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ABSTRACT
We presentthe rationale,design,and implementationof Relaxed
MultiJava (RMJ), a backward-compatibleextensionof Java that
allows programmersto addnew methodsto existing classesandto
write multimethods.Previouslanguagessupportingtheseformsof
extensibility either restrict their usage to a limited set of
programmingidioms that can be modularly typechecked (and
modularly compiled) or simply forego modular typechecking
altogether. In contrast,RMJ supportsthenew languagefeaturesin
a virtually unrestrictedform 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 thatthepotentialerroris neverrealized.RMJÕscompilerand
customloadercooperateto keepload-timecheckingcostslow. We
report on qualitative and quantitative experience with our
implementation of RMJ.

Categories and Subject Descriptors

D.3.3 [Programming Languages]: Language Constructs and
Features Ñ classes and objects; D.3.4 [Programming
Languages]: Processors Ñcompilers.

General Terms

Algorithms, Design, Languages

Keywords

Relaxed MultiJava, external methods, multimethods, modular
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1. INTRODUCTION
The design of a programminglanguagemust balanceseveral
competinggoals. One important goal is the ability to organize
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software into separatemodules,eachof which can be reasoned
about (e.g. typechecked and compiled) separately from the
implementationsof othermodules.This kind of modularchecking
allows software componentsto be developed and checked for
correctness once and then reliably reused in many future contexts.

Another important goal is the ability to easily extend existing
software with new capabilities, without requiring the existing
software to be modiÞed.Standardobject-orientedlanguagesgain
great expressive power by allowing a classto be deÞnedas an
extension(i.e., a subclass)of anexisting class,without modifying
the existing class or any of its clients. More advancedobject-
orientedlanguages,includingCommonLisp [46, 42], Dylan [44],
Cecil [13, 14], AspectJ[26], andHyper/J[24, 41], supportseveral
additional forms of extensibility, suchas the ability to add new
methodsto existing classes,addstatementsbeforeor afterexisting
methods,add new superclassesto existing classes,and/or write
methodsthatdynamicallydispatchon therun-timeclassesof their
arguments (which is a kind of extension to those argument
classes).

Unfortunately, modular reasoning is in conßict with ßexible
extensibility. In general,themorea modulecanbeextendedfrom
the outside,the fewer propertiescanbe proven aboutthe module
separately from those extensions. For example, traditional
statically typed object-oriented languages check that each
operationis properly implementedon a class-by-classbasis.This
checking ensuresthat dispatch errors such as Òmessagenot
understoodÓand ÒmessageambiguousÓcan never occur on
messagesendsat run time. But if new methodscan be addedto
existing classesin an unrestrictedmanner, then it is easy to
introducemessagedispatcherrors that elude modular detection
[34].

Becauseof these conßicts, each languagedesign representsa
particulartradeoff betweentheamountof extensibilityallowedand
the amount of modular typecheckingsupported.Most existing
languageshave beenbiasedtoward oneor the otherextreme.For
example, standard object-orientedlanguagessupport modular
class-by-classtypecheckingbut only support subclassing-based
extensibility. At the oppositeend of the spectrum,the advanced
languages listed earlier support several additional kinds of
extensibility. However, the cost of this greaterextensibility has
beena loss of modularstatic reasoning;theselanguagesrequire
whole-programinformation to perform typechecking (if they
support static typechecking at all) and perhaps to perform
compilation as well.

In previous work with othercolleagues,we developedMultiJava
[18, 17, 36], an extensionto Java [4, 22] that augmentsJavaÕs
subclassing-basedextensibility with the ability to add methods
(calledexternal methods) to existing classes(calledopenclasses
[15]) and the ability to write methods(called multimethods) that



candispatchon argumentclassesin additionto the receiver class.
MultiJava supportstheseadditionalfeatureswhile retainingJavaÕs
modular typechecking and compilation schemes.To do so,
MultiJava restrictsthe ways in which the new languagefeatures
may be usedto a particular set of extensibility idioms that are
compatible with modular checking.

As a consequenceof MultiJavaÕs insistenceon fully modular
typechecking,thereare several useful forms of extensibility that
are simply disallowed. For example, MultiJava requires all
externalmethoddeclarationsthat belongto the sameoperationto
bewritten in a singleÞle.This is because,givena strictly modular
view, it would not otherwisebe possibleto guaranteethe absence
of duplicateor ambiguousexternal methoddeclarationsfor that
operation.Becausethere is the potential for an ambiguity given
only partialprograminformation,MultiJava conservatively rejects
Òfree-standingÓexternal methoddeclarations.However, it is also
possiblethat free-standingexternalmethodsarecompletelysafe,
and in practicethereareprogrammingsituationsthat needthem.
For example, a client of two independentlydeveloped libraries
mayneedto provide implementationsof operationsdeÞnedin one
library for concreteclassesdeÞnedin the other library; in other
words, the client needsto Òcompletethe diamondÓsetup by the
two independentextensions, as illustrated in Figure 1. We
sometimesreferto free-standingmethodsasÒgluemethods,Ósince
they serve to combine two separate libraries. Even if the
programmerensuresthat glue methodsdo not causeambiguities,
MultiJava will still reject this programming idiom.

In thispaperwepresentthedesignandimplementationof 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
achievedby giving programmersexplicit controlover the tradeoff
betweenextensibilityandmodularreasoning,insteadof having the
language legislate one or the other extreme.

Thekey technicalprincipleunderlyingRMJÕs designis to treatthe
modulardetectionof thepotentialfor a messagedispatcherroras
producing merely a compile-time warning. For any operation
ßaggedat modular compile time as potentially incompletelyor

ambiguouslyimplemented,theprogrammercanchooseto resolve
the problem and acquire a guaranteeof modular type safety.
Alternatively, the programmercanretainthe extra expressiveness
that triggeredthewarning.In thatcase,theoperationwill undergo
morecheckingat load time, to ensurethat the operationis in fact
properly implemented.We employ a custom class loader to
perform this load-time checking. RMJÕs strategy allows the
expressionof many moreidiomsthanareexpressiblein MultiJava,
but it still ensuresthat (a) all messagedispatcherrorsaredetected
no laterthanloadtime,and(b) theprogrammeris alwaysawareat
modular compile time of the potential for any load-time errors.
MultiJavaÕs type system falls out as a special case of RMJ,
correspondingto a scenarioin which all compile-timemessage
dispatch warnings are treated as errors by the programmer.

RMJ has the following novel collection of characteristics:
¥ RMJ is strictly moreexpressive thanMultiJava, which in turn

is strictly more expressive than Java. Aside from a few
compilationchallengesdiscussedlater, RMJ allows arbitrary
usage of external methods and multimethods.

¥ RMJ provides the same modular static assurancesas
MultiJava, becauseRMJ modularly and statically identiÞes
and reports to the programmer the same problems as
MultiJava. If MultiJava would report no errors to the
programmer, then RMJ will report no errors to the
programmer, andno errorscanoccur, even at load time. But
whereMultiJava would rejecta program,RMJ might instead
warnof a potentialproblem,allowing theprogrammerto take
responsibility for avoiding it.

¥ For each compile-time warning, the RMJ class loader will
checkat classload time whetherthe potentialerror actually
occursfor theprogrambeinglinked.Thischeckcanbeviewed
as a natural augmentationof the normal class veriÞcation
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 JavaÕscase)classloading
canoccurat run time.Run-timecheckingcannever prove that
some future messagesend wonÕt fail, whereas load-time
checkingguaranteesthat, for thoseclassesthat are loaded,
there cannotbe any messagesend,on any future execution
path, that fails.

¥ RMJÕs load-timecheckingtypically occursincrementallyasa
programruns,becauseof JavaÕs lazy classloadingstyle,with
theexactsetof loadedclassespossiblydependenton program
inputs. Load-time checking therefore guaranteesthe type
safetyof a particular set of loadedclasses,but it may miss
classesthat can be loadedon other programruns.RMJ also
includesa preloadertool that staticallychecksan application
for load-timeerrorsin all statically reachableclasses.In this
way, thepreloaderprovidesassurancesof typesafetynomatter
what subsetof the statically reachableclassesare actually
loaded when the application is later run.

¥ As with JavaandMultiJava,RMJsourcecodeis compiledinto
standard Java class Þles modularly, one Þle at a time.
Therefore, RMJ source and compiled Þles interoperate
seamlessly with Java source and compiled Þles.

¥ RMJÕs compiler and class loader collaborateto make the
necessaryload-time checking efÞcient, incremental, and
mostly a Òpay-as-you-goÓ proposition.

An implementationof RMJ is freely available for download and
experimentation [36].
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Thenext sectionpresentsthedesignof theRMJ language.Section
3 describesour implementation strategy, including compiler
support and the structure of the RMJ class loader. Section 4
assessesour work, presentingthe results of some qualitative
experience using the language and quantitative performance
experiments.Section5 describesprevious work on increasingthe
modular extensibility of traditional object-orientedlanguages.
Section 6 concludes with a discussion of future work.

2. LANGUAGE DESIGN

This section informally describesthe RMJ language,which
extendsMultiJavaÕs supportfor expressingexternal methodsand
multimethodsin Java. Both RMJ and MultiJava are explicitly
designedto extendJava aslittle aspossible,to make it easierfor
programmersto learnandadoptthenew features.However, these
syntactically small extensionsoffer signiÞcantnew abilities to
programmers.(More complete descriptions of the MultiJava
language can be found elsewhere [18, 17].)

Throughoutthis sectionwe will usea runningexample,inspired
by anexampledueto Krishnamurthi[28]. Imaginethatoneauthor
developsanabstractShape class,andtwo independentdevelopers
each provide concrete implementationsfor Rectangle and
Circle , asshown in Figure2. The draw methodrelieson the
abstractOutputDevice classin theOutputPackage package
(not shown).

2.1Operations and Message Dispatch

Before illustrating RMJÕs features,we describea view of JavaÕs
methodsand dispatchsemanticsthat generalizesnaturally to the
RMJsetting.It is usefulto considerthemethodsin aJavaprogram
to be implicitly partitionedinto a set of operations (sometimes
referredto as generic functions[35, 7, 42]). Eachoperationis a
collectionof methodsthathave thesamenameandtypesignature.
A methodthat doesnot override any 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 Þgure also belong to it.

Eachsyntacticcall sites in a programinvokesa singleoperationÕs
methods.The mapping from s to its associatedoperationo is
determinedstatically, basedon thestatictypesof the receiver and
other argumentsto the call. When a messagesendoccursat s
dynamically, the unique most-speciÞc applicable method
belongingto o is chosen.A methodis applicableto the message
send if the class of the actual receiver is either the methodÕs
receiver class or some subclass. The unique most-speciÞc
applicablemethodis the single applicablemethodthat overrides
all other applicable methods.

If there were no static typechecking,two kinds of message
dispatcherrorswould be possibledynamically. If a messagesend
hadno applicablemethods,thena "messagenot understood"error
wouldoccur. If amessagesendhadseveralapplicablemethodsbut
no single most-speciÞcone, then a "messageambiguous"error
would occur. JavaÕs static typecheckingguaranteesthat these
errorscannever occurby ensuringthateachoperationis properly
implemented: it hasa uniquemost-speciÞcapplicablemethodfor
every possibletype-correctconcretereceiver. For example,a static
errorwould besignaledif Rectangle Õs draw methodin Figure
2 wereremoved,asthatomissioncouldcausearun-timeÒmessage
not understoodÓ error to occur.

2.2External Methods

RMJ and MultiJava allow new methodsto be addedto existing
classesfrom the outside.For example,if a client of the Shape
library wishesto view Shapes asproviding an area operation,
the client can program such an extendedview of Shapes by
writing a new Þle containing one or more external method
declarations for area , as shown in the top of Figure 3. In this
example,the client knows about the Rectangle and Circle
subclassesof Shape andprovidesappropriatearea methodsfor
them,alongwith a default methodthat handlesany otherShape
subclasses that might exist.

We call the area operation external becauseits introducing
methodis external.In RMJ andMultiJava, externaloperationsare
scoped.To usethe new area operation,client codemust import
it, just asclassesareimported.For example,the secondimport
declarationat thebottomof Figure3 providesAreaUser access
to the area operation.Onceimported,area is treatedjust like
any otheroperationonShapes.As shown in theÞgure,area can
be invoked usingJavaÕs normalmessage-sendsyntax;thereis no
distinctionto clientsbetweenthe "original" operationsof Shape
(like draw ) andthe externally addedones(like area ). Methods
of external operationscan also be overriddenin subclasses,like
othermethods.For example,in Figure4 theTriangle subclass
of Shape includesan overriding implementationof area as a
regular method inside its class declaration.

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 ofShape methods ...

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

}

}

package CirclePackage;

import ShapePackage.*;
import OutputPackage.*;

public class Circle  extends Shape {

... implementations ofShape methods ...

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

}

}

Figure 2: Shape and two implementations



The ability to add methodsto existing classesis a powerful and
recurringidiom. The visitor designpattern[21] wasdevelopedin
part to overcometheinability of existing mainstreamlanguagesto
addnew ÒvisitingÓoperationsto existingclasses.Theseparationof
code into multiple, orthogonal concerns, as in role-based
programming[3, 47, 45], subject-orientedprogramming[24, 41],
and aspect-orientedprogramming[27, 26], is also dependenton
the ability to organizemethodsnot by classbut by concern,and
then to add thesemethodsto the underlying classesfrom the
outside.Even when it would be possibleto put all methodsinto
their class,suchaswhendevelopinganapplicationfrom scratch,it
may still be desirableto modularizesomeof the sourcecodeby
operation.

A key strengthof MultiJava is thateachof theÞlesin Figures2-4
can be typechecked modularly, given accessonly to the visible
classesandexternaloperations,whicharethosethatarereferenced
by a given Þle. For example,the area methodsin Figure 3 are
typechecked in the context of the classesin Figure2, but without

accessto Triangle (which maynot evenhave beenwritten yet).
If typecheckingpasseson eachÞle, then every operationin the
programis guaranteedto be properly implemented,so run-time
messagedispatcherrorswill notoccur. In orderto makethisstrong
guarantee,MultiJava imposessigniÞcantlimitations on the kinds
of external methodsthat can be written. RMJ provides the same
modularcheckingasMultiJava but doesnot imposetheassociated
limitations, insteadtransparentlyproviding additional load-time
safetychecksasnecessary. Thefollowing subsectionsdescribetwo
extensions that RMJ makes to MultiJavaÕs external methods.

2.2.1 Abstract External Methods

It is natural to allow external methodsof abstractclassesto be
abstract.For example, it may be desirableto declareShapeÕs
area method abstract; Figure 5 illustrates how this is
programmed in RMJ. Abstract external methods allow the
programmer to document the requirement that all concrete
subclasses should provide an appropriatearea  implementation.

However, it is difÞcult to preserve fully modulartypecheckingin
the faceof abstractexternal methods.For example,supposethe
Triangle classof Figure4 did not import area nor includean
overridingarea method.If theversionof thearea operationin
Figure5 is used,we will get a Òmessagenot understoodÓerror at
run time if area is ever invoked on a Triangle . Sinceneither
Triangle nor area is visible to the other, modular
typechecking is not able to detect this error.

MultiJava addressesthis problemby simply disallowing abstract
external methods,therebyensuringthat eachexternal operation
hasa default methodimplementation.Unfortunately, a reasonable
default implementationof an operationdoes not always exist.
Unlessthesetof operationsavailableon Shape is very rich, it is
unlikely that any useful area default implementationcan be
written.Thereforethedefault implementationÕsbodywill probably
be forced to simply throw an exception. Such a default
implementationsatisÞesMultiJavaÕs modular typechecker, but
only by creatingthe potential for a run-time error which is not
much different than the Òmessagenot understoodÓerror that the
default implementation is written to prevent! (MultiJavaÕs
approachworks well for operationswhere overriding methods
merelyprovide moreefÞcientor customizedimplementationsof a
default algorithm, such as the union of two sets, but not for
operationswhere the overriding methodsdeÞnethe appropriate
behavior of the operation for each subclass.)

In contrast,RMJ allows abstractexternal methodsto be written,
signaling only compile-timewarnings rather than compile-time
errors. WhentheÞlecontainingthearea methodsin Figure5 is
compiled, the programmerwill be issueda warning about the
potential for area to be incompletelyimplemented,but the Þle

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 ofShape methods ...

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

}

public double area () {
return base() * height() / 2;

}

}

Figure 4: Subclassarea  method

package AreaPackage;

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

public abstract double Shape. area ();

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

}

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

}

Figure 5: Abstract external methods in RMJ



will becompiledsuccessfully. As longasall concretesubclassesof
Shape loaded into the program deÞneor inherit a concrete
implementationof area , the program will be correct and the
potentialfor area to be incompletewill not have beenrealized.
However, if a concretesubclassof Shape is loadedthatdoesnot
override the abstractarea methoddeclaration,then a load-time
veriÞcationerrorwill bereported.RMJÕs combinationof compile-
time and load-time checking is sufÞcient to ensure that all
operationsare properly implemented.Therefore,a programthat
passesRMJÕs compile-time and load-time checks will never
generateany dispatchingerrors when messagesare sent at run
time.

2.2.2 Glue Methods

Supposeagain that the area and triangle libraries are two
independentaugmentationsto theoriginal shapehierarchy, sothat
the Triangle classwouldnÕt know about the area operation
andwouldnÕt have anarea methodinsideit. As describedabove,
if boththearea operationin Figure5 andtherevisedTriangle
classareloadedinto thesameRMJprogram,a load-timeerrorwill
be triggered.To resolve this problem, the integrator of the two
independently developed libraries must be able to provide
additionalÒglueÓcodethatmakesthe librarieswork together, i.e.,
that Òcompletesthe diamondÓas illustrated in Figure 1. For
example, Figure 6 shows a new Þle that deÞnesthe external
methodenablingthe area operationof Figure 5 to interoperate
with Triangle , without modifying either library (or
retypecheckingeitherlibrary or evenhaving sourceaccessto either
library).

We refer to the area method in 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 sameÞle that introducesthe methodÕs
associatedoperation.The area method in Figure 6 is a glue
methodbecauseit belongsto theoperationthatwasintroducedin
Figure 5.1

Unfortunately, it is difÞcult with a purely modularview to ensure
thattherearenot any duplicationsor ambiguitiesbetweentheglue
methodin Figure6 andtheothermethodsin thearea operation.
For example, although the glue method in Figure 6 is not
ambiguouswith the area methodsin Figure5, if an unseenÞle
containsanotherarea gluemethodfor Triangle , at run time a
ÒmessageambiguousÓerrorwill 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 Þle that introduces the operation, allowing an
operationÕs externalmethodsto be typechecked asa unit, thereby
preserving modular typechecking.

In contrast,RMJ allows glue methodsto be written but issuesa
compile-timewarning that there is the potential for duplicateor
ambiguousmethodsto appearin otherÞles.RMJ will still compile
thegluemethodssuccessfully. Theclassloaderwill thenverify as
glue methods are loaded that there are no duplicates or
ambiguities.

An unusualissuein the designof glue methodsis the needto
determinehow they interactwith JavaÕs lazy loadingcapabilities.
A class is typically loaded in Java implementationsupon Þrst
reference(e.g.,whenaninstanceis created).Similarly, in RMJand
MultiJava,anexternaloperationis loadedsimply by referencingit
by name(e.g.,in amessagesendto thatoperation).Referencingan
external operation has the effect of loading the operationÕs
introducingmethod,aswell asall overridingmethodsdeclaredin
thesameÞle.However, RMJÕsgluemethodsarewrittenseparately
from their operations,sothey will never beloadedby this scheme.
Furthermore,individual methods are never named directly in
programs:a method is always invoked indirectly via message
sends to its associated operation.

To addressthis problem,our customclassloaderacceptsa list of
the namesof Þles containingglue methodsto be included in a
given program.Before loading the programÕs Þrst class(the one
containing the main method), the class loader records the
existenceof each glue method, but it does not load any glue
methods.Each glue method will be loaded as soon as it is
reachable, meaning that the methodÕs operation, receiver, and
argumenttypeshave all beenloaded.This mechanismfor Þnding
gluemethodsis somewhatanalogousto JavaÕsexistingmechanism
for Þndingclasses,which relieson the classpathlist provided to
the class loader.

Our strategy of loadinga glue methodonly when it is reachable
ensuresthat the methodis not loadeduntil it is capableof being
invoked, in keepingwith JavaÕs lazy loadingscheme.At thesame
time, the strategy still maintainsa kind of monotonicity in the
meaning of operations: the method chosen by invoking an
operationwith a given receiver and argumentscannot change
during the courseof a programÕs execution,even if new methods
areaddedto the operationthroughlater loading.Implementation
detailsof our strategy for loading glue methodsare provided in
Section 3.

While RMJ supports glue methods belonging to external
operationslike area , it currentlydoesnot supportglue methods
belonging to regular ÒinternalÓoperations like draw . Glue
methodsfor external operationsallow us to integrateseparately
developedclasshierarchiesandexternaloperations,whichwasour
goal. However, supportingglue methodson internal operations
would enable additional kinds of useful expressiveness,
particularlyin thepresenceof multimethods(describedin Section
2.3). Unfortunately, it is challengingto modularly compile glue
methodsbelongingto internaloperationsin a way that is efÞcient
and that interoperatesseamlesslywith existing Java sourceand
compiled Þles. We leave this to future work.

2.3Multimethods

RMJandMultiJavaalsoextendJavaby allowing messagedispatch
to dependupon the run-time classesof the argumentsof the
messagein addition to the receiver; this is called multiple
dispatching (as opposedto the single dispatching of traditional
receiver-basedmethodlookup).To exploit multiple dispatching,a
(possiblyexternal)methodcanadda specializerto oneor moreof
its arguments,which restrictsthemethodto only applyto message
sendswhoseargumentsareinstancesof thespecializingclasses(or

1. Evenif area hadadefaultimplementation,asin Figure3, glue
methodswould still beuseful,allowing clientsto customizethe
integration of the area and triangle libraries.

package TriangleAndAreaGluePackage;

import TrianglePackage.*;
import AreaPackage.area;

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

}

Figure 6: Glue external methods in RMJ



their subclasses);methodswith argumentspecializersare 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 classes,eachwith a new multimethod
for drawing onblack-and-whiteprinters.To specifyaspecializer, a
formal argument is declared using the syntax
StaticType@SpecializerClass FormalName . In the
Rectangle class,theseconddraw methodis applicableonly if
the dynamicclassof the receiver is Rectangle (or a subclass)
and the dynamic class of the argument is BWPrinter (or a
subclass).Thestaticargumenttypesof a methodidentify to which
operationthemethodbelongs,allowing multimethodsto smoothly
interact with JavaÕs static overloading mechanism.

As illustrated at the bottom of Figure 7, operationscontaining
multimethods are invoked using JavaÕs regular message-send
syntax.At run time, theuniquemost-speciÞcapplicablemethodis
invoked, as described in Section 2.1. In the presence of
multimethods,a methodm overridesa methodn if mÕs receiver is

nÕs receiver or a subclass,andfor eachargumentpositioni, mÕs ith
specializeris nÕs ith specializeror a subclass.In our example,if
draw is sent to a Rectangle and a BWPrinter , then both
Rectangle draw methodsareapplicableandthesecondoneis
chosen,sincethemethodshave thesamereceiver but thesecondÕs
argumentspecializeris morespeciÞc(an unspecializedargument
is equivalent to one specializedon the static type). Sendingthe
draw messageto a Rectangle and a ColorPrinter ,
however, will invoke the Þrst Rectangle draw method,since
the second one is not applicable.

In additionto operationslike draw , multimethodsarenaturalfor
binary operationslike equality, addition, and set union, which
accepttwo argumentsof the sametype. Multimethodsallow the
argumentsof a binary operationto be treatedsymmetricallyand
allow algorithmselectionto be sensitive to the representationsof
both arguments.We have also found multimethodsto be quite
useful in event-based systems, where components register
themselves to be notiÞed when an event occurs. NotiÞcation
consists of the invocation of a componentÕs handleEvent
operation,passingtheeventasanargument.To deÞnehow events
are dispatched, a component deÞnes some number of
handleEvent multimethods,eachof which specializesits event
argument to the particular subclass of event to be handled.

As with external methods, MultiJava is able to modularly
typecheck and compile Þles containing multimethods. If
typecheckssucceedon all Þles, then MultiJava guaranteesthat
each operation is properly implemented. In the context of
multimethoddispatch,this meansthat the operationhasa unique
most-speciÞcapplicablemethod for every possibletype-correct
tupleconsistingof a concretereceiver andconcretearguments.As
with externalmethods,however, MultiJava imposesrestrictionson
how multimethodsare written to ensurethis ability to check
multimethodsmodularly. Eachconcreteclassis requiredto deÞne
or inherit a singly dispatched implementationof eachoperation
thatit supports.For example,in theRectangle classin Figure7,
theÞrstdraw method,whichdoesnÕt specializeon its argument,is
required.If it wereomitted,MultiJava would issuea compile-time
error, becausedraw could be incompletelyimplementedif there
exist output devices other than BWPrinter , for example
ColorPrinter . Unfortunately, as with the earlier area
operation,it may be difÞcult to write a default implementationof
thedraw  operation that does not simply throw an exception.

RMJ treatsthe absenceof singly dispatcheddefault methodsasa
compile-time warning rather than a compile-time error. In our
example,thedefault draw methodsin Rectangle andCircle
canbeomitted,leaving only thedraw multimethods,asin Figure
8. Wheneachof theRectangle andCircle Þlesis compiled,
aslong asdraw is implementedfor all visible concretesubclasses
of OutputDevice , theRMJ compilerwill issueonly a warning
that there is the potential for draw to be incompletely
implemented, but the Þle will be compiled successfully. If
BWPrinter and its subclassesare the only concretekinds of
output devices loaded into the program, the program will be
correctandthepotentialfor anincompleteimplementationwill not
be realized. However, if a different concrete subclass of
OutputDevice is loaded,thena load-timeveriÞcationerrorwill
be reported.As before,RMJÕs combinationof compile-timeand
load-timecheckingis sufÞcient to ensurethat all operationsare
properly implemented.Therefore,a programthat passesRMJÕs
compile-time and load-time checks will never generateany
dispatching errors when messages are sent at run time.

package RectanglePackage;

import ShapePackage.*;
import OutputPackage.*;

public class Rectangle  extends Shape {

... implementations ofShape methods ...

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

}

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

}

package CirclePackage;

import ShapePackage.*;
import OutputPackage.*;

public class Circle  extends Shape {

... implementations ofShape methods ...

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

}

public void draw (OutputDevice@BWPrinter p)
{ ... code for drawing 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



ThecurrentRMJ implementationdoesnot supporttheomissionof
singly dispatcheddefault methodsfor internal operationslike
draw . This idiom hasnot beennecessaryfor our casestudies,but
it could becomeuseful when RMJ supportsglue methodsfor
internaloperations.In thatcase,gluemethodscouldbeusedto Þll
the ÒgapsÓcaused by the lack of singly dispatcheddefault
methods, without modifying existing code.

2.4Dispatching on Interfaces

It is common practice for a third-party library to expose only
interfacesto clients, rather than the classesimplementingthose
interfaces.In orderfor clientsto write multimethodsthatdispatch
on such library classes,it is necessaryto allow interfaces as
specializers.However, this idiom posesa challengefor modular
typechecking,becauseinterfacessupportmultiple inheritance:two
multimethodswhoseargumentsspecializeon different interfaces
mayappearto beunambiguousat modularcompiletime but cause
a run-time ÒmessageambiguousÓerror if an unseen class
implements both interfaces [34].

MultiJava handlesthis modularityproblemby simply disallowing
interfacespecializers.For example,if thevariousoutputdevicesin
OutputPackage weredeÞnedasinterfacesratherthanclasses,
then the seconddraw methodin Rectangle and the second
draw methodin Circle of Figure 7 would be disallowed. In
contrast,RMJ allows arbitraryusageof interfacespecializers,but
it issuesa compile-timewarningaboutthe potentialfor multiple-
inheritance ambiguities and performs load-time ambiguity
checkingto ensurethat the potentialambiguitiesnever occur in
practice.

BecauseRMJ allows interfacespecializers,it makessenseto also
allow externalmethodson interfaces.Suchmethodsareusefulfor
the same reasons that interface specializersare useful. For
example, if the shapesin ShapePackage were exported as
interfaces,thenexternalmethodson interfaceswould be required
to implementthe area functionality in Figure 3. As expected,
external methods on interfaces in RMJ lead to compile-time

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

2.5Discussion

In RMJ we have identiÞedthose restrictionsof MultiJava that
reßectonly thepotentialfor a messagedispatcherrorandreplaced
them with warnings.RMJ still reports all actual and potential
errorsaseachÞleis modularlycompiled.Thiscontrastswith other
systemsthat have comparablesupport for external methodsor
multimethods,which requirewhole-programinformationin order
to typecheckand/orcompilea Þle.For example,a classin AspectJ
[26] maybetypecheckedandcompiledonly whengivenall of the
aspectsthat add external methods(among other things) to the
class. RMJÕs modular checking is particularly important when
compiling library Þles whose clients are not yet known.

Externalmethodsandmultimethodsaretherealizationin theJava
context of a singleunderlyingidiom: the ability to write methods
that dynamically dispatchon existing classes.External methods
candispatchon an existing receiver class,andmultimethodscan
dispatchon existing argumentspecializerclasses.With thesetwo
constructs,RMJ allows essentiallyarbitrary expressionof this
underlying idiom. Methodscan be written and organizedin any
grouping desired. Those organizations that satisfy MultiJavaÕs
modular typechecking restrictions are proven safe entirely
modularly. The remaindermust be conÞrmedwith a load-time
check,but in many cases,the only feasiblealternatives to load-
time checking are methods that simply throw run-time exceptions.

RMJÕs type systemcanbe viewed as a variantof the soft typing
approach[11], but with load-time checks instead of run-time
checks.Soft typing systemsattempt to perform as much static
checkingaspossibleon programswritten in a dynamicallytyped
languagelike Scheme.Our work takes the oppositeperspective:
we relax a languagethat supportsmodularstatic typecheckingto
allow more expressiveness, inserting load-time checks where
neededto ensuresafety. RMJ canserve asa generalplatform for
experimenting with modular type systemsfor languageswith
external methods and multimethods. Different modular type
systems can be evaluated without changing the underlying
expressivenessof thelanguage.Rather, whatchangesis simply the
factoring of the checks between compile time and load time.

RMJÕs approachis orthogonalto the particulardetailsof external
methodsand multimethods.The factoring of checks between
modularcompile time and load time would be equallyuseful for
other kinds of expressive languagesthat pose a challengefor
modulartypechecking.Obviouscandidatesareaspect-orientedand
relatedlanguages,which typically forego modularguaranteesin
favor of increasedexpressiveness.Using RMJÕs approach,these
languagescan retain their current expressiveness while still
providing asmuchearly feedbackaspossibleto users.More early
feedback can be incorporated as new research identiÞes
opportunities for better modular reasoning in these languages.

3. COMPILATION AND CLASS LOADING
RMJ sourcecode compiles into regular Java bytecodeclasses,
which areloadedby a customclassloaderrunningon a standard
Java virtual machine.This sectionexplainshow bytecodefor RMJ
is generated,loaded,andveriÞed.We begin by brießy reviewing
how MultiJavaÕs languageextensionsare compiled,then explain
the additionalcompilation techniquesusedfor RMJ, and Þnally
describe RMJÕs custom class loader. A key feature of our
compilationstrategy is that thecustomclassloaderonly performs

package RectanglePackage;

import ShapePackage.*;
import OutputPackage.*;

public class Rectangle  extends Shape {

... implementations ofShape methods ...

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

}

package CirclePackage;

import ShapePackage.*;
import OutputPackage.*;

public class Circle  extends Shape {

... implementations ofShape methods ...

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

}

Figure 8: draw  multimethods in RMJ



extracheckingonanoperationif thecompilerwasforcedto emita
warning messageabout potential incompletenessor ambiguity
problems for that operation. If the compiler can verify the
correctnessof all classesmodularly, 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 merges
all the methodsthat have the samereceiver classbut different
argumentclassspecializersinto a single bytecodemethod.This
method consists of an if statement that uses a series of
instanceof teststo dispatchto theright branch,eachof which
containsthe body of one of the original multimethods.Clients
continueto invoke operationscontainingmultimethodsin exactly
thesameway asbefore,therebyshieldingclientsfrom whetheror
not someoperationhasmultimethods.This designalso allows a
MultiJava class to extend a regular Java class and override a
regular Java method with a MultiJava multimethod, all
transparently to the Java class and its existing Java clients.

To implementexternaloperations,MultiJava generatesan anchor
classrepresentingtheoperation.Theexternalmethodsdeclaredin
the Þle that introducesthe external operationare merged into a
single bytecodemethod named apply , in which the original
receiver has been converted into an additional argument. This
apply method selects the right branch using a series of
instanceof tests of the original receiver plus any other
arguments with specializer classes.

As shown in Figure 4, subclassesof the receiver of an external
operation can import the operation and then add additional
methodsto it. To allow an external operationto be extendedby
laterclassesin thisway, theapply bytecodemethodfor thegroup
of methodsonanexternaloperationfrom asinglesourceÞleis put
in a dispatcher class; the external operationÕs anchorclassthen
maintainsa linked list of dispatcherclassinstances,in order of
mostspeciÞcto leastspeciÞc.If a subclassaddsoneor morenew
methodsto an existing external operation,the subclassmethods
arecompiledinto anapply methodin their own dispatcherclass,
which is addedto the front of the anchorclassÕs dispatcherlist as
part of the subclassÕs static initialization code.

For example, consider the area external operationdeÞnedin
Figure 3. The operationgetsits own anchorclass,and the three
methodsaremerged into 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 static initialization codeaddsthis dispatcherto the
front of theanchorclassÕs dispatcherlist, resultingin thestructure
illustrated in Figure 9. When area is invoked, the headof the
anchorclassÕs list of dispatchersis fetched,andits apply method
is invoked. If none of the methodsof the head dispatcheris
applicable,thentheapply methodfetchesthenext dispatcherin
the chainand invokes its apply methodrecursively. Eventually,

an applicable method will be found, becausemodular static
typechecking has veriÞed that the operation is completely
implemented.2

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

3.2Compile-Time Extensions in RMJ

TheRMJ compilerhastwo code-generationtasksbeyondwhatthe
MultiJava compiler does.First, the RMJ compiler must generate
appropriatebytecodefor the additionalfeaturesnot supportedby
MultiJava. Second,the RMJ compilermustrecordinformationin
theresultingclassÞlesto tell theRMJ classloaderwhatchecksto
performwheneachclassis loaded.This information is conveyed
throughthe extensibleannotationmechanismsupportedby JavaÕs
class Þle format [Lindholm & Yellin 97].

3.2.1 Compiling RMJ Extensions

RMJ allows the methodintroducingan external operationto be
abstract,asillustratedin Figure5. Bytecodegenerationfor abstract
methodsis simple:theabstractmethodis treatedasif it hasabody
thatsimply throws a RuntimeException . A similar technique
canbeusedto generatecodewhena concreteclasslacksa singly
dispatchedmethodfor someoperation,as illustratedin Figure8.
Bytecodefor theimplicit abstractmethodcanbegenerated,with a
body that throws aRuntimeException .

RMJ allows thereceiver or anargumentspecializerof a methodto
be an interface. Bytecode generation is unaffected by this
relaxationof MultiJava, sincetheexisting strategy of testingfor a
methodÕs applicability using instanceof tests works for
interfaces as well as classes.

Finally, RMJallowsamethodto bedeclaredin aseparateÞlefrom
both its receiver classand its (external) operation.We compile
each such glue method into an apply method in its own
dispatcherclass; this enableseach glue method to be loaded
separatelyby the RMJ classloader, as it becomesreachable.A
sourceÞlecontainingseveralgluemethodsis itself compiledinto a
glueanchor classakin to anexternaloperationÕs anchorclass.The
glueanchorclassis usedto provide annotationsto theclassloader
about the new glue methods, as described below.

In RMJ, it is possiblefor glue methodsto overridesomeexisting
methodsand to be overridden by other existing methods.For
example,supposeCis asubclassof B, which is asubclassof A. An
externaloperationcould initially declaremethodsfor receiversA

Figure 9: Structure of the implementation ofarea  from Figures 3 and 4

anchor for area

function  Þeld

dispatcher for original area  methods

apply  method

dispatcher for area  on Triangle

apply  method

next_function Þeld

2. ThisÒchainof responsibilityÓ[21] styleworkscorrectlyandcan
begeneratedcompletelymodularlyandstatically,but it is notas
efficient as regularmethodinvocation in Java.An alternative
strategyworth investigatingin thefuturewouldgenerateamore
efficient customdispatchermethodat load time, basedon the
currentsetof loadeddispatchers.Oneversionof this strategyis
usedin theimplementationof theRunabout[23], a variationon
the visitor design pattern.



and C in one Þle, with a later glue method implementingthe
operationfor B. The MultiJava implementationwould merge the
external methodsfor A and C, which were declaredin the same
Þle, into a single dispatcherclasswith a single apply method.
However, this strategy would not allow ÒinsertionÓof methods,
like that for B, into the middle of the speciÞcityorder. To resolve
this problem,RMJ compileseachmethodof anexternaloperation
into its own dispatcherclasswith its own apply method.In this
way, all methodsof externaloperationsaretreatedasif they were
gluemethods,for thepurposesof compilation.This doeshave the
side-effect of slowing down dispatch of external operations
somewhat, as shown in Section 4.2.

3.2.2 Bytecode Annotations

The compiler must inform the class loader whenever load-time
completenessor ambiguitycheckingis requiredfor an operation.
The compiler must additionally provide the loader with
information about the methodsdeclaredon that operation, to
enable the checking to be performed.Both of thesetasks are
accomplished via method annotations. The RMJ compiler
producesamethodannotationfor eachsourcemethodthatbelongs
to an external operation.Each methodannotationindicatesthe
operationthat the methodis part of, the receiver and argument
specializers(if any), the fully qualiÞednamesof its anchorand
dispatcherclasses,andwhetheror not themethodis abstract.The
annotation for a method declared in the Þle introducing the
methodÕs externaloperation(e.g.,anarea methodin Figure3) is
placedin theoperationÕsanchorclassbytecode.Theannotationfor
an internalmethodaddedto anexternaloperation(e.g.,thearea
methodin Figure4) is placedin thebytecodefor thenew methodÕs
receiver. Finally, theannotationfor a gluemethod(e.g.,thearea
methodin Figure6) is placedin the associatedglue anchorclass
bytecode.

Methodannotationsprovide enoughinformationfor the loaderto
perform the necessarychecking on external operations. For
example,if a methodannotationfor anabstractexternalmethodis
observed, then the loader will know to perform completeness
checking.This checkingrelieson theothermethodannotationsof
the operationbeing checked, to decidewhetherthe operationis
fully implemented. Similarly, the appearanceof a method
annotationfor a glue methodor a methodthat specializeson an
interfaceindicatesthattheassociatedoperationrequiresambiguity
checking.

Method annotationsare also generatedfor methodsof regular
internal operations, in order for the loader to check their
completenessandambiguityif necessary. It would besufÞcientto
generatean annotationfor eachmethodin the program,but this
would bea largenumberof annotations.Worse,it wouldnÕt allow
existing classÞlescompiledby a regularJava compilerto beused
seamlessly (e.g., subclassed from) in RMJ programs.

Fortunately, theRMJ compilercansafelygenerateannotationsfor
methodsof internaloperationsondemand.First, if aconcreteclass
addsmultimethodsto aninternaloperationbut doesnot declareor
inherit a singly dispatchedmethodfor thatoperation,thecompiler
generatesa method annotationfor the implicit abstractsingly
dispatchedmethod,in addition to the annotationsfor eachof the
multimethods.Theseannotationsare sufÞcient for the loader to
safely and precisely check completeness.

Second,the RMJ compiler must generateannotationsto allow
ambiguitycheckingof an internaloperationcontaininga method
thatspecializeson an interface.Whensucha methodis observed,
methodannotationsarecreatedfor it andfor all othermethodson

its operationdeclaredin the currentclass.For properambiguity
checking of the operation,annotationsare also neededfor all
methodsof theoperationin any subclassesandsuperclassesof the
currentclass.Therefore,the existenceof the methodspecializing
on an interface triggers the compiler to generateappropriate
method annotations in each subclass when it is compiled.
However, the superclasseshave alreadybeencompiled,so they
will in generalnot containsuchannotations.Instead,we include
theannotationsfor superclassmethodsin thebytecodefor theÞrst
subclassthatdeÞnesa methodspecializingon aninterface.In this
way, we generatethe propermethodannotationsto enableload-
time ambiguitychecking,without eitherrequiringexisting codeto
be recompiledor generatingmethodannotationsfor operations
that do not require load-time checking.

3.3Load-Time Extensions in RMJ

RMJ usesa customclassloader, namedRMJClassLoader , that
subclassesJavaÕs standardClassLoader class, to load the
classesusedin an RMJ program.This classloaderobserveseach
classloadedinto the programand examinesit for RMJ method
annotations.

The RMJ class loader is invoked in the following manner:
% java -Drmj.glue=<glue> RMJClassLoader

<Main> <args>

As describedearlier, theclassloaderacceptsa list of theglueÞles
to be included in the current program; this is set via the
rmj.glue property. Glue methodsareprocessedin two phases:
the Þrst phaseregisters the existenceof a glue method,and the
secondphaseloadsthegluemethodÕs dispatcherclassandchecks
for duplicateor ambiguouslydeÞnedglue methods.The loader
performstheÞrstphaseimmediately, usingthemethodannotations
in theÞlesnamedin thermj.glue property. Eachgluemethodis
not actually loaded until it becomesreachable:its operationÕs
anchorclass,receiver, andargumentspecializershavebeenloaded.
This strategy ensuresthat each glue method is only loaded if
necessaryand that it getsinsertedin the appropriateplacein the
chain of dispatchers.Details on registering and loading glue
methods are provided in Section 3.3.2.

Onceall the glue is registered,the loaderstartsthe RMJ program
by loadingthe<Main> classandinvoking its main methodwith
thegiven<args> . RMJClassLoader will bethedeÞningclass
loader[30] for <Main> , which meansthatany classesreferenced
from that class will also be loaded with RMJClassLoader ,
transitively.

The key methodof RMJClassLoader is loadClass , which
takesthefully qualiÞednameof a classto load,Þndsthebytecode
implementationof the class,performsnecessaryRMJ checkson
the class,andcreatesand returnsthe Class object representing
the loadedclass.(This sameprocessappliesto interfacesaswell.
Fromtheperspective of thevirtual machine,interfacesaresimply
a special kind of abstract class. We adopt this perspective
throughoutthe rest of this section,referring to both classesand
interfaces generically as classes.)The overall procedure of
RMJClassLoader Õs loadClass methodis sketchedin Figure
10.

RMJClassLoader cannot be the deÞning loader for system
classes,or elsetheclasseswill not beableto bepassedto system
methods.In the current implementationof RMJClassLoader ,
any classin the java packageis loadedby the regular system
classloader. Otherwise,we use the normal Java mechanismsto
Þnd the class and install it in the JVM using the inherited



defineClass method, with RMJClassLoader as the
deÞning loader. The boldface operationsin the loadClass
methodsupportRMJÕs load-timecheckingandaredescribedin the
rest of this section.

JavaÕs customclassloadermechanismshave enabledusto include
additional load-time checking in the Java virtual machine.
However, customclassloaderswereintendedto supportmultiple
namespaces,not 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 moreßexible mechanismin Java
for composableload-timecheckersandcodetransformersto bean
interesting area for future work.

3.3.1 Registering Classes

In order to perform completenessand ambiguity checking
incrementallyasclassesareloaded,theloadermaintainsa number
of datastructures,which aredescribedasneededin this section.
The registerClass method updatesthese data structures
appropriately whenever a new class is loaded. Aside from
registeringtheexistenceof thenew class,registerClass also
readsany methodannotationsin the classand updatesthe data
structures to reßect their existence.

The RMJ classloaderwill not be the deÞningclassloaderfor a
systemclass.Consequently, classesreferencedby thesystemclass,
suchasits ancestorclasses,maynot beobservedby theRMJ class
loader. To partially account for this omission, the
registerSuperclasses methodcallsregisterClass on
each of a systemclassÕs superclasses,allowing the RMJ class
loaderÕsdatastructuresto reßecttheirexistence.However, it is still
possiblefor somerelevantsystemclassesto bemissed,which can
causetheloaderto performfewer checksthannecessaryto ensure
correctness.An improved composableclass loader mechanism
would provide a way for customclassloadersto at leastobserve
that these internal system classes have been loaded.

3.3.2 Registering and Loading Methods of External
Operations

As mentionedabove, the RMJ class loader examineseachÞle
listed in the rmj.glue property for method annotationsand

registersany thatarefound.Registrationconsistsin thecreationof
anexternalmethoddescriptorfor eachmethod,which includesthe
fully qualiÞed names of the external methodÕs anchor class,
dispatcherclass,receiver class,and argumentspecializerclasses
(or static types for arguments that are unspecialized).As
mentionedearlier, all methodsof externaloperationsaretreatedas
if they were glue methods for the purposesof compilation.
Therefore, when registerClass Þnds an annotation in a
newly loadedclassfor a methodaddedto an external operation
(eithera methodin the Þle introducingthe operationor a method
in a subclassof theoperationÕs receiver), themethodis registered
exactly as glue methods are registered.

Methodsof external operationswill not be loadeduntil they are
reachable.Therefore, the loader maintainsan external method
registry, which maps not-yet-loaded anchor, receiver, and
argument specializer class names to the external method
descriptorsthat areawaiting their loading.As part of a methodÕs
registration, the registry is updatedto reßect the classesupon
which the new method is waiting. Finally, to speedexternal
methodloading(describednext), eachexternalmethoddescriptor
alsostoresa countof thenumberof distinctnot-yet-loadedclasses
that it is waiting on.For example,whenthegluemethodin Figure
6 is registeredvia the rmj.glue property, it initially is waiting
for the area operationÕs anchorclassandthe Triangle class.
The externalmethodregistry is thereforeupdatedto reßectthese
dependencies, and the methodÕs descriptor gets a count of two.

The registerClass method,describedearlier, is responsible
for updatingtheexternalmethodregistry to reßecttheloadingof a
new class.That is, any mappingsfrom thenew classÕs namein the
registry are removed, and the mapped-to external method
descriptors have their counts decremented. The
loadReachableMethods operation then loads any method
thathasnow becomereachable,i.e.,whoseassociateddescriptorÕs
count is zero. Multiple methodsof an external operation can
become reachable simultaneously. In that case,
loadReachableMethods loadsthedispatcherclassesof less-
speciÞcexternal methodsand prependsthem to the operationÕs
dispatcherchainbefore thoseof more-speciÞcexternalmethods,to
ensurethat overriding methodsalways end up in front of their
overridden methods on the chain.

3.3.3 Verifying 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 dispatchedmethods.The loadermustensurethat, for each
such abstractmethod, for each type-correct tuple of concrete
receiver and argumentclasses,the abstractmethodis overridden
by someloadedconcretemethodthat is applicableto thetuple.To
reducetheload-timework thatis performed,only tuplesconsisting
of top concrete classesof the abstractmethodÕs receiver and
argumenttypesneedbe considered.A concreteclassC is a top
concreteclassof an abstractclassD if thereis no otherconcrete
class E that is a superclassof C and a subclassof D.3 If an
operationhasan incompleteness,it will be revealedby a tuple of
top concreteclasses.By similar reasoning,only top concrete
methods of the abstract method need to be consideredfor
applicability to thesetuples.A top concretemethodis a concrete
methodthat directly overridesthe abstractmethod,without any
intervening overriding concrete methods.

Class loadClass(String fullName) {

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

c = findSystemClass(fullName);

registerSuperclasses (c);

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

c = defineClass(bytes);
}

registerClass (c);

loadReachableMethods (c);

verifyCompleteness (c);

return c;

}

Figure 10:RMJClassLoader Õs loadClass  method

3. Recallthat throughoutthis subsectionwe aretreatinginterfaces
as special kinds of abstract classes.



Completenesschecking in verifyCompleteness uses an
incremental algorithm that works as each abstract method
annotationand concreteclass is loaded,without any redundant
checking. When a new abstractmethod is loaded that needs
completenesschecking,the loaderconstructsall the type-correct
tuplesof top concreteclasses,basedon thesetof classescurrently
loaded,andchecksthateachhasanapplicableloadedmethodthat
overridesthe abstractmethod.Conversely, when a new concrete
classC is loaded,the loaderÞndsall loadedabstractmethodsthat
needcompletenesscheckingandhave a receiver or argumenttype
for which C is a top concreteclass.For eachsuchabstractmethod,
the loaderconstructsall tuplesof top concreteclassesthatcontain
C in somepositionandensuresthateachhasanapplicableloaded
method that overrides the abstract method.

For example,supposethearea methodsin 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 a top
concreteclassof Shape. The methodannotationsin the area
operationÕs anchorclassallow this checkingto succeed.Whenthe
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 a gluemethodfor Triangle , asin Figure6, it
will have alreadybeen loadedby loadReachableMethods
and will therefore be properly accounted for.

Our incremental completenessalgorithm resemblesthe Rapid
Type Analysis algorithm [5]. Both algorithms maintain
informationabouta setof reachableclassesanda setof reachable
operations.Whenever either set is extended,the new elementis
checked against all the existing elementsof the other set. The
algorithmis guaranteedat every point in time to have checkedall
pairs in the cartesianproduct of the two sets, without any
redundant checking.

The class loader maintainsseveral data structuresto make the
checkingof verifyCompleteness efÞcient.They areupdated
incrementallyby registerClass aseachclassis loaded.The
data structures are as follows:

¥ a mappingfrom 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 mapping from each loadedabstractclassC to the set of
abstractmethodsfor which that class is the receiver or an
argument type.

For maximum ßexibility , our verifyCompleteness
implementationtreatsa completenesserrorasa non-fatalwarning,
and still allows the program to continue execution. If the
incompletenesseveractuallyoccursat run time,thentheexception
that was compiled as the body of the abstractmethodwill be
thrown. It would be straightforward to parameterizethe loaderto
allow users to specify different ways of treating load-time errors.

3.3.4 Verifying Unambiguity

As with completenesschecking,the loader performsambiguity
checking on an operation incrementally, as each class and
reachablemethodis loaded.Theheartof theloaderÕsalgorithmfor
incrementalambiguitycheckingis a routinethat checksa pair of
methodsfor ambiguity with one another. This algorithm can be
usedequallywell to performambiguitycheckingat compiletime,

on thevisible methodsof anoperation[29]. First, thereceiver and
argument specializers (or static argument types, where
unspecialized)(C1,...,Cn) and (D1,...,Dn) for each of the two
methodsareretrieved.For now, we assumethat the receiversand
specializersare all classes;the generalizationto interfaces is
presented below. The algorithm checks several cases:

¥ If (C1,...,Cn) = (D1,...,Dn), thenthetwo methodsareduplicates,
and an ambiguity error is reported.

¥ Otherwise, if each Ci is equal to or a subclassof the
correspondingDi, or vice versa,thenonemethodoverridesthe
other, and the methods are not ambiguous.

¥ Otherwise,if for eachi, Ci and Di are related, meaningthat
oneis equalto or a subclassof theother, thenthetwo methods
maybeambiguous,becausethey areapplicableto overlapping
sets of argument tuples. This overlap is succinctly
characterized by their intersection tuple
(int(C1,D1),...,int(Cn,Dn)), whereint(Ci,Di) returnswhichever
of Ci or Di subclassesfrom theother. ThemethodsÕoverlapis
not a problemas long as thereexists a third methodwhose
receiver and argument specializers form exactly the
intersectiontuple: the third methodresolvesthe ambiguityof
the Þrst 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 argument tuples, and so they are unambiguous.

As a simpleexample,considerthearea methodsin Figure3. All
three pairs of methodspassthe above check. The methodsfor
Rectangle andCircle aredisjoint from oneanother, because
neitherreceiver is a subclassof the other. Further, eachof these
methods overrides the method for Shape. To illustrate
intersectiontuples,supposethat theShape classof Figure2 also
contained a method for drawing black-and-white printers:

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

TheÞrstdraw methodof Rectangle in Figure7 would overlap
with the above method, and the intersection tuple would be
(Rectangle , BWPrinter ). Without the seconddraw method
in Rectangle , whosereceiver and argumentspecializerform
exactly the intersectiontuple, the othertwo methodswould cause
an ambiguity error to occur if draw were invoked on the
intersection tuple.

As discussedin Section2, an operationmust undergo load-time
ambiguitycheckingif eithertheoperationhasgluemethodsor has
methodsthatspecializeon interfaces.We discusseachsituationin
turn.

3.3.4.1 Glue Methods

The loaderrecordsthe set of methodsthat have beenloadedfor
each operation.Then, just before loadReachableMethods
loadsthe dispatcherclassfor a methodbelongingto an external
operation,the new methodis checked for ambiguityagainsteach
of thepreviously loadedmethodswith which it maybeambiguous,
usingthealgorithmdescribedabove. It would be conservative for
the loaderto checkthenew methodfor ambiguityagainsteachof
the previously loadedmethodson the sameoperation.However,
thereis no needto rechecka pair of methodsfor ambiguityif their
unambiguitywasalreadyestablishedat modularcompiletime by
the RMJ compiler. Any pair of methodsthat weresimultaneously
visible by the RMJ compiler during its compile-timecheckson
someÞle neednot be rechecked at load time. Therefore,the only



load-timecheckingthat is requiredis betweenpairs of methods
whereonemethodis a gluemethodandtheothermethodis either
anothergluemethodor amethodwritten insideaclass(suchasthe
area  method in Figure 4).

To exploit this observation, each external operationÕs list of
previously loadedmethodsis partitionedinto threeseparatelists,
based on whether the method came from the source Þle
introducingtheexternaloperation(a basemethod), thesourceÞle
of a classthataddsa methodto theexternaloperation(a subclass
method), or a glue method source Þle (a glue method); the
methodÕs annotationindicateswhich category the methodis in.
Whenever a glue method is loaded by
loadReachableMethods , it is checked for ambiguity with
thosemethodson theglueandsubclasslists.Whenever a subclass
methodis loaded,it is checked for ambiguitywith thosemethods
on the glue list. No othercombinationsneedload-timechecking.
For example,wheneachof the methodsin Figure3 is loaded,no
ambiguitycheckingis performed.Whenthegluemethodin Figure
6 is loaded, it is checked for ambiguity against any subclass
methodsor otherglue methods,but it is not checked against the
basemethodsfrom Figure3, asthat checkingalreadyoccurredat
compile time.

3.3.4.2 Interface Specializers

Each operationcontainingmethodsthat specializeon interfaces
mustbe checked for unambiguityat load-time.To do so,we Þrst
generalizethe routine describedabove for checking pairwise
ambiguityof methods,to properlyhandlemultiple inheritance.We
now take into accountthefact that two interfaces(or oneinterface
and one class)can have a commonsubclasswithout themselves
being related.Only the second-to-lastcasein the earlier routine
needsto bemodiÞed.First, thecaseshouldapplywhenfor eachi,
either Ci and Di are related,as before,or there exists a loaded
concreteclassthat inheritsfrom bothCi andDi. In the lattercase,
we deÞneint(Ci,Di) to be the set of loadedconcreteclassesthat
inherit from both Ci and Di. Finally, therecan now be multiple
intersectiontuples,formedby taking the n-way cartesianproduct
of the int(Ci,Di) sets,eachof which requiresa loadedresolving
method.

The revised routine dependsboth on the set of currently loaded
methods(in order to Þnd resolving methods)and on the set of
currentlyloadedconcreteclasses(in orderto computeint(Ci,Di)).
Similarly to incrementalcompletenesschecking,theloaderchecks
unambiguityof an operationcontainingmethodswith interface
specializersincrementally as each of these sets grows. If the
operationis external,unambiguityof anew methodwith respectto
previously loaded methods is checked by
loadReachableMethods , beforethenew methodis loaded.If
theoperationis internal,unambiguityof a new methodis checked
when the methodÕs annotationis found by registerClass .
Finally, the customclassloadermaintainsa mappingfrom each
loadedinterfaceto the loadedmethodsthat have that interfaceas
its receiver or asanargumentspecializer;this mappingis updated
by registerClass as classesare loaded.When a concrete
classthat implementsan interfaceis loadedand registered,each
method on the interfaceÕs list is retrieved and rechecked for
ambiguity with respect to the other loaded methods of its
operation.

As with the ambiguity checking of operationscontaining glue
methods,we can optimize which pairs of methodsneed to be
checked for operationscontaininginterface-specializingmethods.
Only pairs of methods where at least one has an interface
specializerneedto be checked for ambiguityby the RMJ loader.

All otherpairsareguaranteedto be unambiguousbecauseof the
RMJ compilerÕs modularchecks.This optimizationstill requires
that a methodspecializingon an interfacebe checked againstall
previously loaded methods,including base methods.Although
eachmethodwascheckedagainstthebasemethodsmodularlyby
the RMJ compiler, the compile-time checksmay have missed
ambiguities caused by unseen concrete subclasses of interfaces.

3.3.4.3 Run-time Ambiguity Checking

As with completenesserrors, to give programmersincreased
ßexibility , ambiguityerrorsaretreatedby our RMJ classloaderas
non-fatal warnings, and the program is allowed to continue.
Whenever a load-time ambiguity error is reported for some
operation,a special ambiguity dispatcherclass, whose apply
method throws a RuntimeException , is instantiated and
prependedto the operationÕs dispatcherlist. If the ambiguity is
causedby duplicate methods,then the ambiguity dispatcherÕs
apply methodhasthesamereceiverandargumentspecializersas
eachof theduplicates.If theambiguityis causedby the lack of a
resolving method for an intersectiontuple, then the ambiguity
dispatcherÕs apply methodhasthe samereceiver and argument
specializersas the intersectiontuple. The ambiguity dispatchers
ensurethat an exception will be thrown whenever a run-time
ambiguityoccurs.This designonly works for externaloperations;
if theload-timeambiguityerrorfor aninternaloperationis ignored
by the programmerandthe ambiguityis encounteredat run time,
one of the ambiguously deÞned methods will be invoked
arbitrarily.

3.4RMJ Preloader

When developing an application in RMJ, the programmermay
wish to exploit expressivenessthat cannot be checked purely
modularly, at the costof taking on the responsibilityof avoiding
load-time incompletenessesand ambiguities. The RMJ class
loaderchecksfor theseproblemsas the programis run on some
input. It would alsobe useful to know whetheror not a program
can incur load-time errors at all, for any possible input. For
example,a developerof shrink-wrappedsoftware might wish to
verify, onceand for all, that no load-timeerrorscan occur for a
program. As another example, a programmerintegrating two
librariesmaywish to Þndplaceswherethoselibrariesrequireglue
in order to avoid load-time errors.

To assistin this kind of checking,we have developeda preloader
tool. Thepreloaderis invoked like thecustomclassloader, except
that no arguments are given:

% 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 exhaustively explores all classes statically
referencedby the <Main> classor someother referencedclass,
transitively, ignoring the applicationÕs actualßow of control. The
preloaderperformsall the RMJ load-timechecksasit visits each
class.The preloaderdoesnot visit classesloadedonly through
reßective mechanisms such as Class.forName . Many
applicationsonly referenceclassesstatically, andmostothersonly
rarelyreferenceclassesthroughreßection,sothis limitation should
not greatlyhinderthepreloaderÕs effectivenessat Þndingerrors.It
would bestraightforwardto extendthepreloaderto accepta list of
dynamicallyreachableclassesto visit in additionto the statically
reachable ones.



Eventhoughclassesmaybevisitedby thepreloaderin a different
orderthanin a realexecution,andmoreclassesmaybevisitedby
the preloaderthanin a real execution,the preloaderis guaranteed
to discoverall potentialload-timehazardsof a realexecution,with
the one caveat aboutreßectiondescribedabove. If the preloader
reportsahazard,thentheprogrammeris givenearlywarningabout
a situationneedingattention.If the preloaderreportsno 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 strategy, and we implemented
RMJClassLoader and RMJPreloader as describedin the
previous section. Our implementation is freely available for
downloadasa partof theregularMultiJava system[36]. Thenext
subsectiondescribesa casestudyusingour RMJ implementation,
and the second subsection reports on some performance
experiments from this study.

4.1A Case Study

We have experimentedwith rewriting partsof Barat [8], a Java
front-endwritten by others.Barat builds an abstractsyntax tree
(AST) from a setof Java sourceÞles,which canthenbe usedto
performvariousstaticanalyses.Baratis itself written in Java, and
the AST nodesare representedby a classhierarchy, with root
interfaceNode. Baratusesthe visitor designpatternin order for
clients to perform their desiredanalyseswithout modifying the
nodeclassesdirectly. To write an analysis,clients createa new
classimplementingtheVisitor interface,which hasa visit N
methodfor eachnodenamedN. To run theanalysis,clientsinvoke
an AST nodeÕs accept method,passingan instanceof the new
visitor.

Barat comeswith several predeÞnedvisitors. One of them, the
OutputVisitor , outputsa source-coderepresentationof the
given AST nodes.We re-implementedthis functionality using
RMJ,by writing anexternaloperation,output , on theAST node
classes.As opposedto thevisitor pattern,which requiresÒhooksÓ
(theaccept method)insidethenodeclasses,the implementerof
Barat did not needto plan aheadto allow us to implementour
revised output operation.Further, it was natural to deÞnethe
output operationto take parameters,for example the current
indentationandthestreamto which theoutputshouldbedirected.
Becausethe OutputVisitor hasto conformto the Visitor
interface,theseparametersmustinsteadbesimulatedvia Þeldsin
the OutputVisitor class. Finally, clients can invoke the
output operationvia ordinary messagesendingsyntax,as if it
were deÞned in the original node classes.

Those beneÞtswould be obtained via an output external
operationin regular MultiJava, but the output operationalso
beneÞtsfrom thenew featuresof RMJ. In MultiJava, theoutput
operationwould beforcedto containa default implementationfor
theroot interfaceNode, to handleany unseenconcretesubclasses.
However, thereis no reasonabledefault behavior in this case,so
the default methodwould be forced to simply throw a run-time
exception. In RMJ, output contains an abstractmethod for
Node. During modularstatictypechecking,a warningis signaled,
and any visible subclassesare checked for completeness.Our
customclassloader then checksat load time to ensurethat all
subclassesof Node do indeedhaveanappropriateimplementation
of output .

The output operation also naturally employs RMJÕs glue
methods.One way Barat has been used is to experiment with
extensionsto Java (e.g. [2]). Clients add their own subclassesof
Node to representthe new syntax and updatethe Barat parser
appropriately. Unfortunately, the client extensions break all
existing visitors,which do not know how to visit thenew nodes.If
clientswishto usetheOutputVisitor , it mustÞrstbemodiÞed
in placeto containmethodsfor visiting the new nodes,and then
retypechecked 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 whenthenew nodeswerewritten,MultiJava would require
modiÞcationof existingcodeto lateraddoutput methodsfor the
new nodes.

In RMJ, theoutput operationcanbeupdatedto handlethenew
nodes,without requiring sourceaccessto the original output
externalmethodsor to thenew nodes.We simply createa new Þle
containingglue methodsthat provide output functionality for
the new nodes.As an example, we createda version of the
output operation that does not support BaratÕs Cast and
Instanceof nodes, representingJavaÕs run-time cast and
instanceof test, respectively. Therefore, the output
operationis only well-deÞnedon thesubsetof Java programsthat
do not performexplicit run-timetypemanipulation.To handlethe
ÒextensionÓallowing castsand instanceoftests,we then created
two output glue methodshandling the new nodes, without
modifying theoriginal output codeor thenew nodes.Clientsof
output whoseJavaprogramsemploy run-timetypemanipulation
add the glue Þlesto their rmj.glue propertyto make the two
independentextensions to the Node hierarchy (the output
operation and the new node subclasses) work together.

A Þnaluseof RMJÕs expressivenessis requiredby BaratÕs useof
interfaces as the sole external view of its functionality. Barat
implementsits AST nodesusingtwo parallelhierarchies:asa 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
InstanceofImpl implement these public interfaces. RMJ
allows thevariousoutput methodsto bedeÞneddirectly on the
public interfacesandensuresthatthereareno multiple-inheritance
ambiguities at load time.

OnebeneÞtof theoriginal visitor implementationis that it canbe
inherited for use by other visitors. For example, a
LoggingOutputVisitor could subclass from
OutputVisitor andoverridea few of thevisitN methodsto
print some extra logging information in those cases, while
inheriting the rest of the visitN methods.Writing a logging
externaloperationin RMJ that forwardsto our output operation
would not work, since recursive calls would all go to output
instead of back to the logging operation.

If inheritanceof visitors is desired,analternative strategy in RMJ
is to implementthe OutputVisitor asan Output classthat
contains an operation acceptingthe node being visited as an
argument,as shown in the top of Figure 11. When the apply
operationis invoked,multimethoddispatchis usedto provide the
appropriateimplementationfor eachnode.As shown in themiddle
of the Þgure, the Output class can then be extended by a
LoggingOutput class, analogous to the
LoggingOutputVisitor . The LoggingOutput classhas
anoverridingapply multimethodfor eachkind of nodefor which



logging is desired,while inheriting the rest of its functionality
from Output . Unlike the visitor-basedapproach,the Output
classusing multimethodsrequiresno advanceplanningfrom the
implementer of the node hierarchy. 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 Õs
apply method,as shown in the bottom of Figure 11, so that
clients can use their normal calling sequenceto invoke the
operation.

4.2Performance Experiments

RMJ addsoverheadto perform its load-time checkingand run-
time invocation of glue methods.To gaugeRMJÕs performance
cost,we studiedfour differentversionsof theoutputfunctionality
described above. The Þrst version is the original
OutputVisitor classprovided with Barat. The secondis an
external output operationusing regular MultiJava. Becauseof
MultiJavaÕs restrictionsfor modularsafety, this versionincludesa
concretedefault implementationfor Node. In addition,all of the
output methodsaredeclaredin asingleÞle,andthey aredeÞned

directly on the internal classes (e.g., CastImpl and
InstanceofImpl ) rather than the external interfaces (e.g.,
Cast andInstanceof ). Thethird versionis anRMJ versionof
theexternaloutput operation,whichusesanabstractmethodfor
Node andusesglue methodsfor the output methodsfor casts
andinstanceof tests,but theoutput methodsarestill deÞned
on the internal classes.The fourth version is the ÒidealÓRMJ
version,which is like the third versionexcept that the output
methodsare deÞnedon the external interfaces.The Þrst two
versionscanbe run with eitherJavaÕs regular classloaderor with
theRMJ classloader, but thethird andfourth versionscanonly be
run using RMJÕs custom loader.

Table1 presentsthe raw resultsof our performanceexperiments.
We invokedeachversionof theoutputfunctionalityon two inputs:
asmallinput thatÕsasingleJavasourceÞle662linesin length,and
a large input thatÕs 20 Java sourceÞles7476total lines in length.
BaratparsestheÞle(s),createstheassociatedAST nodes,andthen
invokesthe output functionality (eitherthe OutputVisitor or
theoutput operation)to print out thesource-coderepresentation
of thenodes.All reportedtimesarethemedianvaluein secondsof
theusertimeof Þveruns,measuredona500MHz, PentiumIII PC
with 128MB RAM running RedHat Linux 7.3 and Sun Java
SDK1.4.1.

Our experimentsusedthreevariantsof the RMJ classloader. The
ÒfullÓRMJ loaderis theonedescribedin theprevioussection.The
Òno-chkÓandÒno-chkno-glueÓvariantshelp identify RMJÕs load-
time costs.The Òno-chkÓvariant is RMJÕs classloaderwith all
completenessand ambiguity checkingdisabled.The loader still
loadseachglue methodwhenit becomesreachable.The Òno-chk
no-glueÓvariant is like Òno-chkÓbut additionally doesnot load
glue;it simplyemulatestheordinaryJavaclassloader. Thisvariant
can thereforenot be used on versions3 and 4 of the output
functionality, which require glue methods.

The ÒpassiveÓoverheadfor usingthe RMJ classloaderinsteadof
theregularJavaclassloader(thedifferencebetweencolumnsaand
d for theÞrsttwo versionsof theoutputfunctionality)is 7%for the
smallinputand7-8%for thelargerinput.Thenegligible difference
betweenthe ÒfullÓandÒno-chkÓloadersfor the Þrsttwo versions
indicatesthat almostnoneof this overheadis due to the cost of
maintaining data structuresfor any potential completenessand
ambiguitychecking.With theadditionalcostof loadingglueasit
becomesreachable(thedifferencebetweenÒfullÓRMJÕs overhead
and Òno-chkno-glueÓRMJÕs overheadin the Þrst two versions),
the overheadis 3-4% for the small input and 1-3% for the large
input.Therestof thepassiveoverheadis simply thecostof usinga
classloaderother than JavaÕs default one, possiblybecausethat

public class Output {

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

public void apply (Node@WhileNode n) {
... code for outputing awhile  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

Table 1: Execution Times

version 1. Java OutputVisitor 2. MultiJ ava output  on classes
3. RMJ output  on

classes
4. RMJ output  on

interfaces

loader
a. RMJ

full
b. RMJ
no-chk

c. RMJ
no-chk
no-glue

d. Java
a. RMJ

full
b. RMJ
no-chk

c. RMJ
no-chk
no-glue

d. Java
a. RMJ

full
b. RMJ
no-chk

a. RMJ
full

b. RMJ
no-chk

small test 7.7 7.7 7.4 7.2 8.1 8.2 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



loaderusesnative methodsto load classes.Becausethe overhead
of RMJÕs classloaderis incurredonly whena classis loaded,the
impact of the load-time costs on performancebecomesless
important as programs run longer.

The costof abstractexternalmethodsandglue methods,without
external methodson interfaces,is illustrated by the difference
betweencolumns2a and 3a in Table 1. Overheadfor the small
input is 7%,andthereis nonoticeableoverheadfor thelargeinput.
The negligible difference between the ÒfullÓ and Òno-chkÓ
columnsin version2 and in version3 indicatesthat the incurred
overheadis largely causedby the run-time cost of having each
external method reside in its own dispatcher class.

To corroboratethis observation, we ran versions2 and 3 of the
output functionality on test casesconsistingof 8, 16, 24, and36
copiesof thesmall inputÞle,asshown in Table2. Thesetestcases
isolateRMJÕsrun-timecost,sincetheRMJ classloaderÕswork is
identicalin eachcase.Our earlierobservation is supportedby the
results:asthe numberof copiesincreases,version3 continuesto
take 6% longerthanversion2. Therefore,theoverheadis incurred
throughoutexecution.A more efÞcient compilation strategy for
externaloperationswith gluemethodswould reducethis overhead
and is a key area for future work, as described in Section 6.

The cost of external methodson interfacesis illustrated by the
differencebetweencolumns3aand4ain Table1. Theoverheadis
1% for thesmall input and6% for thelargeinput.Theoverheadis
largely theload-timecostof performingambiguitycheckingin the
presenceof interfaces.This is illustrated by the fact that the
differencebetweenversions3 and 4 disappearsin the Òno-chkÓ
variant. It is alsocorroboratedby Table2, in which the absolute
costof version4 overversion3 remainsroughlyconstant(between
0.3 and 0.5 seconds) as the number of copies increases.

5. PREVIOUS WORK
Theinspirationfor thefeaturesin MultiJava andRMJ comesfrom
previous languagesbasedon multimethods,including CLOS [46,
42], Dylan [44], and Cecil [13, 14]. These languagessupport
arbitrarymultimethodsandexternalmethods(indeed,all methods
arewritten external to their classes).However, CLOS andDylan
aredynamicallytyped,andCecil requiresglobal typecheckingto

ensuretypesafetyof messagesends[31]. Vortex [19], thecompiler
for Cecil (and other languages),employs a global compilation
strategy that makes heavy use of whole-program optimization.

Parasiticmethods[9] andHalf & Half [6] areboth extensionsto
Java thatsupportencapsulatedmultimethods[12], which areakin
to internal multimethods in RMJ; neither language supports
external (multi)methods.Like RMJ, both languagessupport the
use of interfacesas specializersin multimethods.Becauseit is
difÞcult to modularly check multimethod ambiguity in the
presenceof interface specializers,parasiticmethodsmodify the
multimethoddispatchsemanticsso that ambiguitiescannotexist,
employing the textual orderof methodsto breakties.Half & Half
resolvestheproblemby performingambiguitycheckingon entire
packagesat a time, rather than on individual classes.For such
package-level checkingto besafe,Half & Half mustalsolimit the
visibility of someinterfacesto their associatedpackages,thereby
disallowing outsideclients from employing them as specializers.
In contrast,RMJ ensuresthatoperationsareunambiguouswithout
either modifying the multimethod dispatching semantics or
imposing restrictions on the usage of interface specializers.
Instead,RMJ requiresincrementalambiguity checkingat class
load time.

Recently several languageshave emerged that provide direct
supportfor separationof concerns.For example,AspectJ[26] is an
aspect-orientedextension to Java, whose aspectscan extend
existing classesin powerful ways. Hyper/J [41] is a subject-
orientedextension to Java that provides hyperslices, which are
Þne-grainedmodularunitsthatarecomposedto form classes.Both
languagessupport external methods; for example, this ability
correspondsto AspectJÕs introduction methods.The languages
additionallysupportmany moreßexible extensibility mechanisms
than RMJ. For example, AspectJÕs before and after methods
provide waysof augmentingexisting methodsexternally. To cope
with this level of expressiveness,theselanguagesemploy non-
modular typecheckingand compilation strategies. For example,
AspectJÕs compiler weaves the aspects into their associated
classes;only whenall aspectsthat canpossiblyaffect a classare
available for weaving can that classÕs typechecking and
compilation be completed.

Binary ComponentAdaptation(BCA) [25] allows programmersto
deÞne adaptation speciÞcationsfor their classes,which can
includethe additionof new methods,therebysupportingexternal
methods.AdaptationspeciÞcationscanalsoincludemodiÞcations
not supportedby RMJ, like the declarationthat an existing class
implementsa new interface.The typecheckingand compilation
strategy is similar to the aspect-weaving approachdescribed
above, requiring accessto all adaptationspeciÞcationsthat can
affect a given classin order to typecheckand compile the class.
Theauthorsdescribeanon-line implementationof BCA, whereby
the weaving is performeddynamicallyusing a specializedclass
loader.

Jiazzi[33] is anextensionto Java thatprovidescomponentswith a
powerful external linking semantics,including recursive linking.
The authorsshow how to use thesefeaturesto encodean open
classpattern, wherebya componentimportsa classandexportsa
versionof that classmodiÞedto containa new methodor Þeld.
Openclassesin RMJ (andMultiJava) allow two clientsof a class
to augmentthe classin independentways,without having to be
awareof oneanother. In contrast,in Jiazzi theremustbe a single
componentthat integratesall augmentations,to createthe Þnal
version of the class.Componentlinking in Jiazzi is performed
statically, so it is not possibleto dynamicallyaddnew methodsto

Table 2: RMJÕs Run-time Cost

version
2. MultiJ ava
output  on

classes

3. RMJ
output  on

classes

4. RMJ
output  on
interfaces

loader a. RMJ full a. RMJ full a. RMJ full

small test
x8 9.8 10.4 10.8

small test
x16 11.4 12.1 12.6

small test
x24 12.9 13.7 14.2

small test
x36 15.4 16.3 16.6



existing classes.Dynamicaugmentationis possiblein RMJ, since
it is integrated with JavaÕs regular dynamic loading process.

Thevisitor designpattern[21] is a programmingidiom thatallows
new operationsto be addedto existing classeswithout modifying
existing code.However, the visitor patternhasseveral drawbacks
that are not sharedby external methodsin RMJ, as discussedin
Section4.1.Most importantly, theability to addnew operationsto
an existing classcomesat the costof losing the ordinaryobject-
orientedability to addnew subclasses,sinceeachvisitor mustbe
modiÞedin place to handlea new subclass.Several researchers
have designedextendedversionsof thevisitor patternthat resolve
thisandotherproblems[28, 43,32,37,48,49,23]. However, these
extensionsrequiredynamictype castsor run-timereßection,and
they often further complicate the already-complex visitor pattern.

6. CONCLUSIONS AND FUTURE WORK
RMJ representsa new point in the design space balancing
extensibility against modular reasoning.It offers almost the full
powerof externalmethodsandmultimethodswhile retainingall of
MultiJavaÕs modular typechecking guarantees.Many of the
extensibility idioms can be proven safe purely modularly,
independentlyof how a ÞleÕs classesand operationsare usedin
enclosing programs, and the remainder are proven safe
incrementallyas eachÞle is loaded.A preloadertool assistsin
discovering load-time errors before run time. Programmerscan
explicitly choose between expressivenessand early checking,
based on their software development needs and goals.

Unlike somerelatedsystemsthat also offer greaterextensibility,
RMJ retainsa modularapproachto typecheckingandcompilation.
RMJ cancheckÞlesseparatelyandeitherguaranteethemsafeor
point out exactly those situations that programmersmust be
concernedaboutto avoid load-timeerrors.Currentsystemsbased
onglobalor large-scaletranslationor weaving to combineseparate
concerns do not provide these kinds of early checking.

Much of the challengein developing RMJ was in designingthe
interplaybetweencompile-timeandload-timecheckingandcode
generation, to keep load-time overhead small. RMJÕs
implementationstrategy performsall codegenerationat compile
time in a modular, per-Þle fashion.It alsoattemptsto performas
muchcheckingmodularlyasit can.For thosechecksthat leadto
warningmessages,additionalannotationsaregenerated,directing
RMJ classloaderÕs efforts to thosepartsof theprogramthatneed
load-timechecking.The loadermaintainsseveral datastructures
that help it to perform the needed checks efÞciently.

In future work, we plan to pursue several directions:
¥ We wish to gain experiencewith thestrengthsandlimitations

of RMJ by usingthelanguage,andconvincing othersto useit,
in the implementationof several large systems.Othershave
already been using MultiJava in several domains,and this
experience was one motivation for designing RMJ.

¥ We wish to explore supportingadditionalextensibility while
retainingmodularor load-timechecking.It would beusefulto
declarethataclassimplementsaninterfaceoutsideof theclass
(for example, along with adding external operationsto the
class).The ability to addstaticmethodsandstaticÞeldsto a
classfrom the outsidewould be simplebut usefulextensions.
The ability to add instanceÞeldsto a classfrom the outside
would also be useful but is challenging to implement
efÞciently. We also wish to investigate how we might
incorporatesomeof theadditionalextensibilityof systemslike
AspectJ and Hyper/J, particularly the ability to extend

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

¥ We wish to investigate including binary code generationor
rewriting aspart of customclassloading.For one,this would
allow us to dynamically generatemore efÞcient dispatching
methodsfor externaloperations.Whena new dispatcherclass
is loaded, any previous dispatcher method would be
invalidatedanddropped.The next time the externaloperation
is invoked,acustomizeddispatchermethodbasedon thelist of
currentlyloadeddispatcherswould bedynamicallygenerated,
loaded, and invoked. Previous efÞcient multimethod
dispatching algorithms can be used when generating the
dispatcherbasedon the currentsnapshotof loadedmethods
[16]. Binary code generationcould also be used to allow
additional kinds of extensibility that are challenging to
implement modularly, including the ability to write glue
methods belonging to regular internal operations.
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