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Abstract

Compile-timetype information should be valuable in ef-
ficient compilationof statically typedfunctional languages
suchasStandardML. But howshouldtype-directedcompi-
lation work in real compilers,andhow muchperformance
gain will type-basedoptimizationsyield? In order to sup-
port moreefficient datarepresentationsandgain moreex-
perienceabout type-directedcompilation,we have imple-
menteda new type-basedmiddle endandbackendfor the
StandardML of New Jerseycompiler. We describethe
basic designof the new compiler, identify a numberof
practicalissues,and then comparethe performanceof our
new compiler with the old non-type-basedcompiler. Our
measurementshowsthat a combinationof severalsimple
type-basedoptimizationsreducesheapallocationby 36%;
and improves the already-efficientcode generatedby the
old non-type-basedcompiler by about19% on a DECsta-
tion 5000.

1 Intr oduction

Compilersfor languageswith run-timetypechecking,such
asLisp andSmalltalk,mustoftenusecompilationstrategies
that areoblivious to the actualtypesof programvariables,
simply becauseno type informationis availableat compile
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time. For statically typed languagessuchas StandardML
(SML) [19], thereis sufficient type informationat compile
time to guaranteethatprimitive operatorswill neverbeap-
plied to valuesof the wrong type. But, becauseof SML’s
parametricpolymorphism,therearestill contextsin which
thetypesof (polymorphic)variablesareunknown.Thepro-
gram can still manipulatethesevalueswithout inspecting
their internal representation,as long as the size of every
variableis known. The usualsolution is to discardall the
statictypeinformationandadopttheapproachusedfor dy-
namicallytypedlanguages(e.g.,Lisp), that is, to represent
all programvariablesusingstandard boxedrepresentations.
This meansthateveryvariable,functionclosure,andfunc-
tion parameter,is representedin exactly one word. If the
natural representationof a value (suchas a floating-point
number)doesnot fit into oneword, thevalueis boxed(i.e.,
allocatedon the heap)andthe pointerto this boxedobject
is usedinstead.This is inefficient.

Leroy [15] hasrecentlypresenteda representationanal-
ysis techniquethat doesnot always require variablesbe
boxed in one word. In his scheme,data objects whose
typesare not polymorphiccan be representedin multiple
wordsor in machineregisters;only thosevariablesthathave
polymorphictypesmustuseboxedrepresentations.When
polymorphicfunctionsareappliedto monomorphicvalues,
the compilerautomaticallyinsertsappropriatecoercions(if
necessary)to convertpolymorphicfunctionsfrom onerep-
resentationto another.

For example,in the following ML code:

3�4-576�498�:<;+3>=@?"ACBD;+3E;+3E;+3E;+3E;F?GA-A�A-A-A
3�4-5IHJ?KBL?NMO?NM7PRQTS-PIUV?JMIPRQTW-XIUZY[QT\
] 8-^`_�acbIBIHd;e\RQ�Y�f"AgUIHd;e\RQTW�f"AhUi6�498�:E;jHk=lY[QTP-SGA

herequad is a polymorphicfunction with typemRnpo
(((
nOqrn

) s n )
qrn

);
all of the four calls to t insidequadmustusethe standard
calling convention—passingu in a general-purposeregis-
ter. On the otherhand, v is a monomorphicfunction with
type real

q
real, so every monomorphicapplicationof

v (such as v (3
o
14) and v (3

o
84)) can use a more efficient

calling convention—passingu in a floating-point register.
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When v is passedto the polymorphicfunction quad (e.g.,
in quad( v[w 1o 05)), v mustbe wrappedto usethe standard
calling conventionso that t will be calledcorrectly inside
quad. Supposex0y"z�{c| and xc}9~"y"z�{-| are the primitive op-
erationsto box andunboxfloating point numbers,thenthe
compilerwill wrap v into vG� :

vG� = ( �0� o x�y"z�{-| ( v ( xc}9~"y"z�{-| (� ))));
the actual function application quad( v'w 1o 05) is imple-
mentedas

x0}9~"y9z�{c| (quad( vG�Tw�x�y"z�{-| (1o 05))).
Representationanalysisenablesmany interestingtype-

basedcompileroptimizations.But sinceno existingcom-
piler hasfully implementedrepresentationanalysisfor the
completeSML language,many practical implementation
issuesare still unclear. For example,while Leroy [15]
hasshownin detail how to insert coercionsfor core-ML,
he does not addressthe issuesin the ML module sys-
tem [19, 17], that is, how to insert coercionsfor functor
applicationand signaturematching. Propagatingtype in-
formationinto themiddleendandbackendof thecompiler
canalso incur largecompilationoverheadif it is not done
carefully, becauseall the intermediateoptimizationsmust
preservetype consistency.The major contributionsof our
work are:

� Our new compiler is the first type-basedcompiler for
the entireStandardML language.

� We extendLeroy’s representationanalysisto theSML
modulelanguageto supportmodule-levelabstractions
andfunctor applications.

� We improvecompilationspeedandcodesizeby using
partial typesat moduleboundaries,by staticallyhash-
consinglambdatypes,andby memo-izingcoercions.

� We evaluatethe utility of minimum typing deriva-
tions [7]—a method for eliminating unnecessary
“wrapper” functionsintroducedby representationanal-
ysis.

� We showhow the type annotationscan be simplified
in successivephasesof the compiler,andhow repre-
sentationanalysiscan interactwith the Continuation-
PassingStyle[24, 3] usedby the SML/NJ compiler’s
optimizer[5, 3].

� We comparerepresentationanalysiswith the crude
(but effective) known-functionparameterspecializa-
tion implementedby Kranz [14].

� Our measurementsshow that a combinationof sev-
eral type-basedoptimizationsreducesheapallocation
by 36%,andimprovesthe already-efficientcodegen-
eratedby the old non-type-basedcompiler by about
19%. We have previously reporteda 14% speedup
using new closurerepresentationsfor accessingvari-
ables[23]; the two optimizationstogetheryield a 28%
speedup.

2 Data Representations

Oneimportantbenefitof type-directedcompilationis to al-
low dataobjectswith specializedtypesto usemoreefficient
datarepresentations.In this section,we explain in detail
whatthestandard boxedrepresentationsare,andwhatother
moreefficient alternativesonecanusein type-basedcom-
pilers.

Non-type-basedcompilers for polymorphic languages,
suchastheold SML/NJ compiler[5], mustusethestandard
boxedrepresentationsfor all dataobjects. Primitive types
suchasintegersandrealsarealwaystaggedor boxed;every
argumentandresultof a function,andeveryfield of a clo-
sureor a record,mustbeeithera taggedintegeror a pointer
to otherobjectsthatusethestandardboxedrepresentations.
For example,in Figure 1a, the value u is a four-element
recordcontainingboth real numbersandstrings;eachfield
of u must be boxed separatelybefore being put into the
top-level record. Similarly, � is a recordcontainingonly
realnumbers,but eachfield still hasto beseparatelyboxed
understandardboxedrepresentations.

We would like to usemoreefficientdatarepresentations,
so that valuessuch as u and � can be representedmore
efficiently, as shownin Figure1b. But the intermixing of
pointersandnon-pointers(inside u ) requiresa complicated
object-descriptorfor 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 short integers:one indicating the lengthof the
unboxedpart, anotherindicating the length of the boxed
part.

For recursivedata typessuchas list � in Figure 2, the
standardboxedrepresentationwill box eachelementof � ,
asshownin Figure2a. More efficient datarepresentations
arealsopossible:if we know � hastype(real s real) list, �
canbe representedmorecompactlyasshownin Figure2b
or Figure2c. Themajorproblemwith theserepresentations
is that when � is passedto a polymorphicfunction suchas
unzip:
3�4-5I4-5������^VB
^-a��V3�4-5iHd;-;�8�=���A'�-��_R=�4k=T��AlBiHd;F_R=e8>�-��4k=��������"A� Hd;G���>=�4k=T�"AlBD;F_�a ] 4k=@_�a ] �"A�57Hd;�^�=����>=����9A
a�5�:

the list � needsto be coercedfrom the moreefficient rep-
resentations(shownin Figure2b and2c) into the standard
boxedrepresentation(shownin Figure 1a). This coercion
can be very expensivebecauseits cost is proportionalto
the lengthof the list.1 Therearetwo solutionsto solvethis
problem:
� One approach—proposedby Leroy [15]—is to use

standardboxedrepresentationsfor all recursivedata-
type objects. In other words, even thoughwe know

1And this cost is not necessarilyamortized,if the function takestime
sublinearin the lengthof the list.
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"hello"

4.51

3.14

2.87

y 

"hello" "world"

3.144.51
x 

val x = (4.51, "hello", 3.14, "world")
val y = (4.51, 3.14, 2.87)

"hello" "world"

(c) flat rep with reordering fields

3.144.51
x 

4.51 2.873.14
y 

4.51 2.873.14
y 

4.51 3.14

x 

"world"

(a)  standard boxed representations

(b)  flat unboxed representations 

Figure1: Standardboxedrepresentationsvs. Flat unboxedrepresentations

0

4.51 4.513.14 2.33 7.81 3.45

z 

val z = [(4.51, 3.14), (4.51, 2.33), ..., (7.81, 3.45)]

4.51 3.14

(c)

4.51 2.33 7.81 3.45

z 

z 
7.81 3.45 0

0

4.51 3.14 4.51 2.33

(a)

(b)

Figure2: Recursivedatatype: (a) standardboxedrepresentations(b-c) flat unboxedrepresentations
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type inference and type checking 

elaboration of the module and core language

minimum typing derivations

uncurrying, inline expansions, loop-unrolling

lexical analysis and syntactic analysis

Elaborator and Type-checker

Lambda Translator

Target Binary Machine Code

Machine Code Generator

Lexer and Parser 

Raw Abstract Syntax

Standard ML Source Program

Typed Lambda Language (LEXP)

Continuation-Passing Style (CPS)

Continuation-Passing Style (CPS)

Closure-Passing Style (CLO)

���!���k���������k� ������ 
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inlining primitive operations
translating Absyn into LEXP with LTY

compilation of pattern matches

representations for records and concrete datatypes

contractions, eta-reductions, beta-reductions

closure strategies and representations

classic dataflow optimizations

machine code scheduling and generation
register spilling and allocation

converting LEXP into CPS with CTY
argument-passing conventions for function calls

Closure Converter

CPS Optimizer

CPS Converter

inserting coercions for representation analysis

Abstract Syntax (Absyn)

Figure3: Overviewof the new type-basedSML/NJ compiler

� has type (real s real) list, we still represent� as
shownin Figure2a, with eachcar cell pointing to an
object that usesstandardboxed representation.For
example,if pairssuchas ®�¯±°�²[³>´�µ¶°�³�¯�· arenormally
representedas flat real vectors,when they are being
addedto (or fetchedfrom) a list, theymustbecoerced
from flat representationsto (or from) standardboxed
representations.The type-basedcompilerdescribedin
thispaperalsousesthisapproach.TheLEXP language
describedlaterin Section4.1hasa speciallambdatype
called ¸9¹[ºc»9¼G½9¾9¿ to expressthis requirement.

� Another approach—proposedby Harper and Mor-
risett [12]—would allow recursivedata types to use
more efficient representationsas shownin Figure 2b
and 2c. In their scheme,types are passedas argu-
mentsto polymorphicroutinesin order to determine
the representationof an object. For example,when
� is passedto unzip, a type descriptoris also passed
to indicate how to extract eachcar field. Because
the descriptorhasto be interpretedat runtimeat each
functioncall, it is not clearhow efficientthis approach
would be in practice(seeSection7).

3 Front-End Issues

The StandardML of New Jerseycompiler is composed
of severalphases,as shown in Figure 3. The Elabora-
tor/Type-checkerproducestyped abstractsyntax (Absyn),
which is almostunchangedfrom previousversionsof the
compiler[5], exceptthat we annotateeachoccurrenceof a
polymorphicvariableor dataconstructorwith its type in-
stantiationat eachuse, inferredby the type checker. The
front endmustalso rememberthe detailsof eachmodule-
level (structureor functor) abstractionand instantiationin
orderto do module-leveltype-basedanalysis.

For example,in the following core-ML program,
3�4-5Nb�6�498�_�aZ;F?À�Á_�a-8-^�AhBK?NMO?
3�4-5Nb4!Â�b�6�498�_�aÃ;�^<�Ä_�a-8-^V^c�-b	�"AgB

^-a��i3�4-5iHÀ;G���>=ÅbÆ�Ä_�a-8-^�AgBÃb� HÀ;�8>�-��_R=@b0A`BiHd;F_R=Ä8�U�b0A
�5VHd;�Â"8��Nb�6�498�_�aC^�=ÅPRQTPGA
a�5�:

thestandardlibrary functionmap(on lists)haspolymorphic
type mRn'm"ÇÈo

(
nVqÉÇ

)
q

(
n

list
qÊÇ

list);

Page4



Ë ¾"z0}�Ì-¾G}�z�ÍÏÎDÐ Ë"Ñ-Ò ~[{0¾G}�z�ÍÏÎ�ÓcÔÕÐ x0}9~�Ì-¾�Ö0zÕ×Ø®�ÙÛÚ`Î�ÓcÔ'·JÐË ¾"z�}�Ì-¾Ï¾9¿G|'ÍÃ¾ÜÐZz�Í�{"Ý Ë"Ñ-Ò ¾9¿G|'ÍÃ¾ Ë ¾"z0}�Ì-¾ßÞ�{9ÝÕz<ÐDÙ±°+x�®�Ù±°T|E·
Þ�{"ÝJ|ÀÐDµ¶°�à Þ�{"ÝJ|áÚ`¾ Í-~�â
x0}9~ÆxDãÆÐä®�ãÈ´å|>· Þ�{"ÝßxÊÚ`¾çæ9èä®e¾ÀéÏ¾E·
Þ�{"ÝßêÆÐ<¯±°�à Í-~�â Ë ¾"z�}�Ì!¾G}�z�Í�ëÜÐZ×Ø®�Î[·

Í!~�â
(a) structure (b) signature (c) functor andfunctorapplication

Figure4: Front endissuesin the modulelanguage

structuredeclaration signaturematching abstractiondeclaration
ML code Ë ¾"z�}'Ì-¾G}�z�ÍÃÎÕÐì°9°9° Ë ¾"z0}�Ì-¾G}�z�ÍKírÚ`Î�ÓcÔÕÐÆÎ {cî Ë ¾"z�{�Ì!¾ Ñ Ö-~ZïðÚ`Î�ÓcÔÕÐçÎ
t ’s type ñ o t :

mRnpo#niq
(
n s real) ò o t : real

q
(real s real) ó o t : ô q (ô�sdô )õ ’s type ñ o õ : real ò o õ : real ó o õ : ô

Figure5: Signaturematchingis transparent but abstractionmatchingis opaque

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

(real
q

real)
q

(real list
q

real list).
Similarly, the polymorphic data constructor,“::”, is also
annotatedwith its original polymorphictypemdnko

(
n s n list)

qön
list ,

plus its instantiation
(real s real list)

q
real list .

To correctly support type-directedcompilation for the
entire SML language,all type abstractionsand type in-
stantiationsin the module systemmust also be carefully
recorded. In ML, basicmodules(structures in Figure 4a)
are encapsulatedenvironments;module interfaces(signa-
tures in Figure4b) associatespecificationswith component
names,and are usedto both describeand constrainstruc-
tures. Parameterizedmodules(functors in Figure 4c) are
functions from structuresto structures.A functor’s argu-
mentis specifiedby a signatureandtheresultis givenby a
structureexpression,which 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 Figure 4 and 5 to show what must be
recordedin the Absyn during elaboration:

� Signaturematchingchecksthat a structurefulfills the
constraintsspecifiedby a signature,andcreatesa new
instantiationstructure that is a restricted“view” of the
original structure. The elaborationphasegeneratesa
thinning function that specifiesall the visible compo-
nents, their types (or thinning functions if they are
substructures)in the original structure,and their new
typesin the instantiationstructure. In Figure 5, ò is
bound to the result of matchingstructure ñ against

signatureSIG. Signaturematchingin ML is transpar-
ent[18, 16, 11], so t andõ in theinstantiationstructure
ò havetype real

q
(real s real) and real. The new

typesandtheir old typesin structureñ (alsoshownin
Figure5) will be recordedin the thinning function.

� Abstraction is similar to signature matching; but
matchingfor abstractionis opaque[18, 16, 11]. In
additionto thethinningfunction,theelaborationphase
alsoremembersthe resultsignature.In Figure5, ó is
an abstractionof structure ñ on signatureSIG. ó re-
membersthe thinning function generatedwhendoing
signaturematchingof ñ againstSIG, plus the actual
signatureSIG. During the elaborationof this abstrac-
tion, the type of t in ñmdnko�nVq

(
n s real)

is first instantiatedinto
real

q
(real s real)

in signaturematching,andthenabstractedinto
ô q (ô�sdô ).

� Eachfunctor applicationmust rememberits argument
thinning function and its actual instantiationfunctor.
In Figure4c, functor ÷ takesSIG asits argumentsig-
nature, and returns a body structurethat containsa
valuedeclarationø ; the type of ø is ù o ô¶súù o ô . When
÷ is appliedto structureñ , ñ is first matchedagainst
the argumentsignatureSIG to get theactualargument
instance,say ñ�� ; the elaboratorthen reconstructsthe
result structure û by applying ÷ to ñ�� . The com-
ponentø in û hastype (real s real). The front end
records:(1) the thinningfunctiongeneratedwhen ñ is
matchedagainstSIG, (2) theactualinstantiationof ÷ ,
which has ñ � asits argumentand û as its result.

� Functorsignaturesareessentially“types” of functors.
Given a functorsignatureFSIG definedas
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x0}9~ Ë"Ñ!Ò ×�Î�ÓcÔü®�»±ÚýÙ"Î�ÓcÔ'·JÐ<¸�Î�ÓcÔ ,
anda functor ÷ , elaboratingfunctor signaturematch-
ing

x0}9~�Ì!¾[Ö0zZÔìÚC×�Î�Ó-Ô<ÐZ×
is equivalentto elaboratethe functor declaration

x0}G~�Ì-¾[Ö0zßÔ�®�»úÚåÙ�Î�Ó-Ô'·þÚ`¸�Î�Ó-Ô<ÐZ×Ø®e»E· .
Therefore, for each functor signaturematching, the
elaboratorrecordseverythingoccurringin functor ap-
plication ÷ (ÿ ) plus the thinning function generated
for matching ÷ (ÿ ) againstthe resultsignatureRSIG.

Minimum typing derivation

Similar to the Damas-Milner type assignmentalgorithm
û [10], the old Elaborator/Type-checkerin our compiler
infersthemostgeneraltypeschemesfor all SML programs.
As a result, local variablesare alwaysassignedthe most
generalpolymorphictypeseventhoughthey are not used
polymorphically.For example,

3�4-5N3E;j4k= ] AgB^-a��V3�4-5��>;F?R=��R=Á�9ACBD;-;F?cB��"AC8�5�:08-^cb��J;��cB-�9A-A
�5��>;j4"M��>QTPE= ] M�\RQTPE= 4�U ] Aa�5�:

function t hastype
real s real

q
bool,

the let-boundfunction 	 is assigneda polymorphictype:mRnpo
(
n s n s n )

q
bool

where
n

is an equality type variable. But 	 is only used
monomorphicallywith type

(real s real s real)
q

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
derivation is done after the elaborationso that it is only
applied to type-correctprograms. Our algorithm, which
is similar to Bjørner’salgorithmM [7], doesa bottom-up
traversalof the Absyn. During the traversal,we mark all
non-exportedvariables:let-boundvariablesand thosethat
arehiddenby signaturematching. Then, for eachmarked
polymorphicvariable
 , we gatherall of its actualtype in-
stantiations,say � 1 w o�o�o w��� , andreassign
 a new type—the
leastgeneral type schemethat generalizes� 1 w o�o�o w��� . The
new type assignedto 
 is propagatedinto 
 ’s declaration�
, constrainingothervariablesreferencedby

�
.

In thepreviousexample,thelet-boundfunction 	 is con-
strainedby a new type assignment

(real s real s real)
q

bool,
so the “=” operatorcan be implementedas the primitive
equalityfunctionon realnumbers,which is muchmoreef-
ficient than the polymorphicequality operator. Moreover,
because	 is no longerpolymorphic,no coercionis neces-
sarywhenappliedto monomorphicvalues.

4 Translation into LEXP

The middle end of our compiler translatesthe Absyn into
a simple typed lambdalanguagecalled LEXP. During the
translation,all thestaticsemanticobjectsin Absyn,includ-
ing types,signatures,structures,andfunctors,aretranslated
into simple lambdatypes(LTY); coercionsare insertedat
eachabstractionandinstantiationsite (markedby the front
end) to correctly support representationanalysis. In this
section,we explainthe detailsof our translationalgorithm,
and presentsolutions to severalpractical implementation
problems.

4.1 The typed lambda languageLEXP

The typed call-by-value lambda languageLEXP is very
similar to the untypedlambdalanguages[3,sec. 4.7] used
in previousversionsof the compiler: it containslambda,
application,constants,tuple and selectionoperators(i.e.,
¸9¼���º-¸9½ and Î0¼���¼���� ), and so on. But now it is a typed
language[22], with typesLTY describedby this simpleset
of constructors:

:08���8������9aå^����iB������-����������� ���������!#"���$ ���%��3�^�����^c�-b	��&�'����"�( ���)��37^����NMi^�����+*,".-���$ �������*,".-���$ ���
A lambda type LTY can be a primitive numeric type
( Ó�/��G¾9¿ or ¸9¼"Ù��G¾9¿ ); a record type ¸9¼���ºc¸G½9¾9¿ [ ô 1 w�ô 2 w o�o�o ]
whose fields have type ô 1 weô 2 w o�o�o ; a function type
ÙG¸9¸[º!ë"¾9¿ (ô	w'0 ) from ô to 0 ; or a boxedpointer type.

Therearetwo kinds of boxedtypes. ¹[ºc»9¼9½G¾9¿ is a one-
word pointer to an object (suchas a record)whosefields
mayor maynot beboxed. ¸G¹[ºc»9¼9½G¾9¿ is a one-wordpointer
to a recursivelyboxedobjectwhosecomponentsarealways
recursivelyboxed;suchobjectsusethestandardboxedrep-
resentationsthat are often used in a non-type-basedML
compiler. Section4.3 discusseshow and whererecursive
boxing is necessary.

Ourtypedlambdalanguageis asimply typedlambdacal-
culus. Every function formal parameteris annotatedby an
LTY. Prim-opsand the exception-¸"Ù'Ó0Îc¼ operatorarealso
type-annotated.Typesof otherexpressions(functionappli-
cation,recordconstructionandselection)canbecalculated
bottom-upfrom the typesof the subexpressions.To han-
dle polymorphism,we introducetwo newLEXP operators:
ë"¸"Ù�1 (ô	w.2 ) that boxesan evaluatedexpression2 of type ô
into exactly one word; and í3/0ë"¸"Ù�1 (ô	w.2 ) that unboxesan
expression2 into type ô .

In ML, a let-boundvariable can be polymorphic; but
eachuseis treatedasan instanceof the type scheme.We
treat this asa coercion,andwe definea compilationfunc-
tion coerce thatproducestheright combinationof ë9¸"Ù�1 and
í3/�ë"¸9Ù�1 operators.Our coerce is similar to Leroy’s wrap
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and unwrap [15]; but ours doesnot requirethat one type
be an instantiationof the other. This generalizationis use-
ful in translatingthe ML modulelanguageinto the LEXP
language.

4.2 The Definition of Coerce

Coerce is a compile-timeoperation;giventwo LTYs ô 1 and
ô 2, coerce(ô 1 weô 2) returnsa coercionfunction that coerces
one lexp with type ô 1 into anotherlexp with type ô 2.
� If ô 1 and ô 2 are equivalent,no coercionis necessary,

coerce(ô 1 w�ô 2) returnsthe identity function.

� If one of ô 1 and ô 2 is ¹[ºc»9¼G½9¾9¿ , this requirescoerc-
ing an arbitraryunboxedobject into a pointer(or vice
versa); thecoercionhereis aprimitive ë"¸"Ù�1 or í3/�ë"¸9Ù�1
operation,written as

coerce( ¹�ºc»9¼9½9¾G¿0w�ô 2) = �42 o í3/0ë"¸"Ù�1 (ô 2 w'2 ) and

coerce(ô 1 w	¹�ºc»9¼9½9¾G¿ ) = �52 o ë"¸"Ù�1 (ô 1 w.2 ).
� If one of ô 1 and ô 2 is ¸9¹[ºc»G¼9½9¾9¿ , this requirescoerc-

ing an arbitraryunboxedobject into a pointer(or vice
versa); moreover,theobjectitself mustbecoercedinto
the standardboxedrepresentation(or viceversa); this
coercionis similar to the recursivewrapping opera-
tions definedby Leroy [15]. It is definedas

coerce( ¸9¹[ºc»G¼9½9¾9¿0weô 2) = coerce(dup(ô 2) weô 2) and

coerce(ô 1 w�¸9¹[ºc»9¼G½9¾9¿ ) = coerce(ô 1 w dup(ô 1)),
wherethe dup operationis definedasfollows:

dup( ¸G¼���ºc¸9½G¾9¿ [ u 1 w o�o�o weu6 ]) =
¸9¼��"ºc¸9½9¾9¿ [ ¸9¹[ºc»G¼9½9¾9¿0w o�o�o w�¸9¹[ºc»9¼G½9¾�¿ ]

dup( Ù�¸9¸[º-ë"¾G¿ (u 1 w�u 2)) =
ÙG¸9¸�º-ë"¾9¿ ( ¸9¹[ºc»9¼G½9¾9¿Gw	¸9¹[º-»9¼9½9¾9¿ )

dup(u ) = ¹[ºc»9¼G½9¾9¿0w for all otherLTY u
� If ô 1 and ô 2 arerecordtype, i.e.,

ô 1 = ¸9¼��"ºc¸9½9¾9¿ [ 7 1 w o�o�o w.7  ] and

ô 2 = ¸9¼���ºc¸G½9¾9¿ [ ø 1 w o�o�o weø# ],
we first build a list of coercions[ 8 1 w o�o�o w'89 ] for every
recordfield where 89: = coerce( 7�:+weø#: ) for ; = 1w o�o�o w�< .
Assume
 is a new lambdavariablethat corresponds
to the original record,thenthefield of the newrecord
is

t�: = 89: ( Î0¼��G¼���� (;�w=
 ));

the coercionof expression2 from ô 1 to ô 2 is

( ��
 : ¹[ºc»9¼G½9¾9¿ o ¸9¼��"ºc¸9½ [ t 1 w o�o�o w�t� ]) 2 .
� If ô 1 and ô 2 arefunction type, i.e.,

ô 1 = ÙG¸G¸[º-ë"¾9¿ ( 7 1 weø 1) and

ô 2 = ÙG¸9¸�º-ë"¾9¿ ( 7 2 w�ø 2),

we first build the coercions 89> and 89? for the argu-
ment and the result, that is, 8 > = coerce( 7 2 w'7 1) and
8 ? = coerce(ø 1 weø 2); thenassume@ and 
 aretwo new
lambdavariables,the coercionof expressionA from
ô 1 to ô 2 is

��@ : 7 2
o
( �#
 : ¹[ºc»9¼9½G¾9¿ o 89B (
 ))( A ( 8 > (@ ))).

4.3 Translating static semantic objects into
LTY

The Absyn is translatedinto the lambdalanguageLEXP
throughasimpletop-downtraversalof theAbsyntree. Dur-
ing the traversal,all staticsemanticobjectsandtypesused
in Absynaretranslatedinto LTYs. A signatureor structure
object 0 is translatedinto ¸9¼���º-¸9½9¾9¿ whereeachfield is the
LTY translatedfrom the correspondingcomponentin 0 ; a
functorobjectis translatedinto Ù�¸9¸[º-ë"¾G¿ with theargument
signaturebeing the argumentLTY, and the body structure
beingthe resultLTY. The translationof an ML type ô into
LTY is doneusingthealgorithmdescribedin Figure6 (see
function ¾9¿3C9Ýc¾9¿ for the pseudocode).

3�4-5i���,�-^����>;F�"AlB
;
mark all type variablesin t
that everappearin a constructortype;_�a���40_�5N^����>;F�"A-A

3�4-5�^����>;ED,FHG I�AåB�^����>;EI�A� ^����>;=JLK
1 : M 1 N GOGLG N KQP

: M PSR�A`B����!#"���$ ���p�T^����; M 1
A�=TGLGOG�=l^����>; M P A��� ^����>; M 1 U M 2

A`B �'����"�( ���>;�^����'; M 1
A�=e^����>; M 2

A-A� ^����>;��50�"AlB������-���� ^����>;j�S���-^�AlBV�����-���� ^����>;j4-5"�	�"AlBV�����-���� ^����>;F_�a-8-^�AlB ������ ���� ^����>;EFúAhBÃ��3WF
is a markedtype variable��H9a�5 ��*,".-���$ ���Ca-^cb!a *,".-���$ ���� ^����>;EX�AåBN��3

the constructortype
X

is rigid��H9a�5 *,".-���$ ���Va-^cb!a ��*,".-���$ ���

Figure6: TranslatingML type into LTY (pseudocode)

More specifically, given a type ô , the translationalgo-
rithm ¾9¿3C"Ýc¾G¿ dividesthe type variablesin ô into two cate-
gories:

� Thosethateverappearin constructortypes,2 suchas
n

in type(
n s n list)

qrn
list , and

Ç
in type(

Ç
ref s Ç )

q
unit; they are translatedinto ¸9¹[ºc»9¼G½9¾9¿ (the needfor
this is explainedin Section2);

� All othertype variables,suchas Y in YCsZY q Y ; they
aretranslatedinto ¹�ºc»9¼9½9¾G¿ ;

2Recordtype constructorsand function type constructors(“ [ ”) are
not countedhere.
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A polymorphictype
mRn

1
o�o�o mRn  o � is translatedby ignor-

ing all quantifications.Thearrowtypeconstructor“
q

” for
functionsis translatedinto ÙG¸9¸�º-ë"¾9¿ ; the recordtype con-
structoris translatedinto ¸9¼���ºc¸9½9¾G¿ , with its fieldsordered
properly.

All rigid constructortypes,3 suchas string,
n

list , and
(real s real) ref , are translatedinto ¹�ºc»9¼9½9¾G¿ . All flexible
constructortypesaretranslatedinto ¸9¹[º-»9¼9½9¾9¿ .

Type abstraction

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

b-����598���40_-a]\#�.^IB
b-���V�����9a`_e8O�

] 8-^`� ��_�a-8-^C�
] 8-^I3À�)_e8I�ba�cd_e8I�a�5�:

3�4-5�e	�,��_gf>;�\Ü�&\#�.^9AýB
b	�-_�4�e	�O:08���8������9ah_e8C3#���VBif "�" ��3d_e8�\RQ��

] 8-^`_NB�\RQj3E;�\RQ���A3�4-5��À;�f "�" ?"A`B �1?c�
a�5�:

¾ is a flexible type constructor(with arity 1) that will not
be instantiateduntil functor ÷ is applied. Simple repre-
sentationanalysis[15] would run into two problemswhen
compiling ÷ ’s body:

� At the function applicationS.f(S.p), sinceS.f is poly-
morphic and S.p is monomorphic,a coercion must
be insertedhere; but the detail of this coercion is
not known becauseit dependson the actual instan-
tiation of ô . For example, if j�{Ï¾ is instantiated
into j�{Dékj�{ when ÷ is applied, ÎÈ°ex hasto be “un-
wrapped”from type ®�j�{çélj�{[·Ïæ9èä®Sj�{Démj�{[· into
type ®�z�ÍG{9ÝDéßz�ÍG{"Ý�·Jæ9èä®�z�ÍG{"Ý<éÃz�ÍG{"Ý�· .

� Function	 putsthevariableu of type j�{Ï¾ into a list.
This requiresrecursivewrapping(seeSection2). But
because¾ is unknown,this recursivecoercionis also
unknown.

We solve thesetwo problemsby forcing all objectswith
flexible typeto usethestandardboxedrepresentations(i.e.,
as ¸G¹[ºc»9¼9½G¾9¿ ) andby properlycoercingall structurecom-
ponents(including values,functions,and dataconstructor
injectionsandprojections)from theabstracttypesinto their
actualinstantiations(during functor application).

In thepreviousexample,thebodyof functor ÷ references
severalidentifiersdefinedin the argumentsignatureSIG.

3Following the SML Definition and Commentary[19, 18], all type
constructornamesdefinedastype specificationsin signaturesareflexible;
all other type constructornamesare rigid.

BecauseS.t is flexible (i.e., abstract)inside ÷ , theidentifier
S.phasLTY n

ôLo = ¸9¹[ºc»G¼9½9¾9¿
andthe identifier S.f hasLTYn

ôLp = Ù�¸9¸[º-ë"¾G¿È®�¸9¹[º-»9¼9½9¾9¿È´e¹�º-»9¼9½9¾0¿E· .
BecauseS.f andS.parealreadyrecursivelyboxed,no co-
ercionis necessarywhenS.f is appliedto S.p.

Similarly, the projectionof dataconstructorFOO used
in the body of ÷ hastype j�{Zx�ÖGÖ<æGèqj�{ÆÎÈ°F¾ ; its corre-
spondingLTY isn

ôLr = ÙG¸G¸[º-ë"¾9¿Ø®�¹[ºc»9¼G½9¾9¿¶´e¸0¹[ºc»G¼�½9¾G¿E· ,
that is, the value carried by FOO (i.e., the argumentu
of function 	 ) is alreadyrecursivelyboxed, therefore,no
recursivecoercionis neededwhenputting u into a list.

When ÷ is appliedto the following structureA,
b	�-_�4�e	��40_ca � BNb	�-_�4�e	�`�����9as_e8O�NBt_e87Md_e8

] 8-^C�NBD;e\RQTPE=+\RQTPGA3�4-5N3i?7BK?
a�5�:

b	�-_�4�e	��40_caW�KB�f>; � A
first, the argumentstructure ù is matchedagainstthe sig-
natureSIG via abstractionmatching, producinga structure
ù¶� that preciselymatchesSIG; the componentsõ and t
arecoercedto LTY

n
ô o and

n
ô p in ùÈ� . Then, ÷ is applied

to this “abstract” structure ù � , produceanother“abstract”
structure—thefunctorbody u � . Finally, u � is coercedback
to themore“concrete”structureu ; for example,u � .r which
hasLTY ¸G¹[ºc»9¼9½G¾9¿ is coercedinto a record(T.r) that has
LTY

¸9¼���ºc¸9½9¾G¿wvj¸9¼"Ù��G¾9¿¶´T¸9¼"ÙS��¾�¿�x ,
the projectionof dataconstructoru � .FOO which hasLTYn
ô r is coercedinto a projection(for T.FOO) that hasLTY

ÙG¸9¸�º-ë"¾9¿È®e¹[ºc»9¼9½G¾9¿¶´T¸9¼���ºc¸0½9¾9¿yv1¹[º-»9¼9½0¾9¿¶´e¹[º�»9¼9½G¾9¿Sx[· .
Here,coercionsof projectionsandinjectionsfor datacon-
structorscan be implementedby recordingthe origin typen
ôLr with T.FOOor by usingabstractvalueconstructorspro-
posedby Aitken andReppy[1].

4.4 Translating Absyn into LEXP

Now thatwe haveexplainedhow to translatestaticseman-
tic objectsinto LTY andhow to coercefrom one LTY to
another,the translationof Absyn into LEXP is straightfor-
ward. Coercions(built from ë"¸"Ù,1 and í�/�ë"¸"Ù�1 ) areinserted
at eachuseof a polymorphicvariable,andat module-level
signaturematching.

polymorphic variables: Given a polymorphic variable 

in Absyn, the front endhasannotatedevery useof 

with its polymorphictype z plusits actualinstantiation
� . Assumethat z and � are translatedinto LTYs
0 and ô , variable 
 is then translatedinto the LEXP
expressioncoerce( 0�weô )(
 ).
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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-
cializedbasedon their actualtype instantiations.For
example,polymorphicequality, if usedmonomorphi-
cally, canbe translatedinto primitive equality; integer
assignmentsandupdatescanuseunboxedupdate.4

signature matching: Suppose structure ñ is matched
againstsignatureSIG, and ò is the result instantia-
tion structure;thenthe thinning function generatedby
the front end is translatedinto a coercion 8 , which
fetcheseverycomponentfrom ñ , andcoercesit to the
type specifiedin ò . If ñ is denotedby 
 , then the
translationof this signaturematchingis simply 8 (
 ).

abstraction: Abstractionis translatedin the sameway as
signaturematching,except that the result 8 (
 ) must
also be coercedinto the LTY for the signatureSIG.
Assumethat theLTYs for ò andSIG arerespectively
@ and 0 , thenthe abstractionof structureñ underSIG
is (coerce(@pw'0 ))( 8 (
 )).

functor application: Supposethe argumentsignatureof
functor ÷ is SIG and ÷ is appliedto structureñ . The
front endhasrecordedthethinningfunctionfor match-
ing ñ againstSIG and the actualfunctor instance÷ �
for ÷ . As before, assumethe result of matching ñ
againstSIG is 8 (
 ), and ÷ is denotedby the LEXP
expressiont , andthe LTYs for ÷ and ÷ � arerespec-
tively 0 and ô , then the LEXP expressionfor ÷ � is
tG� = (coerce( 0�w�ô ))( t ), andfunctor application ÷ ( ñ ) is
translatedinto Ù�1�1 ( tG�Fw.8 (
 )).

4.5 Other practical issues

Becauseof largeLTYs andexcessivecoercioncode,anaive
implementationof thetranslationalgorithmcanleadto large
LEXP expressionsand extremelyslow compilation. This
problemis severefor programsthat containmany functor
applicationsandlargestructureandsignatureexpressions.

Since coerce( 0�w�ô ) is an identity function in the common
casethat 0 = ô , we can improve the performanceof the
compilerby optimizing the implementationof coercewith

4In order to supportgenerationalgarbagecollection [26], most com-
pilersmustdo somebookkeepingat eachupdateso that thepointersfrom
older generationto youngestgenerationarecorrectly identified. Unboxed
updateis a specialoperatorthat assignsa non-pointervalueinto a refer-
encecell; suchupdatescannotcauseolder generationsto point to newer
ones,so no bookkeepingis necessary.

an extratest:

coerce( 0�w�ô ) =
if 0 = ô
then �[t o t
elsestructural induction

But how can 0 = ô be tested efficiently? We use
global static hash-consingto optimize the representation
for lambdatypes;hash-consedstructurescan be testedfor
equality in constanttime, and hash-consingreducesspace
usagefor shareddatastructures.

This optimizationwas crucial for the efficient compila-
tion of functor applications:without hash-consing,a one-
line functor application(whoseparameteris a referenceto
a complicated,separatelydefinedsignature)couldtaketens
of minutesand tensof extra megabytesto compile; with
hash-consing,functor applicationis practically immediate.
Also, generalspaceusageof thecompileris lesswith hash-
consing,as the static representationsof different functors
cansharestructure.

Managementof a global hash-constable 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
weakpointers (pointersthat the garbagecollector ignores
when tracing live data and that are invalidatedwhen the
object pointedto is collected),a specialfeaturesupported
by SML/NJ; this is effective,thoughit seemsa bit clumsy.

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

; ! �Âc�"�!^-a�_kQ ! ��5-�-_,��^>Q ! ^dQ{e!8-^�^-a�acb!8 ] acbÃ�jB7\Z|! �Âc�"�!^-a�_kQ � ^-^'��e�}�_,��3>Q�_cacb!a�>;�A-A
we needto know only thatvariable Ì�{"Ý9Ý9ÍGÍ Ë {0Þ[Í Ë hastype
int, and variable z�Í Ë Íc¾ has type unit

q
unit. However,

our translationalgorithm will have to include the type of
structure �"Ö'~�| Ñ ÝGÍ0z which may containhundredsof com-
ponents.So we extendour lambdatype notationwith the
following new constructs:

:08���8������9aå^����LBÜQ-Q-Q-Q-Q-Q� ^ ����! ������3<;��50�NMi^����"A`^c�-b	�� \ ����!#"���$ ������3K^����N^c�-b	�
Here, Îc¸9¼���ºc¸G½9¾9¿ is sameas ¸9¼���ºc¸9½9¾G¿ exceptthat it is
used particularly for module constructs(i.e., structures).
TheLTY Ô�¸9¼���¾9¿ is usedto typeexternalstructuressuchas
the ��Ö'~�| Ñ Ý9Í0z structureabove;a Ô�¸9¼��0¾9¿ specifiesa sub-
set of record fields (and their correspondingLTYs) that
are interestingto the currentcompilationunit. The LTYs
for all externalstructureidentifiersare inferredduring the
LambdaTranslationphaseratherthanbeingtranslatedfrom
their correspondingstatic semanticobjects. For example,
theLTY for structure��Ö'~�| Ñ Ý9Í0z in theaboveexamplewill
be
n
ôLr��=��o :n
ôLr��9��o = Ô�¸G¼���¾9¿ [(3,

n
ôLr�� ?9� ), (7,

n
ô >���� �9r )] where
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n
ô r�� ?=� = Ô�¸G¼���¾9¿ [(0, Ô�¸9¼���¾9¿ [(43, Ó�/��G¾9¿ )])] andn
ôL>���� �9r = Ô0¸9¼���¾9¿ [(0, ÙG¸9¸[º!ë"¾9¿ ( Ó�/S�G¾9¿ , Ó�/S�G¾9¿ ))].

Here,we assumethat ��Ö-~"¾9z�Ö9Ý and Ù�Ý9ÝGÖ"Ì�1"z�Ö0x arethe3rd
and7th fieldsof ��Ö'~"| Ñ Ý9Í0z , �9Ô is the0th field of ��Ö-~"¾"z�Ö9Ý ,
Ì�{"ÝGÝ9Í9Í Ë {cÞ[Í Ë is the43ndfield of �9Ô , and z�Í Ë Íc¾ is the0th
field of Ù�Ý9Ý9Ö"Ì�1"z�Ö�x .

We alsosavecodesizeandcompilationtime by sharing
coercioncodebetweenequivalentpairs of LTYs, using a
table to memo-izethe coerce( 0�w�ô ) function. Coercionsin-
troducedin thecoerceprocedurearenormallyinlined in the
CPSoptimizationphase,becausetheyareappliedjustonce.
Sharedcoercionsare often not inlined, becausethey can
causeexcessivecodeexplosion.Becausesharedcoercions
can be more expensivethan normal inlined coercions,we
only usethis hashingapproachfor coercionsbetweenmod-
ule objects.This compromiseworks quitewell in practice,
becauseit is oftenthelargemoduleobjectsthatarecausing
the“excessivecoercioncode”problem.Sincemodule-level
coercionsarenot executedoften, the generatedcodeis not
noticeablyslower.

5 Typed CPS Back End

StandardML of NewJerseyusescontinuation-passingstyle
(CPS)as its intermediaterepresentationfor programopti-
mization. The LEXP languageis convertedinto a CPS
notation (cexp) that makesflow of control explicit. CPS
[24, 14] and its use in the SML/NJ compiler [4, 3] have
beendescribedin the literature.

Previousversionsof SML/NJ 5 have usedan untyped
CPSlanguage. But now we propagatesomevery simple
type annotationsinto CPS.Eachvariablein the CPSlan-
guageis annotated,at its binding occurrence,with a “CPS
type” (CTY). The CTYs arevery simple:

:08���8������9a�e	���VB������-� � }�� � ����3N�50�����0�G����5� f'�#�-� � f  �-� ��! ���-�

so they arevery easyandcheapfor the backendto main-
tain.

A CPSvariablecanbea taggedinteger( Ó�/S�G¾ ), a pointer
to a record of length � ( 1��G¸9¾Ø®�Î"º��"¼h�E· ), a pointer to a
recordof unknownlength( 1��G¸9¾Ø®9/�º#/G¼�· ), a floating-pointer
number( ×S�S�G¾ ), a function( ×0í�/G¾ ), or a continuation( ��/S�G¾ ).
The translationfrm LTY to CTY is straight-forward:

3�4-5�^����,��e	���V^��7B
e!8cb!aV^��V��3������-���iB#c������-��������� ���iB#c�f  �-���*,".-���$ ���OB#c)}�� � �>;�� " � � A����*,".-���$ ���OB#c)}�� � �>;�� " � � A���'����"�( ���i�7B#c]f'�#�-�������!#"���$ ���V^VB#c�}�� � �>;�\ "���� ;+^-a�5#�-��H7^�A-A

5up to version0.93,releasedin 1993

Becausethe CPS conversionphasehas madeimplemen-
tation decisions for records and functions, the CTY is
no longer concernedwith the details of ¸9¼��"ºc¸9½9¾9¿ and
ÙG¸9¸[º!ë"¾9¿ .

We augment the set of CPS prim-ops with specific
wrapper/unwrapperoperations for integers (i.e., Ñ y"z�{-|
and Ñ }G~"y"z�{c| ), floating-point numbers(i.e., x0y"z�{c| and
x0}9~"y9z�{c| ), and pointers(i.e., y"z�{-| and }G~"y"z�{c| ). For ex-
ample, x�y"z�{c| “boxes” a floating-pointnumber,producing
a pointer,and xc}9~"y"z�{-| is the inverseoperation.For � -bit
integersrepresentedin an < -bit word with an (<���� )-bit
tag, Ñ y9z�{c| could apply the tag (by shifting and OR-ing),
and Ñ }G~"y"z�{c| could removeit. For integersrepresentedby
boxing, then Ñ y"z�{-| could heap-allocatea boxedinteger.

5.1 CPS conversion

The overall structureandalgorithmof our CPSconversion
phaseis almost sameas the one describedby Appel [3,
Ch. 5]. The conversionfunction takestwo arguments:an
LEXP expressionA anda “continuation”function 8 of type
value

q
cexp; and returnsa CPSexpressionas the result.

But now, duringtheconversionprocesswe gathertheLTY
information for eachLEXP expression,and maintain an
LTY environmentfor all CPSvariables.TheLTYs areused
to makeimplementationdecisionsfor recordsandfunction
calls, and are also translatedinto CTYs to annotateCPS
variables.

TheCPS-conversionphasedecideshowto representeach
record,andencodesits decisionsin the CPSoperationse-
quencesit emits. ConvertingLEXP recordsis the mostin-
terestingcase.Given an LEXP expressioņ9¼���ºc¸G½ [ @ 1, @ 2,
..., @  ], supposetheLTY for each@ : is ô : (; = 1w o#o�o w=< ), we
canrepresentthe recordusingany of the layoutsshownin
Figures1: with everyfield boxedandeveryintegertagged
(Figure1a),usingflat recordsof reals(� in Figure1b),with
mixed boxedandunboxedfields (u in Figure1b), or with
segregatedboxed/unboxedfields (Figure 1c). The transla-
tion of Î0¼��G¼���� expressionsmustcorrespondto the layout
conventionusedfor records.

CPSconversionalsodecidesthe argument-passingcon-
vention for all function calls and returns. In ML, each
functionhasexactlyoneargument,but this argumentis of-
ten an < -tuple. In mostcases,we would like to passthe <
componentsin registers.The previousSML/NJ compilers
could“spread”theargumentsinto registersonly whencaller
andcalleewere in the samecompilationunit, andthe call
siteswerenot obscuredby passingfunctionsasarguments.
The new, type-basedcompiler can useregisterarguments
basedon type information. If the type of t ’s argumentis
¸9¼���º-¸9½9¾9¿ [ ô 1 w o�o�o weôL ], and< is not so largethattheregister
bankwill be exhausted,6 we passall componentsin regis-
ters (unlike LEXP, CPS doeshave multi-argumentfunc-
tions). Similarly, a function that returnsan < -tuple value

6Wecurrentlyuseathresholdof �T� 10on32-registerRISCmachines.
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will betranslatedusinga < -argumentcontinuationfunction,
for suitablysmall < .

Finally, the primitive coercionoperations,ë"¸"Ù�1 (ô , 2 ) and
í3/�ë9¸"Ù�1 (ô ,2 ), areconvertedinto correspondingCPSprimi-
tive operations.Basedon whetherô is Ó�/S�G¾9¿ , ¸9¼"ÙS��¾9¿ , or
other pointer types, ë"¸"Ù,1 and í3/�ë"¸9Ù�1 are translatedintoÑ y"z"{c| and Ñ }G~"y"z�{c| , x�y"z"{c| and x0}9~"y"z"{c| , or y"z�{c| and
}9~"y9z�{c| .

5.2 Optimization and closure conversion

When the CPSconversionphaseis finished,the compiler
hasmademostof the implementationdecisionsfor all pro-
gramfeaturesandobjects:structuresandfunctorsarecom-
piled into recordsandfunctions;polymorphicfunctionsare
coercedproperly if they are being usedless polymorphi-
cally; patternmatchesarecompiledinto switchstatements;
concretedatatypesare compiledinto taggeddatarecords
or constants;recordsare laid out appropriatelybasedon
their types;andthe functioncalling conventionsaremostly
decided.

The optimizer of the SML/NJ compiler operateson the
CPSintermediaterepresentation.Optimizationphasesare
almostunchanged,exceptthat they must correctly propa-
gatethe CTYs, which is simple to do; CPSoptimizations
are naturally type-consistent.Besidesthosedescribedby
Appel [3], two newCPSoptimizationsareperformed:pairs
of “wrapper” and “unwrapper” operationsare cancelled;
andrecordcopyingoperationsof the form

Ý9Íc¾ÕÞ�{"Ýþ®�ãØ´e¿E·JÐ<{ Ñ ~Ê®�ãÈ´+¿E·ÏÍ-~�â
can be eliminated,since now we know the size of 7 at
compiletime.

To representenvironmentsfor higher-order functions
with nested scope, the compiler uses our new space-
efficientclosureconversionalgorithm[23]. Previously,this
phasehadto discoverwhich functionsarecontinuationsby
dataflowanalysis[6]; now the information is manifestin
the CTYs.

Whentheclosureanalysisphasemustbuild heaprecords
for closureenvironments,it canuseall therecordrepresen-
tationsshownin Figure1.

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
(andotherconstant-sizevariables)to be safelyextended,a
usefulbenefit.

6 Performance Evaluation

Type-directedcompilationshouldsupportmuchmoreef-
ficient datarepresentations.In orderto find out how much
performancegain we can get for different type-basedop-
timizations,we havemeasuredthe performanceof six dif-

ferentcompilerson twelve SML benchmarks(describedin
Shao [22]). Amongthesetwelvebenchmarks,MBr ot, Nu-
cleic, Simple, Ray, and BHut involve intensivefloating-
point operations;SieveandKB-Comp frequentlyusefirst-
classcontinuationsor exceptions;VLIW and KB-Comp
makeheavyuseof higher-orderfunctions.Theaveragesize
of thesebenchmarksis 1820lines of SML sourcecode.

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

sml.nrp A non-type-basedcompiler. No type information
is propagatedbeyondtheelaborationphase.Datauses
standardboxed representations.Functionstake one
argumentandreturnoneresult.

sml.fag Thesml.nrp compilerwith theargumentflattening
optimization[14, 3]. If the call sitesof a function are
known at compile time, its < -tuple argumentcan be
flattenedand passedin < registers. This compiler is
similar to SML/NJ 0.93 [3].

sml.rep The new type-basedcompiler that supportsvery
basic representationanalysis(on records). Floating
point numbersstill useboxedrepresentations.Hash-
consingof LTY’s (Section4.5) is not used(had not
yet beenimplemented)in this version.

sml.mtd Thesml.rep compilerplus the implementationof
minimumtypingderivations.

sml.ffb The sml.mtd compiler plus support of unboxed
floating point numbers. Function call and return
passfloating-point argumentsin floating-point regis-
ters. Recordsof floats are represented“flat,” as in
Figure 1b.7 Recordsthat containboth boxedandun-
boxedvaluesare still representedas two layers,with
eachunboxedvaluebeingboxedseparately.

sml.fp3 Thesml.ffb compiler,but with threefloating-point
callee-saveregisters[22].

All measurementsaredoneon a DEC5000/240worksta-
tion with 128megabytesof memory,usingthemethodology
describedin Shao’sPh.D.thesis[22]. In Figure7 we show
the executiontime of all the benchmarksusing the above
six compilers,using sml.nrp as the baselinevalue. Fig-
ure 8 comparesexecutiontime, heapallocation,codesize,
andcompiletime (basedon theaverageratiosof all twelve
benchmarks).We candrawthe following conclusionsfrom
thesecomparisons:

7Unfortunately,the SML/NJ version1.03z still usesthe old runtime
system[2]. Realsare not alwaysalignedproperly, so memoryfetch (or
store)of a floating-pointnumbermustbe implementedusing two single-
word memory-load(memory-store)instructions.
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Figure7: A comparisonof 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
Code size 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: Summarycomparisonsof resourceusage

� The type-basedcompilers perform uniformly better
than older compilersthat do not supportrepresenta-
tion analysis. The sml.ffb compiler getsnearly 19%
speedupin executiontime anddecreasesthetotal heap
allocationby 36%(onaverage)overtheolderSML/NJ
compiler (i.e., sml.fag) that uses uniform standard
boxed representations.This comeswith an average
of 6% increasein thecompilationtime. Thegenerated
codesizeremainsaboutthe same.

� The simple, non-type-basedargumentflatteningopti-
mization in the sml.fag compiler gives a useful 5%
speedup.

� The sml.rep compiler, which supportspassingar-
gumentin registers(but not floating-point registers),
only improvestheperformanceof thenon-typed-based
sml.fag compilerby about6%. It doesdecreaseheap
allocationby an impressive20%.

� Minimum typing derivationswere intendedto elimi-
natecoercions;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 (testingmembershipof anele-
mentin a set)is successfullytransformedinto a (fast)
monomorphicequalityoperator—andtheprogramruns
10 timesfaster.

7 RelatedWork and Conclusion

Representationanalysis, proposedand implementedby
Leroy [15] (for ML-like languages)and PeytonJonesand
Launchbury[20] (for Haskell-like languages),allows data
objectswhosetypesarenot polymorphicto usemoreeffi-
cient unboxedrepresentations.PeytonJonesand Launch-
bury’s approach[20] requiresextendingthe language(i.e.,
Haskell)with a newsetof “unboxed”monomorphictypes;
the programmerhasto explicitly write “boxing” coercions
when passingunboxedmonomorphicvaluesto polymor-
phic functions. Leroy’s [15] approachis more attractive
becauseit requiresno languageextensionor userinterven-
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tion. The work describedin this paperis an extensionand
implementationof Leroy’s techniquesfor the entire SML
language.Weconcentrateonpracticalissuesof implement-
ing type-directedcompilationsuchas interactionwith ML
modulesystemand efficient propagationof type informa-
tion throughmanyroundsof compiler transformationsand
optimizations.

Many peoplehave worked on eliminating unnecessary
“wrapper” functionsintroducedby representationanalysis.
BothPeytonJones[20] andPoulsen[21] let theprogrammer
to tag sometypeswith a boxity annotation,and then stat-
ically determinewhen to useboxedrepresentations.Hen-
glein and Jorgensen[13] presenta term-rewritingmethod
that translatesa programwith manycoercionsinto onethat
containsa “formally optimal” set of coercions. Neither
techniqueappearseasyto extendto the SML modulelan-
guage.We useminimumtypingderivations[7] to decrease
the degreeof polymorphismfor all local andhiddenfunc-
tions. This is very easyto extendto the modulesystem.
Our approachmay achievealmostthe sameresultas“for-
mally optimal” unboxing.And we haveshownthatsimple
dataflowoptimizations(cancellingwrap/unwrappairsin the
CPSbackend) is almostaseffective as type-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-
mentedin AdaandModula-3.Becauseof thepotentialcode
explosionproblem,the compilermustdo staticanalysisto
decidewhenandwhereto dospecialization.Ourtype-based
compiler usescoercionsrather than specializations;how-
ever,becauseour CPSoptimizer[3] alwaysinline-expands
small functions,smallandlocal polymorphicfunctionsstill
endup beingspecializedin our compiler. We believethat
a combinationof representationanalysisand type special-
izationwould achievethe bestperformance,andwe intend
to explorethis in the future.

HarperandMorrisett [12] haverecentlyproposeda type-
basedcompilationframeworkcalled compilingwith inten-
sional typeanalysisfor the core-ML language.They use
a typed lambda calculus with explicit type abstractions
and type applicationsas the intermediatelanguage.Their
schemeavoidsrecursivecoercionsby passingexplicit type
descriptorswhenevera monomorphicvalue is passedto a
polymorphic function. Since they have not implemented
their schemeyet, it is unclearhow well it would behavein
practice. Becausetheir proposalonly addressesthe core-
ML language,westill donot knowhow easilytheir scheme
canbe extendedto the SML modulelanguage.

We believethat type-basedcompilationtechniqueswill
bewidely usedin compilingstaticallytypedlanguagessuch
asML in the future. The beautyof type-basedrepresenta-
tion analysisis that it placesno burdenson the user: the
sourcelanguagedoesnot change,programmersdonot need
to write coercions,andseparatecompilationworks cleanly

becauseinterfacesarespeficiedusingtypes.
By implementingafully workingtype-basedcompilerfor

the entireSML language,we havegainedexperiencewith
type-directedcompilation,andsolvedmanypracticalprob-
lems involved in the implementations. Our performance
evaluationshows that type-basedcompilation techniques
canachievesignificantspeedupson a rangeof benchmarks.
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