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ABSTRACT

We presentthe rationale,design,and implementationof Relayed

MultiJava (RMJ), a backward-compatibleextensionof Java that
allows programmerso addnev methodgo existing classesandto

write multimethodsPreviouslanguagesupportingtheseforms of

extensibility either restrict their usageto a limited set of

programmingidioms that can be modularly typecheckd (and
modularly compiled) or simply forego modular typechecking
altogetherin contrastRMJ supportghe new languagdeaturesn

avirtually unrestrictedorm while still providing mostly-modular
statictypecheckingandfully-modularcompilation.In somecases,
the RMJ compiler will warn that the potential for a type error
exists, but it will still completecompilation. In those cases,a
customclassloadertransparentlyperformsload-timecheckingto

verify thatthe potentialerroris never realized RMJ&compilerand
customloadercooperateo keepload-timecheckingcostslow. We

report on qualitatve and quantitatve experience with our

implementation of RMJ.

Categories and Subject Descriptors

D.3.3 [Programming Languageg: Language Constructsand
Features N classes and objects D.3.4 [Programming
Language$: Processors Ncompiless.

General Terms

Algorithms, Design, Languages
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1. INTRODUCTION

The design of a programminglanguagemust balance several
competinggoals. One important goal is the ability to organize
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software into separatemodules,eachof which can be reasoned
about (e.g. typecheckd and compiled) separately from the
implementation®f othermodules.This kind of modularchecking
allows software componentsto be developed and checled for
correctness once and then reliably reused inymfitnre contgts.

Another important goal is the ability to easily extend existing
software with new capabilities, without requiring the existing
software to be modibed.Standardobject-orientedanguagegain
greatexpressie power by allowing a classto be debPnedas an
extension(i.e., a subclasspf anexisting class,without modifying
the existing classor ary of its clients. More advancedobject-
orientedlanguagesincluding CommonLisp [46, 42], Dylan [44],
Cecil [13, 14], AspectJ[26], andHyper/J[24, 41], supportseveral
additionalforms of extensibility, such as the ability to add new
methoddo existing classesaddstatementbeforeor afterexisting
methods,add new superclasseto existing classesand/or write
methodghatdynamicallydispatchon the run-timeclassef their
arguments (which is a kind of extension to those agument
classes).

Unfortunately modular reasoningis in conRict with Rexible
extensibility. In generalithe morea modulecanbe extendedfrom
the outside,the fewer propertiescan be proven aboutthe module
separately from those extensions. For example, traditional
statically typed object-oriented languages check that each
operationis properlyimplementedon a class-by-clas®asis.This
checking ensuresthat dispatch errors such as Omessageot
understoodCand OmessageambiguousOcan never occur on
messagesendsat run time. But if new methodscan be addedto
existing classesin an unrestrictedmanney then it is easy to
introduce messagedispatcherrors that elude modular detection
[34].

Becauseof these conficts, each languagedesign representsa
particulartradeof betweertheamountof extensibility allowedand
the amount of modular typecheckingsupported.Most existing
languagesave beenbiasedtoward one or the otherextreme.For
example, standard object-orientedlanguagessupport modular
class-by-clasgypecheckingbut only support subclassing-based
extensibility. At the oppositeend of the spectrum,the advanced
languageslisted earlier support several additional kinds of
extensibility. However, the cost of this greaterextensibility has
beena loss of modular static reasoningtheselanguagesequire
whole-programinformation to perform typechecking (if they
support static typecheckingat all) and perhapsto perform
compilation as well.

In previous work with other colleagueswe developedMultiJava
[18, 17, 36], an extensionto Java [4, 22] that augmentslava®
subclassing-baseéxtensibility with the ability to add methods
(called external methods to existing classeqcalled openclasses
[15]) andthe ability to write methods(called multimethod} that
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Figure 1: Completing the extensibility diamond

candispatchon argumentclassesn additionto the recever class.
MultiJava supportsheseadditionalfeatureswhile retainingJava®
modular typechecking and compilation schemes.To do so,
MultiJava restrictsthe waysin which the new languagefeatures
may be usedto a particular set of extensibility idioms that are
compatible with modular checking.

As a consequencef MultiJava® insistenceon fully modular
typecheckingthere are several useful forms of extensibility that
are simply disalloved. For example, MultiJava requires all
externalmethoddeclarationghat belongto the sameoperationto
bewrittenin asingleble. Thisis becausegivena strictly modular
view, it would not otherwisebe possibleto guaranteghe absence
of duplicateor ambiguousexternal methoddeclarationsfor that
operation.Becausethereis the potential for an ambiguity given
only partial programinformation,MultiJava consenratively rejects
Ofree-standing&ternal methoddeclarationsHowever, it is also
possiblethat free-standingexternal methodsare completelysafe,
andin practicethereare programmingsituationsthat needthem.
For example, a client of two independentlydeveloped libraries
may needto provide implementation®f operationglebnedn one
library for concreteclassesdebnedin the other library; in other
words, the client needsto Ocompletéhe diamondGsetup by the
two independentextensions, as illustrated in Figure 1. We
sometimeseferto free-standingnethodsasOgluemethod€)since
they sene to combine two separatelibraries. Even if the
programmerensureghat glue methodsdo not causeambiguities,
MultiJava will still reject this programming idiom.

In this paperwe presenthe designandimplementatiorof Relaxed

MultiJava (RMJ). Like MultiJava, RMJ augmentsJava with

external methods and multimethods,and it provides modular
typecheckingand compilation. At the sametime, RMJ supports
nearly arbitrary usageof the new features.Thesepropertiesare
achiezed by giving programmergxplicit control over the tradeof

betweerextensibility andmodularreasoninginsteadof having the
language lgislate one or the othexteeme.

Thekey technicalprinciple underlyingRMJ®designis to treatthe
modulardetectionof the potentialfor a messagelispatcherroras
producing merely a compile-time warning For ary operation
Raggedat modular compile time as potentially incompletely or

ambiguouslyimplementedthe programmeicanchooseto resohe

the problem and acquire a guaranteeof modular type safety

Alternatively, the programmercanretainthe extra expressieness
thattriggeredthewarning.In thatcase the operationwill undego

morecheckingat load time, to ensurethatthe operationis in fact

properly implemented.We employ a custom class loader to

perform this load-time checking. RMJ® stratgy allows the

expressiorof mary moreidiomsthanareexpressiblen MultiJava,

but it still ensureghat(a) all messagelispatcherrorsare detected
no laterthanloadtime, and(b) the programmeis alwaysawareat

modular compile time of the potentialfor ary load-time errors.

MultiJava® type systemfalls out as a special case of RMJ,

correspondingo a scenarioin which all compile-time message
dispatch varnings are treated as errors by the programmer

RMJ has the follwing novel collection of characteristics:

¥ RMJ s strictly more expressie thanMultiJava, which in turn
is strictly more expressve than Java. Aside from a few
compilationchallengediscussedater, RMJ allows arbitrary
usage of gternal methods and multimethods.

¥ RMJ provides the same modular static assurancesas
MultiJava, becauseRMJ modularly and statically identipes
and reports to the programmer the same problems as
MultiJava. If MultidJava would report no errors to the
programmer then RMJ will report no errors to the
programmerand no errorscanoccut even at load time. But
whereMultiJava would rejecta program,RMJ might instead
warn of a potentialproblem,allowing the programmeto take
responsibility for &oiding it.

¥ For each compile-time warning, the RMJ class loader will
checkat classload time whetherthe potential error actually
occursfor the programbeinglinked. This checkcanbeviewed
as a natural augmentationof the normal class veribcation
checkin the standardJava classloader If a classor external
method loads successfully then there can be no message
dispatchingerrorsinvolving that classor method.Suchload-
time checkingis qualitatively betterthanrun-timecheckingof
eachmessagesend evenwhen(asin Jasa®case)lassloading
canoccurat runtime. Run-timecheckingcannever prove that
some future messagesend won® fail, whereasload-time
checking guaranteeghat, for those classesthat are loaded,
there cannotbe ary messagesend,on ary future execution
path, thatils.

¥ RMJGload-timecheckingtypically occursincrementallyasa
programruns, becausef Java® lazy classloadingstyle, with
the exactsetof loadedclassegossiblydependenbn program
inputs. Load-time checking therefore guaranteesthe type
safety of a particularset of loadedclassesput it may miss
classeghat can be loadedon other programruns. RMJ also
includesa preloadertool that statically checksan application
for load-timeerrorsin all statically reachableclassesin this
way, the preloadeiprovidesassurancesf type safetyno matter
what subsetof the statically reachableclassesare actually
loaded when the application is later run.

¥ As with JavaandMultiJava, RMJ sourcecodeis compiledinto
standard Java class bles modularly one ble at a time.
Therefore, RMJ source and compiled Ples interoperate
seamlessly with Ja source and compiled Ples.

¥ RMJ® compiler and class loader collaborateto male the
necessaryload-time checlging efbcient, incremental, and
mostly a Opay-as-you-goO proposition.

An implementationof RMJ is freely available for download and
experimentation [36].



package ShapePackage;
import OutputPackage.*;
public abstract class Shape {
generic operations on shapes
public abstract void draw (OutputDevice d);

package RectanglePackage;

import ShapePackage.*;
import OutputPackage.*;

public class Rectangle extends Shape {
implementations o8hape methods..

public void draw (OutputDevice d) {
... code for draving aRectangle ...
}

package CirclePackage;

import ShapePackage.*;
import OutputPackage.*;

public class Circle extends Shape {
implementations o8hape methods..

public void draw (OutputDevice d) {
code for draving aCircle ...
}

Figure 2: Shape and two implementations

Thenext sectionpresentghe designof the RMJ languageSection
3 describesour implementation stratgy, including compiler
support and the structure of the RMJ class loader Section 4
assesseour work, presentingthe results of some qualitatve
experience using the language and quantitatve performance
experiments Section5 describegprevious work on increasingthe
modular extensibility of traditional object-orientedlanguages.
Section 6 concludes with a discussion of futuoekw

2. LANGUAGE DESIGN

This section informally describesthe RMJ language, which
extendsMultiJava® supportfor expressingexternal methodsand
multimethodsin Java. Both RMJ and MultiJava are explicitly

designedo extend Java aslittle aspossibleto male it easierfor

programmergo learnandadoptthe new features However, these
syntactically small extensionsoffer signibcantnewn abilities to

programmers.(More complete descriptions of the MultiJava
language can be found elgeere [18, 17].)

Throughoutthis sectionwe will usea running example,inspired
by anexampledueto Krishnamurthi[28]. Imaginethatoneauthor
developsanabstracShape class.andtwo independentlevelopers
each provide concreteimplementationsfor Rectangle and

Circle , asshown in Figure2. Thedraw methodrelieson the
abstracODutputDevice  classin theOutputPackage package
(not shavn).

2.1 Operations and Message Dispatch

Beforeiillustrating RMJ® features,we describea view of Jaa®
methodsand dispatchsemanticghat generalizesaturally to the

RMJ setting.It is usefulto considethe methodsn a Java program
to be implicitly partitionedinto a set of opeftions (sometimes
referredto as generic functions[35, 7, 42]). Eachoperationis a

collectionof methodghathave the samenameandtype signature.
A methodthat doesnot override ary other methodintroducesa

new operation,and all methodsthat override that introducing
methodbelongto its operation.For example,thedraw methodin

Shape of Figure 2 introducesan operation,and the other two

draw methods in the bgure also belong to it.

Eachsyntacticcall sites in a programinvokesa singleoperation®
methods.The mapping from s to its associatedbperationo is
determinecstatically basedon the statictypesof the recever and
other agumentsto the call. When a messagesend occursat s
dynamically the unique most-specibc applicable method
belongingto o is chosen A methodis applicableto the message
sendif the classof the actual receiver is either the method®
recever class or some subclass. The unique most-specibc
applicablemethodis the single applicablemethodthat overrides
all other applicable methods.

If there were no static typechecking,two kinds of message
dispatcherrorswould be possibledynamically If a messageend
hadno applicablemethodsthena "messageaot understooderror
would occut If amessagsendhadseveralapplicablemethodsbut
no single most-specib@ne, then a "messageambiguous”error
would occur Java® static typecheckingguaranteesthat these
errorscannever occurby ensuringthateachoperationis properly
implementedit hasa uniquemost-specibP@pplicablemethodfor
every possibletype-correctoncreterecevver. For example,a static
errorwould be signaledif Rectangle @&draw methodin Figure
2 wereremaoved,asthatomissioncould causea run-timeOmessage
not understoodO error to occur

2.2 External Methods

RMJ and MultiJava allow new methodsto be addedto existing
classedrom the outside.For example,if a client of the Shape
library wishesto view Shapes asproviding anarea operation,
the client can program such an extendedview of Shapes by
writing a new Ple containing one or more external method
declamtions for area , asshawvn in the top of Figure 3. In this
example, the client knows aboutthe Rectangle and Circle
subclassesf Shape andprovidesappropriatearea methodsor
them,alongwith a default methodthat handlesary other Shape
subclasses that mightist.

We call the area operation external becauseits introducing
methodis external.In RMJ andMultiJava, externaloperationsare
scoped.To usethe new area operationclient codemustimport
it, just asclassesareimported.For example,the secondmport
declarationat the bottomof Figure3 providesAreaUser access
to the area operation.Onceimported,area is treatedjust like
ary otheroperationon Shapes. As shovn in thebgurearea can
be invoked using Java® normal message-sensyntax;thereis no
distinctionto clients betweenthe "original" operationsof Shape
(like draw ) andthe externally addedones(like area ). Methods
of external operationscan also be overriddenin subclassedjke
othermethodsFor example,in Figure4 the Triangle  subclass
of Shape includesan overriding implementationof area asa
regular method inside its class declaration.



package AreaPackage;

import ShapePackage.*;
import RectanglePackage.*;
import CirclePackage.*;

public double Shape. area () {
. default implementation..

}

public double Rectangle. area () {
return width() * height();

public double Circle. area () {

return Math.PI * radius() * radius();

package AreaUserPackage;
import ShapePackage.*;
import AreaPackage.area;

public class AreaUser {
public void usesArea (Shape s) {
double d = s.area();
}
}

Figure 3: Externalarea methods and a sample client

package TrianglePackage;

import ShapePackage.*;
import OutputPackage.*;

import AreaPackage.area;
public class Triangle  extends Shape {
implementations oBhape methods..

public void draw (OutputDevice d) {
... code for draving aTriangle ...

}

public double area (

) {
return base() * height() / 2;

Figure 4: Subclassarea method

The ability to add methodsto existing classess a powerful and
recurringidiom. The visitor designpattern[21] was developedin
partto overcomethe inability of existing mainstreanfanguageso
addnew Ovisiting@perationgo existing classesThe separatiorof
code into multiple, orthogonal concerns, as in role-based
programming[3, 47, 45], subject-oriente¢hrogramming24, 41],
and aspect-orienteghrogramming[27, 26], is also dependenbn
the ability to organize methodsnot by classbut by concern,and
then to add these methodsto the underlying classesfrom the
outside.Even whenit would be possibleto put all methodsinto
their class,suchaswhendevelopinganapplicationfrom scratchjt
may still be desirableto modularizesomeof the sourcecodeby
operation.

A key strengthof MultiJava is thateachof the blesin Figures2-4
can be typecheckd modularly given accessonly to the visible
classesindexternaloperationswhich arethosethatarereferenced
by a given ble. For example,the area methodsin Figure 3 are
typecheckd in the context of the classesn Figure 2, but without

package AreaPackage;

import ShapePackage.*;
import RectanglePackage.*;
import CirclePackage.*;
public abstract double Shape.

public double Rectangle.
return width() * height();

area ();
area () {

public double Circle. area () {
return Math.PI * radius() * radius();

Figure 5: Abstract external methods in RMJ

accesdo Triangle  (which maynotevenhave beenwritten yet).
If typecheckingpasseson eachble, then every operationin the
programis guaranteedo be properly implemented so run-time
messagelispatcherrorswill notoccur In orderto make this strong
guaranteeMultiJava imposessignibcantlimitations on the kinds
of external methodsthat can be written. RMJ provides the same
modularcheckingasMultiJava but doesnotimposethe associated
limitations, insteadtransparentlyproviding additional load-time
safetychecksasnecessaryrhefollowing subsectionslescribewo
extensions that RMJ mak to MultiJaa® ecternal methods.

2.2.1 Abstact External Methods

It is naturalto allow external methodsof abstractclassesto be
abstract.For example, it may be desirableto declareShape @
area method abstract; Figure 5 illustrates how this is
programmedin RMJ. Abstract external methods allow the
programmer to document the requirementthat all concrete
subclasses should ptide an appropriatarea implementation.

However, it is difbpcultto presere fully modulartypecheckingn
the face of abstractexternal methods.For example, supposethe
Triangle  classof Figure4 did notimportarea norincludean
overridingarea method.If the versionof thearea operationin
Figure5 is used,we will geta Omessageot understood@rror at
runtime if area is everinvoked ona Triangle . Sinceneither
Triangle nor area is visible to the other modular
typechecking is not able to detect this error

MultiJava addresseshis problemby simply disalloving abstract
external methods,thereby ensuringthat each external operation
hasa default methodimplementationUnfortunately a reasonable
default implementationof an operationdoes not always exist.
Unlessthe setof operationsavailableon Shape is veryrich, it is
unlikely that ary useful area default implementationcan be
written. Thereforethedefaultimplementatiorgbodywill probably
be forced to simply thron an exception. Such a default
implementation satisbesMultiJava® modular typecheckr, but
only by creatingthe potentialfor a run-time error which is not
much different than the Omessagaot understood@rror that the
default implementation is written to prevent! (MultiJava®
approachworks well for operationswhere overriding methods
merelyprovide moreefbcientor customizedmplementation®f a
default algorithm, such as the union of two sets, but not for
operationswhere the overriding methodsdebnethe appropriate
behaior of the operation for each subclass.)

In contrast,RMJ allows abstractexternal methodsto be written,
signaling only compile-time warnings rather than compile-time
errors. Whenthe ble containingthe area methodsin Figure5 is
compiled, the programmerwill be issueda warning about the
potentialfor area to be incompletelyimplemented put the ble



package TriangleAndAreaGluePackage;

import TrianglePackage.*;
import AreaPackage.area;

public double Triangle.
return base() * height() / 2;

area () {

Figure 6: Glue external methods in RMJ

will becompiledsuccessfullyAs long asall concretesubclassesf

Shape loaded into the program debPneor inherit a concrete
implementationof area , the programwill be correctand the
potentialfor area to be incompletewill not have beenrealized.
However, if a concretesubclasf Shape is loadedthat doesnot
override the abstractarea methoddeclarationthena load-time
veribcationerrorwill bereported RMJ®combinationof compile-
time and load-time checking is sufpcient to ensure that all

operationsare properly implemented.Therefore,a programthat
passesRMJ® compile-time and load-time checks will never
generateary dispatchingerrors when messagesre sentat run

time.

2.2.2 Glue Methods

Suppose again that the area and triangle libraries are two
independenaugmentationso the original shapehierarcly, sothat
the Triangle  classwouldn®know aboutthe area operation
andwouldn®have anarea methodinsideit. As describedcabove,
if boththearea operationn Figure5 andtherevisedTriangle
classareloadedinto the sameRMJ program aload-timeerrorwill
be triggered. To resole this problem, the integrator of the two
independently developed libraries must be able to provide
additionalOglue@odethat makesthe librarieswork togetheri.e.,
that Ocompleteshe diamondQas illustrated in Figure 1. For
example, Figure 6 shavs a new Pble that debPnesthe external
methodenablingthe area operationof Figure5 to interoperate
with Triangle , without modifying either library (or
retypecheckingitherlibrary or evenhaving sourceaccesgo either
library).

We refer to the area methodin Figure 6 as a glue method
becauseit glues together an existing class with an existing

operation.More precisely a glue methodis an external method
that doesnot residein the sameble that introducesthe method$§
associatedbperation.The area methodin Figure 6 is a glue
methodbecausét belongsto the operationthat wasintroducedin

Figure 51

Unfortunately it is difbcultwith a purely modularview to ensure
thattherearenotary duplicationsor ambiguitiesbetweerthe glue
methodin Figure 6 andthe othermethodsn thearea operation.
For example, although the glue method in Figure 6 is not
ambiguouswith the area methodsin Figure5, if an unseenble
containsanotherarea glue methodfor Triangle , atruntimea
Omessagambiguous@rrorwill occurwhenarea is invokedona
Triangle instance. Because of these kinds of problems,
MultiJava doesnot allow glue methodsto be written. It instead
requiresall the external methodsfor a particularoperationto be
written in_the Ple that introducesthe operation, allowing an
operation®externalmethodsto be typecheckd asa unit, thereby
preserving modular typechecking.

1. Evenif area hadadefaultimplementationasin Figure3, glue
methodswould still be useful,allowing clientsto customizethe
integration of the area and triangle libraries.

In contrast,RMJ allows glue methodsto be written but issuesa
compile-timewarning that thereis the potentialfor duplicateor
ambiguousnethodgo appeatin otherbles.RMJwill still compile
the glue methodssuccessfullyThe classloaderwill thenverify as
glue methods are loaded that there are no duplicates or
ambiguities.

An unusualissuein the designof glue methodsis the needto
determinehow they interactwith Java® lazy loading capabilities.
A classis typically loadedin Jasa implementationsupon Prst
referencde.g.,whenaninstances created)Similarly, in RMJand
MultiJava, an externaloperationis loadedsimply by referencingt
by name(e.g.,in amessagsendto thatoperation) Referencingan
external operation has the effect of loading the operation®©
introducingmethod,aswell asall overriding methodsdeclaredn
the sameble. However, RMJ@glue methodsarewritten separately
from their operationssothey will never beloadedby this scheme.
Furthermore,individual methodsare never named directly in
programs:a method is always invoked indirectly via message
sends to its associated operation.

To addresshis problem,our customclassloaderaccepts list of

the namesof Ples containingglue methodsto be includedin a

given program.Before loading the program®brst class(the one
containing the main method), the class loader records the

existence of each glue method, but it doesnot load ary glue

methods. Each glue method will be loaded as soon as it is

reaable meaningthat the method® operation, recever, and
argumenttypeshave all beenloaded.This mechanisnfor Pnding
gluemethodss somevhatanalogougo Jasa®existing mechanism
for Pndingclasseswhich relies on the classpathlist provided to

the class loader

Our stratgyy of loading a glue methodonly whenit is reachable
ensureghat the methodis not loadeduntil it is capableof being

invoked, in keepingwith Jasa®lazy loadingschemeAt the same
time, the stratgy still maintainsa kind of monotonicityin the

meaning of operations: the method chosen by invoking an

operationwith a given recevver and argumentscannot change
during the courseof a program&execution,even if new methods
are addedto the operationthroughlater loading. Implementation
detailsof our stratgy for loading glue methodsare provided in

Section 3.

While RMJ supports glue methods belonging to external
operationdike area , it currentlydoesnot supportglue methods
belonging to regular OinternalCoperations like draw. Glue
methodsfor external operationsallow us to integrate separately
developedclasshierarchiesandexternaloperationswhichwasour
goal. However, supportingglue methodson internal operations
would enable additional kinds of useful expressieness,
particularlyin the presencef multimethodgdescribedn Section
2.3). Unfortunately it is challengingto modularly compile glue
methodsbelongingto internaloperationsn a way thatis efbcient
and that interoperatesseamlesslywith existing Java sourceand
compiled bles. W leave this to future wrk.

2.3 Multimethods

RMJandMultiJava alsoextendJava by allowing messagelispatch
to dependupon the run-time classesof the agumentsof the
messagein addition to the recever; this is called multiple
dispatting (as opposedto the single dispatding of traditional
recever-basedmethodlookup). To exploit multiple dispatchinga
(possiblyexternal)methodcanadda specializetto oneor moreof
its agumentswhich restrictsthe methodto only applyto message
sendsvhoseamgumentsareinstance®f the specializingclassegor



package RectanglePackage;

import ShapePackage.*;
import OutputPackage.*;

public class Rectangle extends Shape {
implementations o8hape methods..

public void draw (OutputDevice d) {
code for draving aRectangle ...
}

public void draw (OutputDevice@BWPrinter p)
{.. code for draving aRect . on a b&w printer..

package CirclePackage;

import ShapePackage.*;
import OutputPackage.*;

public class Circle extends Shape {
implementations oBhape methods..

public void draw (OutputDevice d) {
code for draving aCircle ...

public void draw (OutputDevice@BWPrinter p)
{... code for draving aCircle  on a b&w printer..
}

package DrawUserPackage;

import ShapePackage.*;
import OutputPackage.*;

public class DrawUser {
public void usesDraw (Shape s) {
OutputDevice od = ..;
s.draw(od);
}

Figure 7: draw multimethods and a sample client

their subclasses)methodswith amgumentspecializersare called
multimethods

For example,considerthe draw operationfor Shapes in Figure
2. It may be useful to have special drawing functionality for

particular kinds of output devices. Figure 7 shows revised
Rectangle andCircle classeseachwith a new multimethod
for drawing on black-and-whiteprinters.To specifya specializera
formal amgument is declared using the syntax
StaticType@SpecializerClass FormalName . In the
Rectangle classtheseconddraw methodis applicableonly if

the dynamicclassof the recever is Rectangle  (or a subclass)
and the dynamic class of the agumentis BWPrinter (or a
subclass)The staticagumenttypesof a methodidentify to which

operatiorthe methodbelongs allowing multimethodsto smoothly
interact with Jea® static @erloading mechanism.

As illustrated at the bottom of Figure 7, operationscontaining
multimethods are invoked using Java® regular message-send
syntax.At runtime, the uniquemost-specibapplicablemethodis
invoked, as described in Section 2.1. In the presence of
multimethods a methodm overridesa methodn if m@ receier is

n@ recever or a subclassandfor eacharmgumentpositioni, m@ith
specializeris n@® ith specializeror a subclassin our example, if
draw is sentto a Rectangle anda BWPrinter , then both
Rectangle draw methodsareapplicableandthe secondoneis_
chosensincethe methodshave the samerecever but the second©
argumentspecializeris more specibc(an unspecializecargument
is equivalentto one specializedon the static type). Sendingthe
draw messageto a Rectangle and a ColorPrinter ,
however, will invoke the brstRectangle draw method,since
the second one is not applicable.

In additionto operationdike draw, multimethodsare naturalfor
binary operationslike equality addition, and set union, which
accepttwo argumentsof the sametype. Multimethodsallow the
argumentsof a binary operationto be treatedsymmetricallyand
allow algorithmselectionto be sensitve to the representationsf
both aguments.We have also found multimethodsto be quite
useful in event-based systems, where components register
themseles to be notiPed when an event occurs. NotiPcation
consists of the invocation of a componengOhandleEvent
operation passinghe eventasanargument.To debPnehow events
are dispatched, a component debPnes some number of
handleEvent multimethodsgachof which specializests event
amgument to the particular subclass eéet to be handled.

As with external methods, MultiJava is able to modularly
typecheck and compile Ples containing multimethods. If
typecheckssucceedon all bles,then MultiJava guaranteeghat
each operation is properly implemented. In the contet of
multimethoddispatch this meansthat the operationhasa unique
most-speciP@pplicable method for every possibletype-correct
tuple consistingof a concreterecevver andconcreteargumentsAs
with externalmethodshowever, MultiJavaimposegestrictionson
how multimethodsare written to ensurethis ability to check
multimethodsmodularly Eachconcreteclassis requiredto debne
or inherit a singly dispathied implementationof eachoperation
thatit supportsFor example,in theRectangle classin Figure?7,
thebrstdraw methodwhich doesnfspecializeonits agument,s
required.If it wereomitted,MultiJava would issuea compile-time
error, becausedraw could be incompletelyimplementedf there
exist output devices other than BWHPrinter , for example
ColorPrinter Unfortunately as with the earlier area
operation,it may be difbcultto write a default implementatiorof
thedraw operation that does not simply tiwan eception.

RMJ treatsthe absencef singly dispatchedlefault methodsasa
compile-time warning rather than a compile-time error. In our
example thedefaultdraw methodsn Rectangle andCircle
canbeomitted,leaving only thedraw multimethodsasin Figure
8. Wheneachof the Rectangle andCircle Plesis compiled,
aslongasdraw is implementedor all visible concretesubclasses
of OutputDevice , the RMJ compilerwill issueonly a warning
that there is the potential for draw to be incompletely
implemented, but the ble will be compiled successfully If
BWPrinter and its subclassesre the only concretekinds of
output devices loaded into the program, the program will be
correctandthe potentialfor anincompleteémplementatiorwill not
be realized. However, if a different concrete subclass of
OutputDevice isloadedthenaload-timeveribcationerrorwill
be reported.As before, RMJI® combinationof compile-timeand
load-time checkingis sufpcientto ensurethat all operationsare
properly implemented.Therefore,a programthat passesRMJ®
compile-time and load-time checks will never generateary
dispatching errors when messages are sent at run time.



package RectanglePackage;

import ShapePackage.*;
import OutputPackage.*;

Rectangle extends Shape {
implementations o8hape methods..

public void draw (OutputDevice@BWPrinter p)
{... code for draving aRect . on a b&w printer..

public class

package CirclePackage;

import ShapePackage.*;
import OutputPackage.*;

public class Circle extends Shape {
implementations oBhape methods..

public void draw (OutputDevice@BWPrinter p)
{.. code for draving aCircle  on a b&w printer...

Figure 8: draw multimethods in RMJ

The currentRMJ implementatiordoesnot supportthe omissionof
singly dispatcheddefault methodsfor internal operationslike
draw . Thisidiom hasnot beennecessaryor our casestudies but
it could becomeuseful when RMJ supportsglue methodsfor
internaloperationsin thatcase glue methodscould be usedto pll
the OgpsOcausedby the lack of singly dispatcheddefault
methods, without modifyingxésting code.

2.4Dispatching on Interfaces

It is common practice for a third-party library to expose only

interfacesto clients, ratherthan the classesmplementingthose
interfaces.In orderfor clientsto write multimethodsthat dispatch
on such library classes,it is necessaryto allow interfacesas
specializersHowever, this idiom posesa challengefor modular
typecheckingbecausénterfacessupportmultiple inheritancetwo

multimethodswhoseargumentsspecializeon differentinterfaces
may appearto be unambiguousit modularcompiletime but cause
a run-time OmessageambiguousQerror if an unseen class
implements both inteaices [34].

MultiJava handlesthis modularity problemby simply disalloving

interfacespecializersfFor example,if thevariousoutputdevicesin

OutputPackage weredebnedasinterfacesratherthanclasses,
then the seconddraw methodin Rectangle and the second
draw methodin Circle of Figure 7 would be disallowved. In

contrastRMJ allows arbitrary usageof interfacespecializershut

it issuesa compile-timewarning aboutthe potentialfor multiple-

inheritance ambiguities and performs load-time ambiguity
checkingto ensurethat the potentialambiguitiesnever occurin

practice.

BecauseRMJ allows interfacespecializersit makessenseo also
allow externalmethodson interfaces.Suchmethodsare usefulfor
the same reasonsthat interface specializersare useful. For
example, if the shapesin ShapePackage were exported as
interfacesthenexternalmethodson interfaceswould be required
to implementthe area functionality in Figure 3. As expected,
external methodson interfacesin RMJ lead to compile-time

warnings about potential ambiguities, bacled up by load-time
checking to ensure safety

2.5Discussion

In RMJ we have identibedthose restrictionsof MultiJava that
relBectonly the potentialfor a messagelispatcherrorandreplaced
them with warnings. RMJ still reportsall actual and potential
errorsaseachbleis modularlycompiled.This contrastsvith other
systemsthat have comparablesupportfor external methodsor
multimethodswhich requirewhole-programnformationin order
to typecheckand/orcompilea ble.For example,aclassin AspectJ
[26] may be typecheckd andcompiledonly whengivenall of the
aspectsthat add external methods(among other things) to the
class. RMJ® modular checkingis particularly important when
compiling library bles whose clients are not yetwno

Externalmethodsand multimethodsarethe realizationin the Java
contet of a singleunderlyingidiom: the ability to write methods
that dynamically dispatchon existing classesExternal methods
candispatchon an existing recever class,and multimethodscan
dispatchon existing agumentspecializerclassesWith thesetwo

constructs,RMJ allows essentiallyarbitrary expressionof this

underlyingidiom. Methodscan be written and organizedin ary

grouping desired. Those organizationsthat satisfy MultiJava®
modular typechecking restrictions are proven safe entirely
modularly The remaindermust be conpPrmedwith a load-time
check,but in mary casesthe only feasiblealternatves to load-
time checking are methods that simply thnun-time &ceptions.

RMJ® type systemcan be viewed as a variant of the soft typing
approach[11], but with load-time checksinstead of run-time
checks.Soft typing systemsattemptto perform as much static
checkingas possibleon programswritten in a dynamicallytyped
languagelike Scheme Our work takes the oppositeperspectie:
we relax a languagethat supportsmodularstatic typecheckingo
allow more expressveness,inserting load-time checks where
neededo ensuresafety RMJ cansene asa generalplatform for
experimenting with modular type systemsfor languageswith
external methods and multimethods. Different modular type
systems can be evaluated without changing the underlying
expressvenesf thelanguageRather whatchangess simply the
factoring of the checks between compile time and load time.

RMJ® approachs orthogonalto the particulardetailsof external
methods and multimethods. The factoring of checks between
modularcompile time andload time would be equally useful for
other kinds of expressie languagesthat pose a challengefor
modulartypecheckingOhlviouscandidatesreaspect-orientednd
relatedlanguageswhich typically forego modular guaranteesn
favor of increasedexpressveness.Using RMJ® approachthese
languagescan retain their current expressieness while still
providing asmuchearly feedbackaspossibleto usersMore early
feedback can be incorporated as new research identibes
opportunities for better modular reasoning in these languages.

3. COMPILATION AND CLASS LOADING

RMJ sourcecode compilesinto regular Java bytecodeclasses,
which areloadedby a customclassloaderrunningon a standard
Javavirtual machine This sectionexplainshow bytecodefor RMJ
is generatedloaded,and veribed.We begin by brieRy reviewing
how MultiJava® languageextensionsare compiled, then explain
the additional compilation techniquesusedfor RMJ, and pPnally
describe RMJ® custom class loader A key feature of our
compilationstrateyy is thatthe customclassloaderonly performs
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Figure 9: Structure of the implementation afea from Figures 3 and 4

extra checkingon anoperationif the compilerwasforcedto emita
warning messageabout potential incompletenesr ambiguity
problems for that operation. If the compiler can verify the
correctnes®f all classeanodularly thenthe customclassloader
will perform no load-time checking.

3.1Compile-Time Extensions in MultiJava

RMJ is able to reuse most of the compilation techniquesof
MultiJava. To implementmultiple dispatching MultiJava memges
all the methodsthat have the samerecever classbut different
amgumentclassspecializeranto a single bytecodemethod.This
method consists of an if statementthat uses a series of
instanceof  teststo dispatchto theright branch,eachof which
containsthe body of one of the original multimethods.Clients
continueto invoke operationscontainingmultimethodsin exactly
the sameway asbefore,therebyshieldingclientsfrom whetheror
not someoperationhas multimethods.This designalso allows a
MultiJava classto extend a regular Java class and override a
regular Jasra method with a MultiJava multimethod, all
transparently to the va class and itsxésting Jaa clients.

To implementexternal operationsMultiJava generatesin anchor
classrepresentinghe operation.The externalmethodsdeclaredn
the Ple that introducesthe external operationare memged into a
single bytecode method namedapply , in which the original
recever has been corverted into an additional agument. This
apply method selects the right branch using a series of
instanceof tests of the original recever plus ary other
arguments with specializer classes.

As shavn in Figure 4, subclasse®f the recever of an external
operation can import the operation and then add additional
methodsto it. To allow an external operationto be extendedby

laterclassesn thisway, theapply bytecodemethodfor thegroup
of method=on anexternaloperationfrom a singlesourcebleis put

in a dispatter class the external operation®anchorclassthen
maintainsa linked list of dispatcherclassinstancesjn order of

mostspecibdo leastspecibclf a subclassaddsoneor morenew

methodsto an existing external operation,the subclassmethods
arecompiledinto anapply methodin their own dispatcherlass,
which is addedto the front of the anchorclassédispatchetist as
part of the subclassétatic initialization code.

For example, considerthe area external operationdebnedin
Figure 3. The operationgetsits own anchorclass,and the three
methodsare megedinto an apply methodin a new dispatcher
class.When Triangle  of Figure 4 is compiled, a dispatcher
classfor its area methodis createdaswell. WhenTriangle is
initialized, its staticinitialization codeaddsthis dispatcheto the
front of the anchorclass€xdispatchetist, resultingin the structure
illustratedin Figure 9. When area is invoked, the headof the
anchorclass§list of dispatcherss fetched,andits apply method
is invoked. If none of the methodsof the head dispatcheris
applicablethenthe apply methodfetchesthe next dispatcheiin
the chainandinvokesits apply methodrecursvely. Eventually

an applicable method will be found, becausemodular static
typechecking has veribed that the operation is completely
implemented.

More details on the implementationtechniquesof MultiJava are
available in earlier papers [18, 17].

3.2Compile-Time Extensions in RMJ

The RMJ compilerhastwo code-generatiotasksbeyondwhatthe
MultiJava compiler does.First, the RMJ compiler must generate
appropriatebytecodefor the additionalfeaturesnot supportedby
MultiJava. Secondthe RMJ compiler mustrecordinformationin
theresultingclassblesto tell the RMJ classloaderwhat checksto
performwhen eachclassis loaded.This informationis corveyed
throughthe extensibleannotationmechanismsupportecby Java®
class ble format [Lindholm & &lin 97].

3.2.1 Compiling RMJ Extensions

RMJ allows the methodintroducing an external operationto be

abstractasillustratedin Figure5. Bytecodegeneratiorfor abstract
methodss simple:theabstractmethodis treatedasif it hasa body

that simply throws a RuntimeException . A similar technique
canbe usedto generatecodewhena concreteclasslacksa singly

dispatchedmethodfor someoperation,asillustratedin Figure 8.

Bytecodefor theimplicit abstracimethodcanbe generatedwith a

body that thravs aRuntimeException

RMJ allows therecever or anargumentspecializeiof a methodto
be an interface. Bytecode generationis unafected by this
relaxationof MultiJava, sincethe existing strat@y of testingfor a
method® applicability using instanceof tests works for
interfaces as well as classes.

Finally, RMJ allows a methodto bedeclaredn a separatélefrom
both its recever classand its (external) operation.We compile
each such glue method into an apply method in its own
dispatcherclass; this enableseach glue methodto be loaded
separatelyby the RMJ classloader asit becomeseachable A
sourceblecontainingseveralgluemethodss itself compiledinto a
glueandor classakin to anexternaloperation&anchorclass.The
glueanchorclassis usedto provide annotationgo the classloader
about the ne& glue methods, as described belo

In RMJ, it is possiblefor glue methodsto override someexisting
methodsand to be overridden by other existing methods.For
example,supposeCis asubclas®f B, whichis asubclas®f A. An
external operationcould initially declaremethodsfor recevers A

2. This Ochairof responsibility§21] styleworks correctlyandcan
begeneratedompletelymodularlyandstatically,butit is notas
efficient as regularmethodinvocationin Java.An alternative
strategyworth investigatingn thefuturewould generatea more
efficient customdispatchemethodat load time, basedon the
currentsetof loadeddispatchersOneversionof this strategyis
usedin theimplementatiorof the Runabou{23], avariationon
the visitor design pattern.



and C in one ble, with a later glue method implementingthe

operationfor B. The MultiJava implementationwould meige the

external methodsfor A and C, which were declaredin the same
ble, into a single dispatcherclasswith a single apply method.
However, this stratgyy would not allow Oinsertion@f methods,
like thatfor B, into the middle of the specibcityorder To resohe

this problem,RMJ compileseachmethodof an externaloperation
into its own dispatcherclasswith its own apply method.In this

way, all methodsof externaloperationsaretreatedasif they were
glue methodsfor the purpose®f compilation.This doeshave the

side-efect of slowing down dispatch of external operations
somevhat, as shan in Section 4.2.

3.2.2 Bytecode Annotations

The compiler must inform the classloader wheneer load-time
completenessr ambiguity checkingis requiredfor an operation.
The compiler must additionally provide the loader with
information about the methodsdeclaredon that operation, to
enablethe checkingto be performed.Both of thesetasks are
accomplished via method annotations The RMJ compiler
producesa methodannotatiorfor eachsourcemethodthatbelongs
to an external operation.Each method annotationindicatesthe
operationthat the methodis part of, the recever and agument
specializergif ary), the fully qualipednamesof its anchorand
dispatcherclassesandwhetheror not the methodis abstractThe
annotationfor a method declaredin the ble introducing the
method€externaloperation(e.g.,anarea methodin Figure3) is
placedin the operation€anchorclassbytecode Theannotatiorfor
aninternalmethodaddedto an externaloperation(e.g.,the area
methodin Figure4) is placedin the bytecodefor the new method®
recever. Finally, the annotatiorfor a glue method(e.g.,thearea
methodin Figure6) is placedin the associatedjlue anchorclass
bytecode.

Method annotationgrovide enoughinformationfor the loaderto
perform the necessarychecking on external operations. For
example,if amethodannotatiorfor anabstracexternalmethodis
obsered, then the loader will know to perform completeness
checking.This checkingrelieson the othermethodannotationof
the operationbeing checled, to decidewhetherthe operationis
fully implemented. Similarly, the appearanceof a method
annotationfor a glue methodor a methodthat specializeson an
interfaceindicatesthatthe associate@peratiorrequiresambiguity
checking.

Method annotationsare also generatedfor methodsof regular
internal operations,in order for the loader to check their
completenesandambiguityif necessaryt would be sufbcientto
generatean annotationfor eachmethodin the program,but this
would be a large numberof annotationsWorse, it wouldn®allow
existing classblescompiledby a regular Javza compilerto be used
seamlessly (e.g., subclassed from) in RMJ programs.

Fortunately the RMJ compilercansafelygenerateannotationgor
methodf internaloperationon demandFirst, if aconcreteclass
addsmultimethodgto aninternaloperationbut doesnot declareor
inherit a singly dispatchednethodfor thatoperationthe compiler
generatesa method annotationfor the implicit abstractsingly
dispatchednethod,in additionto the annotationgor eachof the
multimethods.Theseannotationsare sufpcientfor the loaderto
safely and precisely check completeness.

Second,the RMJ compiler must generateannotationsto allow
ambiguity checkingof an internal operationcontaininga method
that specializen an interface.Whensucha methodis obsered,
methodannotationarecreatedor it andfor all othermethodson

its operationdeclaredin the currentclass.For properambiguity
checking of the operation,annotationsare also neededfor all

methodsof the operationin ary subclasseandsuperclassesf the
currentclass.Therefore the existenceof the methodspecializing
on an interface triggers the compiler to generateappropriate
method annotationsin each subclasswhen it is compiled.
However, the superclassebave alreadybeencompiled, so they

will in generalnot containsuchannotationsinstead,we include
theannotationgor superclassnethodsn the bytecodefor the prst
subclasghatdebPnes methodspecializingon aninterface.In this

way, we generatethe propermethodannotationgo enableload-

time ambiguitychecking,without eitherrequiringexisting codeto

be recompiledor generatingmethod annotationsfor operations
that do not require load-time checking.

3.3Load-Time Extensions in RMJ

RMJ usesa customclassloader namedRMJClassLoader , that
subclasseslasa® standardClassLoader class, to load the
classeausedin an RMJ program.This classloaderobsereseach
classloadedinto the programand examinesit for RMJ method
annotations.

The RMJ class loader isvioked in the folleving manner:

% java -Drmj.glue=<glue> RMJClassLoader
<Main> <args>

As describeckarlier the classloaderacceptalist of theglue bles
to be included in the current program; this is set via the
rmj.glue  property Glue methodsare processedn two phases:
the brst phaseregisters the existenceof a glue method,and the
secondphaseoadsthe glue methodSxdispatcherclassandchecks
for duplicateor ambiguouslydebnedglue methods.The loader
performsthe Prstphasammediately usingthe methodannotations
in theblesnamedn thermj.glue  property Eachglue methodis
not actually loaded until it becomesreachable:its operation®
anchorclassrecever, andamgumentspecializerhave beenloaded.
This strategy ensuresthat each glue methodis only loaded if
necessaryandthatit getsinsertedin the appropriateplacein the
chain of dispatchers.Details on registering and loading glue
methods are prided in Section 3.3.2.

Onceall the glueis registered the loaderstartsthe RMJ program
by loadingthe <Main> classandinvoking its main methodwith
thegiven<args> . RMJClassLoader will bethedebningclass
loader[30] for <Main> , which meanshatary classeseferenced
from that classwill also be loaded with RMJClassLoader ,
transitively.

The key methodof RMJClassLoader is loadClass , which
takesthefully qualiPednameof aclassto load, Pndsthe bytecode
implementationof the class,performsnecessarnfRMJ checkson
the class,and createsand returnsthe Class objectrepresenting
the loadedclass.(This sameprocessappliesto interfacesaswell.
Fromthe perspectie of the virtual machinejinterfacesaresimply
a special kind of abstract class. We adopt this perspectie
throughoutthe rest of this section,referringto both classesand
interfaces generically as classes.) The overall procedure of
RMJClassLoader @loadClass methodis sketchedin Figure
10.

RMJClassLoader cannotbe the debningloader for system
classesor elsethe classeswill not be ableto be passedo system
methods.In the currentimplementationof RMJClassLoader ,
ary classin the java packageis loadedby the regular system
classloader Otherwise,we use the normal Javza mechanismdo
Pnd the class and install it in the JVM using the inherited



Class loadClass(String fullName) {

Class c;
if (fullName.startsWith("java.")) {
¢ = findSystemClass(fullName);

registerSuperclasses (c);

}else {
String fileName = asFileName(fullName);
URL url = getResource(fileName);
byte[] bytes = .. read contents

¢ = defineClass(bytes);

of wurl ..

registerClass (c);
loadReachableMethods  (c);
verifyCompleteness (c);
return c;

}

Figure 10:RMJClassLoader (loadClass method

defineClass method, with RMJClassLoader as the
debning loader The boldface operationsin the loadClass
methodsupportRMJGload-timecheckingandaredescribedn the
rest of this section.

Java®customclassloadermechanisméiave enabledusto include
additional load-time checking in the Java virtual machine.
However, customclassloaderswereintendedto supportmultiple

namespaceqyot as a way for languagedesignersto implement
languageextensions[10], and they do not gracefully supportall

that we and other languagedesignersmight like. For example,
customclassloadersfor differentextensionscannotbe composed
nicely. We view the designof a more Rexible mechanisnin Java

for composabléoad-timecheclersandcodetransformerdo bean

interesting area for futureosk.

3.3.1 Rgistering Classes

In order to perform completenessand ambiguity checking
incrementallyasclassesareloaded theloadermaintainsa number
of datastructureswhich are describedas neededn this section.
The registerClass method updatesthese data structures
appropriately wheneer a new class is loaded. Aside from

registeringthe existenceof the new class registerClass also
readsary methodannotationsin the classand updatesthe data
structures to refRect theixistence.

The RMJ classloaderwill not be the debningclassloaderfor a
systenclass.Consequentlyclasseseferencedy thesystenclass,
suchasits ancestoclassesmay not be obseredby theRMJ class
loader To partially account for this omission, the
registerSuperclasses _ methodcallsregisterClass on
eachof a systemclass®superclassesallowing the RMJ class
loader€datastructurego relRecttheir existence However, it is still
possiblefor somerelevant systemclassego be missedwhich can
causetheloaderto performfewer checksthannecessaryo ensure
correctnessAn improved composableclass loader mechanism
would provide a way for customclassloadersto at leastobsene
that these internal system classegehaeen loaded.

3.3.2 Rgistering and Loading Methods of External
Opemtions

As mentionedabore, the RMJ class loader examineseach ble
listed in the rmj.glue  property for method annotationsand

registersary thatarefound. Registrationconsistdn the creationof

anexternalmethoddescriptorfor eachmethod whichincludesthe

fully qualibed names of the external method® anchor class,
dispatcherclass,recever class,and amgumentspecializerclasses
(or static types for amuments that are unspecialized).As

mentionedearlier all methodsof externaloperationsaretreatedas

if they were glue methodsfor the purposesof compilation.
Therefore, when registerClass bnds an annotationin a

newly loadedclassfor a methodaddedto an external operation
(eithera methodin the ble introducingthe operationor a method
in a subclasf the operation€recever), the methodis registered
exactly as glue methods argyigtered.

Methodsof external operationswill not be loadeduntil they are
reachable.Therefore, the loader maintainsan external method
registry, which maps not-yet-loaded anchor receier, and
argument specializer class names to the external method
descriptorsthat are awaiting their loading. As part of a method§
registration, the registry is updatedto re3ectthe classesupon
which the nev method is waiting. Finally, to speedexternal
methodloading (describecdhext), eachexternalmethoddescriptor
alsostoresa countof the numberof distinctnot-yet-loadecdtlasses
thatit is waiting on. For example,whenthe glue methodin Figure
6 is registeredvia the rmj.glue  property it initially is waiting
for the area operation®©anchorclassandthe Triangle  class.
The external methodregistry is thereforeupdatedto rel3ectthese
dependencies, and the mettedéscriptor gets a count ofdw

The registerClass method,describedearliet is responsible
for updatingthe externalmethodregistry to reRectthe loadingof a

new class.Thatis, any mappingsrom the new class®namein the

registry are removed, and the mapped-to external method
descriptors have  their counts decremented. The

loadReachableMethods operationthen loads ary method
thathasnow become”eachablei,.e.,Whoseassociatedescriptorf)
count is zero. Multiple methodsof an external operationcan

become reachable simultaneously In that case,
loadReachableMethods loadsthe dispatcherclassesf less-
specibcexternal methodsand prependsthem to the operation©
dispatchechainbefole thoseof more-specibexternalmethodsto

ensurethat overriding methodsalways end up in front of their

overridden methods on the chain.

3.3.3 \¢rifying Completeness

The verifyCompleteness method is used to ensurethat
operations remain complete in the face of abstract external
methods and concrete classesthat implicitly contain abstract
singly dispatchednethods.The loadermustensurethat, for each
such abstractmethod, for each type-correcttuple of concrete
recever and agumentclassesthe abstractmethodis overridden
by someloadedconcretemethodthatis applicableto the tuple. To

reducetheload-timework thatis performedpnly tuplesconsisting
of top concete classesof the abstractmethod®receirer and
amgumenttypesneedbe consideredA concreteclassC is a top

concreteclassof an abstractclassD if thereis no otherconcrete
classE that is a superclassof C and a subclassof D3 If an

operationhasan incompletenesst will be revealedby a tuple of

top concreteclasses.By similar reasoning,only top concete
methods of the abstract method need to be consideredfor

applicability to thesetuples.A top concretemethodis a concrete
methodthat directly overridesthe abstractmethod,without ary

intervening arerriding concrete methods.

3. Recallthatthroughoutthis subsectiorwe aretreatinginterfaces
as special kinds of abstract classes.



Completenesschecking in verifyCompleteness uses an

incremental algorithm that works as each abstract method
annotationand concreteclassis loaded,without ary redundant
checking. When a new abstractmethod is loaded that needs
completenesshecking,the loaderconstructsall the type-correct
tuplesof top concreteclasseshasedon the setof classesurrently

loaded,andchecksthateachhasanapplicableloadedmethodthat

overridesthe abstractmethod.Corversely whena nev concrete
classC is loaded the loaderbndsall loadedabstracimethodsthat

needcompletenessheckingandhave a recever or agumenttype

for which C is atop concreteclass.For eachsuchabstracimethod,
theloaderconstructsall tuplesof top concreteclasseghatcontain
C in somepositionandensureghateachhasan applicableloaded
method that werrides the abstract method.

For example,supposghearea methodsn Figure5 areloadedin
an RMJ program. Assuming the Shape, Rectangle , and
Circle classes have already been loaded,
verifyCompleteness will checkfor the existenceof area
methodsapplicableto Rectangle andCircle , aseachis atop
concreteclassof Shape. The methodannotationsin the area
operation®anchorclassallow this checkingto succeedWhenthe
Triangle  classis later loaded,verifyCompleteness will
check for the existence of an area method applicable to
Triangle . If thereis a subclassarea methodfor Triangle
asin Figure4, or aglue methodfor Triangle , asin Figure®, it
will have alreadybeenloadedby loadReachableMethods
and will therefore be properly accounted for

Our incremental completenessalgorithm resemblesthe Rapid

Type Analysis algorithm [5]. Both algorithms maintain
informationabouta setof reachablelassesinda setof reachable
operations Wheneer either setis extended,the newv elementis

checled agninst all the existing elementsof the other set. The

algorithmis guaranteedt every pointin time to have checledall

pairs in the cartesianproduct of the two sets, without ary

redundant checking.

The classloader maintainsseveral data structuresto make the
checkingof verifyCompleteness efbcient.They areupdated
incrementallyby registerClass aseachclassis loaded.The
data structures are as folls:

¥ amappingfrom eachloadedabstractclassto its setof loaded
top concrete subclasses,

¥ a mapping from each loaded abstract method needing
completeness checking to its set of top concrete methods,

¥ a mappingfrom eachloadedabstractclassC to the set of
abstractmethodsfor which that classis the recever or an
argument type.

For maximum Rexibility, our verifyCompleteness

implementatiortreatsa completenessrrorasa non-fatalwarning,
and still allows the program to continue execution. If the
incompletenesever actuallyoccursatruntime, thenthe exception
that was compiled as the body of the abstractmethodwill be
thrown. It would be straightforvard to parameterizéhe loaderto
allow users to specify dérent ways of treating load-time errors.

3.3.4 \¢rifying Unambiguity

As with completenesghecking,the loader performsambiguity
checking on an operation incrementally as each class and
reachablenethodis loaded The heartof theloader8algorithmfor
incrementalambiguity checkingis a routine that checksa pair of
methodsfor ambiguity with one another This algorithm can be
usedequallywell to performambiguitycheckingat compiletime,

onthevisible methodsof anoperation[29]. First, therecever and
amgument specializers (or static amgument types, where
unspecialized)(Cy,...C,) and (Dy,...D,) for each of the two
methodsareretrieved. For now, we assumehat the receversand
specializersare all classes;the generalizationto interfacesis
presented bela The algorithm checks seral cases:

¥ If (Cy,...Cp) = (Dy,...Dp), thenthetwo methodsareduplicates,
and an ambiguity error is reported.

¥ Otherwise, if each C; is equal to or a subclassof the
correspondindp;, or vice versathenonemethodoverridesthe
other and the methods are not ambiguous.

¥ Otherwise,if for eachi, C; and D; are related meaningthat
oneis equalto or a subclas®f the other thenthetwo methods
may be ambiguousbecauséhey areapplicableto overlapping
sets of amument tuples. This overlap is succinctly
characterized by their intersection tuple
(int(Cy,Dy)....,int(C,,Dy)), whereint(C;,D;) returnswhichever
of C; or D; subclassefrom the other The methods©verlapis
not a problemas long as there exists a third methodwhose
recever and argument specializers form exactly the
intersectiontuple: the third methodresolveshe ambiguity of
the brst two. If such a method has been loaded, then the
original two methodsare unambiguous,and otherwise an
ambiguity error is reported.

¥ Otherwise,the methodsare disjoint they are applicableto
disjoint sets of gument tuples, and so thare unambiguous.

As asimpleexample,considerthearea methodsn Figure3. All
three pairs of methodspassthe above check. The methodsfor
Rectangle andCircle aredisjointfrom oneanotherbecause
neitherrecever is a subclasof the other Further eachof these
methods overrides the method for Shape. To illustrate
intersectiortuples,supposehatthe Shape classof Figure2 also
contained a method for dwing black-and-white printers:

public void draw (OutputDevice @BWPrinter p)
{... code for draving aShape on a b&w printer... }

Thebrstdraw methodof Rectangle in Figure7 would overlap
with the abore method, and the intersectiontuple would be
(Rectangle , BWPrinter ). Without the seconddraw method
in Rectangle , whoserecever and agumentspecializerform
exactly the intersectiortuple, the othertwo methodswould cause
an ambiguity error to occur if draw were invoked on the
intersection tuple.

As discussedn Section2, an operationmustundego load-time
ambiguitycheckingif eitherthe operatiorhasglue methodsor has
methodsthatspecializeon interfaces We discusseachsituationin
turn.

3.3.4.1 Glue Methods

The loaderrecordsthe setof methodsthat have beenloadedfor
each operation. Then, just before loadReachableMethods
loadsthe dispatcherclassfor a methodbelongingto an external
operation the newv methodis checled for ambiguity againsteach
of thepreviously loadedmethodswith whichit maybeambiguous,
usingthe algorithmdescribedabore. It would be conserative for
theloaderto checkthe new methodfor ambiguity againsteachof
the previously loadedmethodson the sameoperation.However,
thereis no needto rechecka pair of methodgor ambiguityif their
unambiguitywas alreadyestablishedat modularcompiletime by
the RMJ compiler Any pair of methodsthat were simultaneously
visible by the RMJ compiler during its compile-timecheckson
someble neednot be rechecled at load time. Therefore the only



load-time checkingthat is requiredis betweenpairs of methods
whereonemethodis a glue methodandthe othermethodis either
anothemglue methodor a methodwritten insidea class(suchasthe
area method in Figure 4).

To exploit this obsenation, each external operation®list of
previously loadedmethodsis partitionedinto threeseparatdists,
based on whether the method came from the source ble
introducingthe externaloperation(a basemethod, the sourceble
of a classthataddsa methodto the externaloperation(a subclass
method, or a glue method source ble (a glue method; the
method®annotationindicateswhich categyory the methodis in.
Wheneer a glue method is loaded by
loadReachableMethods , it is checled for ambiguity with
thosemethodson the glue andsubclasdists. Wheneer a subclass
methodis loadedi,it is checled for ambiguitywith thosemethods
on the glue list. No other combinationsneedload-timechecking.
For example,wheneachof the methodsin Figure3 is loaded,no
ambiguitycheckingis performed Whenthe glue methodin Figure
6 is loaded, it is checled for ambiguity against ary subclass
methodsor other glue methodsbut it is not checled againstthe
basemethodsfrom Figure 3, asthat checkingalreadyoccurredat
compile time.

3.3.4.2 Interface Specializer

Each operationcontainingmethodsthat specializeon interfaces
mustbe checled for unambiguityat load-time.To do so, we brst
generalizethe routine describedabore for checking pairwise
ambiguityof methodsto properlyhandlemultiple inheritanceWe

now take into accountthe factthattwo interfaces(or oneinterface
and one class)can have a commonsubclasswithout themseles
being related.Only the second-to-lastasein the earlier routine
needsto be modibed First, the caseshouldapply whenfor eachi,

either C; and D; are related,as before, or there exists a loaded
concreteclassthatinheritsfrom both C; andD;. In the latter case,
we debneint(C;,D;) to be the setof loadedconcreteclasseghat
inherit from both C; and D;. Finally, there can now be multiple
intersectiontuples,formed by taking the n-way cartesiarnproduct
of the int(C;,D;) sets,eachof which requiresa loadedresolving
method.

The revised routine dependshoth on the setof currently loaded
methods(in order to bnd resolving methods)and on the set of
currentlyloadedconcreteclassegin orderto computeint(C;,D;)).
Similarly to incrementatompletenesshecking theloaderchecks
unambiguity of an operationcontaining methodswith interface
specializersincrementally as each of these sets grows. If the
operationis external,unambiguityof a new methodwith respecto
previously loaded methods is checled by
loadReachableMethods , beforethenew methodis loaded.If
the operationis internal,unambiguityof a new methodis checled
when the method®annotationis found by registerClass
Finally, the customclassloader maintainsa mappingfrom each
loadedinterfaceto the loadedmethodsthat have thatinterfaceas
its recever or asan argumentspecializerthis mappingis updated
by registerClass as classesare loaded. When a concrete
classthat implementsan interfaceis loadedand registered,each
method on the interface® list is retrieved and rechecled for
ambiguity with respectto the other loaded methods of its
operation.

As with the ambiguity checking of operationscontaining glue
methods,we can optimize which pairs of methodsneedto be
checled for operationscontaininginterface-specializingnethods.
Only pairs of methods where at least one has an interface
specializemeedto be checled for ambiguity by the RMJ loader

All otherpairsare guaranteedo be unambiguousdecausef the
RMJ compiler®modular checks.This optimizationstill requires
that a methodspecializingon an interface be checled againstall

previously loaded methods,including base methods.Although
eachmethodwas checled againstthe basemethodsmodularly by
the RMJ compiletr the compile-time checks may have missed
ambiguities caused by unseen concrete subclasses chdeterf

3.3.4.3 Run-time Ambiguity Cheag

As with completenesserrors, to give programmersincreased
Rexibility, ambiguityerrorsaretreatedby our RMJ classloaderas
non-fatal warnings, and the program is allowed to continue.
Wheneer a load-time ambiguity error is reported for some
operation,a special ambiguity dispatcherclass, whose apply
method throvs a RuntimeException , is instantiated and
prependedo the operation©dispatcherlist. If the ambiguity is
causedby duplicate methods,then the ambiguity dispatche)
apply methodhasthesamereceverandargumentspecializeras
eachof the duplicatesIf the ambiguityis causeddy the lack of a
resolving method for an intersectiontuple, then the ambiguity
dispatcheapply methodhasthe samerecever and agument
specializersas the intersectiontuple. The ambiguity dispatchers
ensurethat an exception will be throvn wheneer a run-time
ambiguityoccurs.This designonly works for externaloperations;
if theload-timeambiguityerrorfor aninternaloperations ignored
by the programmerandthe ambiguityis encounteredt run time,
one of the ambiguously debned methods will be invoked
arbitrarily.

3.4RMJ Preloader

When developing an applicationin RMJ, the programmermay
wish to exploit expressienessthat cannot be checled purely
modularly at the costof taking on the responsibilityof avoiding
load-time incompletenessesnd ambiguities. The RMJ class
loaderchecksfor theseproblemsasthe programis run on some
input. It would also be usefulto know whetheror not a program
can incur load-time errors at all, for any possibleinput. For
example, a developerof shrink-wrappedsoftware might wish to
verify, onceand for all, that no load-timeerrorscan occurfor a
program. As another example, a programmerintegrating two
librariesmaywish to Pndplaceswherethoselibrariesrequireglue
in order to &oid load-time errors.

To assistin this kind of checking,we have developeda preloader
tool. The preloadeiis invoked lik e the customclassloader except
that no aguments are gen:

% java -Drmj.glue=<glue> RMJPreLoader
<Main>

The preloader starts by registering all the glue listed in the
rmj.glue property just as RMJClassLoader does. The
preloader then exhaustvely explores all classes statically
referencedby the <Main> classor someotherreferencedlass,
transitively, ignoring the application®actualRow of control. The
preloademerformsall the RMJ load-timechecksasit visits each
class.The preloaderdoesnot visit classesloadedonly through
reBectve mechanisms such as Class.forName Many
applicationsonly referenceclassestatically andmostothersonly
rarelyreferenceclasseshroughref3ection sothis limitation should
not greatlyhinderthe preloade€effectivenessat bndingerrors. It
would be straightforvardto extendthe preloadetto accepia list of
dynamicallyreachableclassedo visit in additionto the statically
reachable ones.



Eventhoughclassesnay be visited by the preloadeiin a different
orderthanin areal execution,andmoreclassesnay be visited by
the preloaderthanin areal execution,the preloadeiis guaranteed
to discover all potentialload-timehazardof arealexecution,with
the one caveat aboutreRectiondescribedabove. If the preloader
reportsahazardthenthe programmers givenearlywarningabout
a situationneedingattention.If the preloademreportsno hazards,
then load-time errors will not occur when the program is run.

4. EXPERIENCE

We have developedan implementationof RMJ. We extendedthe
MultiJava compiler to handle the additional RMJ language
features and code generation stratgyy, and we implemented
RMJClassLoader and RMJPreloader as describedin the
previous section. Our implementationis freely available for
downloadasa partof the regular MultiJava system[36]. The next
subsectiordescribesa casestudyusingour RMJ implementation,
and the second subsection reports on some performance
experiments from this study

4.1 A Case Study

We have experimentedwith rewriting parts of Barat[8], a Jasa
front-end written by others.Barat builds an abstractsyntaxtree
(AST) from a setof Java sourcebles,which canthenbe usedto
performvariousstaticanalysesBaratis itself written in Java, and
the AST nodesare representecy a class hierarcly, with root
interfaceNode. Baratusesthe visitor designpatternin orderfor
clients to perform their desiredanalyseswithout modifying the
node classedirectly. To write an analysis,clients createa new
classimplementingthe Visitor  interface,which hasavisit N
methodfor eachnodenamedN. To runthe analysisclientsinvoke
an AST node®accept method,passingan instanceof the new
visitor.

Barat comeswith several predebPnedvisitors. One of them, the
OutputVisitor , outputsa source-coderepresentatiorof the
given AST nodes.We re-implementedthis functionality using
RMJ, by writing anexternaloperationputput , onthe AST node
classesAs opposedo the visitor patternwhich requiresOhooksO
(theaccept method)insidethe nodeclassesthe implementerf
Barat did not needto plan aheadto allow us to implementour
revised output  operation.Further it was naturalto debnethe
output operationto take parametersfor example the current
indentationandthe streamto which the outputshouldbe directed.
Becausehe OutputVisitor hasto conformto the Visitor
interface,theseparametersnustinsteadbe simulatedvia peldsin
the OutputVisitor class. Finally, clients can invoke the
output operationvia ordinary messagesendingsyntax,asif it
were debned in the original node classes.

Those benebtswould be obtained via an output external
operationin regular MultiJava, but the output operationalso
benebtdrom the new featuresof RMJ. In MultiJava, the output
operationwould be forcedto containa defaultimplementatiorfor
therootinterfaceNode, to handleary unseerconcretesubclasses.
However, thereis no reasonablalefault behaior in this case,so
the default methodwould be forced to simply throv a run-time
exception. In RMJ, output  contains an abstractmethod for
Node. During modularstatictypecheckinga warningis signaled,
and ary visible subclassesare checled for completenessOur
customclassloaderthen checksat load time to ensurethat all
subclassesf Node doindeedhave anappropriatémplementation
of output

The output  operation also naturally employys RMJ® glue
methods.One way Barat has beenusedis to experimentwith

extensionsto Java (e.g.[2]). Clientsadd their own subclassesf

Node to representhe new syntaxand updatethe Barat parser
appropriately Unfortunately the client extensions break all

existing visitors, which do not know how to visit the new nodes f

clientswishto usethe OutputVisitor , it mustbrstbemodibed
in placeto containmethodsfor visiting the nev nodes,andthen
retypecheckd and recompiled.MultiJava would allow eachnew

node to contain an overriding output method as a regular
internal method. However, if the output operationwere not
known whenthe new nodeswerewritten, MultiJava would require
modibcatiorof existing codeto lateraddoutput methoddor the
new nodes.

In RMJ, theoutput  operationcanbe updatedo handlethe new
nodes,without requiring sourceaccessto the original output

externalmethodsor to the new nodes We simply createa new ble
containingglue methodsthat provide output  functionality for
the new nodes.As an example, we createda version of the

output  operation that does not support Barat® Cast and
Instanceof nodes, representingJava® run-time cast and
instanceof test, respectrely. Therefore, the output

operationis only well-debPnedn the subsebf Java programghat
do not performexplicit run-timetype manipulation.To handlethe
OatensionCallowing castsand instanceoftests,we then created
two output glue methodshandling the new nodes, without
modifying the original output  codeor the new nodes Clientsof
output whoseJavaprogramsemploy run-timetype manipulation
add the glue blesto their rmj.glue  propertyto make the two
independentextensionsto the Node hierarcly (the output
operation and the menode subclasses)ork together

A Pnaluseof RMJ® expressvenesss requiredby Barat®useof

interfaces as the sole external view of its functionality Barat
implementsits AST nodesusingtwo parallelhierarchiesasa set
of interfaces,and as an associatedset of classesimplementing
thoseinterfaces.The intent is that clients never interactdirectly

with the implementationclasses,but only with the interfaces.
Node, Cast , Instanceof , andall otherNode kindsarepublic

Java interfaces; internal concreteclasseslike Castimpl and
Instanceoflimpl implement these public interfaces. RMJ

allows the variousoutput methodsto be debPnedlirectly on the

publicinterfacesandensureshatthereareno multiple-inheritance
ambiguities at load time.

Onebenebbf the original visitor implementatioris thatit canbe

inherited for use by other visitors. For example, a
LoggingOutputVisitor could subclass from
OutputVisitor andoverridea few of thevisitN  methodgto

print some extra logging information in those cases, while
inheriting the rest of the visitN  methods.Writing a logging
externaloperationin RMJ thatforwardsto our output  operation
would not work, since recursve calls would all go to output
instead of back to the logging operation.

If inheritanceof visitorsis desired,an alternatve stratgy in RMJ
is to implementthe OutputVisitor asan Output classthat
contains an operation acceptingthe node being visited as an
argument,as shovn in the top of Figure 11. When the apply

operationis invoked, multimethoddispatchis usedto provide the
appropriatemplementatiorfor eachnode.As shovn in themiddle
of the bgure, the Output class can then be extendedby a
LoggingOutput class, analogous to the
LoggingOutputVisitor . The LoggingOutput  classhas
anoverridingapply multimethodfor eachkind of nodefor which



Table 1: Execution Times

version 1. Java OutputVisitor 2. MultiJava output  on classes 3. RMJ outputon| 4. RMJ output —on
classes interfaces
oader || RMI [ b.RMI | &R e rMy b RMI| SR e RMI | b RMI | 2 RMI | b RMJ
full no-chk ' full no-chk ' full no-chk full no-chk
no-glue no-glue
small test|| 7.7 7.7 7.4 7.2 8.1 7.9 7.6 8.7 8.6 8.8 8.2
large test| 19.6 19.5 19.1 18.4 20.5 20.8 20.3 18.9 20.5 20.5 21.7 20.6

public class Output {

public void apply (Node@IfNode n) {
code for outputing aif statement.. }

public void apply (Node@WhileNode n) {
code for outputing avhile statement.. }

public class LoggingOutput extends Output {
public void apply (Node@WhileNode n) {

codefor outputingandloggingawhile stmt... }
}

public void Node. output () {
new Output().apply(this);

Figure 11: An alternative to visitors in RMJ

logging is desired,while inheriting the rest of its functionality
from Output . Unlike the visitor-basedapproach the Output
classusing multimethodsrequiresno adwanceplanningfrom the
implementer of the node hierarcly. Additionally, apply
multimethodswithin the Output class can inherit from one
another unlike the various visit N methods of the
OutputVisitor class. Finally, an external operationnamed
output canbe written asa wrapperarounda call to Output @
apply method,as shovn in the bottom of Figure 11, so that
clients can use their normal calling sequenceto invoke the
operation.

4.2 Performance Experiments

RMJ addsoverheadto perform its load-time checkingand run-
time invocation of glue methods.To gauge RMJ® performance
cost,we studiedfour differentversionsof the outputfunctionality
described above. The Prst version is the original
OutputVisitor classprovided with Barat. The secondis an
external output  operationusing regular MultiJava. Becauseof
MultiJava®restrictionsfor modularsafety this versionincludesa
concretedefault implementatiorfor Node. In addition, all of the
output methodsaredeclaredn asingleble,andthey aredebned

directly on the internal classes (e.g., Castimpl and
Instanceoflmpl ) rather than the external interfaces (e.g.,
Cast andInstanceof ). Thethird versionis anRMJ versionof
theexternaloutput operationwhich usesanabstractmethodfor
Node and usesglue methodsfor the output methodsfor casts
andinstanceof  testsputtheoutput methodsarestill debned
on the internal classes.The fourth versionis the OidealRMJ
version,which is like the third version except that the output
methodsare debnedon the external interfaces. The brst two
versionscanbe run with eitherJava@regular classloaderor with
the RMJ classloader but the third andfourth versionscanonly be
run using RMX3ustom loader

Table 1 presentghe raw resultsof our performancesxperiments.
We invoked eachversionof the outputfunctionality on two inputs:
asmallinputthat®asingleJavasourceble662linesin length,and
alarge input that®20 Java sourcebles7476total linesin length.
Baratparsegheble(s),createshe associatedST nodesandthen
invokesthe outputfunctionality (eitherthe OutputVisitor or
theoutput operation)}o print outthe source-codeepresentation
of thenodesAll reportedimesarethe medianvaluein secondsf
theusertime of bve runs,measure@n a500MHz, Pentiumlll PC
with 128MB RAM running RedHat Linux 7.3 and Sun Jaa
SDK1.4.1.

Our experimentsusedthreevariantsof the RMJ classloader The
OfulléRMJ loaderis the onedescribedn the previous section The
Ono-chk@ndOno-chino-glueGrariantshelp identify RMJSload-
time costs. The Ono-chk®@ariantis RMJ® classloaderwith all
completenessnd ambiguity checkingdisabled.The loader still
loadseachglue methodwhenit becomeseachableThe Ono-chk
no-glueOvariantis like Ono-chk®ut additionally doesnot load
glue;it simply emulategheordinaryJava classloader This variant
can therefore not be used on versions3 and 4 of the output
functionality which require glue methods.

The OpasseOoverheador usingthe RMJ classloaderinsteadof
theregularJava classloader(thedifferencebetweercolumnsaand
d for the brsttwo versionsof theoutputfunctionality)is 7% for the
smallinputand7-8%for thelargerinput. Thenegligible difference
betweerthe OfullGand Ono-chk@adersfor the brsttwo versions
indicatesthat almostnoneof this overheadis dueto the cost of
maintaining data structuresfor ary potential completenessand
ambiguity checking.With the additionalcostof loadingglue asit
becomeseachabldthe differencebetweerOful (RMJG overhead
and Ono-chkno-glueCRMJ® overheadin the brsttwo versions),
the overheadis 3-4% for the small input and 1-3% for the large
input. Therestof the passie overheads simply the costof usinga
classloader other than Java® default one, possibly becausethat



Table 2: RMJ® Run-time Cost

2. MultiJava 3. RMJ 4, RMJ
version || output on | output on | output on
classes classes interfaces
loader a. RMJ full a. RMJ full | a. RMJ full
small test
X8 9.8 10.4 10.8
small test|
%16 11.4 12.1 12.6
small test|
Y24 12.9 13.7 14.2
small test
%36 15.4 16.3 16.6

loaderusesnative methodsto load classesBecausehe overhead
of RMJ®classloaderis incurredonly whena classis loaded,the
impact of the load-time costs on performancebecomesless
important as programs run longer

The costof abstractexternal methodsand glue methods without
external methodson interfaces, is illustrated by the difference
betweencolumns2a and 3a in Table 1. Overheadfor the small
inputis 7%, andthereis no noticeableoverheador thelargeinput.
The negligible difference between the Ofull® and Ono-chkO
columnsin version2 andin version3 indicatesthat the incurred
overheadis largely causedby the run-time cost of having each
external method reside in itsvo dispatcher class.

To corroboratethis obseration, we ran versions2 and 3 of the
output functionality on test casesconsistingof 8, 16, 24, and 36
copiesof thesmallinput Ple,asshavn in Table2. Thesetestcases
isolateRMJOsun-time cost, sincethe RMJ classloaderOwork is
identicalin eachcase.Our earlierobsenationis supportedoy the
results:asthe numberof copiesincreasesyersion3 continuesto
take 6% longerthanversion2. Therefore the overheads incurred
throughoutexecution. A more efbcient compilation strateyy for
externaloperationswith glue methodswould reducethis overhead
and is a ky area for future wrk, as described in Section 6.

The cost of external methodson interfacesis illustrated by the
differencebetweercolumns3aand4ain Tablel. The overheads
1% for the smallinput and6% for thelargeinput. The overheads
largely theload-timecostof performingambiguitycheckingin the
presenceof interfaces. This is illustrated by the fact that the
differencebetweenversions3 and 4 disappearsn the Ono-chkO
variant. It is also corroboratechy Table 2, in which the absolute
costof version4 overversion3 remaingoughly constan{between
0.3 and 0.5 seconds) as the number of copies increases.

5. PREVIOUS WORK

Theinspirationfor the featuresn MultiJava andRMJ comesfrom
previous language$asedon multimethods,ncluding CLOS [46,
42], Dylan [44], and Cecil [13, 14]. Theselanguagessupport
arbitrarymultimethodsandexternalmethodg(indeed,all methods
are written externalto their classes)However, CLOS and Dylan
aredynamicallytyped,and Cecil requiresglobal typecheckingo

ensuraypesafetyof messageendq31]. Vortex [19], thecompiler
for Cecil (and other languages)emplo/s a global compilation
stratgyy that maks heay use of whole-program optimization.

Parasiticmethods[9] andHalf & Half [6] are both extensionsto

Java that supportencapsulatednultimethodq12], which areakin

to internal multimethodsin RMJ; neither language supports
external (multi)methods.Like RMJ, both languagessupportthe

use of interfacesas specializersin multimethods.Becauseit is

difbcult to modularly check multimethod ambiguity in the

presenceof interface specializers parasitic methodsmodify the

multimethoddispatchsemanticsso that ambiguitiescannotexist,

employing the textual orderof methodsto breakties. Half & Half

resolhesthe problemby performingambiguity checkingon entire
packagesat a time, rather than on individual classes.For such
package-leel checkingto be safe,Half & Half mustalsolimit the

visibility of someinterfacesto their associateghackagesthereby
disalloving outsideclients from employing them as specializers.
In contrastRMJ ensureghatoperationsareunambiguousvithout

either modifying the multimethod dispatching semantics or

imposing restrictions on the usage of interface specializers.
Instead,RMJ requiresincrementalambiguity checking at class
load time.

Recently several languageshave emeged that provide direct

supportfor separatiorof concernsFor example AspectJ26] is an

aspect-orientedextension to Java, whose aspectscan extend

existing classesin powerful ways. Hyper/J [41] is a subject-
oriented extensionto Java that provides hypeslices which are

Pne-grainednodularunitsthatarecomposedo form classesBoth

languagessupport external methods;for example, this ability

correspondsto Aspectd®introduction methods. The languages
additionally supportmary more Rexible extensibility mechanisms
than RMJ. For example, Aspect}®befoe and after methods
provide waysof augmentingexisting methodsexternally. To cope
with this level of expressveness,theselanguagessmplo/ non-

modular typecheckingand compilation stratejies. For example,

AspectI® compiler weaves the aspectsinto their associated
classespnly whenall aspectghat can possiblyaffect a classare

available for weaving can that class® typechecking and

compilation be completed.

Binary ComponeniAdaptation(BCA) [25] allows programmers$o

debne adaptation specibcationsfor their classes,which can

includethe addition of new methodstherebysupportingexternal

methods Adaptationspecibcationsanalsoinclude modibcations
not supportedby RMJ, like the declarationthat an existing class
implementsa new interface. The typecheckingand compilation
stratgy is similar to the aspect-weang approachdescribed
above, requiring accessto all adaptationspecibcationghat can

affect a given classin orderto typecheckand compile the class.
The authorsdescribean on-lineimplementatiorof BCA, whereby
the weaving is performeddynamically using a specializedclass
loader

Jiazzi[33] is anextensionto Java thatprovidescomponentsvith a
powerful external linking semanticsjncluding recursve linking.
The authorsshav how to usethesefeaturesto encodean open
classpattern wherebya componenimportsa classandexportsa
version of that classmodibedto containa nev methodor beld.
Openclassesn RMJ (and MultiJava) allow two clientsof a class
to augmentthe classin independentvays, without having to be
aware of oneanotherIn contrast,in Jiazzitheremustbe a single
componentthat integratesall augmentationsto createthe bnal
version of the class.Componentlinking in Jiazziis performed
statically soit is not possibleto dynamicallyaddnev methodsto



existing classesDynamicaugmentations possiblein RMJ, since
it is integrated with Jea® regular dynamic loading process.

Thevisitor designpattern[21] is a programmingdiom thatallows
new operationgo be addedto existing classeswvithout modifying
existing code.However, the visitor patternhasseveral dravbacks
that are not sharedby external methodsin RMJ, as discussedn
Section4.1. Mostimportantly the ability to addnew operationgo
an existing classcomesat the costof losing the ordinary object-
orientedability to addnew subclassessinceeachvisitor mustbe
modibedin placeto handlea nenv subclassSeveral researchers
have designedextendedversionsof the visitor patternthatresohe
thisandotherproblemg?28, 43,32,37,48,49, 23]. However, these
extensionsrequiredynamictype castsor run-time re3ection,and
they often further complicate the already-comylésitor pattern.

6. CONCLUSIONS AND FUTURE WORK

RMJ representsa new point in the design space balancing
extensibility against modularreasoning It offers almostthe full

power of externalmethodsandmultimethodswhile retainingall of
MultiJava® modular typechecking guarantees.Many of the
extensibility idioms can be proven safe purely modularly
independentlyof how a Ple® classesand operationsare usedin

enclosing programs, and the remainder are proven safe
incrementallyas eachble is loaded.A preloadertool assistsin

discovering load-time errors before run time. Programmersan
explicitly choose between expressvenessand early checking,
based on their softave deelopment needs and goals.

Unlike somerelatedsystemsthat also offer greaterextensibility,
RMJ retainsa modularapproactto typecheckingandcompilation.
RMJ cancheckblesseparatelyand eitherguaranteghem safeor
point out exactly those situations that programmersmust be
concernedaboutto avoid load-timeerrors.Currentsystemsbased
onglobalor large-scaldranslationor weasing to combineseparate
concerns do not pride these kinds of early checking.

Much of the challengein developing RMJ wasin designingthe

interplay betweencompile-timeandload-timecheckingand code
generation, to keep load-time overhead small. RMJ®
implementationstratgly performsall codegenerationat compile
time in a modular perpble fashion.lt alsoattemptsto performas
muchcheckingmodularlyasit can.For thosechecksthatleadto

warning messagesdditionalannotationsare generateddirecting

RMJ classloaderfefforts to thosepartsof the programthat need
load-time checking.The loader maintainsseveral datastructures
that help it to perform the needed checlscegntly

In future work, we plan to pursue geral directions:

¥ We wish to gain experiencewith the strengthsandlimitations
of RMJ by usingthelanguageandcorvincing othersto useit,
in the implementationof several large systems Othershave
already been using MultiJava in several domains,and this
experience s one motation for designing RMJ.

¥ We wish to explore supportingadditional extensibility while
retainingmodularor load-timechecking.lt would be usefulto
declarethata classimplementsaninterfaceoutsideof theclass
(for example, along with adding external operationsto the
class).The ability to add static methodsand static beldsto a
classfrom the outsidewould be simple but useful extensions.
The ability to add instancebeldsto a classfrom the outside
would also be useful but is challenging to implement
efbciently We also wish to investicate how we might
incorporatesomeof the additionalextensibility of systemdike
Aspect] and Hyper/J, particularly the ability to extend

individual methodswith additionalbefore and after behaior
from the outside, while retaining modular checking.

¥ We wish to investigate including binary code generationor
rewriting aspartof customclassloading.For one,this would
allow us to dynamically generatemore efbcient dispatching
methodsfor externaloperationsWhena new dispatcherclass
is loaded, ary previous dispatcher method would be
invalidatedand dropped.The next time the external operation
is invoked,a customizedlispatchemethodbasednthelist of
currentlyloadeddispatchersvould be dynamicallygenerated,
loaded, and invoked. Previous efpcient multimethod
dispatching algorithms can be used when generatingthe
dispatcherbasedon the currentsnapshotf loadedmethods
[16]. Binary code generationcould also be usedto allow
additional kinds of extensibility that are challenging to
implement modularly including the ability to write glue
methods belonging to gelar internal operations.
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