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Abstract

This paper proposes a type-based optimization method that “un-
boxes” records whenever possible by flattening nested records and
changing top-level tuples to multiple value passing. We first de-
velop a type-based algorithm that infers whether each record ex-
pression is “rigid” or not, i.e. whether it requires heap allocation
or not. This is based on the observation that the changes the rep-
resentations of those record types that do not interact with external
functions or polymorphic functions do not affect the behavior of
the program. We then develop a record unboxing algorithm that
translates a functional language with records to a multiple value
calculus in which a function can take/return multiple values. Dur-
ing this translation, the algorithm transforms all non rigid records
into multiple values. The combination of the two yields a simple
and yet effective optimization method. We have implemented the
proposed method in the SML# (an extension of the Standard ML)
compiler, and have evaluated it with typical benchmark programs.
The results show significant speed ups for non trivial benchmarks,
including 21% speed up of mlyacc and 27% speed up of lexgen.

1. Introduction

In polymorphic functional languages, records (tuples) are imple-
mented as pointers to heap-allocated memory blocks. This “boxed”
representation is necessary for passing a record to a higher-order
polymorphic function, whose operational semantics is to take and
return one object in uniform representation, typically a one-word
value. However, naively adopting this strategy introduces unnec-
essary runtime overhead in creating and accessing heap allocated
memory blocks. The motivation of this work is to develop a system-
atic method that suppresses unnecessary heap allocation of records
whenever possible.

Records are used to bundle multiple values as parameters to a
function, return values from a function, or multiple attributes of an
object. For each of these purposes, heap allocation is often unnec-
essary. Let us first consider the case of function parameter using the
following simple example (written in Standard ML syntax).

fun fib n =
let fun fibPair (m, x, y) =
if n = 0 then x
else fibPair(n - 1, y, x + y)
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in fibPair(m, 0, 1)
end

Since the tuple argument of £ibPair is only used to pass three val-
ues, repeated heap block creation is totally unnecessary and yields
unacceptable runtime overhead. For this simple case, most of op-
timizing compilers would eliminate heap allocation by converting
fibPair to the following three argument function:

fun fib n =
let fun fibPair {mn, x, y} =
if n = 0 then x
else fibPair {n - 1, y, x + y}
in fibPair {n, 0, 1}
end

where the notation fibPair {n,x,y} represents application of
fibPair to three arguments n, x, y. This optimization is done
by analyzing all possible caller sites of each function. If all actual
arguments in these call sites have a common syntactic pattern that
matches with the formal argument, then function’s argument can
be split according to the pattern. This ad hoc approach works well
for first order known functions. In the presence of higher-order
and unknown functions, analyzing all call sites of a function is
not trivial. Hannan and Hicks [7] proposed a type-based method
to solve this problem. It first infers a kind information, which is
either compile time c (flattenable) or runtime r (non-flattenable),
for each subexpression type, and then systematically transforms all
formal arguments of tuple type marked with kind c into sequences
of formal arguments, and all actual tuple arguments marked with
kind c into sequences of arguments.

This is a satisfactory solution to unboxing records used as func-
tion parameters. However, unnecessary heap allocation of records
is not limited to function parameters. To see this, consider the fol-
lowing program.

let
fun iterate isFinished next x =
if isFinished x
then x
else iterate isFinished next (next x)
fun isFinished_R (a,(b,c)) =a+b+c =0
fun next_R (a,(b,c)) = (a+ 1, (b -1, c - 1))
val r = iterate isFinished_R next_R (1,(2,3))
in #1 r end

In this example, all three functions manipulate objects of type
int X (int X int) but none of these objects is returned as the result
of the program. In principle, it is therefore possible to unbox and
flatten all objects as follows.

let
fun iterate isFinished next {a,b,c} =
if isFinished {a,b,c}
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then {a,b,c}
else iterate isFinished next (mext {a,b,c})
fun isFinished_R {a,b,c} =a+b +c =0
fun next_R {a,b,c} ={a+1, b -1, ¢ - 1}
val {r1,r2,r3} =
iterate isFinished_R next_R {1,2,3}
in rl end

Note that this process requires us to extend functions to have multi-
ple return values and multiple value bindings. One would speculate
that the work of [7] and others on arity raising could be extended
to deal with this simple monomorphic case. It is however not at all
clear whether existing approaches can be extended to unbox and
flatten records that are passed or returned by foreign polymorphic
functions. For example, consider the case where iterate is a poly-
morphic function defined in another compilation unit, for which
only the following signature is available:
iterate: ("a — bool) — (a =" a) = a —' a

In this case, the arguments of isFinished R and next_R need to
be boxed, but their second components can be unboxed since they
are only manipulated locally inside the program. So the ideal opti-
mizer should produce the following code.

iterate
let
fun isFinished_R (a,b,c) =a+b+c =0
fun next_R (a,b,c) = (a+ 1, b-1, c - 1)
val r = iterate isFinished_R next_R (1,2,3)
in #1 r end

(’a => bool) -> (’a -> ’a) -> ’a -> ’a

As far as we can see, no existing method can produce such opti-
mized code.

An alternative approach to unboxing object is to decompose a
function into a “worker” that takes unboxed objects and a “wrap-
per” that unboxes an argument and passes it to the worker. This ap-
proach has been investigated using type information [14, 10]. This
would work fine for atomic objects such as floating point numbers,
but it is impractical for nested records. With the existence of poly-
morphic functions, this approach sometimes produces unexpected
runtime overhead [12].

We note that runtime representation of an object can be freely
changed as long as this change is consistent and the object does
not interact with environment (only be manipulated locally). If a
tuple satisfies this criteria then the compiler can safely unbox it
irrespective of whether it is used as an argument to a function or
not. The goal of this paper is to develop an optimization method
that uniformly unbox all tuples that satisfy this general criteria.
Furthermore, we require that the optimization method should scale
up to a full scale ML style language without introducing any extra
runtime overhead. In this paper, we develop such an optimization
method based on the following observations.

1. We call a record rigid if it requires boxed representation, oth-
erwise we call it flexible. By extending the target intermediate
language to a multiple value calculus in which a function can
take/return multiple values, all flexible records can be compiled
to efficient multiple value bindings.

2. A record is rigid if it appears in one of the following contexts.

e in an argument or in the return value of an external (or
separately compiled) function,

¢ in a final result value of the program, or

e as the out-most constructor of an argument to a polymorphic
function.

3. It is possible to statically approximate the set of rigid record
expressions by refining a type system to attach a “rigidity at-
tribute” to each record type.

4. All the non rigid record expressions can be “unboxed” by per-
forming one of the following transformation depending on the
contexts they appear.

e Change record-parameter functions to multiple parameter
functions, and application to a tuple parameter to multiple
parameter application.

e Change record return expression to multiple value return
expression, and the corresponding value binding to multiple
variable bindings.

These simple and natural observations indeed yield an effective
optimization method. We have worked out the details and have
developed a record unboxing optimization algorithm. The required
type-based analysis is rather simple, and yet it scales up to the
full Standard ML language and supports incremental or separate
compilation. It is also easily incorporated in a compiler as one
transformation phase. We have implemented the algorithm in a
full scale compiler of Standard ML, and have conducted a typical
set of benchmarks for Standard ML. The result demonstrates that
this optimization indeed significantly improves the speed of the
compiled code. We therefore claim that the optimization method
proposed in this paper is a simple but effective one that can be
readily incorporated in an optimizing compiler for an ML style
language.

The rest of this paper is organized as follows. Section 2 presents
a type-based static analysis to approximate the set of rigid record
expressions. Section 3 presents our record unboxing transforma-
tion algorithm. Section 4 describes the necessary extension to deal
with polymorphism. Section 5 describes our implementation and
reports benchmark results. Section 6 compares this work with re-
lated works. Section 7 concludes the paper.

2. Representation Analysis

The first step toward the development of unboxing record optimiza-
tion is to determine the set of record expressions whose represen-
tations can be changed without affecting the (observable) meaning
of the program.

For an entire program, the observable meaning is simply the
(possible) value computed by the program. Let us consider the
following simple program.

let
val r1 = (1,2)
val r2 = (3,4)
in (r1, #1 r2) end

The final result computed by this program contains value of the
record rl and value of the first component of the record r2, but
not the value of r2 itself. The observable meaning of the program
therefore depends on the representation of the record r1 but does
not depend on the representation of r2. In this case we say r1l is
rigid and r2 is flexible.

It is intuitively obvious that some record expression 7 is rigid
if the type of the program contains a record type “originated” from
r. The above program has type (int * int) * int, and the first
type component (int * int) is “originated” from the record r1.
From this simple analysis, we obtain the following strategy for
statically estimating the set of rigid record expressions in a given
entire program.

1. We define a type system where each record type is annotated
with a rigidity attribute indicating whether this is rigid or flexi-
ble.
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2. We set the rigid annotation to all record types appearing in the
program type, and then apply a constraint-based annotation in-
ference algorithm to infer annotation types of all the program’s
sub-expressions. The rigidity constrained by the program type
will be propagated to all rigid record sub-expressions during the
inference process.

3. A record sub-expression of the program is rigid if its inferred
annotated type is marked as rigid. Otherwise it is flexible.

This strategy is easily generalized to a compilation unit that con-
tain external functions (free variables). The only necessary exten-
sion is to distinguish external names from internal names, and to
require annotations in types of arguments or return values of an ex-
ternal function to be rigid. Based on this strategy, in this section,
we develop a type system that performs rigidity annotation infer-
ence. To simplify the presentation, we first develop a type system
for a simply typed calculus. Extension to an ML style polymorphic
calculus shall be given in section 4.

2.1 The Source Calculus — AT

We define the source calculus, AL, as a simple explicitly typed
ML-style lambda calculus. Syntax of programs (ranged over by P),
expressions (ranged over by e), types (ranged over by 7) of AMT
are given by the following grammar.

e == | X | x:Te|(ee)|(e,...,e)|m(e)
|letz: T =eineend
n= e
T u= o|lToT|TXoXT

Most of the term constructions of A% are standard. ¢° stands

for a constant of the base type o. x and X stand for an internal
variable (local or argument) and an external identifier, respectively.
This distinction is necessary for investigating the rigidity of records
since only the external identifiers place rigidity constraint.

Term constructions Az : 7.¢ and (e e2) define a lambda ab-
straction and a lambda application. Term constructions (e1, . . ., en)
and 7, (e) define a record and a projection. The ML-let construction
let x : T = e; in e end is also given in the syntax of the cal-
culus for demonstrating multiple value local binding in the target
calculus.

Type context is defined as a pair (A, ") where A is a sequence
of type assumptions for external identifiers, and I" is a sequence of
type assumption for internal variables.

Figure 1 gives a set of typing rules for terms to derive typing
judgments of the form (A, T") Fe: 7.

A program P = e is typed by the judgment A - P : 7 which
is derived from (A, () Fe: 7.

2.2 The Annotated Calculus — \*

The representation analysis does not change any program construc-
tion. It only infers rigidity information and records them in types
of target terms. The following grammar gives the syntax of terms,
types, and programs of the target calculus.

e = || X|dz:Tel(ee)|(e:T,...,e:T)¥

|mi(e:7)|letx: T =eineend

P = e
T u= o|ltoT|(T X xT)¥
= R|F

Most of term constructions in A** are similar to those in AM* s
except for records and projections. To facilitate the development

of the record unboxing algorithm presented in the next section,

(A T)Ec%:0
(AD)Fz:7 if(x:7)€eTl
AD)EX:7 if(X:7)€A

(ATz:m]))Fe:m
(AT)F Az e — T2

AD)kFer:mm—1m (AT)Fer:m
(A,F) = (61 62) I T2

(AT Fe:m foralll <i<n
(AT F (e1y...y€n) i T1 X oo X Ty

(AD)Fe:Ti X+ XTp
(A T) Fmie) : 7

AD)kFer:m (ATz:7))Fez:m
(A,T)Fletx:7=e1inezend: 1>

Figure 1. Typing Rules for Terms in AM*

(ATY)Fac®:o
AD)Faz:7 if(z:7)el
AD)FAaX:7 if(X:7)€EA

(AT[z:7])Fae:
(AD)Fadz:Tie:m1 — T2

(ATD)Faer:mm—1m (AT)Faer:m
(A,F) Fa (61 62) L T2

(A7F) FA €; 1 T;
(A,F) }_A (61 LTy

foralll <i<mn

sen i Tn)? i (11 X o X T)?

(AT Fae: (11 X+ X 1p)%
(AT Fami(e: (11 X - X70)%) i T

(AD)Faer:7 (AT[z:7))Faex:m

(A\T)Fgaletz:T=e€1inezend: 7

Figure 2. Typing Rules for Terms in A**

full type information is given in the constructions of records and
projections.

A record expression has form (e : 71,...,en : 7,)¥ where
7; is the type of element e;. (71 X - -+ X 7,)% is a type of records
having rigidity ¢. The annotation ¢ is either R (stands for rigid
record types) or I (stands for flexible record types).

A type context is also defined by a pair (A, T") for type assump-
tions of external identifiers and bound variables. Since the consis-
tency between the implementation of an external object and its us-
ages inside a program is guaranteed by an interface (signature or
type), we uniformly assume a rigid type for any record type appear-
ing in an external identifier type. Thus all annotation ¢ appearing
in A should be R.

Figure 2 gives the set of typing rules for terms in A“. The
annotations on record types and terms add additional constraint
about rigidity to the type consistency. For example, a function that
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(G,E)Fac® e
(G,E)Fa X | G(z)
(G,E)Faz | E(z)

(G, E) Fa Aze U (G, E); Az.e))

(G, E) FA €1 »u <<(G0, Eo);)\x.eo» (G,E) FA €2 U V2
(Go, Eolz +— v2]) Fa eo { vo
(G,E)Fa (e1e2) dvo
(G,E)Faei J v
(G,E) Fa (61 CTlye e

foreach1 <i<mn

sen i Tn)? 4 (v1,...,00)%

(G,E)Fael (vi,...,vn)%
(G,E)Fami(e:71) v

(G,E)YFaei lvi (G,E[x— vi])Faes{va
(G,E)Faletx:7T=e1ines end | v

Figure 3. Operational Semantics of A%

has rigid record argument type should never take a flexible record
argument, since the record argument may be unboxed which causes
a disagreement between the function definition and its usages.

The typing rules for programs is given below

(A,)Fae:7 allpinTis R
Alre:r

where we require that in addition to A the final type only contain
R.

2.3 Operational Semantics and Type Soundness

We define a set of values for the annotated calculus by the following
syntax.

v = G E; x:Te) | (v,...,0)7
G == 0|GXw—n1]
E == 0]FE[z~— 1]

{(G, E); Az : T.e)) is a function closure that encloses a runtime
environment (G, E) and a function code Az : T.e. G is the external
runtime environment that maps external identifier to values. F is an
internal runtime environment that maps internal variables to values.

Each record value of the form (v1, ..., v,)? has an annotation
 indicating whether this is a rigid or flexible record.

The operational semantics is defined in the style of [§8] by
giving a set of rules to derive a evaluation relation of the form
(G, E) Fa e | v, which reads: “e evaluates to v under (G, E)”.
Figure 3 gives the set of evaluation rules.

The evaluation rule for records indicates that a rigid record
expression will be evaluated to a rigid record value, and a flexible
record expression will be evaluated to a flexible record value.

Traditionally, we have to check that the type system of A* is
sound. For this purpose, we define the set of typing rules for values
in figure 4.

The type system of the calculus is sound as shown in the fol-
lowing soundness theorem.

THEOREM 2.1. Suppose (A,T') b4 e : 7, For any (G, E) so that
EaG:Aandl=a E:Tand (G, E) Fa e | vsucceeds, we also
have =4 v : T.

PROOF. The proof is by induction on the derivation of the evalua-
tion. We do case analysis on e. We only shows the cases of records

Eac’:o

There exists (A,I") sothat=4 G: Aand =4 E: T
(ADYFa Az :T1e:11 — T2

Ea ((G,E); Az :Ti.e)) : 71 — T2

Eavi:m (foralll <i<mn)
Ea (vi,...,00)%
Eal:0

EaG:A Eav:T
EaGX —v]: A[X : 7]

EaE:T Eav:T
Ea Elx— ] : T[z: 7]

S(T1 X e X TR)?

Figure 4. Typing Rules for Values of A\*

and projections where annotation type appeared. Other cases can
simply hold as shown similarly in conventional proof of the type
soundness.

Case e = (e1 : Ti,...,€n 7n)?. Suppose (G,E) Fa
(e1 : T1,..-,€n )% | (vi,...,v,)¥ which is derived
from (G,E) Fa e; | wv;. Also suppose (A,T') Fa (e1
Tiyeeoven : Tn)? (71 X -+- X )% where (A,T) Fa e : 7.
Applying induction hypothesis for each evaluation of e;, we have
=4 v; : 7. Then applying value typing rule for record, we obtain
Ea (vi,...,00)% (11 X -+ X 7)) ¥ as desired.

Case e = m;(er : 7). By the typing rule for projection, e is typable
only if 7 has form (71 X - - - X 7,)?. Suppose (G, E) 4 m;:(eo) I
v; is derived from (G, E) Fa er | (v1,..., vn/)“",. Also suppose
(A,T) b4 mi(er : 7) : 7; which is derived from (A, T') 4 e, :
(11 X -+ X 7,)¥. Applying induction hypothesis on the evaluation

of e,, we obtain =4 (v1, ..., vn/)“’/ 2 (11X - X 7 )¥. By record
value typing rule, we should haven = n’/, p = ¢’,and =4 v; 1 75
as desired. O

2.4 Annotation Inference

This subsection presents an annotation inference algorithm which
aims to infer all annotation for a given source program.

Obviously, if we set the annotation in each record type and sub-
expression of the program to R (rigid), the type checking for the
resulting program should be correct. This strategy, however, does
not give any useful information for the record unboxing algorithm
presented in the next section since all record expressions are con-
sidered as rigid.

The main goal of this inference algorithm is to find as many
flexible records as possible in the given program. For this goal, we
develop an annotation inference algorithm in the style of type-based
control flow analysis [13].

First, we extend the notion of annotation so that a record type
or term can take an annotation variable as its rigidity information.
The annotation inference algorithm starts with a simple annotated
program (a program obtained from the source code by assigning
fresh annotation variable to each record type and term) and an
external annotated type context where all record types are rigid
(annotated with R). Then the algorithm infers a set of rigidity
constraints on these annotation variables. Finally we solve the set
of constraints to find the best solution for each annotation variable.
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In [13] the annotation inference algorithm has been done to-
gether with ordinary type inference algorithm. By this way, annota-
tions and the standard types (underlying types) are inferred simulta-
neously. In this paper, we consider another approach: separating the
annotation inference from the conventional type inference. More
specifically, our annotation inference algorithm assumes underly-
ing explicitly typed expressions as inputs and produces annotated
well-typed expressions as outputs.

The reason behind this decision is that most of modern com-
pilers have a powerful and complicated type inference algorithm
for inferring underlying type. Separating annotation inference from
type inference would simplify and modularize the development of
the compiler.

For example, in our compiler, the type inference is performed
in a very early stage of the compilation process. We integrate the
annotation inference after several intermediate compilation steps,
such as pattern matching, module flattening, which normalize the
source code to a simple typed intermediate code. Performing anno-
tation inference in this place should therefore be much easier than
in an early stage where records may appear in some derived forms.

The rest of this subsection presents two phases of the annotation
inference algorithm: finding the constraint set and solving these
constraints.

2.4.1 Simple Annotation Inference

We define a simple annotated calculus which serves as an interme-
diate calculus for the annotation inference algorithm by extending
the notion of annotation as described above. The syntax of annota-
tion is now defined as

¢ = R|F|a

where « stands for an annotation variable.

Given a well-typed source program P under an external type
context A, i.e. A + P : 7, the goal of the simple annotation
inference is to generate an intermediate code P’ of P, and a set
of constraints on annotation variables appearing in P’.

Each annotation constraint appears in the form ¢, = (2 which
indicates that all records annotated by (1 and 2 should have the
same rigidity attribute (of course, we should not accept a constraint
like R= For F = R).

Existence of annotation variables is the only difference between
this simple annotation calculus and the annotated calculus A* pre-
sented in the previous sub-section. If we substitute all the annota-
tion variables in a term in the simple annotation calculus with con-
crete annotations (i.e., R or F'), we obtain a term in the annotated
calculus. We define an annotation substitution 6 as a map from the
set of annotation variables to the set of rigidity { R, F'}. 6 extends
to the set of rigidities by setting (R) = R and (F) = F. We
say that @ satisfies a constraint 1 = 2, written 6 |= @1 = @2 if
0(p1) = 0(p2). We also extend this predicate for the set of con-
straints C. A annotation substitution 6 satisfies a set of constraints
C, written 6 = C'if 0 satisfies all constraints in C.

Let 6 be an annotation substitution, we say 6 covers a simple
annotated context I', a simple annotated expression e, or a simple
annotated type 7, if dom(6) includes all annotation variables ap-
pearing in I, e, or 7, respectively.

Similar to a unification-based inferencer, we define a unification
algorithm for two simple annotated types 71 and 72, which have the

We A7F7CO) = (60707 @)

(
We(A, T, X) = (X, rigid(A(z)), 0)
WS(A7 F7 JZ) = (xz F(LE), @)
We(A, T, Az : T.e) =
let 7' = fresh(r)
(667 70, C) = We(A7 F[x : T/L 60)
in Az : 7'.ep, 7" — 70,C)
end

WE(A,P, (61 62)) =
let (6/1,7'1 — ’7‘2,01) = We(A,F,€1)
(65771702) = WE(A,F,t?Q)
Cs =U(r1, 1)
in ((6,1 6/2),7'2701 UC2UCs)

end
WS(A7F7 (61,...7(3”)) =
let (e}, 7, Ci) = We(A,T,e;) forall1 <i<n
« is fresh
in ((e] i 7, € 1), (T X oo X ),
CiU---UQCy)
end

let (¢/, (11 X -+ X 1), C) = We(A, T e)
in (m;(e'), 71, C)
end

We(A,T',let x : 7 = e1 in ez end) =
let (ef,7',C1) = We(A, T, e1)
(el277—é702) = WQ(A,F[Z' = T/]762)
in (let z: 7' =€} ineh end, 75, C1 U C2)
end

Figure 5. Annotation Inference Algorithm

The unification algorithm produces a set of annotation constraints
from two given simple annotated types 71 and 7. Since we restrict
that 71 and 72 have the same underlying type, the unification algo-
rithm always succeeds and have the following property.

LEMMA 2.2. Given 11 and T2 be two simple annotated types which
have the same underlying type. The following properties hold.

o U(T1,72) succeeds, and
e for any 0 such that 6 = U (11, T2), we have 6(11) = 0(72).

Based on this unification algorithm, we design an annotation
inference algorithm for expressions in the form (¢/,7',C) =
We(A, T, e), where e is a source expression in AML A is a source
external type context, I' is a simple annotated type context for in-
ternal variables, e’, 7’ are the target term and type of e in simple
annotation calculus, and C is the derived set of constraints.

The algorithm is given in figure 5. In the case of external
identifiers, the algorithm infers type of X as rigid(A(X)). The
function rigid(7) takes an underlying type 7 and produces a simple
annotated type 7’ by annotating all record types appearing in 7 with
R. This function is defined as follows.

same underlying type, as follows. rigid(o) °
rigid(y — 12) = rigid(n) — rigid(T2)
Uo,0) = 0 rigid(ry X - X 1) = (rigid(my) X -+ X rigid())®
U(T — 12,7 — 73) = U(T, ) UU(T2,Ts) . . . .
; Similarly, in the case for functions, a fresh simple anno-
U x X T) (T X x1)Y) = {a=d}u UZ/[(TZ', 7, Yated type is created from the underlying type 7 by the function
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fresh(7) which is defined as

fresh(o) = o

fresh(mi) — fresh(r)
(fresh(m1) x -+ x fresh(ma))”
where « is a fresh annotation variable

fresh(m — 1) =
fresh(m X -+ X )

The annotation inference algorithm generates the target expres-
sion, its type, and a set of constraints, which is accumulated during
unification.

We extend the function rigid for external type context so that it
transforms an external type context A in A% to an external type
context A’ in A** by setting all annotations to R.

We define | 7| as the underlying type of 7, and define |I"| as the
underlying context of I".

The annotation inference algorithm for expressions satisfies the
following property.

LEMMA 2.3. Given a source expression e, an external type con-
text A in \ME | and a simple annotated type context T such that
(AT Fe:T.

e the annotation inference algorithm succeeds as (e/,7',C) =
We(A,Te) and T = | 7’|

e for any annotation substitution 0 that covers T ,e/, 7/, and
0 = C, we have (rigid(A),0()) Fa (') : 6(7").

PROOF. Due to the space limit, we only sketch out the proof.

Firstly, the inference algorithm for expressions always suc-
ceeds. Although there are some forms of pattern matching on types
in the inference rules (the rule for applications and the rule for pro-
jections), these cases should succeed since we assume that source
expressions are well typed.

The algorithm only infers annotations, then the underlying type
of the target term should be the same as type of the source term, i.e.
T=|7].

The second conclusion can be proved by induction on the struc-
ture of e. Let us show one typical case of application ¢ = (e; e2).

Suppose (A, [I']) F (e1 e2) : 7 is derived from (A, |T']) F
e1: 71 — Tand (A, [T']) F ez : 71. Since the algorithm succeeds,
we have

® (6/177_{ - 7_/701) = We(Avrvel)

® (6/27 Té: 02) = We(A, F7 62)

o O3 =U(T{,73)

o ¢ = (6’1 eé),czcﬁ UCy U Cs.

0 covers e so it also covers e; and ez. Then by induction

hypothesis for e; and e2, we have

o (rigid(A),0(T)) Fa 0(eh) : 0(11) — 6(7')

o (rigid(A),0(T)) Fa 6(es) : 0(73)
Since 6 = C, we also have § |= C3. From the first conclu-
sion of the property, we can derive that 71 and 75 has the same
underlying type, i.e. 71. Then by lemma 2.2, we achieve that

0(m1) = 0(75). Applying the typing rule for application, we obtain
(rigid(A),0(T)) Fa 6(e") : 0(") as desired. O

Based on the inference algorithm for expression, we design the
inference algorithm for programs as (P, 7',C) = Wp(A, P).
Since the result of a program can be used by another compilation
unit, we need to put the constraint that the type of the program only
contain rigid record types.

We define a function rigidCon(7) for producing such con-
straints as follows.

rigidCon(o) =

rigidCon(m — 12) = rigidCon(71) UrigidCon(72)

{¢=R}U U rigitCon(T;)
The inference algorithm for a program is therefore defined as

WP(A7P) =
let
(PI7TI701) = WE(A5®7P)
Cy = rigidCon(r")
in (P',7',C1 UC2) end

rigidCon((m1 X - - X m7,)¥) =

The following theorem holds.

THEOREM 2.4. Given a source program P and an external type
context A such that A = P : 7. We have

e the annotation inference algorithm for programs succeeds as
(P',7',C) = Wp(A, P), and rigid(T) = 7'

e for any annotation substitution 0 that covers P’, and 0 EC,
we have rigid(A) a4 0(P') : 6(7").

PROOF. This theorem can be easily proved by applying the
lemma 2.3. The only extra thing we have to show here is to prove
that the target type 7’ of the program P only contains rigid anno-
tation. This is also trivial since the set of inferred constraints C'
includes 7igidCon(7") by the definition of the annotation infer-
ence algorithm for programs. ]

2.4.2 Constraint Resolution

Given a program P, application of the annotation inference algo-
rithm Wp (A, P) produces (P’,7',C). Let V be the set of anno-
tation variables in C'. To obtain an annotated program, we need to
construct the largest substitution 6 on V' that satisfy C' point wise
ordered as R C F.

Since A only contain rigidity R, constraint in C'is either of one
of the following forms: R = R, « = R, R = o, or a1 = a2, So
the best substitution 6 is obtained by first unifying all C' and then
setting all the remaining annotation variables to F'.

3. Record Unboxing

In previous section, we developed a representation analysis that
classifies a record appearing in a given source program into either
arigid record or a flexible one.

Based on this static information, we develop an optimization
method, namely record unboxing, which changes representations of
all flexible records by using the following transformation strategy.

e A flexible record is transformed into multiple values whose
values are either allocated on stack or flattened on the heap
block containing the record.

e A function that takes a flexible record argument is transformed
into a multiple argument function.

e A function that returns a flexible record is transformed into a
multiple return value function.

In the rest of this section, we introduce a multiple value calculus
AM as the target calculus of the transformation. We then develop
the transformation algorithm, and show that it preserves typing.
Due to the limitation of space, the semantic correctness is not
included in this paper. We would like to present this in an extend
version of the paper.
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3.1 Multiple Value Calculus — A

We define a calculus that includes multiple argument/multiple re-
turn value functions and simultaneous multiple value 1let bindings.
Since some constructs are restricted to single values, the language
consists of two classes of terms: single value terms (ranged over by
e') and multiple value terms (ranged over by e™). Top level terms
(ranged over by P) must be a single value term. They are defined
by the following syntax.

et u= Cla| X | Ma, ..zl | (€. ") | milel)
" a= el |{e",...,e"} | (e e™)

| let {z,...,2} =€" ine" end
P = ¢

Some explanations of the language are in order.

e Sometimes we write e instead of e' or " in a context that
clearly distinguishes between these two cases.

This syntax restricts multiple values to be non first class objects.
Note also that nested multiple value expressions are allowed. A
component e; of a multiple value expression {e1, ..., e, } may
also be another multiple value term. In such case {e1, ..., e}
is evaluated to a value sequence which is the concatenation of
the results of its components.

Variables (external identifiers and internal variables) are re-
stricted to single value terms, i.e. they can only be bound to
single values.

Functions and records are single value terms since their run-
time representations are just pointers (i.e. pointers to closure
blocks or record blocks). A function A{z1,...,Zm}.e" takes
a sequence of m values as arguments to produce another se-
quence of values resulted from the evaluation of e™.

A record can also be composed from multiple value expres-
sions. Value of a record (e1,...,e,) is a heap block whose
content is the concatenation of the value sequences obtained
from evaluating eq, ..., en.

The language only includes single value projection. m;(e) ex-
tracts the " (single value) element from the record value
obtained from evaluating e. As a consequence, the result of
mi((e1,...,en)) is the ith value in the resulting single value
sequence and is not necessarily the value denoted by e;.

A let expression let {z1,...,Zm} = e1 in ey end rep-
resents a multiple value binding which simultaneously binds
m values obtained from evaluating e; to m local variables
z1,...,Tm for the computation of es.

A single value term denotes a single value (ranged over by v')
and a multiple value term e" denotes a sequence of (single) values
(ranged over by {v',...,v"}). They are defined by the following
syntax.

vt ou= LG E); M . xe™) | (00t
ot n= ot {Ul,‘..,vl}

G == 0|GX — ']

E == 0|E[z~ "]

Figure 6 defines a set of evaluation rules for terms in A\M.
For the consistency, we assume that the following syntaxes are
equivalent: e and {e}, v and {v} for single value v and single value
expression e.

G EFuc e
G,E by z | B(z)
G,Eru X | G(X)
G, Eby My, ...,entel (G, E; {1, ..., zm}.€)

G,Etnme | {vi,...,vn,,} foreachl<i<m
G,Ebn{er,...;em} |
Vi1, -+ 53 Vk1,15-- -5 V1my - - - ,Ukm,m}

G,E by e I {(Go, Eo; Mz, ..., zm}.e™)
G7EFA1 €2 ‘U’ {vla"‘7vm}
Go, Eolx1 — v1] -+ [m — Um] Far o 07

G,E l_M (61 62) U Un

G,EFnpei §{vii, ..., v}
G,E}—]u (61,...,6m) U

(U1,17 sy Uk, 1y e o5 Vlimy e e

foreachl <i <m

s Vkm,,m

G7EFM 6»U, (1}1,...,1}n)
G, Etrummi(e) § v
G,Etpmer U{v,...,om}
G, Elzi—vi] - [gm—vm]Fm e v

G,E bty let {z1,...,2m} =e1inezend J v

Figure 6. Operational semantics

3.2 Type System

The sets of single value types (ranged over by 7') and multiple
value types (ranged over by 7™) are given by the following gram-
mar.

1 n n 1 1
T ou= ol =1 (7 ,...,T)
™ oa= )
A multiple value type {71,...,7,} is just a sequence of single
value types 71, ..., T, denoting sequences of single values. 71 —

T2 is a multiple argument/multiple return value function type which
denotes functions that can take m arguments of the multiple value
type 71, and return n values of the multiple value type 72. Record
type 7 = (71,...,7n) denotes a set of record values whose ith
element has the single value type ;.

We define type context as a pair (A, T'), where A and I are the
external and internal type contexts that map external identifiers and
internal variables to single values.

Figure 7 gives a set of typing rules to derive typing judgments
for terms of the form (A, T') Fasr e : 7.

We also define a set of typing rules for values which is depicted
in figure 8.

The type system of A is sound with respect to the operational
semantics as shown by the following theorem.

THEOREM 3.1. Suppose (A, I") ba e : 7. For any (G, E) such
that Ev G : Aand =v E 2 T, if (G, E) Far e I v succeeds
then we have =ar v 2 T.

PROOF. We prove this theorem by induction on the length of the
evaluation. We only show the cases of multiple value expressions
and records. Other cases are almost standard.

Casee = {e1,...,em}.

Suppose (G, E) Far {e1, ..., em} | v. This must be derived from
(G,E) Farei 4 {v1,4,...,vk,,:} for each i such that
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(AT)Farce®:o
(AT by T(z)
(AD) Far X 2 A(X)

(A D) Farei s {mi,...,Th;,ip foreachl <i<m

(A,F) |—1u {61,...,6»,71} :
{lel,...,Tkl’l,..A,Tl,mp..,Tkm’m}
(A D[z i) [T 2 Tm]) s €™ 07"

(A D) Far Maa, .., zmbe” {rm, o, — 7

(A,F) F]\{ el :T1 — T2 (A,F) FM €2 I T1
(A,F) l_]\/[ (61 62) 1 T2

(A D) Farei s {riiy...,7Tk,,ip foreachl <i<m

(A T) bar (e1y - sem) :

(T1,0y e ey Thyds e ey Thmy e e o s Thyn,m)
(AT Fare: (Tay..0,Tn)
(A T) bar mi(e) i ms
(A,F) |—]y[ el {Tl,...,Tm}

(A T[zy :m] - [@m : Ti]) s €2 0 77

(A, T) bFarlet {z1,...,2m} =e1inez end : 7"

o~ 0

TI~TL  Tor~Th

/ /
TL — To ~ Ty — T

Ti~{T16y. Ty foralll <i<n

(71X X )T~ Ty e ooy Tlhyd)s e o o s T(Lm)s « + o T(hnom) }
T~ AT, TRy foralll <i<n

(11 X - x )~ (TA) > Ty 1) s+ - s T(Lim)s - - - s Tk yn))

Figure 7. Typing Rules for Terms of AM

':A{CO:O
Evvi:n 1<i<n
':M {v1,...,'l}n}:{7'1,...,7'n}

There exists (A,I') sothat =y G: Aand =y E: T
(A D) Far M, .., zmpe™ i7" — 17

Ev (G, E); Mz, ...;xm}e™) 7™ — 1"
Evvi:n 1<i<n
Eav (viy..,00) 2 (T, .oy Tn)
Ev0:0
EvMG:A Emv:T
Eu GIX — ] A[X @ 7]

Ev E:T Emv:r
=um Elx —v] : Tz 7]

Figure 8. Value typing

Figure 9. Simulation Relation on Types

U={V1,1, s Vky 15> VLmys--sVkp,m}
Also suppose (A,T') Far {e1,...,em} : 7 which must be derived
from (A,T) Far ei 2 {71,i,..., T ;} for each ¢ such that
5
T={m,1,... SThY Lo Thmy - - - s Th! m )+

Applying induction hypothesis for each evaluation of e;, we have
Fu {viis .o vk}t {716, -, Thy i} By the value typing rule
for multiple value, we have k; = k; and |=a vj,; : 75, for all
1 <i<mandl < j < k. Applying the multiple value typing
rule, we can conclude |=xs v : 7 as desired.

Casee = (e1,...,em).
Suppose (G, E) Far (e1, ..., em) 4 v. This must be derived from
(G,E) Farei 4 {v1,,...,vk,,:} for each i such that

V= ('Ul,lyu~7'Uk1,17~--7'Ul,m7-~-7vkm,m)-
Also suppose (A, T') Fas (e1,...,em) : 7 which must be derived
from (A,T) Far ei 2 {71,i,..., T ;} for each ¢ such that
.
T = (T1,1,...,Tk/171,...,Tl,m,...,Tk;wm).

Applying induction hypothesis for each evaluation of e;, we have
Fa {viis ..o vk} {716, - Thy i By the value typing rule
for multiple value, we have k; = k; and Eum v ¢ 75, for all
1 <i<mandl < j < k;. Applying the value typing rule for
records, we can conclude |=xs v : T as desired. Od

3.3 Record Unboxing Algorithm

The record unboxing algorithm is developed based on the annota-
tions on types inferred from the representation analysis presented
in the previous section.

Given a well-typed source expression e under a type context
(A,T) in \*, the algorithm is formulated as ¥ - e ~» ¢’ where
e’ is the target expression in AM, and 3 is the compile context that
maps each free variable of e to a sequence of distinct variables in
the target calculus, i.e. [ — {x1,...,Zn}].

In the source program, a flexible record may be bound to a vari-
able z. This record is unboxed by the algorithm, i.e. transformed
into a multiple value term. Values evaluated from the record should
also be bound to variables in the target code. The variable mapping
[x — {x1,...,zn}] records the target variables z1,...,x, for
such a source variable x.

Types of the target expressions simulate types of the source
expressions as shown by simulation relations defined in figure 9

The compile context 3 should respect the internal typing con-
text I' of the source expression. For example, if a variable x has
a flexible record type 7 and {71,..., 7} is the target type of x,
ie. 7 ~ {m1,...,7n}, then in X,  should map to exactly n vari-
ables, i.e. [z — {x1,...,Zn}], and each x; should have type 7.
The context simulation relation I' ~x. T defined below indicates
this constraints.
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Yk’
YEX ~ X
Yktax~{x1,...,2n} For[z— {z1,...,2,}] €

T~1 m=K(") {z,...,Tm} arefresh
SN[z {z1,...,2m}| Fe~¢€

Yk Xz Te~ Mo, ..

T o€

/ /
Yhei~ep XEea ey

Y (e1 e2) ~ (el e5)

Yhke ~e; foreachl <i<m
Sh(er T, sem: Tm) T~ (€, ..., emn)
Yhke ~e; foreachl <i<m
ZF(el:7'17...7em:Tm)FW{e'h...,ein}
Zl—ewe/ TjN{lej,...,Tk].’j}
so=0 sj=sj_1+k; aisfresh

E'—Tl'i(ei(TlX-“XTn)R)W
let [z] =€ in {ms, ,+1(x),...,7s,(z)} end
Skhe~e 1~ {T14,...,Tk; 5} @i fresh
El—ﬂ'i(ei(’HX'”XTn)F)W
let [T1,1, - s Thyds vy Tlny-ev,Thyn] =€
in {®14,...,Tk,,:} end
Sherwel T~7 kE=K()

x;fresh  S[z— {x1,..., 36} F e2 ~ e

Y Fletxz:7=e; ine end ~ let {z1,...

Figure 10. Record Unboxing Algorithm

O~s 0
FCrs T 7adm,...,7} [z—={z1,...,2,}] €D
Plz:7] ~s Dz i m] - (@0 1 7ol

(for consistency, we also consider that {7} is equivalent to 7 for
any single type 7).

Let us define cardinality of a multiple value type 7, written
K(7), as follows

K(o) 1

Kimn—m) = 1
K((ti,...,m)) = 1
K{ri,...,7™m}) = n

K(7) computes the number of single values contained in a se-
quence of values denoted by 7.

Figure 10 depicts the set of rules to derive the compilation
judgment X e ~ ¢’

Since we assume that an external identifier always has rigid
type, so we never “unbox” it, i.e. transform it into a sequence of
variables.

A variable x may have flexible record type. This should be
“unboxed”, i.e. transformed into a sequence of variables as shown
in the transformation rule.

A function Az : T.e is transformed into a multiple argument
function A {1, ..., xn}.e’ if 7 is a flexible record type. In this case

! !
,Tp} = €] in ey end

n is the cardinality of the target type 7’ of 7. If ¢’ has a multiple
value type, then the function will return multiple values to its caller.

Similar to the transformation of functions, we may also have to
transform the bound variable of a 1et expression to a sequence of
bound variables in the target code, if the bound expression has a
multiple value type.

More complicated is the transformation of records. Supposed
we have a source record 7 = (e1 : T1,...,en : Tn)¥, The
annotation ¢ provides information for the decision of unboxing this
record. If ¢ is R, i.e. the record is rigid, we should keep this record
boxed. Otherwise, we unbox the record by transforming it into a
multiple value term.

Transforming a projection term also needs an explanation. If
we want to extract a component from an unboxed record , the
system just simply returns the corresponding values taken from
the value sequence of the unboxed record. Otherwise, if the record
expression is marked with R, we need to extract these values by
performing projections with properly adjusted indexes. Note that
the selected component may be another unboxed record. In this
case we have to extract all values corresponding to this component.

We achieve the following property of the transformation algo-
rithm for expression.

LEMMA 3.2. Given a typing (A,T') Fa e : 7. Suppose we have
a type context (A", T") in MM and a compile context S, such that
A ~g A" and T ~x, T, Then the following properties hold.

1. X F e ~ € succeeds, and
2. (A", XY by € o7 where T ~ 7',

PROOF. We prove this lemma by induction on the derivation of the
annotated typing rule. Let us show one typical case for a record
e = (e1,...,en)?. We have two sub-cases

Subcase 1: e = (€1 : T1,...,€n : Tn)R. Suppose that (A, X)) Fa
e : 7. By the rigid record typing rule on annotated terms, we
can infer (A, T) Fa ¢ : mmand 7 = (11 X --- x 7). Ap-
plying induction hypothesis for each compilation of e;, we ob-
tain ¥ F e; ~ ej succeeds, and (A", T) tar €] : 7/, and
7; ~ 7, for each i. Therefore, applying the transformation rule
for rigid records, we obtain X F (e1 : Ti,...,€n : Tn)R
(el,...,€n). Suppose that each 7; has form {71 ,,...,7k,:}
where each T;,; 1s a single value type. Then, by the record typing
rule for multiple value term, we have (A’ T) b (eh,...,ep) :

~y

(T1,15- -3 Thi,1y---3sTlns - - - s Tkn,n ). By the simulation on types,
we can also derive

R
(Tl X oo X TH) ~ (7—1,17~-~77—k1,17---77—1,n7-~-77—k,,“n) as de-
sired.
Subcase 2: e = (€1 : T1,...,€n : Tn)F. Suppose that (A, X)) Fa

e : 7. By the rigid record typing rule on annotated terms, we can in-
fer (A, T)Fae;:mandT = (11X - ~><T7L)F. Applying induction
hypothesis for each compilation of e;, we obtain ¥ - e; ~ ¢} suc-
ceeds, and (A',T") Fas €} : 7/, and 7; ~ 7, for each 4. Therefore,
applying the transformation rule for flexible records, we obtain X
(e1:71,. .. en:Tn)" ~ {el,...,€,}. Suppose that each 7/ has
form {714, ..., Tk, } where each 7; ; is a single value type. Then,
by the typing rule for multiple value terms, we have (A’,T) Fas

/ ! :
{el, - ent i {ma, oy Thids ooy Tliny« -« s Thp,n }- By the sim-
ulation on types, we can also derive

F
(71 X -« X Tn)" ~ {T1,1y oy Thydye vy Tlms vy Thy,nt as de-
sired. ]

Based on the above transformation algorithm for expression,
we develop a transformation algorithm for programs in the form
F P ~ P’ as follows

0P~ P
P~ P
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In order to prove the type preservation of the program transfor-
mation, we define an equivalent relation on types of source pro-
grams and target programs as follows.

0O=0

TI=T T=T,

— / /
L — T2 =T1 — T2

— /
=T,

(T X X7)? = (1,...,7Th)

The type preservation of the program transformation is shown
by the following theorem

THEOREM 3.3. Given a well-typed program P under an external
type context A, and A" is the external type context in target calcu-
lus such that A ~g A’. The following properties hold.

1. F P ~~ P’ succeeds, and
2. AN by P o7 whereT = 7.

PROOF. Applying lemma 3.2, we can achieve that 7 ~ 7'. As
the result of the representation analysis, the annotated type of a
program never contain flexible record types. Then 7 = 7’ should
hold since there’s no flexible record type involved in 7 implying no
unboxing rule appears on the derivation of 7 ~ 7’.

4. Extension to Polymorphism

The method so far developed extends smoothly to a language with
a polymorphic type system by imposing another form of rigidity
constraints.

To analyze the problem, let us consider a polymorphic function
f of type of the form V¢t.t — 7. Unless we perform whole pro-
gram analysis, its implementation is inherently limited to a single
parameter function. This implies that if f is applied to a record,
then the record must have a boxed representation, i.e. it must be
rigid. However, different from external function, f only imposes
that the out-most record constructor to be rigid. Also note that if a
function g has type of the form V(¢1, t2).(t1 X t2) — 7, then it does
not impose rigidity on the top-level record but it imposes rigidity
on the two component records. From these analysis, we can con-
clude that a record type is rigid if it appears as a type argument to
a polymorphic function in the following inference step.

(A\T)Fae:Vto ¢=R
(AT Fae(r x - x7p)? ro[(m1 X -+ X )% /1]
The validity of this can be seem by observing the parametricity
result [15, 23] of the polymorphic lambda calculus.

The necessary changes to polymorphic typing is then simply the
following.

1. Extend the annotated calculus to the second order calculus.

2. For polymorphic type application rule, impose the constraint
that if the instance type is a record type then the annotated outer-
most record type constructor should be rigid.

According to this refined typing, the annotation inference algorithm
for type instantiations is defined as follows
We(A,TyeT) =
let
(e/,Vt.o,C1) = We(A, T, e)
7' = fresh(r)
Cy = topRigid(T")
in
(e' 7' o' /t],C1 U Cs)
end

where topRigid is defined as follow
topRigid((o1 X -+ X 02)%) = {a=R}
topRigid(c) = @

Other necessary changes are simple and we omit them from the
paper due to the limitation of space.

5. Implementation and Performance Evaluation

The representation analysis and the record unboxing algorithm de-
scribed in this paper has been implemented in our SML# compiler
[19]. This section briefly discusses about several implementation
issues and optimizations for supporting the full Standard ML and
for obtaining the full benefit of record unboxing. The benchmark
results presented in the end of this section shows the effectiveness
of our record unboxing algorithm.

5.1 Implementation Issues and Optimizations

Supporting multiple argument/multiple return value functions
The target calculus of our record unboxing algorithm is the multiple
value calculus A™ where a function in general takes multiple argu-
ments and return multiple values. The compiler back-end needs to
be extended so that it supports multiple-parameter multiple-valued
functions. Since our current implementation is by a virtual ma-
chine, this is done by generalizing virtual machine instructions for
call and return. Our virtual machine instructions are in three ad-
dress code format operating on a call stack frame. We generalize
those instructions to be ones whose operands and the targets are
multiple variables. In the future, when we develop a native code
generator, those instructions can be implemented by using either
stack or registers for passing arguments/returning values between
callers and callees.

Useless and duplicate code elimination The record unboxing al-
gorithm transforms a flexible record into a sequence of values. In
the latter phases of the compiler, when the front-end code is lin-
earized into sequences of instructions, these values will be bound
to local variables. This may introduce many dead code and dupli-
cated code in the target code of the compilation.

In our current compiler, the first optimization, duplicated code
elimination, has been implemented. We plan to implement the
second optimization, useless code elimination, soon based on one
of known techniques [18, 24, 9, 4].

5.2 Experimental Results

The record unboxing algorithm has been successfully tested for
full Standard ML. In order to evaluate the effectiveness of this
optimization technique, sixteen benchmark programs have been
given to produce the experimental results.

All the benchmarks are executed under Linux Fedora Core 1 in-
stalled under VMWare with 512 MByte memory RAM on an Intel
Centrino 1.5Mhz. To avoid noises from computation environment,
each program has been launched five times for each of two ver-
sions: with record unboxing and without record unboxing. The ex-
perimental results shown in figure 11 are average numbers of com-
pilation times and execution times taken from the five launches.

In the table, the execution speedup is defined by 100 TN /Ty —
100 where T’y and Ty are execution times of non-optimized ver-
sion and optimized version respectively. The speedup figures show
us that the record unboxing algorithm works effectively for most of
the cases.

The variation of speedups reflects the number of records that
have been unboxed. For example, coresml program is just an
ordinary non-tail call fibonacci computation. There’s nothing to
deal with record unboxing in this program, thus the execution
speedup figure shows no different between the two versions.
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Compile Execution
Benchmark Without R.U (s) | With R.U (s) [ Without R.U (s) [ With R.U (s) | Speedup (%)
barnes_hut 1.82 1.83 16.14 13.5 19.58
boyer 1.2 1.27 1.08 0.91 18.48
coresml 0.01 0.01 53.59 53.6 -0.01
count_graph 0.3 0.31 162.91 141.37 15.24
fft 0.18 0.16 21.93 19.65 11.64
knuth_bendix || 0.53 0.78 5.03 4.03 4.06
lexgen 1.32 1.37 17 13.32 27.56
life 0.23 0.24 1.75 1.71 2.7
logic 0.78 0.83 23.35 23.05 1.29
mandelbrot 0.04 0.03 8.76 8.06 8.66
mlyacc 13.78 14.71 2.17 1.78 21.89
nucleic 442 6.81 0.81 0.74 9.16
ray 0.53 0.55 11.87 9.85 20.55
simple 2.18 2.25 24.42 22.37 9.16
tsp 0.29 0.29 5.87 5.14 14.11
vliw 7.2 7.64 14.69 12.95 13.44

Figure 11. Experimental Results

In contrast, many flexible records are involved in lexgen and
mlyacc. This brings us many chances for record unboxing, and as
a consequence, the algorithm shows significant speedup in these
cases (27% speed up of lexgen and 21% speed up of mlyacc).

In the final version of this paper, we plan to report more com-
prehensive evaluation including the number of heap allocations.

The experimental results are produced based on a byte code in-
terpreter. But since our optimization is a source-to-source transfor-
mation, which does not assume any runtime architecture, similar
results should be achieved for a native code compiler.

6. Related Works

As we mentioned in Introduction, one of the most relevant related
works to our record unboxing may be Hannan’s higher-order arity
raising [7]. The kinded type system, which marks each type to
either compile-time kind or run-time kind, in spirit, is similar to our
annotated type system. In comparison to this work, our method can
unbox more records, i.e. not only records appearing as arguments
to functions but also records appearing in return values and in
other data structures. Our record unboxing method can be naturally
applied for separate compilation while this account has not been
considered in [7].

The problem of arity raising has also been considered in the
context of partial evaluation. Romanenko [16] developed an arity
raiser which uses static data constructed from two global analysis
of the program: one is to determine whether the argument splitting
is feasible, other is to determine whether the argument splitting is
useful. Thiemann [21] developed a partial evaluator for Scheme
that can be able to split both argument of a higher-order function
and its return value. It would be an interesting issue to combine
our record unboxing method with these results. Since our record
unboxing not only unboxes records appearing as arguments or
return values but also unboxes other records in all other places,
e.g. in other data structures, the combination would increase static
computation in partial evaluation.

As we have mentioned in Introduction, the worker-wrapper ap-
proach such as those proposed in [14, 10] would not provide a prac-
tical solution to record unboxing. In [3], the authors considered the
problem of applying this worker-wrapper approach to unboxing ar-
gument records and return records. This approach can only benefit
if the subsequent inliner can successfully inline the wrappers intro-
duced by the optimizer. However, in the context of separate compi-

lation and in the presence of higher order functions where call-sites
of a functional parameter may not easily be determined, develop-
ing an inliner that can inline all the wrappers introduced by the op-
timizer seems to be a difficult problem. In contrast, our technique
works fine without requiring any other non-trivial optimization.

Object allocation optimization methods based on escape analy-
sis [5, 6] share a similar motivation with ours of reducing heap al-
location cost. Another related work in this direction is region based
memory management [22]. Both of these approaches try to avoid
heap allocation by estimating the lifetime of objects. Our system is
based on the following different observation. Heap allocation of a
record can be avoided by transforming it to multiple value bindings.
This leads us to a particularly simple static analysis that only re-
quires propagating one bit of information through unification. Yet,
it successfully suppresses unnecessary heap allocation of records
even if they are escaping from the creator functions.

In [17], a type-based method for unrolling lists is presented. In
[11], a method to avoid intermediate closure creation is presented
by allocating arguments of nested applications on a stack. In gen-
eral perspective, both of them share the motivation similar to ours
in trying to avoid memory allocation by unboxing a cons cell or by
putting arguments in a stack. However, there does not seem to ex-
ist any successful attempt to transform records into multiple value
sequences.

Our target calculus is a multiple value calculus where functions
can take multiple parameters and can return multiple values. Mul-
tiple return values and multiple value bindings can be found in
Scheme [1] and Common Lisp [20] and efficient implementation
method for this feature has been studied [2]. As we have demon-
strated in our development, this feature is useful in a compiler in-
termediate language for a typed functional language such as ML.
However, there does not seem to exit much study on this feature in
a typed setting. Our proposal would shed some light on the useful-
ness of this feature in type directed compilation.

7. Conclusion

In this paper, we have developed a type-based record unboxing
optimization method that eliminates unnecessary heap allocation
and associated memory access by transforming record-taking func-
tions and record-returning functions into multiple-parameter func-
tions and multiple-valued functions. This is done by the combi-
nation of type-based algorithm that statically estimates the set of
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rigid records that need to be boxed, and the type-directed algo-
rithm that transforms all non-rigid record expressions and the cor-
responding functions to those multiple-parameter/multiple-valued
functions. We have shown that these algorithms are sound. We have
then implemented the algorithm in a compiler for SML#, an exten-
sion of the Definition of Standard ML, and have evaluated the al-
gorithm through a typical benchmark suite. The results have shown
the effectiveness of the algorithm.

There are several promising issues related to the proposed
method that’s worth considering:

Supporting flexible record types in signatures of external identi-
fiers Our current development in this paper assumes that all ex-
ternal identifiers’ signatures only contain rigid record types. This
assumption places rigid constraints on every records that are passed
to or returned from external functions. More heap allocations and
heap accesses could be eliminated if the interface language to ex-
ternal functions can be redesigned to accept flexible record types in
signatures of the external functions.

In this case, the current constraint resolution system may fail
since a rigid constraint and a flexible constraint may be placed
on the same annotation variable. One solution to this is that we
introduce multiple argument/multiple return value functions and
multiple value 1et bindings in the source language, and we change
the type inference system for the source language so that only
multiple values can be passed to/returned from external functions as
flexible records. This solution also provides a better interoperability
with foreign functions (e.g. C functions), which often take multiple
arguments and returns multiple values.

Optimizing other data structures based on the representation
analysis The record unboxing method is developed based on
our observation: runtime representation of an object can be freely
changed as long as this change is consistent and the object does not
interact with the environment. Also based on this observation, we
can develop further optimizations by changing the representations
for other data structures. For example, a closed functions that is
locally consumed inside a program can be efficiently represented
by the function’s code pointer instead of a closure. The represen-
tation analysis, in this case, can be adopted to detect all possible
“flexible” closed functions for this purpose.
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