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Abstract

Compile-timetype information should be valuablein ef-
ficient compilationof staticallytypedfunctionallanguages
suchasStandardML. But how shouldtype-directeccompi-
lation work in real compilers,and how much performance
gain will type-basedptimizationsyield? In orderto sup-
port more efficient datarepresentationand gain more ex-
perienceabouttype-directedcompilation, we have imple-
menteda new type-basedniddle end and back endfor the
StandardML of New Jerseycompiler. We describethe
basic design of the new compiler, identify a number of
practicalissues,and then comparethe performanceof our
new compiler with the old non-type-based¢ompiler. Our
measuremenshowsthat a combinationof severalsimple
type-basedptimizationsreducesheapallocationby 36%;
and improvesthe already-efficientcode generatedoy the
old non-type-basedompiler by about19% on a DECsta-
tion 5000.

1 Intr oduction

Compilersfor languagesvith run-timetype checking,such
asLisp andSmalltalk,mustoftenusecompilationstrategies
that are oblivious to the actualtypesof programvariables,
simply becauseno type informationis availableat compile
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time. For statically typed languagesuchas StandardviL
(SML) [19], thereis sufficienttype informationat compile
time to guaranteehat primitive operatorswill neverbe ap-
plied to valuesof the wrong type. But, becauseof SML'’s
parametricpolymorphism thereare still contextsin which
thetypesof (polymorphic)variablesareunknown. Thepro-
gram can still manipulatethesevalueswithout inspecting
their internal representationas long as the size of every
variableis known. The usualsolutionis to discardall the
statictype informationand adoptthe approachusedfor dy-
namicallytypedlanguagege.g.,Lisp), thatis, to represent
all programvariablesusingstandad boxedrepresentations
This meanghat everyvariable,function closure,andfunc-
tion parameterjs representedn exactly oneword. If the
naturalrepresentatiorof a value (suchas a floating-point
number)doesnot fit into oneword, the valueis boxed(i.e.,
allocatedon the heap)andthe pointerto this boxedobject
is usedinstead.This is inefficient.

Leroy [15] hasrecentlypresentedh representatioranal-
ysis techniquethat does not always require variablesbe
boxedin one word. In his scheme,data objectswhose
typesare not polymorphiccan be representedn multiple
wordsor in machineregisterspnly thosevariableghathave
polymorphictypes must use boxedrepresentationsWhen
polymorphicfunctionsareappliedto monomorphicvalues,
the compilerautomaticallyinsertsappropriatecoercion(if
necessarydo convertpolymorphicfunctionsfrom onerep-
resentatiorto another.

For example,in the following ML code:

fun quad (f, x) = (£(£(EEX)))))

fun h x = x * x * 0.50 + x ¥ 0.87 + 1.3

val res = h(3.14) + h(3.84) + quad(h, 1.05)

herequadis a polymorphicfunction with type
Vo.(((a — a) x a) — a);

all of thefour callsto f insidequad mustusethe standard
calling convention—passing in a general-purposeegis-
ter. On the otherhand,, is a monomorphicfunction with

type real — real, so every monomorphicapplicationof

h (suchas h(3.14) and h(3.84)) can use a more efficient
calling convention—passing in a floating-pointregister.



Whenh is passedo the polymorphicfunction quad (e.g.,
in quad(h, 1.05)), h mustbe wrappedto usethe standard
calling conventionso that f will be calledcorrectlyinside
gquad Supposefwrap and funwrap arethe primitive op-
erationsto box and unboxfloating point numbersthenthe
compilerwill wrap h into A':

h' = (\y.fwrap(h(funwrap(y))));

the actual function application quad(h, 1.05) is imple-
mentedas
funwrap(quad(h’, fwrap(1.05))).

Representatioanalysis enablesmany interestingtype-
basedcompiler optimizations. But since no existing com-
piler hasfully implementedepresentatiomnalysisfor the
complete SML language,many practical implementation
issuesare still unclear. For example,while Leroy [15]
hasshownin detail how to insertcoercionsfor core-ML,
he does not addressthe issuesin the ML module sys-
tem [19, 17], thatis, how to insert coercionsfor functor
applicationand signaturematching. Propagatingtype in-
formationinto the middle endandbackendof the compiler
canalsoincur large compilationoverheadf it is not done
carefully, becauseall the intermediateoptimizationsmust
preservetype consistency.The major contributionsof our
work are:

e Our new compileris the first type-based-ompilerfor
the entire StandardviL language.

e We extendLeroy’s representatioanalysisto the SML
modulelanguageto supportmodule-levelabstractions
andfunctor applications.

e Weimprovecompilationspeedandcodesizeby using
partial typesat moduleboundariesbhy staticallyhash-
consinglambdatypes,and by memo-izingcoercions.

e We evaluatethe utility of minimumtyping deriva-
tions [7]—a method for eliminating unnecessary
“wrapper”functionsintroducedby representatioanal-
ysis.

e We showhow the type annotationan be simplified
in successivehasesf the compiler,and how repre-
sentationanalysiscan interactwith the Continuatian-
PassingStyle[24, 3] usedby the SML/NJ compiler’s
optimizer|[5, 3].

e We comparerepresentatioranalysiswith the crude
(but effective) known-function parameterspecializa-
tion implementecdby Kranz [14].

e Our measurementshow that a combinationof sev-
eral type-basedptimizationsreducesheapallocation
by 36%, andimprovesthe already-efficientodegen-
eratedby the old non-type-basedompiler by about
19%. We have previously reporteda 14% speedup
using new closurerepresentationfor accessingvari-
ables[23]; the two optimizationstogethetyield a 28%
speedup.

2 Data Representations

Oneimportantbenefitof type-directeccompilationis to al-
low dataobjectswith specializedypesto usemoreefficient
datarepresentationsin this section,we explainin detail
whatthe standad boxedrepresentationgre,andwhatother
more efficient alternativesone canusein type-basedom-
pilers.

Non-type-basedcompilers for polymorphic languages,
suchasthe old SML/NJ compiler[5], mustusethe standard
boxedrepresentationfor all dataobjects. Primitive types
suchasintegersandrealsarealwaystaggedor boxed;every
argumentandresultof a function,andeveryfield of a clo-
sureor arecord,mustbe eitherataggedintegeror a pointer
to otherobjectsthatusethe standarcdoxedrepresentations.
For example,in Figure 1a, the value = is a four-element
recordcontainingboth real numbersandstrings;eachfield
of = must be boxed separatelybefore being put into the
top-level record. Similarly, y is a record containingonly
realnumbersput eachfield still hasto be separatelypoxed
understandardboxedrepresentations.

We would like to usemoreefficientdatarepresentations,
so that valuessuchas z and y can be representednore
efficiently, as shownin Figure 1b. But the intermixing of
pointersandnon-pointerginside x) requiresa complicated
object-descriptoffor the garbagecollector, so we will re-
order the fields to put all unboxedfields aheadof boxed
fields (seeFigure1c); the descriptorfor this kind of object
is just two shortintegers:one indicating the length of the
unboxedpart, anotherindicating the length of the boxed
part.

For recursivedatatypessuchaslist z in Figure 2, the
standardboxedrepresentationwill box eachelementof z,
asshownin Figure 2a. More efficient datarepresentations
arealsopossible:if we know z hastype (real xreal) list, z
canbe representednore compactlyas shownin Figure2b
or Figure2c. Themajorproblemwith theserepresentations
is thatwhenz is passedo a polymorphicfunction suchas
unzipg

fun unzip 1 =
let fun h((a,b)::r,u,w) = h(r,a::u,b::w)
| h([],u,w) = (rev u, rev w)
in (1,01,

end

thelist = needsto be coercedfrom the more efficient rep-

resentationgshownin Figure 2b and 2c) into the standard
boxedrepresentatiorfshownin Figure 1a). This coercion
can be very expensivebecausdts costis proportionalto

thelengthof thelist.! Therearetwo solutionsto solvethis

problem:

e One approach—proposedly Leroy [15]—is to use
standardboxedrepresentationfor all recursivedata-
type objects. In other words, eventhoughwe know

1And this costis not necessarilyamortized,if the function takestime
sublinearin thelengthof the list.



val x = (4.51, "hello", 3.14, "world")
valy = (4.51, 3.14, 2.87)
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(c) flat rep with reordering fields
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Figure1: Standardboxedrepresentationss. Flat unboxedrepresentations

val z = [(4.51, 3.14), (4.51, 2.33), ..., (7.81, 3.45)]
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Figure2: Recursivedatatype: (a) standardboxedrepresentationgh-c) flat unboxedrepresentations
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Figure 3: Overview of the new type-based&ML/NJ compiler

z hastype (real x real) list, we still representz as
shownin Figure 2a, with eachcar cell pointingto an
object that usesstandardboxed representation. For
example,if pairssuchas (4.51,3.14) arenormally
representeds flat real vectors,when they are being
addedto (or fetchedfrom) a list, they mustbe coerced
from flat representationso (or from) standardboxed
representationsT he type-basedompilerdescribedn
this paperalsouseghis approach.The LEXP language
describedaterin Sectiord.1 hasa specialambdatype
calledRBOXEDty to expresghis requirement.

Another approach—proposedyy Harper and Mor-

risett [12]—would allow recursivedatatypesto use
more efficient representationas shownin Figure 2b

and 2c. In their scheme,types are passedas argu-

mentsto polymorphicroutinesin orderto determine
the representatiorof an object. For example,when

z Is passedo unzip a type descriptoris also passed
to indicate how to extract eachcar field. Because
the descriptorhasto be interpretedat runtime at each
functioncall, it is not clearhow efficientthis approach
would be in practice(seeSection7).

3 Front-End Issues

The StandardML of New Jerseycompileris composed
of severalphases,as shownin Figure 3. The Elabora-
tor/Type-checkeproducestyped abstractsyntax (Absyn),
which is almostunchangedrom previousversionsof the
compiler[5], exceptthat we annotateeachoccurrenceof a
polymorphicvariable or data constructorwith its type in-
stantiationat eachuse, inferred by the type checker. The
front end mustalso remembeithe detailsof eachmodule-
level (structureor functor) abstractionand instantiationin
orderto do module-leveltype-baseanalysis.

For example,in the following core-ML program,

fun square (x : real) = x * x

fun sumsquare (1 : real list)
let fun h ([], s real) = s
| h (a::r, 8) = h(r, a+s)
in h(map square 1, 0.0)
end

thestandardibrary functionmap(on lists) haspolymorphic
type
VaVvp.(a — §) — (a list — g list);



structure S = signature SIG

functor F(A : SIG) =

struct type t = real sig type t struct val r = A.£(A.p)
val p = 3.0 val p : ¢t end
fun £ x = (x, p) val £ : t -> (t * t)
val q = 4.0 end structure W = F(S)
end
(a) structure (b) signature (c) functor andfunctor application
Figure4: Frontendissuesin the modulelanguage
structuredeclaration signaturematching abstractiordeclaration
ML code | structure S = ... structure U : SIG = S | abstraction V : SIG = S
f'stype | S.f: Va.a — (axreal) | U.f: real — (realxreal) | V.f: t — (t 1)
p's type | S.p: real U.p: real Vip: t

Figure5: Signaturematchingis transpaent but abstractiormatchingis opaque

the Elaborator/Type-checkemwill annotatemap with this
polymorphictype, plus its instantiation

(real — real) — (real list — real list).

Similarly, the polymorphic data constructor,”::”,
annotatedvith its original polymorphictype

Va.(ax a list) — « list,
plusits instantiation
(real x real list) — real list.

To correctly supporttype-directedcompilation for the
entire SML language,all type abstractionsand type in-
stantiationsin the module systemmust also be carefully
recorded.In ML, basicmodules(structuesin Figure 4a)
are encapsulate@nvironments;module interfaces(signa-
turesin Figure4b) associatespecificationsith component
names,and are usedto both describeand constrainstruc-
tures. Parameterizednodules(functorsin Figure 4c) are
functionsfrom structuresto structures. A functor’s argu-
mentis specifiedby a signatureandthe resultis givenby a
structureexpressionwhich may optionally be constrained
by a resultsignature.

Abstraction and instantiation may occur in signature
matching (Figure 5), abstractiondeclaration (Figure 5),
functor application (seeFigure 4c), and functor signature
matching (used by higher-ordermodules[25, 17]). We
usethe examplein Figure4 and5 to show what must be
recordedin the Absyn during elaboration:

is also

e Signaturematchingchecksthat a structurefulfills the
constraintsspecifiedby a signature andcreatesa new
instantiationstructuee thatis arestricted'view” of the
original structure. The elaborationphasegeneratesa
thinning function that specifiesall the visible compo-
nents, their types (or thinning functions if they are
substructuresin the original structure,and their new
typesin the instantiationstructure. In Figure 5, U is
boundto the result of matchingstructureS against

signatureSIG. Sighaturematchingin ML is transpar-
ent[18, 16, 11], so f andp in theinstantiatiorstructure
U havetypereal — (real « real) andreal. The new
typesandtheir old typesin structureS (alsoshownin
Figure5) will berecordedn the thinning function.

Abstraction is similar to signature matching; but
matchingfor abstractionis opaque[18, 16, 11]. In

additionto thethinning function, the elaboratiorphase
alsoremembershe resultsignature.ln Figure5, V' is

an abstractionof structureS on signatureSIG. V' re-
memberghe thinning function generatedvhen doing
signaturematchingof S againstSIG, plus the actual
signatureSIG. During the elaborationof this abstrac-
tion, thetypeof f in S

Va.ao — (a x real)

is first instantiatednto
real — (real x real)

in signaturematching,andthenabstractednto
t— (t*t).

Eachfunctor applicationmustremembeiits argument
thinning function and its actual instantiationfunctor.

In Figure 4c, functor F' takesSIG asits argumentsig-

nature, and returns a body structurethat containsa

value declarationr; the type of r is A.t x A.t. When
I is appliedto structuresS, S is first matchedagainst
the argumensignatureSIGto getthe actualargument
instance,say S’; the elaboratorthen reconstructghe

result structureW by applying F' to S’. The com-

ponentr in W hastype (real x real). The front end
records:(1) thethinningfunctiongenerateavhen$ is

matchedagainstSIG, (2) the actualinstantiationof F',

which has S’ asits argumentand W asits result.

Functorsignaturesare essentially‘types” of functors.
Given a functor signatureFSIG definedas



funsig FSIG (X: ASIG) = RSIG,

anda functor F', elaboratingfunctor signaturematch-

ing

FSIG = F

is equivalentto elaboratethe functor declaration
functor G(X: ASIG) : RSIG = F(X).

Therefore, for each functor signaturematching, the

elaboratorrecordseverythingoccurringin functor ap-

plication F'(X) plus the thinning function generated
for matching F'(X) againstthe resultsignatureRSIG

functor G :

Minimum typing derivation

Similar to the Damas-Milnertype assignmentalgorithm
W [10], the old Elaborator/Type-checkein our compiler
infersthe mostgeneratype schemegor all SML programs.
As a result, local variablesare always assignedthe most
generalpolymorphictypeseventhoughthey are not used
polymorphically. For example,

fun f(u,v) =
let fun g(x, y, z) = ((x=y) andalso (y=z))
in g(u*2.0, v*3.0, utv)
end

function f hastype
real x real — bool,
the let-boundfunction g is assigneda polymorphictype:
Va.(a x a x a) — bool

where a is an equality type variable. But ¢ is only used
monomorphicallywith type

(real « real x real) — bool.

To avoid coercion between polymorphic and mono
morphic objects,we have implementeda “minimum typ-
ing derivation” phasein our new Elaborator/Type-checker
to give all local variables“least” polymorphictypes. The
derivationis done after the elaborationso that it is only
applied to type-correctprograms. Our algorithm, which
is similar to Bjgrner'salgorithmM [7], doesa bottom-up
traversalof the Absyn. During the traversal,we mark all
non-exportedvariables: let-boundvariablesand thosethat
are hiddenby signaturematching. Then, for eachmarked
polymorphicvariablev, we gatherall of its actualtype in-
stantiationssay 71, ..., 7, andreassignv a new type—the
leastgeneraltype schemethat generalizesry, ..., 7,,. The
new type assignedo v is propagatednto v's declaration
d, constrainingothervariablesreferencedy d.

In the previousexample thelet-boundfunction g is con-
strainedby a new type assignment

(real « real x real) — bool,

so the “=" operatorcan be implementedas the primitive
equalityfunction on real numberswhich is muchmoreef-
ficient thanthe polymorphicequality operator. Moreover,
becausg is no longerpolymorphic,no coercionis neces-
sarywhenappliedto monomorphicvalues.

4 Translation into LEXP

The middle end of our compilertranslateghe Absyn into

a simple typed lambdalanguagecalled LEXP. During the

translation all the staticsemanticobjectsin Absyn,includ-

ing types,signaturesstructuresandfunctors,aretranslated
into simplelambdatypes(LTY); coercionsare insertedat

eachabstractiorandinstantiationsite (markedby the front

end) to correctly supportrepresentatioranalysis. In this

section,we explainthe detailsof our translationalgorithm,

and presentsolutionsto severalpracticalimplementation
problems.

4.1 The typed lambda languageLEXP

The typed call-by-value lambda languageLEXP is very
similar to the untypedlambdalanguages[3sec. 4.7] used
in previousversionsof the compiler: it containslambda,
application, constantstuple and selectionoperators(i.e.,
RECORD and SELECT), and so on. But now it is a typed
language[2P with typesLTY describeduy this simple set
of constructors:

datatype 1ty = INTty

| REALty

| RECORDty of 1ty list
| ARROWty of 1ty * 1ty
| BOXEDty

I

RBOXEDty

A lambdatype LTY can be a primitive numeric type
(INTty or REALty); a record type RECORDty[t1,to, .. ]
whosefields have type ti,t,...; a function type
ARROWty(t, s) from ¢ to s; or a boxedpointertype.

Therearetwo kinds of boxedtypes. BOXEDty is a one-
word pointerto an object (suchas a record) whosefields
may or may not be boxed.RBOXEDty is a one-wordpointer
to arecursivelyboxedobjectwhosecomponentgarealways
recursivelyboxed;suchobjectsusethe standardoxedrep-
resentationghat are often usedin a non-type-basediL
compiler. Section4.3 discussesiow and whererecursive
boxingis necessary.

Ourtypedlambdalanguagés a simply typedlambdacal-
culus. Every function formal parameteis annotatedy an
LTY. Prim-opsandthe exceptionRAISE operatorare also
type-annotatedTypesof otherexpressiongfunctionappli-
cation,recordconstructionandselection)canbe calculated
bottom-upfrom the typesof the subexpressionsTo han-
dle polymorphismwe introducetwo new LEXP operators:
WRAP(t, e) that boxesan evaluatedexpressiore of type ¢
into exactly one word; and UNWRAP(¢, ¢) that unboxesan
expressiore into typet.

In ML, a let-bound variable can be polymorphic; but
eachuseis treatedas an instanceof the type scheme.We
treatthis asa coercion,andwe definea compilationfunc-
tion coece thatproducegheright combinationof WRAP and
UNWRAP operators.Our coece is similar to Leroy’s wrap



and unwrap [15]; but ours doesnot requirethat one type
be an instantiationof the other. This generalizatioris use-
ful in translatingthe ML modulelanguageinto the LEXP
language.

4.2 The Definition of Coerce

Coereis acompile-timeoperationgiventwo LTYs ¢; and
t, coece(ty, tp) returnsa coercionfunction that coerces
onelexp with type ¢; into anotherexp with type t,.

e If ¢t1 andt, are equivalent,no coercionis necessary,
coece(ts, tp) returnsthe identity function.

e If oneof t; andt, is BOXEDty, this requirescoerc-
ing an arbitraryunboxedobjectinto a pointer(or vice
versg; thecoercionhereis a primitive WRAP or UNWRAP
operationwritten as

coece(BOXEDty, t2) = A\e.UNWRAP(¢2, €) and
coece(t, BOXEDty) = Ae.WRAP(1, €).

e If oneof ¢; andt, is RBOXEDty, this requirescoerc-
ing an arbitraryunboxedobjectinto a pointer(or vice
versg; moreoverthe objectitself mustbe coercednto
the standardboxedrepresentatiorfor vice versg; this
coercionis similar to the recursivewrapping opera-
tions definedby Leroy [15]. It is definedas

coece(RBOXEDty, t2) = coece(dup(ts), t2) and
coece(t;, RBOXEDty) = coere(t1, dup(ti)),

wherethe dup operationis definedasfollows:

dup(RECORDty[ 1, ..., Zn]) =
RECORDty[RBOXEDty, ..., RBOXEDty]
dup(ARROWty(z1, 2)) =
ARROWty(RBOXEDty, RBOXEDtY)
dup(z) = BOXEDty, for all otherLTY =z

e If t; andt, arerecordtype,i.e.,
t; = RECORDtylay, ..., a,] and

to = RECORDty[71, ..., Tnl,

we first build a list of coercions[cz, ..., c,,] for every
recordfield wherec; = coece(a;,r;) fori=1,....n.

Assumev is a new lambdavariablethat corresponds
to the original record,thenthefield of the newrecord
is

fi = ¢i(SELECT(z, v));
the coercionof expressiore from ¢1 to ¢, is
(\v : BOXEDty. RECORD[ f1, ..., fx])e.

e If ¢; andt, arefunctiontype,i.e.,
t = ARROWty(CLl, ’I”]_) and

t> = ARROWty(az, 2),

we first build the coercionsc, and ¢, for the argu-
ment andthe result, thatis, ¢, = coerce(az, a1) and
¢, = coece(ry, rp); thenassumea: andv aretwo new
lambdavariables,the coercionof expressiont from
t1 10 to is

Au @ az.(Av : BOXEDty. cp(v))(E(cq(u))).

4.3 Translating static semantic objects into
LTY

The Absyn is translatedinto the lambdalanguagelL EXP

througha simpletop-downtraversabf the Absyntree. Dur-

ing the traversalall staticsemanticobjectsandtypesused
in Absynaretranslatednto LTYs. A signatureor structure
objects is translatednto RECORDty whereeachfield is the

LTY translatedrom the correspondingcomponentn s; a

functorobjectis translatednto ARROWty with theargument
signaturebeingthe argument_TY, andthe body structure
beingthe resultLTY. The translationof an ML type ¢ into

LTY is doneusingthe algorithmdescribedn Figure6 (see
function ty21ty for the pseudocode).

fun ty2lty(t) =
(markall type variablesin t
that everappealin a constructortype;
return 1ty(t))

fun 1ty (Va.o) = lty(o)
| Tty {1, ooy, lni7n}) =
RECORDty[1ty(m), ..., lty(7.)]

1ty (11 — 1) = ARROWty(1ty(rD) ,1ty(m))

lty(int) = INTty

1ty(bool) = INTty

lty(unit) = INTty

lty(real) = REALty

1ty(a) = if « is amarkedtype variable

then RBOXEDty else BOXEDty

| 1ty(t) = if theconstructotypet is rigid

then BOXEDty else RBOXEDty

Figure6: TranslatingML typeinto LTY (pseudocode)

More specifically, given a type ¢, the translationalgo-
rithm ty21ty dividesthe type variablesin ¢ into two cate-
gories:

e Thosethateverappeain constructotypes,® suchaso
in type(axa list) — « list, andg in type (5 ref«3) —
unit; they are translatednto RBOXEDty (the needfor
this is explainedin Section2);

e All othertype variablessuchas~ in v x v — =; they
aretranslatednto BOXEDty;

2Recordtype constructorsand function type constructors(* —") are
not countedhere.



A polymorphictype Vas...Va,.7 is translatedoy ignor-
ing all quantifications.The arrowtype constructor‘—" for
functionsis translatednto ARROWty; the recordtype con-
structoris translatednto RECORDty, with its fields ordered
properly.

All rigid constructortypes® suchas string, « list, and
(real x real) ref, are translatedinto BOXEDty. All flexible
constructortypesare translatednto RBOXEDty.

Type abstraction

One main challengein doing module-levelrepresentation
analysiss to dealwith flexibleconstructoitype (alsocalled
type abstraction).For example,in the following ML pro-
gram,

signature SIG =
sig type ’a t

val p : real t
val £ : ’at -> ’a t
end
functor F(S : SIG) =

struct datatype ’a foo = FOO of ’a S.t
val r = S.£(S.p)
fun g (FOO x) = [x]

end

t is a flexible type constructor(with arity 1) that will not
be instantiateduntil functor F' is applied. Simple repre-
sentationanalysis[15] would run into two problemswhen
compiling F’s body:

e At the function applicationS.f(S.p) since S.fis poly-
morphic and S.p is monomorphic,a coercion must
be insertedhere; but the detail of this coercionis
not known becauset dependson the actual instan-
tiation of ¢. For example,if ’a t is instantiated
into ’a * ’a when F' is applied,S.f hasto be “un-
wrapped’from type (’a * ’a) -> (’a * ’a) into
type (real * real) -> (real * real).

e Functiong putsthevariablez of type ’a t into alist.
This requiresrecursivewrapping (seeSection2). But
because: is unknown,this recursivecoercionis also
unknown.

We solve thesetwo problemsby forcing all objectswith
flexible typeto usethe standardoxedrepresentation§.e.,
asRBOXEDty) andby properly coercingall structurecom-
ponents(including values,functions, and data constructor
injectionsandprojections)rom the abstractypesinto their
actualinstantiationgduring functor application).

In the previousexamplethebodyof functor F' references
severalidentifiers definedin the argumentsignatureSIG.

3Following the SML Definition and Commentary[19, 18], all type
constructomamesdefinedastype specificationsn signaturesreflexible
all othertype constructomamesarerigid.

BecauseS.tis flexible (i.e., abstractjnside F', theidentifier
S.phasLTY

It, = RBOXEDty
andthe identifier S.fhasLTY
Ity = ARROWty (RBOXEDty,BOXEDty).

BecauseS.fand S.p are alreadyrecursivelyboxed, no co-
ercionis necessaryvhenS.fis appliedto S.p

Similarly, the projectionof dataconstructorFOO used
in the body of F' hastype ’a foo -> ’a S.t; its corre-
spondingLTY is

It. = ARROWty (BOXEDty ,RBOXEDty),

that is, the value carried by FOO (i.e., the argumentxz
of function g) is alreadyrecursivelyboxed, therefore,no
recursivecoercionis neededwvhenputting z into a list.

When F' is appliedto the following structureA,

structure A = struct type ’a t = ’a *x ’a
val p = (3.0,3.0)
fun £ x = x
end

structure T = F(A)

first, the argumentstructure A is matchedagainstthe sig-
natureSIG via abstractionmatching producinga structure
A’ that precisely matchesSIG, the componentyp and f
arecoercedo LTY It, andlt; in A’. Then, F is applied
to this “abstract” structure A’, produceanother“abstract”
structure—thdunctorbody7”. Finally, 7" is coercedback
to themore“concrete”structurel’; for example,7”.r which
hasLTY RBOXEDty is coercedinto a record(T.r) that has
LTY

RECORDty [REALty ,REALty],

the projectionof dataconstructor/”.FOO which hasLTY
lt. is coercedinto a projection(for T.FOO) thathasLTY

ARROWty (BOXEDty ,RECORDty [BOXEDty ,BOXEDtyl).
Here, coercionsof projectionsandinjectionsfor datacon-
structorscan be implementedby recordingthe origin type
lt. with T.FOOor by usingabstractvalueconstructorgro-
posedby Aitken and Reppy/[1].

4.4 Translating Absyn into LEXP

Now thatwe haveexplainedhow to translatestaticseman-
tic objectsinto LTY andhow to coercefrom oneLTY to

another the translationof Absyninto LEXP is straightfor-
ward. Coerciongbuilt from WRAP andUNWRAP) areinserted
at eachuseof a polymorphicvariable,andat module-level
signaturematching.

polymorphic variables: Given a polymorphicvariable v
in Absyn, the front end hasannotatecevery useof v
with its polymorphictypeo plusits actualinstantiation
7. Assumethat & and 7 are translatedinto LTYs
s andt, variablev is then translatedinto the LEXP
expressiorcoece(s, t)(v).



polymorphic data constructors: Polymorphic data con-
structorsare treatedlike polymorphic variables; co-
ercionsare appliedto dataconstructorinjectionsand
projections.

primitive operators: Polymorphicprim-opswhoseimple-
mentationsare known at compile time can be spe-
cialized basedon their actualtype instantiations.For
example,polymorphicequality, if usedmonomorphi-
cally, canbetranslatednto primitive equality;integer
assignmentand updatescan useunboxedupdate’

signature matching: Suppose structure S is matched
againstsignatureSIG, and U is the resultinstantia-
tion structurethenthe thinning function generatedy
the front end is translatedinto a coercionc, which
fetcheseverycomponenfrom S, andcoercest to the
type specifiedin U. If S is denotedby v, thenthe
translationof this signaturematchingis simply ¢(v).

abstraction: Abstractionis translatedn the sameway as
signaturematching, exceptthat the result c(v) must
also be coercedinto the LTY for the signatureSIG.
Assumethatthe LTYs for U andSIG arerespectively
u ands, thenthe abstractiorof structureS underSIG

is (coece(u, s))(c(v)).

functor application: Supposethe argumentsignatureof
functor F' is SIG and F' is appliedto structureS. The
front endhasrecordedhethinningfunctionfor match-
ing S againstSIG and the actualfunctor instanceF”’
for F'. As before, assumethe result of matchingS
againstSIG is c¢(v), and F' is denotedby the LEXP
expressionf, andthe LTYs for F' and F’ arerespec-
tively s and ¢, thenthe LEXP expressionfor F’ is
1" = (coece(s, t))(f), andfunctor applicationF'(S) is
translatednto APP(f’, c(v)).

4.5 Other practical issues

Becausef largeLTYs andexcessiveoercioncode,anaive
implementatiorof thetranslatioralgorithmcanleadto large
LEXP expressionand extremelyslow compilation. This
problemis severefor programsthat containmany functor
applicationsandlarge structureand signatureexpressions.
Since coece(s, t) is anidentity functionin the common
casethat s = ¢, we can improve the performanceof the
compilerby optimizing the implementatiorof coercewith

4In orderto supportgenerationabarbagecollection [26], mostcom-
pilers mustdo somebookkeepingat eachupdateso that the pointersfrom
older generationto youngestgeneratiorare correctly identified. Unboxed
updateis a specialoperatorthat assignsa non-pointervalueinto a refer-
encecell; suchupdatescannotcauseolder generationgo point to newer
ones,so no bookkeepings necessary.

an extratest:

coece(s, t) =
if s=t
then \f.f
elsestructural induction

But how can s = t be tested efficiently? We use
global static hash-consingto optimize the representation
for lambdatypes; hash-consedtructurescan be testedfor
equality in constanttime, and hash-consingeducesspace
usagefor shareddatastructures.

This optimizationwas crucial for the efficient compila-
tion of functor applications:without hash-consinga one-
line functor application(whoseparameteis a referenceto
a complicated separatelyefinedsignatureouldtaketens
of minutesand tensof extra megabytego compile; with
hash-consingfunctor applicationis practicallyimmediate.
Also, generakpaceusageof the compileris lesswith hash-
consing, as the static representationsf different functors
cansharestructure.

Managementof a global hash-congtable is not com-
pletely trivial; we would like to delete stale data from
the table, but how do we know what is stale? We use
weak pointers (pointersthat the garbagecollector ignores
when tracing live data and that are invalidatedwhen the
objectpointedto is collected),a specialfeaturesupported
by SML/NJ; this is effective,thoughit seemsa bit clumsy.

Naivetranslationof staticsemantimbjectsmayalsodrag
in large LTYs that are mostly useless. For example,to
compile

(Compiler.Control.CG.calleesaves := 3;
Compiler.AllocProf.reset())

we needto know only thatvariablecalleesaves hastype
int, and variablereset hastype unit — unit. However,
our translationalgorithmwill haveto include the type of
structureCompiler which may containhundredsof com-
ponents. So we extendour lambdatype notationwith the
following new constructs:

datatype 1ty = ......

| GRECty of (int * 1lty) list
| SRECORDty of 1ty list

Here, SRECORDty is sameas RECORDty exceptthat it is
used particularly for module constructs(i.e., structures).
TheLTY GRECty is usedto type externalstructuresuchas
the Compiler structureabove;a GRECty specifiesa sub-
set of record fields (and their correspondingLTYs) that
are interestingto the currentcompilationunit. TheLTYs
for all externalstructureidentifiersare inferred during the
LambdaTranslationphaseatherthanbeingtranslatedrom
their correspondingstatic semanticobjects. For example,
theLTY for structureCompiler in the aboveexamplewill
be itcomp:

ltcomp = GRECtyY[(3, lteert), (7, ltanioc)] Where



It.rs = GRECty[(0, GRECty[(43,INTty)])] and
Itauoe = GRECty[(O, ARROWtY(INTty,INTty))].

Here,we assumédhat Control andAllocProf arethe 3rd
and7th fieldsof Compiler, CG is theOth field of Control,
calleesaves is the43ndfield of CG, andreset is the Oth
field of A1locProf.

We alsosavecodesize and compilationtime by sharing
coercioncode betweenequivalentpairs of LTYs, using a
tableto memo-izethe coece(s, t) function. Coercionsin-
troducedn the coece procedurearenormallyinlined in the
CPSoptimizationphasepecauseheyareappliedjustonce.
Sharedcoercionsare often not inlined, becausethey can
causeexcessivecode explosion. Becausesharedcoercions
can be more expensivethan normalinlined coercions,we
only usethis hashingapproactfor coercionshetweermod-
ule objects. This compromiseworks quite well in practice,
becausédt is oftenthe largemoduleobjectsthatarecausing
the“excessivecoercioncode”problem. Sincemodule-level
coercionsare not executedften, the generatedodeis not
noticeablyslower.

5 Typed CPSBack End

StandardvL of New Jerseyusescontinuationpassingstyle
(CPS)asits intermediaterepresentatiorfior programopti-
mization. The LEXP languageis convertedinto a CPS
notation (cexp that makesflow of control explicit. CPS
[24, 14] andits usein the SML/NJ compiler[4, 3] have
beendescribedn the literature.

Previousversionsof SML/NJ ° have usedan untyped
CPSlanguage. But now we propagatesomevery simple
type annotationgnto CPS.Eachvariablein the CPSlan-
guageis annotatedat its binding occurrencewith a “CPS
type” (CTY). The CTYs arevery simple:

datatype cty = INTt | PTRt of int option
| FUNt | FLTt | CNTt

sothey arevery easyand cheapfor the backendto main-
tain.

A CPSvariablecanbe a taggednteger(INTt), a pointer
to a record of length £ (PTRt (SOME k)), a pointer to a
recordof unknownlength(PTRt (NONE) ), a floating-pointer
number(FLTt), afunction(FUNt), or a continuation(CNTt).
The translationfrm LTY to CTY is straight-forward:

fun 1lty2cty 1t =
case 1t of INTty => INTt
| REALty => FLTt
| BOXEDty => PTRt (NONE)
| RBOXEDty => PTRt (NONE)
| ARROWty _ => FUNt
| RECORDty 1 => PTRt(SOME(length 1))

Sup to version0.93,releasedn 1993

Becausethe CPS conversionphasehas made implemen-
tation decisionsfor recordsand functions, the CTY is
no longer concernedwith the details of RECORDty and
ARROWty.

We augmentthe set of CPS prim-ops with specific
wrapper/unwrappermperationsfor integers (i.e., iwrap
and iunwrap), floating-point numbers(i.e., fwrap and
funwrap), and pointers(i.e., wrap and unwrap). For ex-
ample,fwrap “boxes” a floating-pointnumber,producing
a pointer,and funwrap is the inverseoperation.For m-bit
integersrepresentedn an n-bit word with an (n — m)-bit
tag, iwrap could apply the tag (by shifting and OR-ing),
andiunwrap could removeit. Forintegersrepresentedby
boxing, theniwrap could heap-allocat@ boxedinteger.

5.1 CPSconversion

The overall structureandalgorithmof our CPSconversion
phaseis almostsameas the one describedby Appel [3,
Ch. 5]. The conversionfunction takestwo arguments:an
LEXP expressiort anda “continuation”functionc of type
value — cexp andreturnsa CPSexpressiorasthe result.
But now, duringthe conversiormprocessve gatherthe LTY
information for eachLEXP expression,and maintain an
LTY environmenfor all CPSvariables.TheLTYs areused
to makeimplementatiordecisiongor recordsand function
calls, and are also translatedinto CTYs to annotateCPS
variables.

TheCPS-conversiophasedecideshow to represeneach
record,and encodedts decisionsin the CPSoperationse-
guencest emits. ConvertingLEXP recordsis the mostin-
terestingcase.Given an LEXP expressiorRECORD[ug, u2,
.oy Uy ], SUPpOSaheLTY for eachu; ist; (i =1,...,n), we
canrepresenthe recordusingany of the layoutsshownin
Figuresl: with everyfield boxedandeveryintegertagged
(Figurela),usingflat recordsof reals(y in Figurelb), with
mixed boxedand unboxedfields (z in Figure 1b), or with
segregatedboxed/unboxedields (Figure 1c¢). The transla-
tion of SELECT expressionsnustcorrespondo the layout
conventionusedfor records.

CPSconversionalso decidesthe argument-passingon-
vention for all function calls and returns. In ML, each
function hasexactlyoneargumentput this arguments of-
tenan n-tuple. In mostcaseswe would like to passthen
componentsn registers. The previousSML/NJ compilers
could“spread”"theargumenténto registersonly whencaller
and calleewerein the samecompilationunit, andthe call
siteswerenot obscuredoy passingfunctionsasarguments.
The new, type-basedcompiler can use registerarguments
basedon type information. If the type of f’s argumentis
RECORDty[t1, . .., t,], @ndn is notsolargethatthe register
bankwill be exhausted, we passall componentsn regis-
ters (unlike LEXP, CPS doeshave multi-argumentfunc-
tions). Similarly, a function that returnsan n-tuple value

6We currentlyuseathresholdof n < 10 on32-registelRISCmachines.



will betranslatedusingan-argumentontinuatiorfunction,
for suitably small n.

Finally, the primitive coercionoperationswRAP(t,e) and
UNWRAP(¢,e), are convertedinto correspondingCPS primi-
tive operations.Basedon whethert is INTty, REALty, or
other pointer types, WRAP and UNWRAP are translatedinto
iwrap and iunwrap, fwrap and funwrap, or wrap and
unwrap.

5.2 Optimization and closure conversion

Whenthe CPS conversionphaseis finished,the compiler
hasmademostof the implementatiordecisiongor all pro-
gramfeaturesandobjects: structuresandfunctorsare com-
piled into recordsandfunctions;polymorphicfunctionsare
coercedproperly if they are being usedless polymorphi-
cally; patternmatchesarecompiledinto switch statements;
concretedatatypesare compiledinto taggeddatarecords
or constants;recordsare laid out appropriatelybasedon
their types;andthe function calling conventionsare mostly
decided.

The optimizer of the SML/NJ compiler operateson the
CPSintermediaterepresentation. Optimizationphasesare
almostunchangedgxceptthat they must correctly propa-
gatethe CTYs, which is simpleto do; CPS optimizations
are naturally type-consistent.Besidesthosedescribedby
Appel[3], two new CPSoptimizationsareperformed:pairs
of “wrapper” and “unwrapper” operationsare cancelled,;
andrecordcopyingoperationsf the form

let val (x,y)

can be eliminated, since now we know the size of a at
compiletime.

To representenvironmentsfor higher-orderfunctions
with nested scope, the compiler uses our new space-
efficientclosureconversioralgorithm[23]. Previously this
phasehadto discoverwhich functionsare continuationsy
dataflowanalysis[6]; now the informationis manifestin
the CTYs.

Whenthe closureanalysisphasemustbuild heaprecords
for closureenvironmentsit canuseall the recordrepresen-
tationsshownin Figure1l.

The closureconversionalgorithmis very cautiousabout
“optimizing” transformationsthat extend the lifetime of
variables,sincethis cancausea kind of memoryleak [23,
3]. The CTY information allows the lifetime of integers
(and otherconstant-sizevariables)to be safely extendeda
usefulbenefit.

= a in (x,y) end

6 Performance Evaluation

Type-directeccompilationshouldsupportmuchmoreef-
ficient datarepresentationsn orderto find out how much
performancegain we can get for different type-basedp-
timizations,we havemeasuredhe performanceof six dif-

ferentcompilerson twelve SML benchmarkgdescribedn
Shao [22]). Amongthesetwelve benchmarksMBr ot, Nu-
cleic, Simple, Ray, and BHut involve intensivefloating-
point operationsSieveand KB-Comp frequentlyusefirst-
classcontinuationsor exceptions;VLIW and KB-Comp
makeheavyuseof higher-ordefunctions. Theaveragesize
of thesebenchmarkss 1820lines of SML sourcecode.

The six compilerswe use are all simple variations of
the StandardML of New Jerseycompiler version 1.03z.
All of thesecompilersusethe new closureconversional-
gorithm [23] and with three general purposecallee-save
registers[6], and all usetagged31-bit integerrepresenta-
tions. Other aspectof thesecompilersare closeto those
describedby Appel [3].

sml.nrp A non-type-basedompiler. No type information
is propagatedbeyondthe elaboratiorphase.Datauses
standardboxed representations.Functionstake one
argumentandreturnoneresult.

sml.fag Thesml.nrp compilerwith theargumenflattening
optimization[14, 3]. If the call sitesof a functionare
known at compile time, its n-tuple argumentcan be
flattenedand passedn n registers. This compileris
similar to SML/NJ 0.93[3].

sml.rep The new type-basedcompiler that supportsvery
basic representatioranalysis(on records). Floating
point numbersstill use boxedrepresentationsHash-
consingof LTY’s (Section4.5) is not used(had not

yet beenimplemented)n this version.

sml.mtd The sml.rep compilerplusthe implementatiorof

minimumtyping derivations

sml.ffo The sml.mtd compiler plus support of unboxed
floating point numbers. Function call and return
passfloating-pointargumentsin floating-pointregis-
ters. Recordsof floats are representedflat,” as in
Figure 1b.” Recordsthat containboth boxedand un-
boxedvaluesare still representecstwo layers,with
eachunboxedvalue being boxedseparately.

sml.fp3 Thesml.ffb compiler,butwith threefloating-point
callee-saveegisterg22].

All measurementare doneon a DEC5000/240wvorksta-
tion with 128megabyte®f memory,usingthemethodology
describedn Shao’sPh.D.thesis[22. In Figure7 we show
the executiontime of all the benchmarkaising the above
six compilers, using sml.nrp as the baselinevalue. Fig-
ure 8 comparesxecutiontime, heapallocation,codesize,
andcompiletime (basedon the averageatiosof all twelve
benchmarks)We candrawthe following conclusiongrom
thesecomparisons:

“Unfortunately,the SML/NJ version1.03z still usesthe old runtime
system[2]. Realsare not alwaysaligned properly, so memoryfetch (or
store)of a floating-pointhnumbermustbe implementedusing two single-
word memory-loadmemory-storejnstructions.
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Figure7: A comparisorof executiontime
Program sml.nrp | sml.fag | sml.rep | sml.mtd | sml.ffb | sml.fp3
(base) | (ratio) (ratio) (ratio) (ratio) | (ratio)

Execution time 1.00 0.95 0.89 0.83 0.77 0.81

Heap allocation 1.00 0.90 0.70 0.66 0.58 0.63

Codessize 1.00 0.98 0.97 0.97 0.99 1.01

Compilation time 1.00 1.04 1.06 1.09 1.10 1.17

Figure8: Summarycomparison®f resourceusage

e The type-basedcompilers perform uniformly better
than older compilersthat do not supportrepresenta-
tion analysis. The sml.ffb compiler gets nearly 19%
speedupn executiontime anddecreasethetotal heap
allocationby 36% (onaveragepvertheolder SML/NJ
compiler (i.e., sml.fag) that usesuniform standard
boxed representations.This comeswith an average
of 6% increasdn the compilationtime. The generated
codesize remainsaboutthe same.

e The simple, non-type-basedrgumentflattening opti-
mization in the sml.fag compiler gives a useful 5%
speedup.

e The sml.rep compiler, which supportspassingar-
gumentin registers(but not floating-pointregisters),
only improvesthe performancef thenon-typed-based
sml.fag compilerby about6%. It doesdecreasédeap
allocationby animpressive20%.

e Minimum typing derivationswere intendedto elimi-
nate coercions;but most of the coercionseliminated
by MTD would have been eliminated anyway by

CPS contractions. The only significant speedupof
the sml.mtd compiler over sml.rep is from the Life
benchmarkwherewith MTD, the (slow) polymorphic
equalityin a tight loop (testingmembershippf anele-
mentin a set)is successfullytransformednto a (fast)
monomorphiequalityoperator—andhe programruns
10 timesfaster.

7 Related Work and Conclusion

Representatioranalysis, proposed and implemented by
Leroy [15] (for ML-like languagespnd PeytonJonesand
Launchbury[20] (for Haskell-like languages)allows data
objectswhosetypesare not polymorphicto usemore effi-
cient unboxedrepresentationsPeytonJonesand Launch-
bury’s approach20] requiresextendingthe language(i.e.,
Haskell)with a new setof “unboxed” monomorphiaypes;
the programmethasto explicitly write “boxing” coercions
when passingunboxedmonomorphicvaluesto polymor-
phic functions. Leroy’s [15] approachis more attractive
becausat requiresno languageextensionor userinterven-



tion. Thework describedn this paperis an extensionand
implementationof Leroy’s techniquedor the entire SML

language We concentrat®n practicalissuesof implement-
ing type-directedcompilationsuchas interactionwith ML

module systemand efficient propagationof type informa-
tion throughmanyroundsof compiler transformationsand
optimizations.

Many people have worked on eliminating unnecessary
“wrapper” functionsintroducedby representatiomnalysis.
Both PeytonJoneg20] andPoulseri21] lettheprogrammer
to tag sometypeswith a boxity annotation.and then stat-
ically determinewhento useboxedrepresentationsHen-
glein and Jorgenserj13] presenta term-rewritingmethod
thattranslates programwith manycoerciongnto onethat
containsa “formally optimal” set of coercions. Neither
techniqueappearsasyto extendto the SML modulelan-
guage.We useminimumtyping derivations[7] to decrease
the degreeof polymorphismfor all local and hiddenfunc-
tions. This is very easyto extendto the module system.
Our approachmay achievealmostthe sameresultas “for-
mally optimal” unboxing. And we haveshownthatsimple
dataflowoptimizationg(cancellingwrap/unwragpairsin the
CPSbackend)is almostas effective astype-theory-based
wrapperelimination.

Type specializationor customization[9, 8] is another
way to transformpolymorphicfunctionsinto monomorphic
ones. Specializationcan also be appliedto parameterized
modules(i.e., functors),just asgenericmodulesareimple-
mentedn AdaandModula-3. Becausef the potentialcode
explosionproblem,the compilermustdo static analysisto
decidewhenandwhereto do specialization Ourtype-based
compiler usescoercionsrather than specializationshow-
ever,becaus®ur CPSoptimizer[3] alwaysinline-expands
smallfunctions,smallandlocal polymorphicfunctionsstill
endup being specializedn our compiler. We believethat
a combinationof representatiomnalysisand type special-
izationwould achievethe bestperformanceandwe intend
to explorethis in the future.

HarperandMorrisett[12] haverecentlyproposedhtype-
basedcompilationframework called compilingwith inten-
sional type analysisfor the core-ML language. They use
a typed lambda calculus with explicit type abstractions
and type applicationsas the intermediatelanguage. Their
schemeavoidsrecursivecoercionsby passingexplicit type
descriptorswvhenevera monomorphicvalue is passedo a
polymorphic function. Since they have not implemented
their schemeyet, it is unclearhow well it would behavein
practice. Becausetheir proposalonly addresseshe core-
ML languageyve still do notknow how easilytheir scheme
canbe extendedo the SML modulelanguage.

We believethat type-basedcompilationtechniqueswill
bewidely usedin compiling staticallytypedlanguagesuch
asML in the future. The beautyof type-basedepresenta-
tion analysisis that it placesno burdenson the user: the
sourceanguagedoesnot change programmersio not need
to write coercionsand separateompilationworks cleanly

becausenterfacesare speficiedusingtypes.

By implementinga fully workingtype-based¢ompilerfor
the entire SML languagewe havegainedexperiencewith
type-directeccompilation,and solvedmany practicalprob-
lems involved in the implementations. Our performance
evaluationshows that type-basedcompilation techniques
canachievesignificantspeedupsn a rangeof benchmarks.
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