algorithm succeeds asΓ′ `TB e Ã e′ with
Γ′ `TB e′ : σ′ whereσ ∼B σ′

2.4 The Implicitly Typed Bitmap-passing Calculus –ΛB

The second stage of the compilation process is the phase which
eliminates all type annotations in the resulting term from the first
stage to achieve a target term in an implicitly typed calculus –ΛB .
We define the set of terms ofΛB by the following syntax:

e ::= co | x | λx.e | (e e) | (e; e, . . . , e) | πi(e)

| let x = e in e end | [e, . . . , e] | B
Since terms inΛB are achieved from terms inλB by eliminating all
type annotations, ordinary lambda abstraction and bit tag abstrac-
tion can share the same term constructor (i.e.λx.e), and ordinary
lambda application and bit tag application can share the same term
constructor (i.e.(e e)). Thus, in the typing rules for terms, each of
abstraction and application may have two different typing deriva-
tions as shown in Figure 7.

We define thetype erasureE(e) of a terme in λB by specifying
the case analysis on the structure ofe. The following are two typical
cases for bit tag abstractions and bit tag applications.

E(Λt.λx : 〈t〉.e) = λx.E(e)

E((e τ eb)) = (E(e) E(eb))

Γ `B co : o

Γ `B x : σ if x : σ ∈ Γ

Γ, arg(x : τ) `B e : σ
Γ `B λx.e : τ → σ

Γ, tvar(t), arg(b : 〈t〉) `B e : σ

Γ `B λb.e : ∀t.〈t〉 → σ

Γ `B e1 : τ → σ Γ `B e2 : τ
Γ `B (e1 e2) : σ

Γ `B e : ∀t.〈t〉 → σ Γ `B eb : 〈τ〉 Γ `B τ
Γ `B (e eb) : σ[τ/t]

Γ `B ei : σi (1 ≤ i ≤ n) Γ `B e0 : 〈〈σ1, . . . , σn〉〉
Γ `B (e0; e1, . . . , en) : σ1 × · · · × σn

Γ `B e : σ1 × · · · × σn

Γ `B πi(e) : σi

Γ `B e1 : σ1 Γ, local(x : σ1) `B e2 : σ2

Γ `B let x = e1 in e2 end : σ2

tagOf(σ) = B
Γ `B B : 〈σ〉

Γ `B ei : 〈σi〉 (1 ≤ i ≤ n)

Γ `B [e1, . . . , en] : 〈〈σ1, . . . , σn〉〉

Figure 7. Typing rules ofΛB

Type erasure preserves type as shown in the following theorem.

THEOREM 2. SupposeΓ, e, σ is a well-formed context, a term and
a well-formed type inλB so thatΓ `TB e : σ. Then we also have
Γ `B E(e) : σ.

A type substitution, or simply substitution, is a function that
maps from a finite set of type variables to monotypes. We writeS =
[τ1/t1, . . . , τn/tn] for the substitution that mapsti to τi, and define
dom(S) for the set{t1, . . . tn}. A substitutionS is extended to the
set of all type variables by lettingS(t) = t for all t 6∈ dom(S).
By this extension, the application of a substitutionS to a typeσ,
written S(σ), is achieved by simultaneously substituting all free
occurrences of a type variablest in σ by S(t). S(Γ) is a context
achieved fromΓ by applyingS to any type assumption inΓ, i.e.
replacingx : σ by x : S(σ).

Since type variables are recorded explicitly in contexts, the
well-formedness of context may not be preserved under type substi-
tution. In order to keep this property, we put a particular restriction
on type substitutions.

First, we define orders on type variables declared in a contextΓ
ast1 ≺Γ t2 if t1 is recorded beforet2 in Γ. Note thatt1 ≺Γ t2
implies that botht1 andt2 are recorded in the contextΓ. Second,
we define that a substitutionS respectsa contextΓ if for all
t1 ∈ TV (Γ) ∩ dom(S) , and for allt2 ∈ FTV (S(t1)), we have
t2 ≺Γ t1. Intuitively, if S respectsΓ then for any type variable
t in the domain ofS and being recorded inΓ, S(t) should be
well-formed underΓ and does not contain any free type variable
declared aftert.

The type system ofΛB is stable under type substitution as
shown in the following lemma.



LEMMA 1. Lete be an expression,σ be a type,Γ be a well formed
context andS be a substitution that respectsΓ. If Γ `B e : σ then
S(Γ) `B e : S(σ).

2.5 Semantics ofΛB

We define semantics ofΛB , in style of natural semantic [14],
that faithfully models evaluation of expressions under bitmap-
inspecting garbage collection. The sets of runtime values (ranged
over byv) and runtime environments (ranged over byE) are given
by the following grammar.

v ::= co | i | cls(E, λx.e) | (v; v, . . . , v) | wrong

E ::= ∅ | E, x : v

Bit tags and bitmaps are evaluated into unsigned integers (denoted
by i). A bit tag value is either0 or 1. A bitmap value represents a
sequence of bit tags. We use the notation[B1 ◦ · · · ◦ Bn] for the
unsigned integer obtained by setting the leastith bit to the bit tag
valueBi.

Implementation note.A bitmap value may exceed one word
representation if the number of bit tag components is greater than
the sizen of one machine word. In order to make sure that bitmaps
always fit into one word data, we assume that the maximum number
of fields in a record is always smaller thann or equaln. A long
record can be converted into a nested record by applying a source-
to-source transformation before being passed to the compilation
algorithm. For example, the record(e1, . . . , e40) in the source
language can be transformed into(e1, . . . , e31, (e32, . . . , e40)) in a
32-bit architecture. Nested representation of records may introduce
extra performance cost. But we believe that this extreme case does
not often occur in a real-life application. As we have experienced
from 17 benchmark suites of Standard ML of New Jersey, only
mlyacc requires such kind of transformation.

cls(E, λx.e) is a function closure, whereE is an environment
assigning values to variables.(v0; v1, . . . , vn) represents a record
value whose first componentv0 is the bitmap value of the record
block.wrongrepresents a runtime type error.

Instead of explicitly modeling bitmap-inspecting garbage col-
lection, we define the operational semantics in such a way that it
checks the correctness of a bitmap every time a record is created
or used. If this check fails then the evaluation halts withwrong.
For performing this check, we define the trace bittagOf(v) corre-
sponding tov as follows.

tagOf(co) = 0 for unboxed valuesco

tagOf(co) = 1 for boxed valuesco

tagOf(i) = 0

tagOf(cls(E, λx.e)) = 1

tagOf((v0; v1, . . . , vn)) = 1

The operational semantics is defined in the style of [14] by
giving a set of rules to derive a evaluation relation of the form
E `B e ⇓ v, which reads: “e evaluates tov underE”. Figure 8
gives the set of evaluation rules.

In evaluating a record, the runtime system first evaluates the
record’s bitmap into an integer. After evaluating the record’s fields,
the runtime system checks the bit tag consistency by comparing
the bit tags of the actual fields’ values (tagOf(vi)) with the cor-
responding bit tags obtained from the bitmap’s value (Bi). If this
check fails, then the evaluation process will go wrong. Later in the
soundness theorem we shall show that, for a well typed term, this
check never fails. This implies that the evaluation of well-typed
program never goes wrong. Hence, in a practical runtime system,
we do not need to implement this check.

In the rule for evaluating a bitmap, the value of each bit tag
component, i.e.Bi, is evaluated. The bitmap’s value is obtained by

E `B co ⇓ co

E `B x ⇓ E(x)

E `B λx.e ⇓ cls(E, λx.e)

E `B e1 ⇓ cls(E0, λx.e0) E `B e2 ⇓ v2

E0, x : v2 `B e0 ⇓ v0

E `B (e1 e2) ⇓ v0

E `B e0 ⇓ i wherei = [B1 ◦ · · · ◦Bn]
E `B ej ⇓ vj tagOf(vj) = Bj for all 1 ≤ j ≤ n

E `B (e0; e1, . . . , en) ⇓ (i; v1, . . . , vn)

E `B e ⇓ (v0; v1, . . . , vn)
E `B πi(e) ⇓ vi

E `B e1 ⇓ v1 E, x : v1 `B e2 ⇓ v2

E `B let x = e1 in e2 end ⇓ v2

E `B B ⇓ B

E `B ei ⇓ Bi (1 ≤ i ≤ n)
E `B [e1, . . . , en] ⇓ [B1 ◦ · · · ◦Bn]

Figure 8. Operational semantics ofΛB

|=B ∅ : ∅
|=B E : Γ |=B v : τ

|=B (E, x : v) : (Γ, arg(x : τ))

|=B E : Γ |=B v : σ
|=B (E, x : v) : (Γ, local(x : σ))

|=B E : Γ
|=B E : (Γ, tvar(t))

Figure 9. Typing rules on environments

setting the leastith bit of a zero word toBi. This would be done
by a sequence of logical bitwise operations. This is the only kind
of computation left for the bitmap-passing compilation method.
In Section 5, we shall present several optimizations for reducing
runtime overhead arising by this kind of computation.

This set of rules should be taken with the following implicit
rules yielding wrong: if evaluation of any component yields
wrong or undefined or does not satisfy the specified condition
then the entire term will yieldwrong. For example, the rules for
(e0; e1, . . . , en) include, among others, the following one:

E `B e0 ⇓ [B1 ◦ · · · ◦Bn] E `B e1 ⇓ v1

tagOf(v1) 6= B1

E `B (e0; e1, . . . , en) ⇓ wrong

To show that the type system ofΛB is sound with respect to
the operational semantics, we define typing judgments on runtime
values and environments of the forms|=B v : σ and |=B E : Γ
whereσ is a closed type andΓ is aground context(a context that
assigns closed types to variables). The set of rules to derive these
judgments is given in Figure 10 and Figure 9.

As in a conventional type system, the type system of the target
calculus is sound, i.e. it guarantees type-error free evaluation of any
type correct expression. We show this in the following theorem.



|=B co : o

|=B i : 〈σ〉 if i = tagOf(σ)

i = [B1 ◦ · · · ◦Bn] |=B Bj : 〈σj〉 for all 1 ≤ j ≤ n
|=B i : 〈〈σ1, . . . , σn〉〉

There exists a ground contextΓ and closed typesτ
|=B E : Γ Γ, arg(x : τ) `B e : σ

|=B cls(E, λx.e) : τ → σ

There exists a ground contextΓ so that
|=B E : Γ Γ, tvar(t), arg(b : 〈t〉) `B e : σ

|=B cls(E, λb.e) : ∀t.〈t〉 → σ

|=B vi : σi for all 1 ≤ i ≤ n |=B v0 : 〈〈σ1, . . . , σn〉〉
|=B (v0; v1, . . . , vn) : σ0 × · · · × σn

Figure 10. Typing rules on values

THEOREM 3. Let Γ be a context,e be an expression,σ be a type
so thatΓ `B e : σ. Let S be a substitution that maps closed
types to type variables so thatTV (Γ) ⊆ dom(S). Let E be a
run-time environment so that|=B E : S(Γ). If E `B e ⇓ v then
|=B v : S(σ).

This theorem, together with Theorem 1 and Theorem 2, guar-
antee that the type system of the source calculus is sound with re-
spect to the operational semantics realized by the compilation algo-
rithm (bitmap-passing compilation and type erasure), followed by
the evaluation of a compiled term.

3. Combination with Closure Conversion
Closure conversion is an important program transformation for sep-
arating between code and data. A function containing free vari-
ables is transformed into aclosure– a data structure consisting of a
pointer to a closed code and another data structure which represents
the environment or context of the function.

The code is allocated statically, but the environment and the clo-
sure, which are considered as records in this paper, need to be allo-
cated in a heap. Generating a bitmap for a closure record is trivial
since it is just a pair of a (static) pointer to code and a pointer to a
heap object. However, generating a correct bitmap for an environ-
ment record requires to perform bitmap-passing compilation. On
the other hand, bit tag abstractions generated by bitmap-passing
compilation need to be closure converted. Due to this dependency,
we implement the bitmap-passing compiler with closure conver-
sion as a combined algorithm, read bitmap-passing closure con-
version, which performs bitmap-passing compilation and closure
conversion simultaneously.

Consider the following polymorphic function
f:∀t.t → t× t = λx:t.(x,x),

the bitmap-passing compilation inserts a bit tag abstraction for
the type variablet. Without considering uncurrying optimization,
which we will discuss later, closure conversion must generate two
closures: one for bit tag abstractions, the other for the function.
Then the combined algorithm would transform the above function
to the following explicitly typed term.

f:∀t.〈t〉 → t → t× t =
Λt.〈〈code(nil,b:〈t〉,

〈〈code(〈t〉,x:t,([env[0],env[0]];x,x)),
([0];b)〉〉,

([];)〉〉

code(σ,x : τ,e) represents a code of the functionλx : τ .e ab-
stracted on an environment record of typeσ. 〈〈e1, e2〉〉 is a closure
encapsulating the codee1 and the environment recorde2. env[i]
is the access term to theith field of the environment record.

Similar to the original compilation method, the bitmap-passing
closure conversion algorithm would be described in two stages. The
first stage transforms a source expression into an explicitly typed
target expression. The second one eliminates all type annotations
in the resulting term of the first stage to achieve an implicitly
typed target term. We have also proved two important theoretical
results: the syntactic correctness of the compilation algorithm, and
the soundness of the type system of the target calculus. Due to the
limitation of space, in this paper, we just demonstrate the bitmap-
passing closure conversion by giving the definition of the target
calculus –ΛBC , establishing the set of its typing rules, and showing
the compilation rules. In an extended version of this paper, we shall
give more details of the bitmap-passing closure conversion.

3.1 Syntax and Typing Rules ofΛBC

The target calculus of bitmap-passing closure conversion,ΛBC , is
an implicitly typed calculus. We define the syntax ofΛBC by the
following grammar.

e ::= co | x | envi | code(x, e) | 〈〈e, e〉〉 | (e e)

| (e; e, . . . , e) | πi(e) | let x = e in e end

| [e, . . . , e] | B
〈〈e1, e2〉〉 is a function’s closure wheree1 is the function’s code
ande2 is the function’s environment record consisting of all free
variables appearing in the function’s body. A function’s code of the
form code(x, e) (x are the formal parameters, ande is the code’s
body) is a code abstracted on the function’s environment, i.e. each
occurrence of a free variabley in the function’s body is replaced
by envi in the code’s body (i is the index ofy in the environment
record). Other term constructors are defined the same as inΛB .

We extend the set of types ofΛBC by a new category of types
for code, i.e.σe →C σ whereσe stands for type of the function’s
environment andσ represents the type of the function.

A typing context inΛBC is a tuple(ΓT ; ΓF ; ΓA; ΓL) whereΓT

is a sequence of type variables, andΓF , ΓA, ΓL are sequences of
type assumptions of the formx : σ for recording type information
of free variables, arguments and local variables, respectively.

The set of typing rules forΛBC is given in Figure 11. The reader
can notice that the free variable environment does not need to
contain free variable names. Free variables are accessed by index in
the function’s code. The formulation of free variable environment
is just to facilitate the bitmap-passing closure conversion algorithm
represented later. In Figure 11, we only show the cases relating to
closure conversion. Other cases are easily derived from the typing
rules ofΛB .

3.2 The Bitmap-passing Closure Conversion

The key idea of closure conversion is to abstract a function’s code
over the set of free variables appearing in the function’s body. This
is traditionally done by first constructing a function’s environment
as a record consisting of all free variables, then replacing all oc-
currences of each free variable in the function’s body by the corre-
sponding environment access term.

Applying this strategy, the compiler needs to compute the set
of free variables in the function’s body. Without combining with
bitmap-passing compilation, collecting free variable is a simple
task. The compiler only needs to inspect all sub-expressions of the
function’s body to find the necessary information. When combin-
ing closure conversion with bitmap-passing compilation, however,
this collecting process can not detect the free bit tag variables since



(ΓT ; ΓF ; ΓA; ΓL) `BC x : σ If x : σ ∈ ΓA

(ΓT ; ΓF ; ΓA; ΓL) `BC x : σ If x : σ ∈ ΓL

ΓF = {x1 : σ1, . . . , xn : σn} i ≤ n
(ΓT ; ΓF ; ΓA; ΓL) `BC envi : σi

(ΓT ; (y1 : σ1, . . . , yn : σn); (x : τ); ∅) `BC e : σ
σenv = σ1 × · · · × σn

(ΓT ; ΓF ; ΓA; ΓL) `BC code(x, e) : σenv →C τ → σ

((ΓT , t); (y1 : σ1, . . . , yn : σn); b : 〈t〉; ∅) `BC e : σ
σenv = σ1 × · · · × σn

(ΓT ; ΓF ; ΓA; ΓL) `BC code(b, e) : σenv →C ∀t.〈t〉 → σ

(ΓT ; ΓF ; ΓA; ΓL) `BC e1 : σenv →C σ
(ΓT ; ΓF ; ΓA; ΓL) `BC e2 : σenv

(ΓT ; ΓF ; ΓA; ΓL) `BC 〈〈e1, e2〉〉 : σ

(ΓT ; ΓF ; ΓA; ΓL) `BC e1 : τ → σ
(ΓT ; ΓF ; ΓA; ΓL) `BC e2 : τ

(ΓT ; ΓF ; ΓA; ΓL) `BC (e1 e2) : σ

(ΓT ; ΓF ; ΓA; ΓL) `BC e : ∀t.〈t〉 → σ
(ΓT ; ΓF ; ΓA; ΓL) `BC τ

(ΓT ; ΓF ; ΓA; ΓL) `BC eb : 〈τ〉
(ΓT ; ΓF ; ΓA; ΓL) `BC (e eb) : σ[τ/t]

(ΓT ; ΓF ; ΓA; ΓL) `BC e1 : σ1

(ΓT ; ΓF ; ΓA; (ΓL, x : σ1)) `BC e2 : σ2

(ΓT ; ΓF ; ΓA; ΓL) `BC let x = e1 in e2 end : σ2

Figure 11. Typing Rules ofΛBC

they are only available after the compilation process is done for
the function’s body. Fortunately, since we explicitly record type
variables in the context, and each bit tag variable should be gen-
erated from a type variable, we can assume a set of free bit tag vari-
ables corresponding to the set of free type variables for compiling
the function’s body. Following this strategy, we define a function
FVBC((ΓT ; ΓF ; ΓA; ΓL), e) which computes the set of free vari-
ables appearing in a source expressione under the compile context
(ΓT ; ΓF ; ΓA; ΓL) as follows.

FVBC((ΓT ; ΓF ; ΓA; ΓL), e) = FV (e) ∪
FBV ((ΓT ; ΓF ; ΓA; ΓL))

whereFV (e) is the traditional free variable collecting function,
FBV ((ΓT ; ΓF ; ΓA; ΓL)) is the function that returns the set of all
bit tag variables recording in the context. As the same as bitmap-
passing compilation, we assume that for each type variable declared
in the compile context, there must be a corresponding bit tag vari-
able recorded in the context. This assumption is always guaranteed
by the simulation relation on context (see previous section). Under
this assumption, the bit tag creation algorithm never fails and the
function FVBC never misses any free variables including bit tag
ones.

UsingFVBC , we define the bitmap-passing closure conversion
algorithm of the form(ΓT ; ΓF ; ΓA; ΓL) `BC e Ã e′ where
the compile context(ΓT ; ΓF ; ΓA; ΓL) is a context inΛBC , e is
the source expression, ande′ is the target expression. The only
interesting cases are the cases for transforming variables, functions,
and type abstractions. Figure 12 shows the compilation rules for
these cases.

x : σ ∈ ΓA

(ΓT ; ΓF ; ΓA; ΓL) `BC x Ã x

x : σ ∈ ΓL

(ΓT ; ΓF ; ΓA; ΓL) `BC x Ã x

x : σ is theith element ofΓF

(ΓT ; ΓF ; ΓA; ΓL) `BC x Ã envi

FVBC(e, (ΓT ; ΓF ; ΓA; ΓL)) = {y1, . . . , yn}
(ΓT ; ΓF ; ΓA; ΓL) `BC (y1, . . . , yn) Ã eenv

(ΓT ; ΓF ; ΓA; ΓL) `BC (y1, . . . , yn) : σ1 × · · · × σn

(ΓT ; ({y1 : σ1, . . . , yn : σn}); x : τ ; ∅) `BC e Ã e′

(ΓT ; ΓF ; ΓA; ΓL) `BC λx.e Ã 〈〈code(x, e′), eenv〉〉
FVBC(e, (ΓT ; ΓF ; ΓA; ΓL)) = {y1, . . . , yn}
(ΓT ; ΓF ; ΓA; ΓL) `BC (y1, . . . , yn) Ã eenv

(ΓT ; ΓF ; ΓA; ΓL) `BC (y1, . . . , yn) : σ1 × · · · × σn

b are fresh variables
((ΓT , t); ({y1 : σ1, . . . , yn : σn}); b : 〈t〉; ∅) `BC e Ã e′

(ΓT ; ΓF ; ΓA; ΓL) `BC Λt.e Ã 〈〈code(b, e′), eenv〉〉

Figure 12. Bitmap-passing closure conversion

4. Generating Layout Bitmap for Stack Frames
We have seen how bitmap information for heap-allocated objects
are generated in previous sections. For implementing a correct
bitmap-passing garbage collector, bitmap information of temporary
variables used in each function also needs to be computed.

We consider a stack-based implementation, where a stack frame
is allocated for each function, and all the temporary variables used
by the function are allocated in the stack frame. The function’s
code is implemented by a sequence of instructions in three address
formatx1 = op(x2, x3) wherex1, x2, x3 are locations in a stack
frame relative to the frame pointer. Compiling a lambda term to
three address code can be done by translating it to A-normal form
[8] and minimizing the number of stack slots. Our strategy for
setting up a bitmap for such a stack frame is first to type each local
variable in A-normal form, and to compile a term totyped three
address code by type-preserving A-normalization [21]. We then
minimize the number of stack slots by variable liveness analysis
of machine code through proof transformation [22]. A bitmap for a
stack frame can then be computed from the types of local variables
by the following strategy.

First, we type local variables in three address instructions with
one of these types

τ ::= boxed | unboxed | t
wheret stands for type variables. Let{t1, . . . , tn} be the set of
type variable appearing in a stack frame. We represent the layout
information of a stack frame by the following data:

1. the number of slots of typeunboxed,

2. the number of slots of typeboxed,

3. a set of bit tags types{〈t1〉, . . . , 〈tn〉}, and

4. the number of slots of eachti.

Second, we refine the type-directed compilation algorithm to
compute the necessary layout information. Due to the space limi-
tation, instead of presenting the details of the refined compilation
algorithm, we outline the necessary computation steps below.

1. Before the bitmap-passing closure conversion, we identify the
set of type variables{t1, . . . , tn} that will appear as types



of local variables and arguments, and record it in a function
definition. This is easily done by analyzing the types of the set
of sub-terms in the function body,

2. The bitmap-passing closure conversion algorithm is refined so
that it regards the function body to create an additional record
of typet1 × · · · × tn.

3. After the bitmap-passing closure conversion algorithm, we per-
form type-preserving A-normalization and code generation to
obtain three address code.

4. The type of each address of instruction is evaluated to one
of boxed, unboxed, andt. We then perform variable liveness
analysis and compute the maximal number of simultaneously
live variables for each type, and assign variables to a frame
index.

This problem can be regarded as register allocation with un-
bounded number of different kinds of registers (for each type),
and can be solved by the technique register-allocation by proof-
transformation [22].

5. We produce the stack frame layout by counting the number of
slots for each type.

5. Implementation and Optimization
We have integrated all the compilation steps described in our type-
directed compiler, SML#, for the full Standard ML language ex-
tended with rank-1 polymorphism and record polymorphism. The
compiler consists of several type-directed compilation steps, in-
cluding the following:

• rank-1 type reconstruction,

• polymorphic record compilation,

• bitmap-passing unboxed closure conversion,

• A-normalization, and

• three address code generation.

We have also implemented an abstract machine that executes three
address code and a bitmap-inspecting copying collection, and have
successfully tested for the compiled code.

Beside the state-of-the-art type system, SML# supports full
natural representation for integers, floating point numbers, and
other atomic data. This is achieved by applying our bitmap-passing
closure conversion andunboxed compilation(on which we would
like to report elsewhere). As the result, SML# can directly share the
heap space with C language. For example, our FFI (foreign function
interface) allows to pass an unboxed, natural represented real array
to a C function. More information about SML# can be found at [2]

In our implementation, we have dealt with several implemen-
tation issues and optimizations. The rest of this section briefly de-
scribes these tasks.

5.1 Mutually Recursive Function Definition

The very first thing we have to do for implementing a practi-
cal compiler is to extend the type-directed compilation method
for dealing with recursion. The extension is not so difficult for
monomorphic recursion (i.e. recursive functions are monomor-
phic). For polymorphic mutually recursive functions, however, the
problem of sharing bit tag abstractions among the functions needs
to be worked out.

To understand the issue, we let us consider a polymorphic mu-
tually recursive function definition of the form:

let rec ∀t.f1 : τ1 → σ1= λx1 : τ1.e1

· · ·
fn : τn → σn= λx1 : τ1.e1

in e end

This term locally definesn polymorphic functionsf1, . . . , fn

which share the same set of type abstractiont, and each of them
can be referred in the body of any other function. A naive applica-
tion of the presented compilation method is to insert the same set
of bit tag abstractions to all functions. The resulting term would
therefore be

let rec ∀t.f1 : 〈t〉 → τ1 → σ1 = λb : 〈t〉.λx1 : τ1.e
′
1

· · ·
fn : 〈t〉 → τn → σn = λb : 〈t〉.λxn : τn.e′n

in e′ end

whereb are the common bit tag parameters,e′ is compiled from
e, e′1, . . . , e

′
n is compiled frome1, . . . , en, and each occurrence of

fi in ej is substituted by the bit tag application(fi b) in the target
bodye′j .

This simple strategy, however, introduces a serious extra perfor-
mance cost of passing around the same set of bit tag values among
the functions (e.g. each invocation offi inside the recursion re-
quires to pass the same set of actual bit tag parameters). We solved
this by lifting the bit tag abstractions out of the mutually recursive
function definitions. First, each function definition in the source
expression is transformed into an ordinary polymorphic function
declaration as follows.

val fi : ∀t.τi → σi =
Λt.λxi : τi. let rec f1 : τ1 → σ1 = λx1 : τ1.e1

· · ·
fn : τn → σn = λxn : τn.en

in (fi xi) end

Then, we apply the compilation algorithm extended for monomor-
phic recursion to produce the target code. Since the mutually recur-
sive function in the transformed term are monomorphic, no bit tag
passing is required inside the recursion. Better codes can therefore
be achieved. Straightforward application of this strategy would re-
sult in duplication of mutually recursive function definitions in ev-
ery polymorphic function. The sets of the functions’ codes gener-
ated by closure conversion are, however, identical. Thus the com-
piler only needs to generate one set, and let all the polymorphic
functions share the generated set of codes. In this way, our imple-
mentation achieves the efficiency of the resulting code without code
duplication.

5.2 User-defined Data Construction

Yet another important issue for implementing a practical compiler
is to support user-defined data constructions. MLdatatype pro-
vides a flexible way for programmers to define data structures for
their own purposes. Data constructions are heap-allocated objects,
they also requires layout bitmaps for garbage collection. Our com-
pilation method, however, does not directly deal with the genera-
tion of bitmaps for data constructions. Instead of that, the compiler
transforms each data construction into a record, then pass it to the
type-directed compilation algorithm. More precisely, a data con-
struction is converted into a pair whose first component represents
the data tag, and the second component is the data content.

Let us consider the following example,

datatype t = A of int | B of int * bool
val x = A (1)
val y = B (2,3)

The variablesx andy are bound to two data constructions which
would be transformed into two pairs,(LA,1) and(LB,(2,3)),
before passing to the type-direct compilation.LA andLB are data
tags that implicitly represent the data constructorsA andB.



Suppose that the data tags are typed by the typeτtag (in our
SML# compiler, we useint as the implementation type ofτtag).
The user-defined datatypet can then be implicitly regarded as
a disjoint union ofτtag ∗ int and τtag ∗ (int ∗ int). The first
component projection (i.e.#1) can be regarded as implicit injection,
and the second component projection can be used to extract the
data component from a data object (in each case branch after
implicit projection). Under this representation, the followingcase
expression

case x of A m => m | B (n,p) => p

can be transformed into

case #1 z of LA => #2 z | LB => #2 (#2 z)

Apparently, this transformation process helps us to reduce the
complexity of the type-directed compilation, and gives a uniform
treatment of data objects.

5.3 Module Language

Standard ML language supports the large scale programming by its
powerful module system. Many approaches have been proposed to
compile the Standard ML module language including the record-
nizing method by David MacQueen[16], and the flattening method
by Martin Elsman[7] (this method has been adopted in our imple-
mentation of SML#). Both of these approaches transform modules
into ordinary ML Core language’s terms (records or flattened decla-
rations). They are totally compatible with our compilation scheme,
and do not put any constraint on the generation of bitmaps. Here,
just a minor implementation detail about subtyping in the module
compilation, which relates to the creation of bit tags, needs to be
explained.

Consider the following example

structure S1 = struct fun f x = (x,x) end

The flattening algorithm of SML# compiler for module compilation
would transformed this structure into the following explicitly typed
declaration

val S1 f : ∀t.t → t× t = Λt.λ x : t. (x,x)

Suppose that we have another structure specified by module sub-
typing as

structure S2 = S1 : sig val f : int → int× int end

This structure is flattened into a single declaration for the compo-
nentf. This component can be generated by specializingS1 f us-
ing type information. The resulting declaration would be

val S2 f:int → int× int = λx:int.S1 f int x

Our type-directed compiler would therefore produce the following
target code forS1 f andS2 f

val S1 f:∀t.t → t× t = Λt.λb : 〈t〉.λx : t.([b,b],x,x)
val S2 f:int → int× int = λx : int.S1 f int 0 x

5.4 Optimizations

In our compilation framework, we have also considered several
optimization techniques to minimize runtime overhead arising from
bit tag passing and bitmap composition, and have implemented
some of them.

Uncurrying.We define the source and all the intermediate cal-
culi to contain multiple-variable lambda abstraction, and perform
uncurrying optimization for bit tag variables. With our rank-1 type
reconstruction, most type abstractions (and therefore bit tag ab-
stractions) occur at lambda abstraction terms. In this common case,
the compiler merges the bit tag abstraction and the lambda abstrac-
tion to a single multiple-variable abstraction and records this as

Source Untyped ML expression

let fun f x = (x,x) in f 1 end

Explicitly typed bitmap-passing closure expression

let f:∀t.〈t〉 → t → t× t =
Λt.〈〈code(nil,b:〈t〉,

〈〈code(〈t〉,x:t,([env1, env1];x,x)),
([0];b)〉〉),

([];)〉〉
in f int 0 1 end

Bitmap-passing closure expression with uncurrying optimization

let f:∀t.{〈t〉, t} → t× t =
Λt.<<code(nil,{b:〈t〉,x:t},([b,b];x,x)),([];)>>

in f int {0,1} end

Figure 13. Examples of uncurrying optimization

Source Untyped ML expression

let fun f x = ((x,x),(x,x)) in f 1 end

Bitmap-passing expression

let f:∀t.〈t〉 → t → (t× t)× (t× t) =
Λt.λb : 〈t〉.λx : t.([1,1];([b,b],x,x),([b,b],x,x))

in f int 0 1 end

Bitmap-passing expression with sharing bitmap composition opti-
mization

let f:∀t.〈t〉 → t → (t× t)× (t× t) =
Λt.λb : 〈t〉.λx : t.let bm:[t, t]=[b,b]

in ([1,1];(bm,x,x),(bm,x,x))
end

in f int 0 1 end

Figure 14. Examples of Lifting Bitmap Optimization

its type. Using the recorded type information, the compiler merges
nested application of bit tag values and arguments. If such a func-
tion is instantiated without its arguments, then the compiler first
performs eta-expansion, and then merges the bit tag values and the
variables introduced by the eta-expansion. The Figure 13 shows an
example of un-currying optimization. In this example, we obtain
better code that contains only one function closure instead of the
two that would have resulted from the bitmap-passing closure con-
version without the un-currying optimization.

Sharing bitmap compositions.Bitmap-passing compilation gen-
erates a bitmap composition for each record. Records of the same
type have the same bitmap. Sharing the bitmap composition among
records of the same type would reduce the runtime overhead aris-
ing by bitmap computation. This optimization has the same spirit
as common expression elimination. However, we can take advan-
tage from bitmap type recording in explicitly typed terms for de-
signing this optimization efficiently. Our strategy is to lift out ev-
ery bitmap composition to the nearest dependent bit tag abstrac-
tion (i.e. the one whose one or more bit tag arguments appear in
the compositions). Once we gathered many bitmap compositions
in the same place, we will have a chance to reduce the duplication
of bitmap composition. Figure 14 shows an example of the lifting
optimization in bitmap-passing compilation. In this example, the
bitmap composition[b,b] is performed only once in the result of
the optimized version instead of twice in the result of the original
bitmap-passing compilation algorithm.



This optimization is especially efficient for the case of poly-
morphic mutually recursive functions. With the original algorithm,
a bitmap composition may have to be performed many times (to
produce the same bitmap value) inside a runtime function invoca-
tion loop. Lifting such bitmap composition out of recursive func-
tion definition, we will only have to perform this composition once
for an entire recursive function invocation.

Arithmetic optimization.In our implementation, a bitmap com-
position is realized by a sequence of logical bitwise operations. For
example,[b1, b2] is realized by

v1 = b2 ¿ 1

v2 = v1 AND b1

Two bitmap compositions may not be the same, but they can share
a part of computation. For example, the bitmap[b1, b2, b3] and the
bitmap [b1, b2, b4] can share the same arithmetic computation for
the first two bits, i.e.[b1, b2].

Figuring a bitmap composition as a computation tree, a set of
bitmap composition can be represented as a computation forest.
One task of arithmetic optimization is to find and to merge identi-
cal branches in the forest. Furthermore, some parts of the bitmap
computation can be performed statically. For example, the bitmap
[0, 1, b] can be computed as

v1 = b2 ¿ 2

v2 = v1 AND 2

Since the result of the bitmap computation for first two bits can
be statically determined as2. Thus another task of arithmetic opti-
mization is to find statically computable branches in the computa-
tion forest and to replace them by the corresponding static values.

Reducing polymorphism.The major source of runtime overhead
in our compilation method is the runtime cost for passing bit tags
and for computing bitmaps. This cost is only payed in the pres-
ence of polymorphism. Reducing polymorphism would, therefore,
help us to reduce the performance cost. One natural way to do
this is to duplicate code of polymorphic functions based on their
usages. This strategy, however, impairs with the incremental and
interactive programming. Fortunately, in our compilation method,
we know that a polymorphic function can be sufficiently repre-
sented by a small set of its instances. Suppose that bit tags are
the only type information which are passed at runtime, a poly-
morphic functionΛt.λx : t.e can be sufficiently implemented by
λx : unboxed.e[unboxed/t] andλx : boxed.e[boxed/t] where
boxed andunboxed are generic boxed type and generic unboxed
type, respectively. In one compilation session, the compiler can
generate code for both instances. If this polymorphic function is in-
stantiated in other compilation session, based on the instance type
of the function, we can statically determine which instance function
can be used in place (if we can not statically determine the function
instance, we can still use the original polymorphic function).

6. Conclusions
In this paper, we have presented a type-directed compilation of
ML that supports the natural representations of integers and other
atomic data. This is achieved by compiling ML so that each run-
time object (a heap block or a stack frame) has a “bitmap” that de-
scribes the pointer positions in the block. We have defined a typed
bitmap-passing calculus with rank-1 polymorphism, and have es-
tablished that the type system is sound with respect to an oper-
ational semantics that models bitmap-inspecting garbage collec-
tion. We have then given a type-directed compilation for ML to
this calculus, and have shown that it preserves typing. The depen-
dency problem among bitmap compilation, closure conversion and
A-normalization has been solved by the proposed combined algo-

rithm. We have implemented the presented algorithms in our SML#
compiler.

There are a number of further issues to be addressed. We only
mention a few of them below.

Unboxed representation.Most compilers for polymorphic lan-
guages adoptboxedrepresentations for objects whose sizes exceed
one word data. As the consequence, such unnatural representa-
tions impair the sharing capability of over-one-word objects such
as floating point numbers. We have developed a type-directed com-
pilation method that combines our bitmap-passing compilation and
an unboxed compilation which supports a natural representation
of over-one-word data. The unboxed compilation method has the
same spirit with bitmap-passing compilation where useful informa-
tion of types are statically computed or abstracted. Here, unboxed
compilation uses size information for dealing with vary data width.
Many computation of locations and sizes may be added in a naive
application of this compilation process. However, they can be either
statically computed or optimized in the final code by our proposed
optimization techniques. Moreover, the unboxed compilation, as
well as bitmap-passing compilation, does not introduce any extra
runtime overhead for the monomorphic portion of the source pro-
gram. Due to the limitation of space, we skip the presentation of
unboxed compilation, and would like to report this elsewhere.

Separate compilation.An important assumption of the bitmap-
passing compilation is that each type variable must be bound to a
type abstraction. This assumption guarantees that the bit tag cre-
ation algorithm always succeeds. In separate compilation, a type
variable may represent an abstract user-defined type whose imple-
mentation type is given in another compile unit. In such cases, the
original bit tag creation algorithm will fail since it can not statically
compute the corresponding bit tag for the type variable. Treating
abstract types as generalized types is one solution to overcome this
problem. This, however, adds many unnecessary runtime overhead
by our type-directed compilation method. Fortunately, we can ob-
serve that at link time when all compiled units are linked together to
form an executable code, actual types of all user-defined type vari-
ables are known. Then, we can just postpone the computation of
bit tag values from abstract types until link time. Refining bitmap-
passing compilation following this strategy is, therefore, feasible,
and this would be an important future issue.
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