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Abstract

Theobject-orienteghrogrammingparadignmprovidesstrongsupportfor codere-usevia
inheritancemechanismsCurrently Java is one of the mostwidely usedobjected-oriented
programminglanguagesput Java supportsonly single codeinheritance. Unfortunately
coderepetitionis sometimesinavoidablewithout someform of multiple codeinheritance.
Historically, multiple codeinheritancemechanism#n programminganguage$iave been
problematic. This is dueto thetight coupling of codeanddatalayout, alongwith funda-
mentalsemantigssueswith multiple datalayoutinheritance SinceJava's classmechanism
is usedfor bothinheriting codefor methodg(i.e., code-type)andinheriting stateinforma-
tion (i.e.,data-type)a mechanisnior separatinghe code-typeanddata-typdanheritancds
necessaryo solve the multiple codeinheritanceproblem.

We describethe implementationof MCl-Java, an extensionto Sun's Java 1.2.2 that
separatesode-typesanddata-typesndtherebyenablesamultiple codeinheritancanech-
anism. IBM' s JikesCompiler1.15is modi ed to provide compilersupportfor MCI-Java.
At thesource-codéevel, minor Java syntaxchangesrerequiredfor MCl-Java. At the Vir-
tual Machinelevel, minor changego thecodeloaderandlinker arerequired but nochange
is madeto the highly-optimizedbytecodesxecutionprocedure.

Lastly, we empiricallydemonstrat¢hatthe MCl-Java Virtual Machine,andthe modi-
ed IBM JikesCompiler donotdegradetheperformancef Javaprogramsywhencompared

with the classicJava Virtual Machineandtheoriginal IBM JikesCompilet
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Chapter 1

Intr oduction

1.1 Overview

Sincethe developmentof Simula-67by Nygaardand Dahl [27], object-orientedoro-
gramming(referredto as OOR hereafterhasbecomea popularprogrammingparadigm.
In the pastthreedecadesmary researcherbave dedicatedheir efforts to improving this
paradigmandmary programmindanguagesupportingDOPhave beendeveloped.Some
of thewidely usedcommerciaproductsncludeJava, Smalltalk,C++ andC#.!

The object-orientecorogrammingparadigmis an extensionof the conceptof an Ab-
stractData Type (ADT) [25, 24]. A programdevelopedusing OOP canbe viewed asa
collectionof reactingagentsknown asobject$ interactingwith eachotherthroughmes-
sagepassing.

An objectis usedto modela concepbor areal-world entity. Every objecthasatype an
interfacethatde nesthesetof messageapplicableto the object A behaior describeshe
responsdto beimplementedn a method)of the objectto areceved messageA classis
the programmingunit responsibldor creatingobjectinstancegor a typeandfor mapping
message® behaiors.

In OOR a problemis solved by interactve message-passirggnongobjectsthat have
private stateg[10]. This contrastswith the proceduralprogrammingparadigm,in which
a problemis solved by changingthe statesof namedstoragelocationsaccordingto a set
of prede nedinstructions. OOP allows software to modelthe real world more closely
especiallyfor complex systemsn which thereis a high degreeof interactionamongcom-
ponentsof the system.It is a programmingmethodologythat encouragesodulardesign

andcodere-use.Many believe thatprogramsdevelopedusingOOPtechniquegendto be

Trademark®f their respectie owners.
2Sectionl.4 describeghe notationusedin this dissertation.



morereliable,extensibleandrobust[22].

Therearethreemajorfeatureghatcontrilkute to the succes®f OOP:

Encapsulationrefersto the ability to protecttheinternalrepresentationf anobjectfrom

externalaccess.

Inheritance refersto the ability of a class(type to re-usepropertiesof anotherclass

(typs.

Polymorphism refersto the ability to map the samemessagdo different methodsin

differentclassestrun-time.

Unfortunatelythereareno standardacceptedneaningof thenotionsof typeandclass
in the OOP community This dissertatioradoptsthe onesthat supporta cleanseparation
betweenthe conceptsof interface, implementationand representatiorfthe internal data

layoutof anobject)[21]:

1. An interface-typade nes the setof legal operationgprogrammatidnterface)for a

groupof objectsthatmodelsareal-world concept.

2. A code-typemplementsaaninterface-typdy associatingodewith methodghatim-
plementeachof thelegal operationgle ned by thisinterface-typewithout constrain-

ing the datalayout.

3. A data-typedescribeshe datastructureof the objectsfor theinterface-type It also
providesthe methodsfor accessinghesedataanda mechanisnfor creatingobject

instanceghatconformto thisinterface-type

The genericterm type refersto arny one of thesethreenotions. Almost all OOP lan-
guageshandleequivalenceof typesusingthe corventionof nameequivalence Underthis
arrangementwo typeswith the samesetof behaiors will notbetreatedasequialentun-
lessthey alsohave the samename. Subtypings a specialrelationshipbetweenwo types
wherethe subtypeguaranteebehaiors conformingto thoseof the supertype This canbe
viewed asanis-arelationshipof types GiventhattypeT is a subtypeof typeS, anobject
of typeT is implicitly of typeS by the principle of subsumption

A classis aprogrammindanguageonstructhatimplementgheconcepf typeandis
responsibldor creatingobjectinstancedor thetype Chamberg12] stateshat“If aclass

conformsto a type thenall of its instancessupportthe interface speci ed by the type”

2



Parallelto the subtypingrelationshipbetweerniwo typesis the subclassingelationshipbe-
tweentwo classes This refersto a stratgy by which a subclasse-usesomeor all of the
implementationgcode)from its supeclass

Sincetyperefersto ary oneof the threenotionsmentionedabove, inheritancewhich

refersto the ability of a typeto re-usepropertiesof anothertype alsohasthreedistinct

types:

1. Interfaceinheritancerefersto the re-useof the operationf aninterface-typéeoy its

subtypes

2. Codeinheritancerefersto there-useof the codein the parentcode-typeboundto an

operationby its subtypes

3. Datainheritancerefersto the re-useof the objectlayout of the parentdata-typeby

its subtypes

PopuladanguagesuchasJava, C#andEiffel combinecode-typ@anddata-typdanto one
singleconstructtheimplementation-typdmplementatiorinheritancerefersto acombined
codeanddatainheritance OtherpopularlanguagessuchasC++ and Smalltalk, further
combinethisimplementation-typwith interface-typanto a single(clas9 concept.

With respectto the numberof permissibledirect supertypes thereare two distinct

kindsof inheritance:
1. Singleinheritanceallows atypeto have no morethanonedirectsupertype
2. Multiple inheritanceallows atypeto have morethanonedirectsupertype

While C++ supportsboth multiple datainheritanceand multiple codeinheritance C#,
Smalltalkand Java supportonly singleimplementationinheritance. This dissertatiorde-
scribesa novel way to supportthe separatiorbetweerninterface-typecode-typeanddata-

typein the Java Programmind.anguageandaddssupportdor multiple codeinheritance.

1.2 Motivations

OOPpermitsapplicationprogramso modeltherealworld morecloselythanprograms
developedusingthe proceduralprogrammingparadigm. One of the major advantagesof

OOPis the strongsupportof codere-use,which is donevia the inheritancemechanism.

3



Ironically, the currentform of inheritanceamposesa restrictionon codere-usein the avail-
ablelanguagesystems.lIt is impossibleto usethe sameimplementationin two unrelated
inheritancehierarchiesithout repeatinghe code.

Thereasorfor this restrictionis bestexplainedby thefactthatthereis nota clearone-
to-onecorrespondendeetweeranguagdeaturesandconcept®of interface-typecode-type
anddata-type The codere-useproblemcanbe solved moreelegantly usingfeaturesof a
languagdhatsupportsa cleanandcompleteseparatiobetweerthesdanguageonceptsa
languageof this kind would enablea programto uselesscode.

The Java Programmind.anguagereferredto asJava, hereinafter)is one of the most
widely usedprogramminglanguages.It hasrudimentarysupportfor separatdanguage
constructdor interface-typecode-typeanddata-type which arecalledinterface abstiact
classandclass respecirely. Java supportsmultiple inheritancefrom interfacesbut only
singleinheritancdor class whetherthe classis abstracor not.

From the software engineeringoerspectie of codemaintenancei is bestto have the
minimum dependencef codeon the actualdatalayout. Without independenceefforts
to improve performanceoy optimizing datalayoutwould requireextensve changego the
codegthataccesshis datadirectly.

For example,suppose matrix is modeledusinga MATRIX class.Traditionally a ma-
trix is representedsingablock of memoryunitsto storethevaluesof eachof theelements
of the matrix. This block of memorycanbe visualizedas a rectangulatwo-dimensional
array Sometimesa different,morespace-etient, representatiofor amatrixis desirable,
in whichcasea SPARSEMATRIXclassis required.Onepossiblevayto represena sparse
matrix is to usea doubly-linked orthogonalist structurestoringonly thosenon-zeramem-
berswith their row andcolumnnumbers.Despitetheir differentinternalrepresentations,
thetwo classeshouldbehae thesame.

Onecurrentsolutionto this dual matrix representatioproblemis to have a MATRIX
interfaceusedastheinterface-typdor describingthe behaiors of a matrix. Thetwo rep-
resentation®f a matrix are implementedusing two implementationof the MATRIX in-
terface, DENSEMATRIXandSPARSEMATRIX Thesetwo implementationgre usedas
the implementation-typeg combinedcode-typeand data-typé for the respectie matrix
representationgrigure 1.1(a)shavs the schematiaiagramof the relationshipamongthe
classesUnfortunately the two subclassesannotsharecodeusingthis solution, sincein-
terfacesn Java cannotcontaincode.

A solutionto this problemis to addan abstracttlassMATRIX CODEasthe code-type

4



MATRIX MATRIX

i i implements

implements implements |
| | MATRIX_CODE
DENSE_MATRIX SPARSE_MATRIX |-inherits i i inherits-l
No code sharing between the two subclasses DENSE_MATRIX SPARSE_MATRIX
(a) Currentsolution (b) Bettersolution

Figurel.1l: Possiblesolutionsfor dualmatrix representatioproblem

for implementingthe behaiors de ned in the MATRIX interface. The two subclasses
of MATRIX.CODE DENSEMATRIX and SPARSEMATRIX, are usedas data-typesfor
implementingthe datalayoutsand providing accessofunctionsto its internaldata. The
schematiaiagramshawving therelationshipamongtheseclassess shavn in Figurel.1(b).
Onetypical examplewould be implementingthe multiplication operation. This operation
is implementedn MATRIX CODEasa methodthatappliesthe dot productmethodto rows
andcolumns.Thedot productmethoditself is implementedn eachof thetwo data-types-
DENSEMATRIXandSPARSEMATRIX- asit requiresaccesso theinternaldataof each
representation.

Using an abstiact classasa code-typan Java still restrictscodere-use,asJava only
supportssingleinheritanceor classesThis dissertatiorproposes solutionto remedythis
situation,by addinga new languageconstructat the sourcecodelevel. The new construct,
implementationis a new form of code-typehatsupportsamultiple inheritance.lt supports

bettercodere-usethroughmultiple inheritance.

1.3 Contributions

Thework donein thisthesismalesthe following contritutions:

1. It providesthe rst implementatiorusinga virtual methodtable for aninterfaceto

extend Java to supportthe separatiorbetweeninterface-type code-typeand data-

type
2. It providesanimplementationto extend Java to supportmultiple codeinheritance
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with changestloadtime only.

3. It providesthe rst compilersupportto theextendedlavathatsupportanultiple code

inheritanceandthe separatiorbetweerinterface-typecode-typeanddata-type

Thelanguageextensionto Java allows elegantprogramarchitecturedesignandimple-

mentationto bettermodelcomplex problemdomainsusingJava.

1.4 Notation

Throughouthis dissertationthe following schemads used:

symbol notation
term atermin its rst appearancwith de nition
class atermusedin the Object-OrientedProgrammingontext
keyword akeyword usedin the Javtagrammar
method() coderelated
invokevirtual | anopcodemnemonicsisedin aJava virtual machinenstruction
classclass an“in-memory” datastructure
asectionwhereade nition or adescriptioncanbefound

1.5 Organization

In Chapter?, severalmodelingproblemsencountereth Javaarestudied andtheweak-
nessof Javain handlingthesecasess revealed.Extensiongo thelanguagdo increaseats
expressie power are proposedn Chapter3. Modi cations madeto the IBM JikesCom-
piler andthe Java Virtual Machineto supportthe proposedanguageextensionsare pre-
sentedn Chaptergt and5, respectiely. The performancef the extendedanguagesystem
is evaluatedin Chapter6. Summaryandconclusionsareincludedin Chapter7. A list of
the abbreviationsusedin this thesiscanbe foundin AppendixA. AppendixB shavs the
schematidayoutof a.class le. A grammarfor MCI-Javais includedin AppendixC.
AppendixD described 7 multiple codeinheritancescenariosvhich are commonlyfound
in normal applicationprogramming. The resultof refactoringthe java.io = packages

detailedin AppendixE.



Chapter 2

Codelnheritance

Someproblemsin OOP cannotbe solved without a separateode-type andrepeated
codeis unavoidablewithout multiple codeinheritance. Theseproblemsare discussedn
this chapterwith specialreferencdo Java. A brief overviev of multiple inheritanceg 1.1)

in othercommonOOPlanguagess includedatthe endof thechapter

2.1 Commoncode

It is very commonto nd similar behaior exhibited by different speciesin the real
world. Thereforejt wouldnotbesurprisingto nd differentclassesvith commonbehaior.
Marny methodsmplementingthe samebehaior areexpectedto have codeseggmentsthat
aresimilar, if notexactlythesame.

To avoid repeatedcode and facilitate easymaintenancethe commoncode segment
shouldbe keptin a commonancestoof the two relevant classessothatthe commoncode
is accessibleby both of them. In Java, an interface cannotcontaincode; the common
ancestomustthereforebeaclass Sinceit is not desirableo have this ancestorestricting
thedatalayoutof thetwo subclassest is bestto have anabstractlassto actasthecommon
ancestarEachsubclassanthenhave a datalayoutdifferentfrom thatof the other which
seemdo provide avalid solution.

This solutiondoesnotwork, howvever, whenaclasssharecommonbehaior with more
thanone other classhaving differentsetsof behaior. The primary causeis dueto Java
only supportingsingleinheritance( 1.1) in class in contrastwith multiple inheritancen
interface Theclassneeddo inheritfrom morethanoneabstractlassin orderto beableto
usethesharedcodefor all thecommonmethods Thisviolatestherulefor singleinheritance
in classes

A typicalexampleof theproblemcanbefoundin thejava.io  packageTwo classes
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InputStream OutputStream

VAV VAV

DatalnputStream RandomAccessFile DataOutputStream

Interface

Figure2.1: Java class(partial) hierarchiegor I/O classes

RandomAccessFil e andDatalnputStream , have commonbehaior speci ed by
the interfaceDatalnput . Similarly, DataOuput describeshe behaior applicableto
both RandomAccessFile and DataOutputStrea m The relationshipamongthe
classesds depictedn Figure2.1.

While it is possiblethatRandomAccessFil e andDatalnputStrea  msharecode
storedin oneabstracitlass andRandomAccessFil e andDataOutputStream  use
commoncodekeptin anotherabstractlass singleinheritancemeanghatthe singleclass
RandomAccessFil e cannotinheritfrom bothabstractlasses

To solwve this problem,it is necessaryo have a typedeclarationfrom which a classis
allowed to inherit multiply. Thetypedeclarationshouldbe allowed to containcodeonly,
not datalayout. The suggestedefactoredctypehierarchyis depictedn Figure2.2.

In Java, a classis allowed to inherit from multiple interfacesbut an interfaceis not
allowed to containcode. An abstractclass can containonly codewithout datalayout.
However, only singleinheritanceis supportedn classes A new typedeclaringunit may

thereforeberequiredto solve the problem.

2.2 Multiple representation

In Sectionl.2, the bene t of having dual representationfor a matrix was discussed.
Optimizationcan be obtainedby using datarepresentationsptimizedfor specialscenar
ios. The advantageof having multiple representationfor a singletypeis explainedin a

quoteexcerptedirom anonlinetutoriaf* [1] offeredby SunMicrosystemdnc. List isan

Thetutorial is on “GeneralPurposdmplementationstsingthe Collectionframenork.
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InputStream Datalnput DataOutput OutputStream
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InputCode OutputCode

inherits inherits inherits inherits
/ \ / \
/ \ / \
/ \ / \
/ \ / \
/ \N 7/ \

extends extends

DatalnputStream RandomAccessFile DataOutputStream

Figure2.2: RefactoredJava class(partial) hierarchiedor 1/0O classes

interfacewith two classeghatimplementit, ArrayList  andLinkedList

Thetwo generapurposelist implementationsreArrayList andLinkedList. Most of thetime,
you'll probablyuseArrayList. It offers constantime positionalaccessandit's just plain fast,
becauset doesnot have to allocatea nodeobjectfor eachelementin the List, andit cantake
adwantageof the native methodSystem.arraycgpwhenit hasto move multiple elementsat
once.Think of ArrayList asVectorwithout the synchronizatioroverhead.

If you frequentlyadd elementsto the baginning of the List, or iterate over the List deleting
elementdromits interior, youmightwantto consideiLinkedList. Theseoperationsareconstant
timein aLinkedListbut lineartimein anArrayList. But you paya big price! Positionalaccess
is linear time in a LinkedList and constanttime in an ArrayList. Furthermore the constant
factorfor LinkedListis muchworse. If you think thatyou wantto usea LinkedList, measure
theperformancevith bothLinkedListandArrayList. You maybesurprised.

Without a separateode-typethe problemdiscussedn Sectionl.2 s still solvable by
implementingmethodsspeci ed in the MATRIX interfacein MATRIX.CODE an abstract
class extendedby thetwo classesDENSEMATRIXandSPARSEMATRIX whicharethe

data-typedor thetwo distinctrepresentationsf a matrix. The classhierarchyis shavn in

Figurel.1(b).However, in thescenariahatfollows, the problemcannotbe solvedwith the

presentanguagestructureof Java.

A columnor row vectoris aspecializedorm of amatrix. Someof thematrixoperations

canbe optimizedfor this specialform. Thus,somemethodswhich arede ned for matrix
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Figure2.3: Class(partial) hierarchiedor matrix/vectorclasses
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Figure2.4: Class(partial) hierarchiedor matrix/vectorclassesith separation

operationkanbeimplementedlifferently optimizingfor columnor row vectors.However,
theseimplementationsregoodonly for vectors,but not matrices.Furthermoreit is very

reasonabléo have dualrepresentationfor vectors,makingeachrepresentatioof vectora

specializatiorof its counterpartor matrix.

In Java, one possibleway to model the matrix/vector scenariois depictedin Figure
2.3. Theclasshierarchyfor matrix, asshavn in Figure 1.1(b),remainsunchanged.The
abstractlassMATRIX.CODEHs extendedoy VECTORCODEanabstractlasscontaining
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codespecializedor vectors.Thetwo data-typegepresentinghe dualrepresentationsf a
vectorbecomesubclassesf VECTORCODEThis modelis very closeto therealsituation
capturingalmostall relationshipsamongthe classesexceptthoseamongthe data-types
DENSEVECTORshouldbea specializatiorof DENSEMATRIX while SPARSEVECTOR
shouldbe a specializatiorof SPARSEMATRIX

With separatéanguageconstructdor interface-typecode-typeanddata-type the ma-
trix/vectorcasecanbe modeledusinga classhierarchy asshavn in Figure2.4. It canbe
seernthatall specializatiorrelationsarere ectedin the classhierarchy Datalayoutsof the
matrix classesarere-usedn the vectorclasses This factorizationis not possiblein Java,
sinceDENSEVECTORandSPARSEVECTORNustbothusemultiple codeinheritance.

It is obviousthatprogrammersreableto modelrealworld problemsmorecloselyus-
ing languageshatsupportthe separatiorbetweerinterface-typecode-typeanddata-type
Java doesnot supportthe separatiorbetweenthesetypes andthis dissertatiorproposesa

modi cation to thelanguagdo moveit in this direction.

2.3 Overview of OOP languages

Several currently available static-typedOOP languagesre studiedaccordingto their
publishedspeci cationsto determinehow they are designedn termsof inheritanceand
separation. The languagesstudiedinclude BeCecil [13], Cecil [11], C++ [32], C# [5],
Eiffel [26], Java [18] andSathe{31].

2.3.1 Separation

Not all languagestudiedprovide supportfor separatiorbetweerinterface-typecode-
typeanddata-type

C++ gives the modularunit dual functionalroles. A classis usedfor declaringan
interface-typdor programmatidénterface,typeimplementatiorandinstancecreation.

Eiffel usesa classto declarea typeandto createobjectinstance®f thetype Thereis
no separatiorbetweentypeandclass althoughdeferredclassepermita declaredfeature
to beimplementedaterby anotherclassinheritingfrom it.

Both Java and C# provide moderatesupportfor the separatiorbetweeninterfaceand
implementatiorthroughinterface  , a modularunit in additionto class . It allows
the de nition of aninterface-typewithout requiringimplementatiorto be included. The
presencef interface allowsaclass to have additionalsetsof behaior ontop of the

oneinheritedfrom the supeclass
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Satherprovides a mechanismhat supportsseparatiorbetweeninterface and imple-
mentationin that classesare usedto de ne codeand storage. With the presenceof this
mechanismglassinheritancds split into two parts. Onepartof the inheritancedealswith
typerelationshipdbetweerclassegsubtyping)andtheotherpart(codeinclusion)dealswith
coderelationshipdetweerclasses.

Cecil and BeCecil (an extensionof Cecil) supporta polymorphicstatic type system
which distinguishedetweersubtypingandcodeinheritance Thestatictype systenmakes
typedeclaratiorandsubtypingndependentf objectsandtheir creation.CecilandBeCecil
do not provide mechanisms$o separateodefrom representatiorthe two areblendedinto
an implementation-type Codeinheritancemust be accompaniedy preseration of data

layout.

2.3.2 Codeinheritance

Both JavaandC# allow only singleinheritancen classesMultiple inheritancds sup-
portedthroughusingan interfacewhich containsno code. In otherwords,thesetwo lan-
guagessupportmultiple inheritancein interface-type but not code-type As no codeis
allowed in interface one would expecta considerableamountof duplicatedcodewhen
implementingmultiple inheritancausingthesetwo languages.

C++supportanultiple inheritancen bothinterface-typeandcode-typeHowever, there
is no separatiorbetweenthem; inheritancein oneis implicitly imposedwith inheritance
in the other When C++ encountersa diamond-shapethheritance(inheriting from two
modularunitshaving acommonsourceof inheritance)anexplicit quali er mustbecreated
to referto thecommonroot.

Eiffel alsosupportsmultiple inheritancein both interface-typeand code-type Under
its terminology multiple inheritancerefersto the V-shapednheritance(inheriting from
two modularunits having no commonsourceof inheritance)while the diamond-shaped
inheritanceis referredto as repeatednheritance. The repeateccommonroot is treated
differently asin C++. The programmethasthe option of sharingthe commonroot and
makingit onesingleentity, or replicatingthe commonroot throughrenaming.

Satherallows multiple typeinheritance.Sincesubtypingis only possiblewith abstract
types,no diamond-shapetypeinheritancds possible.Whenit comesto diamond-shaped
codeinheritanceSathermdoptshesameschemaisedin C++, requiringanexplicit quali er
for methodscomingfrom the commonroot.

Cecil permitsmultiple inheritancein both type and code. It usespartial orderingto
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handlediamond-shapethheritance An implementations regardedasmorespeci cif it is
locatedcloserto the classwherethe call is made. The mostspeci ¢ oneis to be invoked.
BeCecilis a languagethat supportsmulti-dispatchandthus handlescodeinheritancedif-
ferently

NeitherC++norJava permitsmethodgle nedin anotherclass whichis notanancestor
of thecurrentclass to beinherited.

SatheiprovidescodeinheritancehroughsubclassingEachtimethekeywordinclude
is used,theimplementatiorof a speci ed typeis incorporated.This is differentfrom in-
heriting codewithout an associatiorof a type Sathers specialfeature— closure —is
equvalentto afunctionpointerin theotherlanguages.

Although Eiffel supportsmultiple and repeatednheritance thereis no mechanisnto
inherit codewithout arny typeassociation A programmemay electto inherit from atype
while rejectingsomeof the methodsdeclaredin the type However, the reverseis not

possible.The programmecannotaccepta methodwhile rejectingits containingtype

2.4 Summary

OOPis intendedo promotecodere-use.Ironically, ratherthanproviding thenecessary
supportto it, mostof the currentlyavailablelanguagesestrictor do notallow codere-use.

Whenusinglanguageshatdo not supportthe total separatiorbetweennterface-type
code-typeinddata-typeandwhichonly supportsingleinheritancen class it is notpossible
to implement,without duplicatedcode,a classwhich sharescommonbehaior with more
thanoneclass eachof which hasdifferentbehaior sets.

Optimization can be obtainedthrough different datalayouts, eachspecializedfor a
uniquescenario However, multiple representationsf aninterfacecannotbe implemented
in away thatmodelsthe real situationcloselywithout total separatiorbetweeninterface-
type code-typeanddata-type

No singlecommonlyusedOOP languageprovidesa solutionto thesemodelingprob-
lems. A proposalto extendJava, (which is a commonlyusedOOP language){o support
multiple codeinheritanceandthe separatiorbetweeninterface-type code-typeand data-

typewithout changinghe original semanticswill bediscussedan Chapter3.
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Chapter 3

Extensionsto the Java Programming
Language

Severalweaknessesf Jasa, in termsof expressienesshave beenidenti ed in the pre-
viouschapter Thesencludedif culties in modelingarealproblem with respecto multiple
representationsnultiple behaior andsharedcode. This chapterdescribesMCl-Java, an
extensionto Java, whichis proposedasa solutionto the problem. The chaptetbeginswith
the establishmentf a setof guidelinesto be usedascriteriafor the designdecision.This
is followed by a sectionon the variousorthogonaddimensionsn OOPlanguagedesign,on
which the proposedsolutionis based. While the actualimplementatioris detailedin the
following two chaptergChapterst and5), design-relatedssuesandthe semanticof the

addedfeaturesarediscussedh Section3.3.

3.1 Guidelinesfor changes

Oneof the strengthsof Java is its platformindependenceThe componentesponsible
for this machine-and operatingsystem-independendégthe Java Virtual Machine(JVM),
whichis anabstractomputingmachinewith its own instructionset(the bytecodes)Com-
piled codeis representedn a binary form known asthe .class le format, which is
machine-and operatingsystem-independentA .class le containsthe bytecodesa
symboltable(the constanpool) andotherancillaryinformation. Thereis a strongformat
andstructuralconstrainimposedoy theJVM onthe.class le format.

The Java Virtual Machine Speci cation (JVM Speci cation) [23] doesnot assume
ary implementatiordetail. However, ary JVM implementatiormustbe ableto readthe
.class le formatandcorrectlyperformthe operationsspeci edthere,accordingto the

JVM Speci cation. While the implementationdetailsare not preciselyspeci ed by the
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JVM Speci cation,therun-timeenvironmentshouldhave:

1. variousrun-timedataareago be usedduring programexecution,aswell aslookup

andsymbolicresolutionroutinesthataccesshem,

2. aclassloading mechanismwhich cantranslatesymbolic referencesontainedin a

.class le into concretemethodreferencesvithin therun-timeernvironment,and
3. abytecoddnterpreterfor executingthe bytecodegorrectly

The interpreteris machine-speci candis usually highly optimizedfor performance.
None of the changesnadeto the bytecodeexecutionprocedurecanbe madein the inter
pretationsectionof the JVM, to avoid affecting performance Modifying the highly opti-
mizedbytecodenterpreteiwould be a maintenancelisastergiven the numerougnachine
speci cationsonthe market. Therefore all changedo the JVM mustbein the classloader
or symbolicresolutioncode.

Very few OOP languagegpossesshe modularityfeaturesprovided by Java. By using
this feature,a single compilationunit — usually a top level type (a classor an interface
— canbe recompiledwithout requiring other units using this type to be recompiled;and
an applicationusing this recompiledtype can still be executedwithout recompilingthe
application.Othercommonlanguagesuchas C++ andSmalltalkrequirea recompilation
of all related les, oncechanges@remadeto oneof the les, beforetheaffectedapplication
canbeexecuted MCl-Javais designedo behae like Java, with no recompilatiorrequired.

Anotherimportantconsiderations backward compatibility The availability of a stan-
dardrun-timelibrary (the le rt.jar ), whichcontainsanarchivedcollectionof thebuilt-
in classesjs anotherimportantfeatureof Java. All programswritten in Java usethese
classedothimplicitly andexplicitly. All thechangesnadeto theseclassesnustbetrans-
parentso thatthe legag/ codesalreadyin existenceare not affected,if the codecanstill
be executedin classicJVM. Becausef the existenceof numerousapplicationswritten in
Java, the semantic®f theoriginal languageshouldnot be changed.

In view of theabove, it wasdecidedthatMCl-Java shouldmeetthefollowing criteria:

1. No changeshouldbemadeto the highly optimizedbytecodénterpreterandthusthe

bytecode=xecutionprocedureof classiclava shouldnotbe modi ed.

2. Modularity shouldbe supportedandthe original semanticof the existing features,
as speci ed by the Java LanguageSpeci cation [18], should not be modi ed nor

affectedby ary new featuresntroducedn MClI-Java.
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3. Modi cationstothe.class le andthert.jar le , if any, shouldconformto the
currentspeci cationsdescribedn the JVM Speci cationandthe Java Application's

Programmingnterface(API) [2], respectiely.

3.2 Orthogonality in languagedesign

Wegnerhasidenti ed six orthogonaldimensionsof OOPlanguagealesign.“Thesedi-
mensiongrovide a designframenork for object-orientedanguage$n termsof computing
agentsclassi cationmechanismssharingmechanismsandinterfacespeci cationmecha-
nisms.: [33]

Thesix dimensionsareorthogonaln the sensahatno singleoneis the consequencef
ary of theothers.They arenamedbelaw, four of thembeingaccompaniedy thede nitions

provided by Wegner:

1. Object: An objecthasa setof “operations’anda “state” thatremembershe effect

of operations.

2. Type: A typeis abehaior speci cationthatmaybeusedo generaténstancesaving

thebehaior.

3. Delegation: Delggationis amechanisnthatallows objectsto delegateresponsibility
for performingan operation,or nding a value,to oneor more designatedances-

tors”.

4. Abstraction: A dataabstractionis anobjectwhosestateis accessiblenly through

its operations.
5. Concurrency
6. Persistence

As concurreng and persistenceare outsidethe scopeof this thesis,they will not be dis-
cussecdhere.

Wegners de nitions of “Object” and“Type” aresimilarto thede nitions of objectand
typefoundin Sectionl.1 of thisthesis.Inheritancepneof thethreemainfeaturesof OOR
canbeviewedasa specializatiorof “Delegation”, while encapsulatiois an applicationof

“Abstraction”.
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Leontiev, Ozsuand Szafron[21] have suggestedhe total separatiorof interface,im-
plementatiorandrepresentatiofor objectsin object-basedatabasenanagemernrogram-
minglanguagesDifferentanduniquelanguageconstructarerequiredfor eachof thethree
conceptsTheideaof total separations parallelto Wegners conceptof orthogonaldesign
dimensionswith slight modi cations.

Sinceaninterface-typale nesthe setof legal operationdor a groupof objects it can
be seenas a featurein the “Type” dimension. Theseobjectsdelayate the responsibility
for performingan operationto a code-typewhich implementshe methodsde ned by an
interface-type Accordingly a code-typebelongsto the “Delegation” dimension.A data-
type containsthe datalayoutanda setof accessor$or accessinghe internal stateof the
objectit represents.If Wegners conceptis slightly modi ed so that an “Object” hasa
stateanda setof accessorginsteadof “operations”),the data-typede ned in [21] will t
perfectlyinto the “Object” dimension.The conceptof separatiorand orthogonalityboth
emphasizehe independencbetweenary two of the languagdeaturesmentionedn their
proposals.

The orthogonaldesigndimensionsdenti ed by Wegnerareusefultoolsto understand
issuesaboutlanguagedesign. They provide a platformto searchfor solutions. The total
separatiorof interface-type code-typeand data-typesuggestedy Leonties et el. is a
realizationof this concepf orthogonadimensionswith eachof thethreetypesbelonging
to a differentorthogonadimension.

A languageanbemoreexpressieif all of thefeaturesaresodesignedhatthey belong
to auniquedimension.Using orthogonality ary operationin oneof the featureswill have
no effect on anotherfeature. MCI-Java, the proposedextensionto Java, conformsto this

framework.

3.3 MCI-Java
3.3.1 Implementation

MCI-Javaintroducesmplementatiorasthethird typedeclaringunit at the sourcecode
level, in additionto thetwo currentlyusedin Java. A distinctlanguagesonstrucis therefore
usedfor eachof the threetotally separatedotionsof type suggestedy Leonties et el.
[21]. At the Virtual Machine(VM) level, an implementatioris compiledto an interface
containingcode. Therefore only the two existing mechanisms- onefor interfaceandthe

otherfor class— areused withoutthe needto introducea new one.

18



Thistwo-level setupdecouplesanguageyntaxchangesrom theJVM supportrequired
for codein interfaceand multiple codeinheritance.Therecanbe differentlanguagecon-
structsandsyntaxat the sourcecodelevel with differentcompilerimplementationso sup-
portthem.Themodi ed VM will beableto executebytecodegeneratethy compilerswhich
supportcodein interface For example,if someonalecidedo extendJavato allow codein
interfacewithoutintroducingathird typedeclaringunit, themodi ed VM will still support
codegeneratedrom themodi ed compiler

At thesourcecodelevel, theoriginal versionof Java hastwo typedeclaringunits- class
andinterface An interfacein Java is usedto specifythe behaior of a group of objects
while aclassis usedto de ne thedatalayoutof objectsandto associateodewith methods
for implementingbehaior. In otherwords,while aninterfacecontainsabstractmethods
(with no code),a classcanhave datafor stateandcodefor methods.This setupmustbe
preseredaccordingo theguidelinessetoutin Section3.1.

It is a naturalchoiceto assigntherole of aninterface-typeo aninterfacebecausehis
is the role assignedo it in the original versionof the language.In orderfor the original
semantic®f thelanguagdo be presered, it is necessaryhatdatalayoutcanbede nedin
aclass Thisis obviously therole of adata-type

An abstractlassin Javza seemdo be a goodchoicefor code-typebecausao instance
of the classcanbe created.Thediscussiorin Chapter2 hasclearlyindicatedthat multiple
codeinheritancds anecessarpartof the solution.However, if anabstractlassis usedas
acode-typethe original semanticof thelanguagéhave to bemodi ed to supportmultiple
inheritancein classes This cannotbe doneaccordingto the guidelinessetoutin the pre-
vious section. Thereforeanen constructs introducedto the languageat the sourcecode
level for code-type

At the VM level, the same‘in memory” datastructureis usedfor representing class
andan interface in Sun's implementationof the JVM. Obviously, this datastructureis

capableof:

1. storinginformationfor atypedeclaringunit,
2. keepingmethoddetails,includingcode(concretanethodsn clasg, and

3. supportingobothsingle(for clasg andmultiple (for interfacg inheritance.

An implementations a typedeclaringunit which containscodeandsupportanultiple

inheritance The existing datastructurealreadyhasall the featuresrequiredby an im-

19



plementatiorandit wasthereforedecidedto usethe same®in memory” datastructureto

represenainimplementatioratthe VM level.

3.3.2 MultiSuper methodinvocation

In classicJava, a supermethodinvocation(the supercall) is usedto accessanoverrid-
deninstancemethodof theimmediatesuperclassSinceMCl-Java supportanultiple code
inheritanceit is possiblethata methoddeclaredn animplementations overriddenin the
currentclass A methodinvocationmechanisrmanalogougo the supercall is thereforere-
guiredto accessn overriddenmethoddeclaredn animplementation Multisupermethod
invocation(the multisupercall) is an extensionto the supercall andis usedto invoke an
overriddenmethodof animmediateémplementatiorinheritedby the currentclassto which

therecever objectbelongs.

3.4 The semanticsof multiple codeinheritance in MCI-J ava
3.4.1 Inheritance and visibility

Accordingto the original semanticof Jasa, a methoddeclaredn a classhigherupin
the inheritancehierarchyis available for useby instancesof the currentclass by virtue
of inheritance. It is saidto be visible in the currentclass However, if anothermethod
with the samesignatureformedwith the methodnameandthe numberandtypesof formal
parameterso the method,is declaredn the currentclass the aforementionedinherited”
methodwill beoverriddenandwill notbevisiblein thecurrentclassandits subclasses.

Theideaof visibility is extendedto includeimplementationCodevisible in animple-
mentationwill be the onethatis explicitly declaredn this type or inheritedby this type
from anothermplementationand not overridden. While a classcaninherit from anim-
plementationthe reverseis not allowed. Both classandimplementatiorcaninherit from
morethanoneimplementationA methodin animplementations visible in a classwhich
inheritsfrom this implementationif no methodwith the samesignatureis de ned in this
class

Whena methodis visible in a classor animplementationthe semanticareconsistent
regardlesof whethethemethods explicitly declaredn thistypeor inheritedfrom another
type In theexampledepictedn Figure3.1wherethe sourcecodehasaform similarto the
oneshawvn in Figure3.1(a),methodm() is declaredin implementatiorA. Figure 3.1(b),

shavsthata classis denotedusingarectanglevhile animplementatiomwill berepresented
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public  implementation A public  implementation B extends A
public  void m() public class C utilizes B
code ...
no definition for m() in Band C
(a) code
c Class C an instance of
which is denoted by ¢
A
Class A with the
A {abs m()} declaration of an

abstract method m °
Implementation B with A
the declaration of a
concrete method m

—_— inheritance relationship

(b) legend (c) pictorial representation

Figure3.1: Methodvisibility

by anoval shape.If the alphabetdenotingthe nameof the typeis followed by a method
nameenclosedwvithin a pair of curly braclets, it indicateshata de nition of themethodis
visible in thistype Thede nition may be aninheritedde nition, or onethatis explicitly
de ned in this type This methodis visible in implementatiorB aswell asin classC by
virtue of inheritanceasshavn in Figure3.1(c). If themethodm() is declaredn another
implementatiorfrom which A inherits,andis visible in A, the situationwill bethe sameas

depictedn thisdiagram.

3.4.2 Precedencef supertypes

The original semanticsof Java doesnot put ary weight on the lexical order of a su-
pertypewithin the declaratiorstatementin contrasto somelanguagesvith multiple code
inheritancesuchasCLOS|8], in whichthelexical orderis signi cant. For Java, a change
in theorderof declaratiorwill nothave ary effectin ary aspectall methodshave thesame
degreeof importance.ln orderto presere this situation,asrequiredby the guidelinesset
outin Section3.1, no precedencavill be givento a particularimplementatiorby virtue of
its lexical order For example themethodm() declaredn A andtheonedeclaredn B will

have equalprecedencwiith thefollowing two declaratiorstatement$or C:
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1. public class C utilizes A B
2. public class C utilizes B, A

Furthermore an implementationris given the samestatusas a classwith referenceo
beinga sourceof code. As will be discussedn the following section,whenresolvinga
con ict, no precedenc&ill begivento aclassor animplementatiorfor its code.In other
words,themethodm() declaredn classCwill notbegivenary preferenceimply because

it is declaredn aclassover anothemethodm() , declaredn animplementation

3.4.3 Inheritance con ict and resolution

Huchard[19] hasidenti ed two kindsof con ict arisingfrom codeinheritance:

1. A namecon ict occurswhenmorethanone semanticallydistinct methodusesthe
samename.For example,aninstanceof anintegerclassuseshemethodadd(int)
to computea sum,while aninstanceof a List classusesthe methodadd(int)  to
addaninteger valueto its content. The two methodshave the samesignaturebut

differentsemantics.

2. A valuecon ict ariseswhenonemethodhasmorethanonede nition visible atthe
sametime. An array-basedist anda linked list will have differentimplementations

for the samemethodadd(int)

The inheritancemechanisnwill try to resole a valuecon ict but is not ableto deal
with a namecon ict. Therefore,namecon ict will not be discussedn this thesis. If a
con ict cannotbe resohed, an error of ambiguitywill be raisedeitherat compiletime or
at run-time, dependingon whenthe con ict occurs. Valuecon ict is avoidedin classic
Java becausef its overridingsystemandthefactthatthereis only singlecodeinheritance.
However, it cannotbe avoidedin MCl-Java becausenultiple codeinheritanceby a class
viaimplementations permitted.

Therearetwo commonstratgjies— linearizationandgraph-oriented- to resole a con-
ict arisingfrom multiple codeinheritance Sryder[30] hasanovervien on both.

The linearizationstratgiestransformthe partial orderingof classesnto atotal order
The nal orderingis basedon the relative orderamongclasseswithin a list of direct su-
perclassesDuring the transformatiorprocessunrelatedclassesnay be insertedbetween
a classandits parent. This ensuressingleinheritance althoughtheremay be con icting

propertiedo beinherited.If it is necessarfor aclassto inheritthosecon icting properties,
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Figure3.2: Scenario®f inheritancecon ict

renamingis required. A typical examplewould be the “rename”subclauseaisedin Eiffel
[26] to avoid nameclashesin otherwords,codecannotbe reusedwithout transformation.
This contradictsthe modularity featureof OOP which ensureghat eachclasscanbe de-
signedand implementedndependenthof otherunrelatedclasses.Furthermorethereis
anadditionalmajorprobleminvolving the ability of a classto communicatewith its “real”
parent.

Graph-orientedtratgiesresohe acon ict withoutrequiringclassransformationWhen
thereis acon ict, theprogrammewill manuallycreatea nen de nition, atthepointwhere
thecon ict is obserable,to overridethe con icting de nitions. Anotherway to avoid the
con ict is to specifythe sourcefrom which the propertyhasto be inherited. This kind of
stratgy is usedin C++ [32]. With this speci cation, the methodlookup processwhich
usually startsfrom the recever's class,will now startfrom the speci ed class. This hin-
dersthe capability of the run-time machineto locatethe mostsuitablemethodwithin the
inheritancehierarchytree.

The stratgy usedin MCI-Java is a blend of the two. No classtransformations nec-
essanyto resole acon ict, andanew de nition atthe pointwherethecon ict is seencan
removethecon ict by overridingit. Whensuchanew de nition is absentastratey similar

to linearizationis adopted.This stratgy canbe summarizedsfollows:

1. Whenthecon icting de nitions actuallycomefrom the samesource asdepictedn

Figure3.2(b),it is notregardedasacon ict.

2. In situationssimilar to the oneshawvn in Figure 3.2(a),whenthereis no inheritance

pathlinking the two typescontainingthe con icting de nitions, it is ruled as un-
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Figure3.3: Inheritancesuspensiolcenarios

resohable and the compiler shouldreactaccordingly At run-time, an ambiguity

exceptionwill beraised.

3. Figure3.2(c)shavsthescenarian whichthereis aninheritancepathlinking thetwo
typescontainingthe con icting de nitions. The methodde ned in the type which
is lower in theinheritancehierarchy(partialordering)takesprecedenceaccordingto

the relaxed multiple codeinheritancd 28], andthusno con ict will bereported.

3.4.4 Inheritance suspension

Section8.4.3.1of the Java LanguagéeSpeci cation[18] stateghat“An instancemethod
thatis not abstracttanbe overriddenby anabstracimethod. Whenthis happensthereis
aninheritancesuspension.

Inheritancesuspensiois usedto force a new implementatiorin the subclasshain. In
otherwords,de nitions foundin the hierarchytreeabore the classthatcreateghe suspen-
sionarenotintendedo beusedby its subclasses

With inheritancesuspensioiin mind, the scenariadepictedn Figure3.2(c)becomesa
dif cult-to-decide situationif m() in A is an abstractmethod. The new situationis now
shavn as Figure 3.3(c). The purposeof inheritancesuspensions to block the reuseof
inheritedcode (the onede ned in B in this case). It is thereforeagainstthe intention of
the original Java semanticdo allow the codefoundin B to be reusedin C. On the other
hand,it canbearguedthatthe suspensioiis intendedo block codereusealonga path. The
codefrom B is still visible in C, alonganothemath. Thus,useof the codein C shouldbe

permitted.
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Assumingthat methodm() is anabstractmethodin the situationdescribedn Figure
3.2(a), the changedsituationcan be seenin Figure 3.3(a). The purposeof this abstract
methoddeclarationis to de ne a protocol,suchthat animplementatiormustbe provided
(for use)in C. Thede nition declaredn B, visiblein Cwould seneto ful Il thisrequire-
ment. It is thereforenaturalto allow codein B to bereusedn C, despitethefactthatthere
is anabstracimethoddeclaratiorin A.

For consisteny, the sameresolutionshouldbe arrivedatin situationsdepictedin Fig-
ures3.3(b)and3.3(c). To conclude,a concretemethodtakes precedencever an abstract

methodin con ict resolution.

3.4.5 Keywordsthis and super

No changes madeto the semanticanduseof the keyword super while the seman-
tics of thekeyword this  is expandedn MCI-Java. Section15.8.30f the Java Language
Speci cation[18] stateghat

Whenusedasa primaryexpressionthekeywordthis denotesvalue,thatis
areferenceo the objectfor which theinstancemethodwasinvoked, or to the

objectbeingconstructed.

Thespeci cationthenexplains(in Sectionl5.11.2heuseof thekeywordsuper toaccess
membersof the superclas®f a class , aninstanceof which is denotedby the keyword
this

Accordingto the guidelinessetoutin Section3.1, the semanticof the two keywords,
this andsuper , mustbe presered. However, the semanticof the keyword this  are
expandedo cover its usagan MCI-Javafor the new feature- implementation

As statedin the Java LanguageSpeci cation the keyword this  refersto therecever
objectof the sentmessagéfrom which the instancemethodis dispatched) Methodsde-
claredin animplementatiorarealsoinstancenethods.Thus,theuseof the keyword this
in instancemethodsdeclaredn a classis extendedto be applicableto methodsleclaredn
animplementation Whenusedin codein animplementationthis is notreferringto an
instanceof theimplementatiorbut is usedasa placeholdefor thereferenceof theinstance
objectthatutilizes thecode.

While the semanticof the keyword super have beenpreseredin MCl-Java, its use
is limited to insideinstancemethodsdeclaredn a class Usingthe keyword super in a

methodcontainedn animplementations illegal sincethe compilerhasno way to checkif
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all classeghatutilize theimplementatiohave implementation®f thatmethodin their

superclasses.

3.4.6 Inheritance scenariosfor MCI-J ava

Many multiple codeinheritancescenariogirisefrom realproblemmodeling(somevery
commononesarerecordedn AppendixD for reference).For eachscenaridistedin Ap-
pendixD, thereis a brief discussioron the resultsof applyingthe MCI-Java semantic®of
multiple codeinheritance. The scenariogncludedin the discussionare not meantto be

exhaustve, but arerepresentate of the mostcommonsituations.

3.5 The semanticsof multisuper call in MCI-J ava

Themultisupercall providesa mechanismo invoke anoverriddenmethoddeclaredn
animplementatiorfrom which the currentclassinheritseitherdirectly or indirectly. This
is analogoudo the supercall usedto invoke anoverriddenmethoddeclaredn the chainof
classes

In C++[32], eachcall to a non-virtualmethoddeclaredn oneof the supeclassess a
staticallycompiledsubroutingump. Thisis differentfrom thedynamicsemantic®f a JJava
methodinvocationwhich supportanodularity( 3.1).

To make a multisupercall, the programmeris requiredto specify the nameof the
method,aswell asthe root of aninheritancepath from which the methodsearchstarts.
Thesearchprocesss the sameasthatfor aninstancemethodin classicJava; the only dif-
ferencebetweerthetwo searchprocessesesin thesearchpath. Thesearchor aninstance
methodin classicJavais donealongtheinheritancechainin which only classesarefound.
In the searchfor a multisuperinstancemethod the pathstartsfrom the speci ed superim-
plementatiorandtravels up theinheritancepathin which only implementationgxist.

The scenario,as shavn in Figure 3.4, is usedto explain the dynamicsemanticsand
the searchprocess.Figure 3.4(a) shaws the situationafter the original compilation. The
messagsuper(B).m() ,sentto aninstanceof C, triggersa searchprocesstartingfrom
B, asspeci ed. Thede nition in Dis located.As aresult,the messagsuper(B).m()
sentto theinstanceof C, is dispatchedo this de nition.

A new de nition for m() is thenintroducedto B. After the recompilationof B, the
situationis depictedin Figure 3.4(b). Recallthat the othertypesare not requiredto be
recompiledpecausef modularity At run-time,thesamemessagsentto thesamanstance

of Ctriggersthe samesearctprocessHowever, thistime, thenew de nition of m() in Bis

26



(a) Original compilation (b) After B recompiled

Figure3.4: Dynamicsemantic®f multisupercall

located.Themessagsuper(B).m() , sentto the sameinstanceof C, is now dispatched
to this new de nition, insteadof to thede nition foundin D.

It canbe seenfrom the exampledescribedabove that the dynamicsemanticsof the
multisupercall guaranteeshat the most speci ¢ methodwill be dispatchedat run-time,

despitethe possiblerecompilationof theintermediataypes

3.6 Summary

MCI-Java, which supportsa uniguelanguageconstructfor eachof thethreenotionsof
atypeandsupportanultiple codeinheritancejs introducedn this chapter Thetotal sepa-
rationof interface-typecode-typeanddata-typeis ableto remove someof theweaknesses
in Java, thatwereidenti ed in Chapter2.

At the sourcecodelevel, the two existing typedeclaringunits, namelyinterfaceand
class areusedfor declaringinterface-typeanddata-typerespectirely. This necessitatethe
introductionof implementationwhich is usedfor declaringa code-type At the VM level,
no new conceptis introduced. The same‘in memory” datastructureis usedfor all three
units andanimplementations compiledto aninterfacecontainingcode. This allows the
existing mechanism Sun'simplementatiorof JVM to be usedfor the new feature.

While the original Java languagesemanticsare presered, implementationsupports
multiple codeinheritance Themechanisnfor resolvingcon ict arisingfrom multiple code
inheritancepathswasdiscussedn detail,in Section3.4.3.

Multisupermethodinvocationis introducedto permitinvoking an overriddenmethod

declaredn animplementation A moredynamicsemanticgthanthe staticsemanticaised
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for amulti-supercall in C++is de ned for thenewly introducedmultisupercall.
Modi cations to Jikesto supportMCl-Java aredescribedn Chapte4. Theimplemen-

tationdetailsof the new featuresn Sun's JVM will bediscussedn Chapters.
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Chapter 4

Compile

I Support

MCI-Java wasintroducedin Chapter3. For eachnew languageconceptor feature,

changesremadeatboththecompiler(sourcecode)level andtheVM level (to bediscussed

in Chapters). Thechangesresummarizedn Table4.1for easyreference.

Compiler

Virtual Machine

.class le

Introduce a nenv accesscontrol
ag for aclassto indicateanin-
terfacecontainingcode( 4.1)

Modify codeveri cation proce-
dureduring classloadingto rec-
ognize an interface with code
(5.2)

typedeclaration

1. Introducethe new keyword

implementation to indicate
a declarationfor code-typeand
the new keyword utilizes to

indicate an inheritancefrom a

code-typeby aclass( 4.2)

2. Modify the Java grammarto

includethenew keywordsandin-

troducean option to accommo-
datefor multisupemethodinvo-

cation( 4.2)

No changesare required since
animplementatiotis aninterface
with codeattheVM level

inheritance
andresolution

Introduce a modi ed algorithm
for resolvingmethodinheritance
andcon ict to identify the most
speci ¢ method for invocation
(4.3

Extend the use of the virtual

method table (VMT) for both

a class and an implementation
( 5.3.3) and modify the method
lookup routine for the bytecode
invokespecial 5.4.4)

methoddispatch

Extendthe semanticof invoke-
special to include multisuper
methodinvocation( 4.4)

No changesare made since all
methodinvocationsusetheexist-
ing routinesfor dispatch

Table4.1: Summaryof changegcompilerportionemphasized)
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Maodi cations madeto the IBM JikesCompiler[4] (hereinaftereferredto asJikes)to
supportthe new proposedeatureswill bediscussedn this chapter Jikeshasbeenchosen

asthecompilerto bemodi ed to supportMClI-Java for thefollowing reasons:

1. It is anOpenSourcelnitiative (OSI) [6] certi ed software, makingfree distribution

possible.

2. It is strictly Java-compatibleadhering' to both The Java LanguagéeSpeci cationand
The Java Virtual Machine Speci cationastightly aspossible,anddoesnot support

subsetssupersetspr othervariationsof thelanguagé [4]

Modi cations to Jikes are madein the following areasand will be discussedn this

chapterin theorderpresented:

1. theaccesgontrol ags usedin the.class le - thebinaryform of amodule(usu-

ally atoplevel type,

2. the syntacticgrammarfor Java to accommodatéhe new conceptof implementation

andthe new feature— multisupemethodinvocation,

3. the mechanisnfor handlingcodeinheritanceand dealingwith con ict resolution,

and

4. bytecodeesmission(for multisupercall).

4.1 Theextended.class le

Each.class le ( 3.1)containghede nition of asingletop-level typewhichmaybe
aclass aninterfaceor animplementatior{in MCI-Java only). A schematiaiagramof the
entirestructureof a.class le canbefoundin FigureB.1in AppendixB. A .class
le usesvariable-sizedtemsto storeattributesandinstructions. Theseinformationitems
make referenceso the symbolicinformationstoredin the constantpool, a componenbf
the.class le. At run-time,the symbolsstoredin the constanipool will betransferred
to the “in memory” run-time constantpool andresolhed into actuallinkagereferencess
programexecutionproceeds.

A two-bytebit mapis used pothin the le formatandin memoryto storetheattributes
of atype amethodanda eld (stateinformation).Table4.2 shavs a summaryof theinter

pretationsof all the bits recognizedoy a standard]lVM. Eachbit, whenset,is interpreted
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bit Class Method Field

1(LSB) public public public

2 - private private

3 - protected protected
4 - static static

5 nal nal nal

6 super synchronized —

7 — - volatile

8 — - transient
9 implementatioh | native —

10 interface - -

11 abstract abstract -

12 - strictfp -

13 - - -

14 - - -

15 - - -
16(MSB) | — - -

Table4.2: Accessags interpretatiorby the Java VM

asdenotinga certainaccesgermissionto the type methodor eld to which this bit map
belongs.It mayalsodenotea certainpropertyof the unit.

The useof the accessags is bestillustratedby a few examples. The value0x0621
(bits 1, 6, 10and11 areset)whenusedwith atypedenotesapublic interface  which
is automaticallysetasabstract . Whenusedwith amethodthevalue0x0824 (bits3, 6
and12 areset)denotesasynchronized andprotected methodin the FP-strict

oating pointmode.

While animplementations compiledto aninterfacewith code,it is necessaryo dif-

ferentiatebetweeranimplementatiormandaninterfacefor two reasons:

1. An implementatiortancontaincode,but aninterfacecannot.

2. An implementatiorcaninheritfrom bothinterfaceandimplementationbut aninter-

facecaninheritfrom aninterfaceonly.

Bit 9 is chosento denoteanimplementation It canbe seenfrom Table 4.2 thatthe
samebit is usedto denotea similar attribute in all threelevels. For example,bit 1 is used
to denotea public type apublic methodandalsoa public  eld, in therespectie

application.Whenno common ags canbefound,it is intendedhatthe samebit beusedat

!Insertedto supportimplementatiorin MCI-Java, but not requiredby the JVM Speci cationfor standard
JVM.
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differentlevels by attributesthatwill never be applicablein the otherlevels. For example,
bit 6 is usedto denoteasuper classandasynchronized methodbecaus¢heattribute
super is notlikely applicableto a method while the attribute synchronized  is highly
unlikely to beapplicableto atype

The four mostsigni cant bits arenot usedat all threelevels. In ordernot to interfere
with thefuture developmenif Java, the four mostsigni cant bitswill notbeusedin MCI-
Java. In addition,it is very unlikely a classwould usethemodi er native andthus,bit 9
is choserto indicatethatthetypeconcerneds animplementationThe schematiaiagram

of theentirestructureof themodi ed .class le canbefoundin AppendixB.

4.2 The grammar of MCI-J ava

The grammarof MCIl-Java can be found in AppendixC. It shouldbe notedthat a
specialsequencef charactersesenedfor a keyword is shavn within a productionline as
keyword . While choicesareputinside andseparatedby , optionalcomponentsre
keptwithin [], asper The Java LanguageSpeci cation[1§.

It is interestingto notethatonly minimal localizedchangeso the productionsarere-

guiredto supportthe new conceptandfeaturesno extensve modi cationsarenecessary

Typedeclaration

ClassOrlinterfaceDeclation:

Modi ersOpt ClassDeclaation ImplementationDeclation InterfaceDeclaation

ClassDeclaation:
class Identier [extends Type][implements TypeList][utilizes TypelList]
ClassBody

ImplementationDeclaation:
implementation Identi er [extends TypelList][implements TypeList]
ImplementationBody

InterfaceDeclaation:
interface Identi er [extends TypelList]InterfaceBody

Figure4.1: Modi ed Javarulesfor atypedeclaration

Therevisedrulesfor atypedeclarationareshovn in Figure4.1. Two nen keywords
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implementation andutilizes areintroducedto supportthe new conceptof imple-
mentation While the useof the keywordsinterface  , implementation andclass
to representhe threetypesis trivial, the useof the keywordsextends , utilizes and

implements is explainedbelow:

1. Thekeyword extends is usedto expressaninheritancerelationshipbetweenwo
similartypes suchasthatwhenoneimplementationnheritsfrom anotheiimplemen-

tation Of coursethis keyword is alreadyusedin classicJava for classinheritance.

2. Thekeywordimplements is usedto expressthe inheritancefrom aninterfaceby

aclassor animplementation

3. The keyword utilizes is usedto expressan inheritancerelationshipbetweena

classandanimplementationThis keyword is new in MCl-Java.

Multisuper method invocation

Selector:
. Identi er [Arguments]
.this
.super SuperSuk
.new InnerCreator
[ Expression]

SuperSuk:
Arguments
[ (Identier)] . Identi er [Arguments]

Figure4.2: Modi ed Javarulesfor methodinvocation

The statemenfor the newly introducedmultisupermethodinvocationtakesthe form
of super(preferred Par ent) .met hodNamg)) . In orderto accommodatéhis, an
optionalcomponents addedn the productionfor a SuperSuk expressionwhichis origi-
nally usedfor thesupercall. Thechanges re ectedin Figure4.2.

It is importantto note that the optionalcomponentthe rst Identi er in the second
productionfor SuperSuk , mustbethe nameof animmediatesuperimplementatioaf the
containingclassof the methodin which this statements declared.For example,suppose
themultisupercall is declaredn a classwhichextends Simplements A utilizes
B, C. Themultisupercalinustbe of theform super(B).m() orsuper(C).m()  where

m() is themethodto beinvoked.
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4.3 Inheritance and con ict

Codeinheritancés handledn Jikesby building anExpandedMethodTa bl e?(EMT)
for every top-level type® the compilerencountersA minor modi cation to the EMT build-
ing algorithmin Jikesis neededo supportmultiple codeinheritancein MCI-Java. The
original EMT building algorithmis discussedbrie y rst sothatit is easiernto understand

thechangesnade.

4.3.1 The datastructure - ExpandedMethodTable (EMT)

In Jikes, the EMT is the “in-memory” symboltable for methods. Eachclasshasan
EMT of its own. Figure 4.3 shavs the schematidayout of an EMT. Only thosemajor
componentshatarerelevantto this discussiorareincludedin thediagram.A symbol in
Jikesis a datastructurefor storinglexical information.

An EMT is an array of linked-lists of MethodShadowSy mbd s eachof which is
a datastructurecontaininginformation abouta method. The index into the arrayis the
hashedralueof a methodname(in the form of a charactestring).

Take, for example, the valuesincludedin Figure 4.3 to describethe structureof an
EMT. Themethodnamesadd, fool andfoo2 areall hashedo thesamevalue , which
is usedasanindex into thearrayto locatethelinked-list. Eachsymbol in thislinked-listis
itself the headof anothedinked-list of MethodShadowSy mbol s, all of themrepresent-
ing methodsof the samenamebut differentsignaturegthe overloadedmethods)suchas
add(int) ,add() ,add(int, int) andadd(Object) .EveryMethodShadowSymbol
may have a collectionof MethodSymbol sfor methodshaving the samenameandsigna-
ture;they arethemethodsn con ict. In Figure4.3,thecon ict poolfor themethodadd()
hasbeenshavn.

For a classin the context of classicJava, Jikesstartsbuilding an EMT for the current
classby rst enteringall its locally declarednethodsnto thetable. Constructorsstaticand
privatemethodswill notbeenterednto the EMT asthey cannotbeinherited.

After all thelocally declarednethodsareenterednto the EMT, elementsn theEMT of
theimmediatesupeclassareaddedto thelocal EMT andthenfollowed by thoseelements
in the EMT, of eachof theinterfacesfrom which this classimplements

A simpleexamplewill helpto explain hov methodsareaddedo anEMT. Assumethat

’Denotesan“in-memory” datastructureasper Sectionl.4.
3Any typewhosedeclaratioris containedn a.java le namedusingthetypename,is atop level type For
example the le Integerjava containghetop-level classinteger
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Base - an array of base method symbols i

location i for each base method is
- determined by hashing the method name

Base methods with the same hash
value for their method names
N

\

MethodShadowSymbol MethodShadowSymbol MethodShadowSymbol
method_symbol method_symbol method_symbol
e.g. add(int) e.g. fool() e.g. foo2()
next next next .’
next_method next_method next_method

conflict

conflict

MethodShadowSymbol

method_symbol
e.g. add()

next

conflict

next_method —_

MethodShadowSymbol

conflict

method_symbol
e.g. add(int, int)

add()

add()

add()

method_symbol

_/

next -—

Overloaded methods with the
same method name but
different signatures

next_method —_

conflict

MethodShadowSymbol

Conflict methods with

the same method
name and signature

method_symbol
e.g. add(Object)

next -

next_method

conflict

Figure4.3: Schematidayoutof anExpandedMethodT able (EMT)

the MethodShadowSymbol sfor the methodd002 andadd(Object)
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arenotyetin
the EMT, asshawvn in Figure4.3. To inserta methodinto the EMT, the methodnameis

rst hashedA searchs thenconductedn thetop-level list of MethodShadowSy mbd s
foundin thelocationdirectedby thehashedralue. Themethodfoo2 is hashedo thevalue
. A searchin thelinked-list nds no MethodShadowSymbol with the samename,so

a nev MethodShadowSymbol is createdor this methodandappendedo the top-level

If a MethodShadowSymbol containinga methodof the samenameasthe method

to be addedexistsin thetop-level list, a searchwill be conductedn thelist of overloaded




methods Supposédhatthemethodto beinserteds add() . It will beinsertednto thepool
of methodsn con ict becausa MethodShadowSy miol canbefoundin thelist of over
loadedmethodghathasthesamesignaturelf themethodto beinserteds add(Object)
it will beappendedo thelist of overloadednethodecaus@oMethodShadowSymbol
with the namesignaturecanbefoundin thelist of overloadednethods.
Whenthemergeprocesss completeall abstracandoverriddenmethodsn thecon ict
poolwill beremored. If any onecon ict poolis notemptyafterthis housecleaningstage,
anerrorof ambiguityis reported.If no ambiguityis reportedall the methodsn the EMT
aremethodghatarevisible in this classandwill beinheritedby all the subclassesf the
currentclass If atleastonemethodremainingin the EMT is abstractthe currentclasswill

bedeclaredabstract.

4.3.2 TherevisedEMT building algorithm

The major modi cation to the EMT building procedureto supportMCl-Java is the
introductionof a con ict resolutionprocedurausingprecedenceHowever, no precedence
is givenbasedon lexical orderof the superimplemenatationg he semanticof MCl-Java
aresymmetricwith respecto thelexical orderof the supertypesThethreerulesarelisted

below in theorderof application:

1. A locally declarednmethod whetherabstracbr not, shallhave higherprecedencthan

methodgdeclarecklsavherein typeshigherupin theinheritancehierarchy
2. A concretemethodhashigherprecedencéhananabstractmethod.

3. A methoddeclaredn atypelowerin theinheritancenhierarchywill have higherprece-

denceaccordingo the relaxed multiple inheritancepolicy.
Therevisedalgorithmfor building anEMT in MCl-Javais summarizedelow:
1. All themethodsdeclaredn thecurrentclassareenterednto the perclassEMT rst.
2. Entriesin the EMT of theimmediatesupeclassarethenadded.

3. The EMT of eachimplementatiorand interfaceinheritedby the currentclasswill
be processedccordingto the lexical orderof the associatedypein the declaration

statement.

4. If no methodof the samenameand signatureasthe incomingmethodexistsin the

EMT, anew entrywill becreatedor themethodto beinserted.
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5. Whentheexistingsymbol containsalocally declarednethod all themethodgo be

addedwith the samemethodnameandsignaturewill be movedto thecon ict pool.

6. If only oneof the two methodg(the existing oneandthe incomingone)is abstract,
the concretanethodwill be usedasthe basemethodfor the shadav symbolandthe
abstracmethodwill bemovedto thecon ict pool. Otherwisetheincomingmethod

will beplacedin thecon ict pool.

7. Accordingto the relaxed multiple inheritancepolicy, the methoddeclaredn atype
which is lower in theinheritancehierarchytreewill have precedencever the other

method,if neitheroneis declaredocally.

8. Whenboththe existing basemethodandthe methodto be addedaredeclaredn the
samecontainingtype the incomingmethodwill beignoredso thatno errorwill be

signaledwhena methodis inheritedvia differentinheritancepaths.

4.3.3 Revisedalgorithm veri cation

Seventeermmultiple codeinheritancescenarioswhich arecommonlyfoundin applica-
tions programming.are describedn AppendixD. Eachof thesescenarioss now tested
againstthe revised algorithm for building EMT to verify that the modi ed Jikesis able
to identify the mostspeci ¢ method( 5.3.3)in eachsituation. While the descriptionsof
the scenariosare includedin the appendixthe pictorial depictionsare repeatechere,for
corveniencejn Figure4.4.

Recallthe original algorithmfor building the EMT of C. It requiresthat all methods
declaredin C be added rst andthenfollowed by the methodscontainedin the EMT of
the directsupeclassof C. The EMTs of all the otherdirect supertypesvill be megedto
the tablein C accordingto the lexical order of the supertypesn the declarationline for
C. However, the resultshouldbe independenbf the lexical orderof thesesupertypesas
requiredby the semanticof MCl-Java, which is symmetricwith respecto the order The
resultsaretalulatedin Table4.3.

It canbe seenfrom Table 4.3 thatthe compilerbehaesasdescribedn AppendixD,
accordingto the semanticof MCl-Java ( 3.4). Whenthereis an abstractmethodin the
methodshadav symboland the incoming methodis not abstractas depictedin Figures
4.4(g) and 4.4(h), a swap accordingto algorithm Rule 6 will move the abstractmethod
to the con ict pool. However, therewill be no swappingin Scenarioslla,11band12a
(Figures4.4(k),4.4(1) and4.4(m)),sinceno abstracmethodsareinvolved. Rule 7 will help
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(@) scenarial (b) scenari (C) scenari (d) scenariot (€) scenarics

(f) Scenaridd (g) Scenarid? (h) Scenarid@

(q) Scenaridl4 (r) Scenaridl5 (S) Scenaridl6 (t) Scenaridl7

Implementation

Figure4.4: Multiple codeinheritancescenariod - 17
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Scenario| MethodShadowSymbol | conict table | compileraction
1 abs A:m() - declaresC abstract
2 A::m() - emitsA::m() forc.m()
3 A::m() - emitsA::m() forc.m()
4 A::m() - emitsA::m() forc.m()
5 abs B:m() - declaresC abstract
6 A::m() abs B:m() emitsA::m() forc.m()
7 B::m() abs A:m() emitsB::m() forc.m()
8 B::m() abs A:m() emitsB::m() forc.m()
9 A::m() B::m() ags ambiguity
10 A::m() B::m() ags ambiguity
1lla A::m() B::m() emitsA::m() for c.m()
11b A::m() B::m() emitsA::m() for c.m()
12a A::m() B::m() emitsA::m() forc.m()
12b B::m() abs A:m() emitsB::m() forc.m()
13a B::m() abs A:m() emitsB::m() forc.m()
13b B::m() abs A:m() emitsB::m() forc.m()
14 A:m() D::m() emitsA::m() forc.m()
15 B::m() D::m() emitsB::m() for c.m()
16 D:m() - emitsD::m() forc.m()
17 D:m() - emitsD::m() forc.m()

Table4.3: Compilationresultsfor scenariod - 17

to give the right resolutionfor thesescenarios.No error of ambiguitywill be agged for
Scenariosl6 and17 (Figures4.4(s)and4.4(t)) becausef the presencef Rule 8. Thisis

in accordancevith the proposedsemantics.

4.4 Bytecodegeneration

No new bytecodesareneeded.The existing instructionsetof classicJava is sufcient
to supportMCl-Java.

A new concept(animplementatio)y a new kind of methodinvocation(the multisuper
call) andtwo new keywords (implementation andutilizes ) areintroducedat the
sourcecodelevel. As discusseckarlier animplementatioris compiledinto aninterface
with codeandthe keyword utilizes is usedto indicatean inheritancefrom animple-
mentationby a class Thus,no new bytecodesrerequiredfor thetwo new keywords.

Oneof the criteriaimposedon the designof the languagesxtensionsproposedn this
thesis( 3.1)is theuseof the highly optimizedcomponenbf the JVM for methodinvoca-

tion. For reasongliscussedh Section5.4.4,the existing bytecodenvokespecials emitted
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for a multisupercall. A minor local changeto the methodlookup routine is requiredto
extendthe semantic®f this bytecode The changanadewill bediscussedh Section5.4.4
For thethis expressionusedin a methodde nition declaredn animplementation
thecompilerwill male areferencdo therecever object. Of coursetheimplementationn
which this methodis declaredwill not beinstantiated.Thereferenceo therecever object
for thismethodis reseredfor the objectinstancdo which this messagés sentatrun-time.
If thethis expressionis usedasan agumentto a method,the bytecodeaload0 will
be insertedwhenthe compileris generatingcodeto pushamgumentson the stackbefore
a methodinvocation. This bytecodewill, at run-time,causethe referenceo the recever

objectto be pushednthe stack.

4.5 Summary

MCI-Javaintroducesa new constructjmplementationatthe sourcecodelevel. A new
keyword, utilizes , is alsointroducedto expressthe inheritancerelationshipbetween
animplementatioranda class Jikes[4] is modi ed to supportthe new featureswith the
extendedanguagesemantics.

New productionrules are insertedinto the original Javza grammarin orderto enable
the compiler to recognizethe newn features,and someproductionrules are modi ed to
accommodatéhe new semanticsA newvw modi er is addedto the binary representationf
atypeto indicatean implementation The procedureto build an EMT, which is usedto
nd the mostspeci ¢ methodwithin aninheritancehierarchyfor a methodinvocation,is
modi ed. The enhancedlgorithmis ableto resole conict in variouscodeinheritance
scenariocommonlyfound in applicationsprogramming. The resultof the processs as
describedby the semanticof MCl-Java. The semanticof the bytecodeinvokespecialis
extendedo cover the newly introducedmultisupemmethodinvocation.

While the changesn Jikesaredescribedn this chapterthe modi cations requiredin

the Java virtual machineto supportMCl-Java semanticsill bediscussedn Chaptels.
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Chapter 5

Virtual Machine Support

MCI-Java, anextensionto classiclava, wasproposedn Chapter3. Changesremade

at boththe compiler(sourcecode)level (seein Chapterd) andtheVM level. Thechanges

aresummarizedn Table5.1for easyreference.

Compiler

Virtual Machine

.class le

Introduce a nenv accesscontrol
ag for aclassto indicateanin-
terfacecontainingcode( 4.1)

Modify codeveri cation proce-
dureduring classloadingto rec-
ognize an interface with code
(5.2

typedeclaration

1. Introducethe nenv keyword
implementation to indicate
a declarationfor code-typeand
the new keyword utilizes to
indicate an inheritancefrom a
code-typeby aclass( 4.2)

2. Modify the Java grammarto
includethenew keywordsandin-
troducean option to accommo-
datefor multisupemethodinvo-
cation( 4.2)

No changesare required since
animplementations aninterface
with codeattheVM level

inheritance
andresolution

Introduce a modi ed algorithm
for resolvingmethodinheritance
andcon ict to identify the most
speci ¢ method for invocation
(4.3)

Extend the use of the virtual

method table (VMT) for both

a class and an implementation
( 5.3.3) and modify the method
lookup routine for the bytecode
invokespecial 5.4.4)

methoddispatch

Extendthe semanticf invoke-
special to include multisuper
methodinvocation( 4.4)

No changesare made since all
methodinvocationsusetheexist-
ing routinesfor dispatch

Table5.1: Summaryof changegVM portionemphasized)
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It is necessaryo make modi cationsto bothIBM JikesCompilerandSun's Javavirtual
machineto supportMCl-Java. Modi cations to Jikeshave beendescribedn the previous

chapter Here,modi cations madeto Sun's JVM arediscussed.

5.1 The Java Virtual Machine (JVM)

In describingthe designprinciple of a JVM, The Java Virtual Machine Speci cation
[23] (JVM Speci cation)stateghat,

The Java virtual machineis an abstractcomputingmachine. Like a real
computingmachinejt hasaninstructionsetandmanipulatevariousmemory

areasatrun-time.

EachJava applicationrunsinsidea run-timeinstanceof someconcretamplementatiorof
theabstractlVM Speci cation. Thework in this chaptefocuseson theimplementatiorby
SunMicrosystemdnc., for Javra2 SDK 1.2.2[3].

5.1.1 Therun-time ernvironment

Figure5.1 shaws a simpli ed schematiaun-timememorylayoutfor class interface
implementatiomndobjectdata.SinceSuns JVM useghesamein memory”datastructure
for both classandinterface the termclassis generalizedn this chapterto cover all three
typedeclaringconstructsn MCl-Java— namely interface classandimplementation

Theheap is ablockof memorysharecamongall JVM threads At run-time,every ob-
jectisallocatedromthedata area (regionA in Figure5.1)whichisapartoftheheap.
Objectstoragan thedata area is reclaimedoby anautomaticstoragananagemergys-
tem (known as a garbagecollector). Eachinstanceis referencedusing an ObjHandle
whichis an“in memory”datastructure(region B in Figure5.1) keptin thedata area .
Onecomponenbf the ObjHandle ! pointsto the ObjData , an“in memory”datastruc-
turelocatedin theotherpartof thedata area (regionC in Figure5.1),whichis holding
statevaluesof the objectinstance.The othercomponenbf the ObjHandle pointsto a
ClassClass structurgan“in memory”perclassstructureusedn Sun'sJVM for holding
informationabouta classusedin its broadmeaning) storedin themethod area (region
D in Figure5.1) whichwill notbegarbage-collectedf therequiredClassClass  struc-
tureis not yetloadedinto the run-timeervironment,the classloadersubsystenis respon-

sible for locatingandimporting the binary dataof the concernectlass(i.e., the .class

Denotesan“in-memory” datastructureasper Sectionl.4.
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HEAP (created upon JVM startup, shared among all threads)

Data Area
(run-time objects,
garbage-collected)

grow direction of
object handles

| ObjHandle ClassClass

obj
methods

me‘hOdS E

— obj

methods

obj =
methods constantpool Method Table (MT) Method Block (VB)
Method Block (MB) Method Block (MB)
instance Method Block (MB)

variables
i |
\I/';fit:SIZZ type itself if itis
an interface
instance
variables
Objpata | i from
i superclass copied first
. imethodtable from eacl
run-time Constant entry in implements
grow direction of Pool (RCP) after removing

object data duplicates

Figure5.1: Run-timememorylayoutfor class interface implementatiorandobjectdata

le). After beingveri ed aswell-formed,the classdatawill belinked andbecomepartof

therun-timeenvironment.

Thesymbolicreferencesontainedn theConstantPool  (asymboltable)of a.class
le will betransferredo the run-time  ConstantPool (RCP) (region E in Figure
5.1). Many JVM instructionsmake symbolicreferenceso the constanpool. Concreteval-
uesof the symbolshave to be determinedeforeary executionof theinstructionscantake
place. Resolutionrefersto the dynamicprocesf nding theseconcretevalues.Whena
ConstantPool entryis referredto for the rst time, it is resohedinto aninternalrefer
encewhich will replacethe existing RCP entry correspondingo the constantpool entry

beingreferencedto ensurehatthelengthyresolutionprocesss doneonly once.
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5.1.2 Dynamic per-classstructurescreation

Upon startup,the JVM doesnot put all the classesinto the run-time ervironment.
Accordingto the policy of dynamicloading, a ClassClass structureis createdfor a
classin the run-timeervironmentonly whenthe classis referencedduring programexe-
cution (referredto aslate resolutionin the JVM Speci cation). In summarythe dynamic

ClassClass structurecreationprocessncludesthefollowing stages:

1. Loading
TheJVM will tryto nd the.class le of theclassin need.Onceit is locatedthe
VM will createaninternalrepresentationf theclass shavn in Figure5.1 markedas
region E. Symbolicreferencesretransferredrom the.class le totheRCR An

exceptionwill bethrowvn if therequired.class le cannotbefound.

2. Linking
Theloadedclasswill be megedinto the run-timeenvironmentusingthe following

steps:

(a) Veri cation - assuringawell-formedrepresentatiofstructurallycorrect)of the

class

(b) Preparation allocatingstatic storageandinternaldatastructuregregion F in
Figure 5.1), building the methodtables( 5.3) for holding information about
methodsand

(c) Resolution transformingsymbolicreferencento internalreferences.

3. Initialization

TheJVM will executethe staticinitializersandstatic(class)variableinitializers.

5.2 Classdata veri cation

Sun’s implementatiorof the JVM adoptsan “on demand”stratg)y. Accordingto this
stratgy, a symbolicreferences resoled anda classis loadedonly whenit is needed.
After a classis loaded,the JVM veri es thatits representatioiis structurallyvalid. This
may causeotherclassedo be loaded. However, the JVM Speci cationdoesnot require
theseadditionallyloadedclassego beveri ed andpreparedatthattime.

Whenappliedto MCI-Javaprogramstheoriginal veri cation procedurausedin classic

Javawill raisea ag for anerrorin eachof thefollowing situations:
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1. In theoriginal JVM, all methodsdeclaredn aninterfaceareimplicitly public and
abstract . An “llle galmethodmodi ers” exceptionis thrown if amethoddeclared
in aninterfacecontainscode. As discusseatarlier animplementationin MCl-Java
is compiledto aninterfacecontainingcode. An exceptionwill be throvn whenthe

original veri cation procedurds usedto verify animplementation

2. In the original JVM, the bytecodeinvokespecialis usedfor a supercall. Oneof the
argumentdo thebytecodénstructionis thenameof a class(thetamgetclass) wherea
de nition of the methodto beinvoked canbefound. Theoriginal veri cation proce-
dureensureshatthetamgetclassis notaninterfaceandcanbefoundin thesuperclass
chainof thecurrentclass.If theconditiondoesnothold, an“llle gal useof norvirtual
functioncall” exceptionis throwvn. In MCI-Java, the semanticof invokespeciahas
beenextendedto alsodenotea multisupercall ( 3.3.2)which is aninvocationof a
methodde ned in animplementatiorfrom which the currentclassinherits. In this
case thetametclassis not a classhut aninterfaceandthusan exceptionis throvn

by the original Java veri cation procedure.

To supportMClI-Java, when an implementatioris veri ed after loading, for reasons

mentionedabore, two minor modi cations areappliedto theveri cation procedure:

1. In MCI-Java's VM, all methodsdeclaredin an interfacewill only be checled for
themodi er public  but notfor theabstract modi er. Thischangeensureghat
all methodsdeclaredin an interface and an implementatiorare not private while
allowing codein animplementatiorfatthe sourcecodelevel) andaninterface(atthe
VM level).

2. In MCl-Java's VM, asearchfor thetamget classalongthe chainof superclassewill
be carriedout for the bytecodeinvokespecialonly whenthe tamget classis not an
interface This changeallows the bytecodeto be usedfor the new multisupercall.
However, whenit is usedfor a classicsupercallthetamgetclassstill hasto beaclass

in thesuperclasshain,sono error nding is lost.

5.3 Method tables

SunsJVM useghreekindsof tables-aMethod Table (MT) ( 5.3.2),aVirtual
Method Table (VMT) ( 5.3.3)andanlInterface Method Table (IMT) ( 5.3.4)

— to keepinformationaboutall the methodsof a class The schematidayoutsof these

45



tablescanbefoundin region F in Figure5.1. Thetablesarehuilt in the preparatiorstage
of theclasslinking process.Thetablesarediscussedn thefollowing sectionsaftera brief

summaryof theMethod Block ( 5.3.1),thebasicbuilding unit of the methodtables.

5.3.1 Method Block

A Method Block istheinternalrepresentationf amethodusingthesame‘in mem-
ory” datastructure whetherthe methodis abstracor not. Amongall the datastoredin a
Method Block , the mostrelevant pieceis the FieldBlock  (for which no schematic

layoutis shavn in Figure5.1) which hasthefollowing components:

1. apointerto theClassClass structureof the containingclassin which the method

is declared- the containingclass,
2. acharactestringrepresentinghe methodsignature- the signature,
3. acharactestringrepresentinghe nameof the method- the methodname,
4. anaccessag maskingthemaodi ers of the method-themodi ers, and

5. anintegervaluerepresentinghe ordinal of the methodwithin an arrayof Method

Block s—theoffset.

In additionto theFieldBlock , thereis acodepointerto the memorylocationwhere
the bytecodesequencef thatmethodis stored.The codepointeris null whenthe method

isanabstract one,becausehe methodhasno code.

5.3.2 Method Table (MT)

A Method Table existsin every ClassClass structurewhetherthe concerned
typeis a classor aninterface It is the part of the ClassClass structurethat stores
informationaboutevery methoddeclaredn this class(in its broademeaning).including
the constructorsprivateandstaticmethods.A simpli ed schematidayoutof anMT and
its link with theClassClass structures shavn in region G of Figure5.1. EachMethod
Block ( 5.3.1)will pointto the currentClassClass structureitself asthe containing
class.

If the currenttypeis aninterface all methodsn theMT arepublic andabstract
EachMethod Block hasanoffsetvaluere ecting theorderof appearancef themethod

in the interfacedeclaration.If the currenttypeis a class eachMethod Block hasan
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initial offsetvalueof 0. If the methodis a public instancemethod this offsetvaluewill be
changedo the slot numberof the slot (a VMT entry)in which this methodis storedin the
VMT ( 5.3.3)whenthe VMT is built.

Sinceno explicit rule existsto restricta Method Block foundin the MT of anin-
terfacefrom containingcode,the samedatastructurecanalsobe usedto storeinformation

aboutmethodgdeclaredn animplementationwhetherthe methodsareabstracor not.

5.3.3 Virtual Method Table (VMT)

The original setup

The VMT in Java is similar in natureto the Virtual Function Table (VFT)
in C++. It helpsto identify the methodto be dispatchedat run-time. Eachslot holdsa
referenceto aninstancemethodde nition visible in the currentclass Sinceaninterface
is usedin Java for specifyingbehaior andcontainsno concretemethodimplementation,
no VMT is built for aninterface A VMT is foundonly in the ClassClass  structureof
aclass RegionH in Figure5.1 shaws the structureof a VMT andtheway in whichit is
linkedto theClassClass  structure.

Figure5.2 shavs the VMT detailsof two classedaken from thejava.io  package.
DatalnputStream  extendsFilterinputStrea mwhichinheritsinputStream ,a
subclasf Object . Entriesin the VMTs helpto explain the VMT building procedure.
Theseclassedelongto theinheritancenhierarchydepictedn Figure6.6.

In OOR classegelatedin aninheritancerelationshiparepermittedto provide codefor
thesamemethod.Themethodde nition providedin thesubclasss calledthemostspeci ¢
method Themostspeci ¢ methodoverridesall theimplementationgor the samemethod,
previously de nedin all the supeclassesof the classin which the mostspeci ¢ methodis
declared.The mostspeci ¢ methodwill remainin effect until it is overriddenby another
methodde nition in asubclasof the currentclass

The procesdor building the VMT for a classallows the mostspeci ¢ methodto over-
ride all previousde nitions for the samemethod.It startsby copying all the slotsfrom the
VMT of theimmediatesupeclass OnceVMT copying is completedthe public instance
methodsdeclaredin the currentclasswill be enteredinto the VMT. It canbe seenfrom
Figure 5.2 that 11 methods(offset valuesbetweenl and 11, inclusive) are copiedfrom
Object to FilterlnputStr eamvia InputStream . In addition,the 9 methodsde-
claredin FilterInputStrea m(offsetvaluesbetweenl2 and20, inclusive) arecopied
tothe VMT of DatalnputStream
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**+% java/io/lnputStream Fkkk **+%  javal/io/DatalnputStream Fkkk
Superclass: java/lang/Object Superclass: java/io/FilterlnputStream
Details of VMTwith 35 entries:
offset Class  Method Signature
*+% java/io/FilterlnputStream FREE e
Superclass: java/io/InputStream 1 Object clone () LObject;
Details of VMT with 20 entries: 2 Object equals (LObject;) 4
3 Object finalize 0 VvV
offset Class  Method Signature 4  Object getClass () LClass;
-------------------------------- 5 Object hashCode () |
1 Object clone () LObject; 6 Object notify () V
2 Object equals (LObject;) z 7 Object notifyAll 0 VvV
3 Object finalize 0 Vv 8 Object toString () LString;
4  Object getClass () LClass; 9 Object wait () V
5 Object hashCode () | 10 Object wait (J) V
6 Object notify () V 11 Object wait (JI) V
7 Object notifyAll 0 Vv 12 FIS available 0 1
8 Object toString () LString; 13 FIS close () V
9 Object wait () V 14 FIS mark () V
10 Object wait (J) V 15 FIS markSupported () Z
11 Object wait JI) V 16 FIS read () |
12 FIS available 0 | 17 DIS read ([B) |
13 FIS close () V 18 DIS read ([Bll) |
14 FIS mark (I) V 19 FIS reset () V
15 FIS markSupported () Z 20 FIS skip (J) J
16 FIS read () | 21 DIS readBoolean () Z
17 FIS read (B) | 22 DIS readByte () B
18 FIS read ([Bll) | 23 DIS readChar () C
19 FIS reset ()V 24 DIS readDouble () D
20 FIS skip (J3)J 25 DIS readFloat () F
26 DIS readFully (B) V
27 DIS readFully (B \%
28 DIS readint () |
29 DIS readLine () LString;
Legends: 30 DIS readLong () J
31 DIS readShort () S
FIS = javalio/FilterinputStream 32 DIS readUTF () LString;
DIS = javal/io/DatalnputStream 33 DIS readUnsignedByte 0 |
Class = Declaring class 34 DIS readUnsignedShort 0 |
35 DIS skipBytes () |
Descriptors used: J - long integer
B - signed byte S - signed short
C - character V - void
D - double Z - boolean
F - float L classname ; - a refernece
I - integer - one array dimension

Figure5.2: Virtual methodtable(VMT) entries

For eachentry in the MT thatis a public instancemethod(hereinreferredto asthe
currentmethod),a searchis conductedn the newnly createdvMT to look for a slot which
containsa pointerto amethodwith the samesignatureasthe currentmethod.If noneexists
in the VMT, a new slotis appendedo the VMT for the currentmethod,with a pointerto
theMethod Block intheMT holdinginformationaboutthe currentmethod.The offset

valueof this Method Block is thenchangedo the new slot number If anexisting slot
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in the VMT is foundto pointto a methodwith the samesignatureasthe currentmethod,
the offsetvalueof theMethod Block in the MT for the currentmethodis setto the slot
numberjust found. The pointerin that slot of the VMT is madeto point to the method
block in the MT for the currentmethod. This is literally a methodoverride by the most
speci ¢ methodin the currentclass In the VMT of DatalnputStrea  m methodswith
offsetvaluel7 and18 areexamplesof methodoverriding,while methodswith offsetvalues
betweer21 and35, inclusive, arethoseaddedn DatalnputStream

At theendof theprocessall Method Block sfor thelocally declaredoublicinstance
methodsn the MT will have their offsetvaluessetto the correspondinglot numberin the
VMT. A zerovalueindicateghatthe methodis notinheritable. Theseincludeconstructors,
static and private methods. At the sametime, eachslot in the VMT pointsto the most
speci ¢ methodimplementatiorvisible in the currentclass

While new slotsareaddedin the VMT of the subclassesandsomeold slotsareover-
ridden,the offset value (the slot number)for a methodwith the samenameandsignature
remainghe samein all theclasseoncernedThis consisteng in slotnumbeyre ectedin
Figure5.2, providesroomfor optimization. It is emplg/edin Sun's implementatiorof the

JVM in theform of quick bytecodewhichwill bediscussedn Section5.4.4.

The modi ed setup

To supportimplementation MCl-Java, it wasdecidedo build aVMT for aninterface
This is becausean implementationn MCI-Java is compiledto an interfaceat the VM
level. Similar to the situationwith a class it is necessaryo maintaina pool of the most
speci ¢ methodsrisiblein animplementationThemostef cient wayisto useamechanism
analogougo theoneusedin classesAs the“in memory”datastructureusedin SunsJVM
doesnot prohibitit from beingusedfor a constructotherthana class building aVMT for
animplementatiofbecomes naturalsolutionto the problem.

Whetherit is a classor animplementationthe sameprocedures usedto build the

VMT. Entriesin varioustablesareaddedo thenew VMT in thefollowing order:

1. All entriesin the VMT of the supeclassarecopiedin the original orderto the new

VMT rst (this stepis skippedfor animplementatiop

2. For eachof the superimplementationall methodsn its VMT areaddedto the new
VMT. Eachsuperimplementatiors processeaccordingto its lexical order of ap-

pearance.
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3. Only public, non-abstracinstancemethodsrom thelocal MT areaddedto the nev
VMT.

Whena methodis addedto the nev VMT, andno existing slotin the VMT containsa
methodwith the samenameandsignatureasthe oneto be added(referredto asthe new
method),a new slotis createdor the new method.If anothemethodwith the samename
andsignatureasthe newv onealreadyexistsin the VMT, a potentialinheritanceambiguity

occurs.Thefollowing rulesareappliedto resole thecon ict:

1. If thenew methodis declaredocally, it overridesthe existing one. Thisrule is used

in classicJarawhenbuilding VMT for aclass

2. If both methodshave the sameimplementatiorasthe containingclass,they arein-

heritedfrom the samesourcevia differentpaths.The nev methodis ignored.

3. If thetwo methodshave differentcontainingclassesandan ancestor/descenalare-
lationshipcanbe establishedetweerthem,the methoddeclaredn thetypewhichis
lower in theinheritancehierarchywill bekeptin thenev VMT while the otherone

is droppedaccordingo the relaxed multiple inheritancepolicy.

4. If the two methodsaredeclaredn differenttypesandno ancestor/descenalarela-
tionshipcanbeestablishetbetweerthem,theMT of thecurrenttypewill besearched
for amethodwith the samenameandsignature.If sucha methodexists,theincom-
ing methodsignoredbecausd will beoverriddernwhenthelocally declarednethod
is addedto the new VMT. If no suchmethodexistsin the currentMT, anambiguity

exceptionis raised.

Whenthe VMT is built for a class the offset valuein the Method Block of the
locally declarednethodwill besetto thenumberof theslotin whichthemethodis inserted
into theVMT. However, theoffsetvalueis notsetfor thelocalmethodsf the VMT is being

built for animplementationfor reasongo bediscussedh the next section.

5.3.4 Interface Method Table (IMT)

Theslotin which aninterfacemethodis insertedinto a VMT dependsn the number
of interfacesfrom which the currentclassinheritsandthe numberof methodsdeclaredn
eachof thesdnterfacesaswell asthatof thecurrentclass Thereforeconsisteng in theslot
numbercannotbe found in methodsdeclaredn aninterface in contrastto the consistent

slotnumberassociateevith eachinstancemethoddeclaredn aclass( 5.3.3).Determining
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*xnterface java/io/Datalnput Fkkk
Details of MT with 15 entries:

offset  Method

readBoolean ()Z
readByte ()B

readChar ()C

readDouble  ()D

readFloat  ()F

readFully (B)V

readFully (BIV

readint (I

readLine  ()Ljava/lang/String;
readLong ()J

10 readShort ()S

11 readUTF ()Ljava/lang/String;
12 readUnsignedByte 0l

13 readUnsignedShort 01
14 skipBytes (1)l

©CoOoO~NOOODWNEO

*#+%  Class javal/io/DatalnputStream Fxkx
This class implements 1 interfaces
VMT with 35 entries

Details of IMT with 1 interfaces:

Interface Offsets
java/io/Datalnput 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
**%  Class java/io/RandomAccessFile bl

This class implements 2 interfaces
VMT with 49 entries

Details of IMT with 2 interfaces:

Interface Offsets
javal/io/DataOutput 36 37 38 39 40 41 42 43 44 45 46 47 48 49
javalio/Datalnput 19 20 21 22 23 24 25 26 27 28 29 30 31 32 35
Descriptors used: J - long integer
B - signed byte S - signed short
C - character V - void
D - double Z - boolean
F - float L classname ; - a refernece
I - integer - one array dimension

Figureb5.3: Interfacemethodtable(IMT) entries

the slot numberaftera methodis locatedin the MT of aninterfaceis non-trivial. An IMT

helpsto locatethe slot numberfor aninterfacemethodat run-time.

A simpli ed schematidayoutof anIMT canbefoundin region| of Figure5.1. An IMT
containsanintegervalue,icount , representinghetotal numberof interfacedistedin the
itable . Theitable is anarray eachentry of which represent®xactly one unique

interfaceextended(by an interface or implementedby a clas9 by the currenttype In
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every entry of theitable , thereis anarrayof offsetvaluesanda classdescripto r
pointingto the ClassClass  structureof theinterfaceconcernedlf the currenttypeis a
class the rst entryof theitable isleft blank.If thecurrenttypeis aninterface the rst
entryof theitable  pointstotheClassClass structureof thetypeitself. Everyelement
of the offsetarray correspondso a methodin the MT of theinterface Eachoffsetvalue
indicategheslotnumbeiin thecurrentVMT whereanimplementatiorof thecorresponding
interfacemethodcanbe found. However, the offset valueswill just be the ordinal of the
correspondingnethodwithin the MT of theinterface if the IMT belongsto aninterface
whichhasno VMT.

Figure 5.3 helpsto explain the structureof an IMT. In this gure, the 15 methods
declaredin Datalnput  (aninterfacg, foundin the java.io  package.are listed ac-
cordingto the orderof appearancef eachmethodin the MT. DatalnputStream and
RandomAccessFil e, alsofrom the samepackageare the two classesmplementing
Datalnput  (seeFigure6.6for adepictionof theinheritancenhierarchy).lt canbeseernthat
the correspondinglot numbersin therespectie VMTs aredifferentfor the samemethod
in Datalnput . For example,the rst methodin Datalnput is readBoolean()

Its slot numberin the VMT of DatalnputStrea mis 21, while that in the VMT of

RandomAccessFil eis 19.

The processof building an IMT for a classdoesnot changewith the introductionof
implementationandthe accompaying VMTs in MCI-Java. New methodsnheritedfrom
the superimplementationare only appendedo the VMT of the currentclassat the end,

andarenotinsertedn themiddle of thetable.

To build the IMT of aclass the IMT of the supeclassis copiedin its entiretyto the
newly built one. This stepis skippedwhen building the IMT of aninterface Then,all
the superinterface®f the currentclasswill be processedn turn. If anentry alreadyex-
istsin the IMT for aninterfacewith the samenameasthe oneto be processedthe in-
terfacewill not be processed.For eachmethodcontainedin the MT of the interface a
searchwill be conductedn the currentVMT. Whena slot containinga methodwith the
samenameand signatureis found, the slot numberwill be written to the offsetarrayin
the correspondingposition. For example,the rst entry in the MT of Datalnput is
the methodreadBoolean() . In the VMT of DatalnputStream (Figure5.2), the
methodreadBoolean() is foundin slot 21. Therefore,21 is enteredasthe rst entry
in the offsetarrayfor Datalnput in theitable of theIMT of DatalnputStream

Whenthe IMT is built for RandomAccessFi le , the slot numberfor the samemethod
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readBoolean() becomesl9 andsothe rst entryin the offsetarrayfor Datalnput
in theitable  of the IMT of RandomAccessFile is 19 insteadof 21. Sincethe slot
numberdor methodsn the MT of aninterfacearenotin a consistenpatternasthatfound
in theinstancemethodgdeclaredn a class the offsetvalueof theMethod Block in the
MT of aninterface(Datalnput in this case)is not changedso that the offset valuein
theMethod Block alwaysgivestheindex into thearrayof offsetsin ary itable . This
explainswhy the offsetvalueof aMethod Block intheMT of animplementatioris not
setto the slotnumberafterthe methodis insertednto aVMT ( 5.3.3).

While theIMT building processs notchangedtherewill beaminoradjustmento the

procedurdo supporimplementatiomn MCI-Java. Detailsarediscussedh thenext section.

5.3.5 Setting offsetvaluesin Method Block s

As revealedin Section5.3.3,instancanethodsdeclaredn a classwith the samename
and signaturewill have the sameslot number This consisteng allows the offset value
(slot number)to be storedin the Method Block representinghe method.However, the
consisteng in slot numberdoesnot exist in methodsdeclaredin interfaces An ordinal
valuehasto be storedin the Method Block to helpto locatethe slot numberusingthe
IMT.

It wasdeterminedn Section3.1thatthe highly optimizedbytecodesxecutionroutines
shouldbe reusedn MCI-Java. Theroutinesassumendrequirethatthe necessarynfor-
mationfor bytecodeaxecution(including the slot numberwhich guidestheretrieval of an
executionmethodblock from a VMT) is containedn the Method Block . This special
featurebecomesa problemfor the methodsdeclaredin an implementatiorbecausesach
Method Block storegheordinalnumberinsteadof the slotnumberin the offset eld.

Theproblemcanbesolvedusingacloneof theMethod Block concernedin classic
Java, eachelementof the VMT s actuallya pointerto the Method Block containing
the mostspeci ¢ methodwhich is storedin the MT of the containingclass.In MCI-Java,
the VMT elementstill pointsto a Method Block inthe MT of the methods containing
class,if it is aclass Thisis the sameasin classicJava. However, whenthe containing
classis animplementationa cloneof the Method Block for the mostspeci ¢ method
is createdn the method area (region F in Figure5.1)to hold the slot numbey which
will remainthe samefor all the classesnheriting from the currentclassoncethe Method
Block is enterednto thecurrentVMT. Thepointerin the VMT will pointto theclonein-

steadof to the original Method Block inthe MT of the methods containingclass.The
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clonehelpsto provide all the necessarynformationrequiredby the bytecodeinterpretor
Differentclonesareusedin differentinheritancetreesin which the slot numbersassigned
are usually differentfrom eachother Suchanarrangemenmakesit possiblefor differ-
entoffsetvalues(slot numbers}o coeist in the samerun-time ervironmentfor the same

methodimplementation.

5.4 Method lookup and invocation

5.4.1 Overview

The JVM Speci cation hasclassi ed all run-time methodinvocationsinto four main

cateyorieswith differentbytecodesisedin theinstructionin eachcase asdescribedelow:

1. invokestatic- to invoke a static(class)methodwhich requiresno recever objectfor

invocation.

2. invokespecial- to denotea supercall or to invoke a private methodof the current

class

3. invokeinterfice- to invoke a methodwhoserecever objecthasa statictypethatis an

interface

4. invokevirtual - to invoke a methodin scenariosiot coveredby the otherthreecate-

gories(themostwidely usedinvocationin Java programs).

Eachinvocationinstructionhasone of the four invocation bytecodedollowed by at
leasttwo more bytesof information. Thesetwo bytes,whencombinedtogether give the
index to theConstantPool  whereareferencedo themethodto beinvoked canbefound.
Wheneer amethodis invoked,a Frame is createdo storedata— partialresultsaswell as

thereturnvalue.Every methodinvocationis afour-stepproceduregdescribedasfollows:

1. TheConstantPool entryis dereferencetb obtainthereferenceo thetargetclass
whichis, atcompiletime, the containingclassof the methodintendedo beinvoked.
In addition, the referencdo the detailsof the method(methodnameandsignature)
is foundatthesametime. It is importantto notethatthetargetclassis very oftennot

the classto which therecever objectbelongs.

2. A searchfor the resohed Method Block (RMB) is conductedstartingfrom the
MT of thetametclass.
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3. Theoriginalinvocationbytecodes quick-ed( 5.3.3)for highly optimizedbytecode

execution.

4. The actualexecutionMethod Block (EMB) is retrieved and executedusingthe
routinefor the quick bytecode,andthe informationretainedwhenthe bytecodeis

quick-ed.

It isimportantto notethatthelaststep(bytecodexecution)is carriedoutusingahighly
optimizedroutine. Changeshouldnot bemadeto this partof the VM to avoid affectingits

performanceg 3.1).

5.4.2 Dereferencingthe ConstantPool entry

In this section thetechniquesisedin classicJVM to dereference methodinvocation
instructionare described.In MCI-Java, regardlessof whetherthe methodto be invoked
is declaredin a classor in animplementationthe sameprocedurds used;no changeis
necessary

Symbolicreferencedn therun-timeConstantPool (RCP)areresolhedinto internal
referencego the correspondingin-memory” datastructuresvhenthey areusedthe rst
time. Thedereferencingrocesss bestillustratedby usinganexample.Figure5.4shavsan
excerptof the ConstantPool  for DatalnputStrea  m The actualConstantPool
containsmoreentriesthanthoseshawvn in the diagram.However, only thoserelatedto the
discussiorthatfollows (e.g.,entriesatindicesl, 6, 30, etc.) areshawn.

Take for examplea methodinvocationinstruction”invokevirtual 32°. Thiswill cause
themethodreferencedby RCPentry32to beinvoked. FromFigure5.4,theConstantPool
entry at index 32 is a MethodReference  which is a compositeof two indices. The

rst index, 6, refersto the tamget class. The unresoled entry at location 6 pointsto 97
for the nameof the tamget classwhich is “InputStream”. Oncethe nameis known, the
ClassTable (an“in-memory” list of loadedclassegmaintainedby the JVM) is queried
to locatethe run-time ClassClass  structurefor InputStream . The pointerto this
ClassClass structurethenreplacegheoriginal entryatlocation6 of the RCP Any sub-
sequeninstructionthat refersto RCP entry 6 will obtaina pointerto the ClassClass
structureof InputStream  without going throughthe entire dereferencingand lookup
process.

Thesecondndex atRCPentry 32, whichis 53, refersto aNameAndType index, giv-

ing informationaboutthe methodto beinvoked. Theentryat RCP53 is againa composite
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Datalnput
1 Class #92
InputStream methods
6 Class #97
methods obj
30 InterfaceMethod #1 #51
— obj method table
32 Method #6 #53  f—
51 Name & Type #118 #59
53 Name & Type #120 #69 £> readUnsignedByte ()|
59 Name & Type 01
method table
69 Text J)J
92 Text Datalnput
97 Text InputStream —D> skip (3)J
118 Text readUnsignedByte
120 Text skip
selected entries of the RCP
(entries in between are skipped)

Figure5.4: Excerptof therun-timeConstantPool  (RCP)for DatalnputStrea  m

item. Its rst index (120) pointsto an RCP entry which storesthe methodname*”skip”,
while the methodsignaturée’(J)J” is keptin the entryreferredto by the secondndex (69).
Thereforethe methodreferredio at RCPentry 32is, in its fully expandedsymbolicform,
InputStream::sk ip (J )J . Oncetheseare known, the searchprocessfor the RMB
startsfrom the MT of the tamget class,whichis InputStream in this case.This search
processs describedn moredetailin the next section.Whenthe RMB is located theinter
nal pointerto this RMB replacegheoriginalentryatlocation32. Similarly, any subsequent
referenceso thisRCPentry32will obtaintheinternalreferencdo themethodskip(J)J
containedn InputStream , without furtherdereferencingindlookup.

Take for exampleanotherinstruction,”invokeinterbice 30”. By the sameprocesde-
scribedabove, the methodreferencedy RCPentry 30 is resoled into a referencedo the
interface methodDatalnput::readU nsig nedByte () | declaredin Datalnput

whichis itself aninterface

5.4.3 Method lookup

Theoriginal methodlookup procedureusedin classicJava canbe appliedto MCI-Java
withoutary modi cations, exceptfor themultisupercall ( 5.4.5). The searchfor the RMB
startsin the MT of thetamgetclass. The searchwill follow oneof thetwo pathsdescribed

below:
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1. Whenthebytecodas invokeinterfice thetamgetclassitselfis aninterfaceandthethe
searchmalesuseof the IMT of thetametclass.Theitable of thelMT contains
thelist of superinterfacefrom whichthetamgetclassextends . Recallthatthe rst
entryin theitable is the tamget classitself ( 5.3.4). By looking up the MT of
eachinterfacecontainedn theitable , following the orderof appearancevithin
theitable ,theprocessasicallysearchetheMT of thetamgetclassrst, followed

by thatof eachandevery superinterfacdistedin theitable

2. Whenthe bytecodeis not invokeinterfice the tamet classitself is a classandthe
searchstartsin theMT of thetamgetclass.If nomatchingMethod Block isfound,
the searchwill continuein the MT of the supeclasseauntil theroot classObject
is reached.If no RMB canbe found at this stage the searchwill be conductedn
the VMT of thetamget class. An exceptionwill beraisedif nothingis foundin the
VMT. Theonly time thata methodcanbefoundin the VMT of thetamget class but
notin theMTs of thetametclassandits supeclassesis whentheRMB is aMiranda
method[14, 16].

It is importantto notethatthe searchwill stopwhena matchingMethod Block is
found. The JVM is only responsibldor enforcingaccessontrols(e.g.,limited accesgo
private methods)after a Method Block is located,but not during the lookup process.
In otherwords, the lookup processwill searchevery methodit canreachwithout paying
attentionto the accessibilityissue.The rst Method Block encounteredvith the same
nameand signaturewill be selectedandthe searchprocesswill terminatewith the rst
Method Block located.If the selectednethodis a constructaran errorwill beraised
andthe programexecutionhalted. The samething will occurwhenthe selectedmethod
is not accessibldéy the recever object(e.g.,a private methodaccessedby an instanceof
a classdifferentfrom the methods containingclass). Otherwise,the selectedMethod
Block will bereturnedastheRMB. A pointerto the RMB replacegheoriginal RCPentry
andis putinto aConstantPool  within themethodinvocationFrame for furtherprocess
asdescribedn Section5.4.4.

It was said at the beginning of this sectionthat the sameprocesscan be appliedto
MCI-Java without requiring ary change. The discussionthat follows explains how the
original processcan deal with a situationwhen a methodwhosecontainingclassis an
implementations to beinvoked. Whenthe methodis invoked usinga bytecodeotherthan

invokeinterfice the procedurewill startthe searchin the MT of the tamget classwhich is
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the implementation Of course,the RMB canbe locatedvery easily If the bytecodeis
invokeinterfice thesearctbeginsin theinterfacewhichis the rst entryin theIMT of the
tamgetclass,which is theimplementationtself. Again,the RMB canalsobelocatedin the
MT of theimplementationThus,no changds neededor themethodookupprocedurdor

usein MCl-Java.

Original bytecode Context Quick-edbytecode

always quick-edto the samequick
bytecode

the slot numberis containedin one
byte (slotnumber 256)
slotnumber 256 invokevirtual_ quick w
the statictype of the recever object
is Object (e.g.,anarrayor anele- | invokevirtualObjectquick
mentfrom a container

always quick-edto the samequick
bytecode

the RMB containsa private method
or

the samemethodde nition is visi- | invokenowirtual_quick
ble in the currentclassand the su-
perclassn the caseof asupercall

differentmethodde nitions arevis-

ible in the currentclassandthe su- | invokesuperquick
perclass

invokestatic invokestaticquick

invokevirtual_quick
invokevirtual

invokeinterfice invokeinterfice quick

invokespecial

Table5.2: Corversionfrom executionbytecodeo quick-edbytecodes

5.4.4 The quicking processand codeexecution

Thissectionis importantin understandinthemodi cationsrequiredto supporthenewv
multisupercall introducedin MCI-Java. To redirectcodeexecutionto the right optimized
routine,the original bytecodewill be replacedby oneof the seven quick bytecodedisted
in Table5.2,accordingo thecontet in which the executionis invoked. Thesecontexts are
alsoincludedin thesamdable. After theRMB is identi ed by thelookupprocesslescribed
in Section5.4.4,crucialdataarekeptin a ConstantPool  within the methodinvocation
Frame. Thedatawill beusedin the subsequentptimizedexecutionprocessasdescribed

below.
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invokestatic quick

The bytecodeinvokestaticis usedto invoke a static method,which is the sameas
a procedurecall in C and thus has no recever object. No referencewill be provided
for the recever object (this ) during execution. A pointerto the RMB is storedin the
ConstantPool  within the methodinvocationFrame. The optimizedroutinewill use
the storedRMB asthe EMB andinvoke the methoddirectly.

invokevirtual _quick and invokevirtualObject _quick

The offsetvalueis retrieved from the RMB andstoredin the ConstantPool  within
the methodinvocationFrame . The optimizedroutinewill usethe storedvalueasthe slot
numberto retrieve themostspeci ¢ methodfrom the VMT of thecurrentclassasthe EMB

for execution.

invokevirtual _quick_w

A pointerto the RMB is storedin the ConstantPool  within the methodinvocation
Frame. The optimizedroutine will usethe offset value storedin the RMB as the slot
numberto retrieve themostspeci ¢ methodfrom the VMT of thecurrentclassasthe EMB

for execution.

invokeinterface quick

A pointerto the RMB is storedin the ConstantPool  within the methodinvoca-
tion Frame. Recallthata Method Block containsa eld which pointsto the methods
containingclass( 5.3.1)which shouldbe aninterfacefor the RMB, for the bytecodein-
vokeinterfice All methodsin the MT of aninterfacehave an offset value, which is the
ordinalwithin the MT.

The optimizedroutinewill invoke a searchin the IMT of the currentclassfor thein-
terface which is the sameas the method$ containingclassfor the RMB storedin the
ConstantPool  within the methodinvocationFrame. Oncethe interfaceis locatedin
theMT, theoffsetvalueretrievedfrom the RMB is usedasanindex to thearrayof offsets

to obtainthe slot numberfor retrieving the EMB from the currentVMT for execution.

invokesuperquick

The offsetvalueis retrieved from the RMB andstoredin the ConstantPool  within

the methodinvocationFrame. The optimizedroutinewill usethe storedvalueastheslot
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numberto retrieve the mostspeci ¢ methodfrom the VMT of the superclassisthe EMB

for execution.

invokenorvirtual _quick

A pointerto the RMB is storedin the ConstantPool  within the methodinvocation
Frame . Theoptimizedroutinewill usethestoredRMB asthe EMB andinvoke themethod

directly.

Bytecodefor multisuper call

Ultimately, only a modi ed invokespecialis suitablefor a multisupercall. The se-
manticsof multisupercall requirethat the methodto be invoked mustbe declaredin an
implementatiowhich is inheritedby the currentclasseitherdirectly or indirectly. Among
thefour original executionbytecodesonly invokestaticand invokespecialarereplacedoy
quick-edbytecodeshatdo notretrieve the EMB from the currentVMT. Sinceinvokestatic
doesnot have the provision for the this  pointer which is neededby a multisupercall,
invokespecialis thereforechoserfor multisupercall. However, the methodlookup proce-
durefor invokespecialonly searcheshe MT alongthe chainof supeclassesnot thoseof
the superinterfacesA changeto the procedurds requiredto accommodat¢he extended
semanticof invokespeciako include multisupercall. The changes describedn thefol-

lowing section.

5.4.5 Multisuper call
Method lookup

In classicJava, themethodookupprocedurestartsthesearctor theRMB in theMT of
thetamgetclass.Whenthe RMB is located the offsetvaluestoredin the Method Block
will beusedto retrieve themethodreferencedhn thecorrespondinglotin theVMTs of both
the currentclassandthe supeclass If thetwo methodsarethe same the quick bytecode
invokenowirtual_quick is used;otherwise jnvokesuperquick is used.

In MCl-Java, invokespecials alsousedfor multisupercall. In this casethetamgetclass
is animplementatiorat the sourcecodelevel andaninterfaceatthe VM level. The offset
value storedin the Method Block is only anindex to the array of offset valuesin the
itable  ( 5.3.3)of the IMT. The offset valueis not a true slot numberin the VMT. To

avoid choosingawrong EMB, theoriginal procedureés modi ed asdescribedelow.
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When the RMB containsa private methodor the tamget classis a classand not an
implementatior(i.e., an interfacewith code),the original procedureds followed because
the bytecodes usedfor its original semanticsn classicJava for a supercall, or to invoke
a private method. Whenthe tamget classis animplementationthe bytecodeis usedfor a
multisupercall. The proceduredescribedn Section5.4.4is redirectedto a nev lookup

routine.

In the original procedurea Tag is usedin the RCP to indicate whetheror not the
methodto beinvokedis aninterfacemethod.TheTag is retrieved by thelookupprocedure
asthevalueof atemporaryariable.If it is thevaluefor aninterfacemethod,asin thecase
of invokeinterfice thesearchfor themethodwill beconductedn theMT of theinterfaces

listedin thelMT of thecurrentclassonly. Thenew routinemakesuseof thisspecialfeature.

Normally, invokespecialcomeswith a methodreferencelag, insteadof aninterface
methodreferenceTag. Oncethe tamget classis known to be an interface (for animple-
mentation after resolution,the value of the temporaryvariableis changedto the value
for an interface methodreference so that the routine for searchingonly the IMT of the
tamget classis used. The RMB locatedin one of the superimplementationis put in the
run-timeConstantPool  replacingthe original symbolicentry andapointerto the RMB
is putin the ConstantPool  within the methodinvocationFrame, aswell. The quick-
ed bytecodeinvokenowirtual_quick replaceshe original bytecodeinvokespecial Recall
thatinvokenorvirtual_quick usesthe storedRMB asthe EMB for directexecution.Thus,a
methoddeclaredn oneof theimplementationi the superimplementatiotreeis executed

asrequiredby the extendedsemanticof invokespecial

5.4.6 Examplescenarios

In thissection|t is shavn thatthemodi ed methodookupmechanisnis ableto locate
the correctEMB for execution. Severalinheritancescenariosasshavn in Figure5.5, are
usedfor thisempiricalveri cation. Thesescenariogretakenfrom thecollectiondiscussed

in AppendixD, usingthe samescenaricmumbers.

Table5.3shavstheveri cation results.It is assumedhatc is aninstanceof Cwhile a
andb areobjectinstancesaving statictypesof A andB respecirely. With the helpof the
VMTs huilt for implementationsandthe modi ed resolutionprocedurethe EMB located
for eachscenaricandcall combinationfollows whatis expectedusingthe new semantics
of MCI-Java.
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Scenarid3 Scenaridlla Scenaridllb Scenaridl7

Figure5.5: Selectednultiple codeinheritancescenariogrom Figure4.4

5.4.7 Recompilation of a supertype

The Java platform permitsthe recompilationof anindividual module(i.e., a .java le)
withoutrequiringtherecompilationof all otherrelateddeclarationsAccordingto the JVM
Speci cation,all JVM implementationshouldbe ableto take into accountall thechanges
as a result of the recompilation,and still be able to invoke the most speci ¢ methodat
run-time for eachinvocationbytecode. The following discussiongreferringto scenarios
depictedin Figure5.5) areintendedto verify thatthe dynamicsemanticsare followed in

MCI-Java, sinceno subclasss forcedto berecompiledaftera supeclassis recompiled.

Scenario3

SupposehatB is recompiledto inserta new overridingimplementatiorfor m() . The
slotin the VMT of Cfor themethodm() shouldpointto a cloneof the Method Block
B::m() . Thedynamicsemanticss still followed for all threeinstancemethodinvocation
bytecodes.

For the instructioninvokevirtual A::m() , themethodlook up processnds A::m()
asthe RMB whoseoffsetvalueallows the JVM to locateB::m() in theVMT of C asthe
EMB, andthusit is dispatchedn responsd¢o themessage.m() .

The searchprocessfor invokeinterfice A::m() startsfrom the tamget classA. The
searchocatesA::m() asthe RMB. Offsetlookupin theIMT of Cresultsin anindex to
the VMT of C. The VMT entry pointsto B::m() , andthusit becomeghe EMB andis

executed.
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Scenario CompilerOutput \ExecutionMethod Block (EMB)
Messagesent.c.m()

Scenarid3 invokevirtual A::m() A::m()
Scenaridlla || invokevirtual A::m() A:m()
Scenaridllb | invokevirtual A::m() A:m()
Scenariadl? invokevirtual D::m() D::m()

Messagesent:a.m()

Scenarid3 || invokeinterbiceA::m() A:m()
Scenaridlla || invokeinterfice A::m() A:m()
Scenaridllb || invokeinterfice A::m() A:m()
Scenaridl? || invokeinterbceD:.:m() D::m()

Messagesent:b.m()

Scenarid3 || invokeinterficeA::m() A:m()
Scenaridlla || invokeinterficeB::m() A:m()
Scenaridllb || invokeinterficeB::m() A:m()
Scenaridl? || invokeinterbiceD::m() D::m()

Messagesent:c.super(A).m()

Scenaria3 invokespeciaB::m() A:m()
Scenaridlla || invokespecialA::m() A:m()
Scenaridllb || invokespecialA::m() A:m()
Scenaridl? invokespecialA::m() D::m()

Messagesent:c.super(B).m()

Scenarid3 invokespeciaB:.m() A::m()
Scenaridlla || invokespeciaB::m() A:m()
Scenaridllb || invokespeciaB::m() A:m()

Scenarial? invokespeciaB::m() D::m()

Table5.3: Resultsof EMB lookup

B is alwaysthe tamget classfor a multisupercall andthusthe instructioninvokespecial
B::.m() .ItiseasytoseethatB::m() will beidenti ed asthe EMB (aftertherecompila-

tion of B) by the searctprocessandis executedasaresult.

Scenariosllaand 11b

AssumethatA is recompiledo remove theimplementatiorfor m() . Beforetherecom-
pilation,theVMT of Cshouldcontainaslotpointingto acloneof A::m() whichoverrides
B::m() intheoriginalcontet. After recompilationthisslotpointsto acloneof B::m()

It is notdif cult to seethatbothinvokevirtual andinvokeinterficewill executeB::m()

For invokespeciglafterrecompilationB::m()  will belocatedasthe EMB whetherA

or Bis theoriginal taigetclassbecausd existsin theIMT of bothA andB. Thereforethe

correctmethodis dispatchedor all threeinvocationsafterrecompilation.
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Scenariol?

If only A is recompiledto inserta new overridingimplementatiorfor m() , theslotin
theVMT of Cpointstoacloneof A::m() becausef therelaxedmultiple codeinheritance
schemeThus,A::m() is executedfor bothinvokevirtual andinvokeinterce

Becaus®f themethodookupmechanisnfor invokespeciglA::m()  will belocatedas
the EMB andexecutedor theinstructioninvokespecialA::m() .D::m() will belocated
asthe EMB for invokespecialB::m() . If only B is recompiledto inserta nen overrid-
ing implementatiorfor m() insteadB::m() is executedfor invokespeciaB::m() and
D::m() isexecutedor invokespecialA::m()

If both A andB arerecompiledwithout recompilingall others,anambiguityexception
is throvn becauseahe con ict betweenA::m() andB::m() cannotbe resohed when

building the VMT for C, evenunderthe relaxed multiple codeinheritance

Conclusion

Themodi ed methodlookup proceduras ableto nd themostspeci ¢ methodat run-
time, even after the recompilationof the supertypedor eachof the scenariodiscussed
abore. Themodi ed JVM in MCI-Java will throw anexceptionif therecompilationcauses

unresolablecon ict.

5.5 Summary

In this chapterthe modi cationsto the Java virtual maching(JVM) arediscussedThe

modi cationsrequiredto supportMCl-Javainclude:

1. VMTs areaddedto theClassClass  structureof implementationso supportmul-
tiple codeinheritancein MCI-Java. The useof the Virtual Method Table
(VMT) for classesnly in classicJava is extendedin MCI-Java to be appliedto in-
terfaceswith code. It is built for an implementatiorto handlemethodinheritance
betweerimplementationsandto facilitatetheintroductionof methodseclaredn an

implementatiorinto theinheritancanechanisnin the classhierarchy

2. Thenew multisupercall is representedsingthe methodinvocationbytecodanvoke-
specialin MCl-Java, taking an immediatesuperimplementatioas the tamget class
for methodlookup. Whenthe bytecodenvokespecialks usedfor a multisupercall, a

localandminor changds madeto the original lookup procedurdo nd theresohed
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Method Block (RMB) andexecutionMethod Block (EMB), sothattheorigi-

nal proceduras redirectedo follow thatfor searchinganinterfacemethod.

In the chapterthat follows, the designandimplementatiorof MCI-Java will be eval-
uatedagainstthe criteriasetout in Section3.1in termsof compatibility correctnessand

run-timeperformance.
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Chapter 6

Empirical evaluation

In this chapter sereral empiricaltestsdemonstratehat the MCl-Java VM — a modi-
ed versionof Suns JVM for Java 2 SDK 1.2.2— andthe modi ed IBM Jikes Compiler
arecompatiblewith their original programsyielding correctresults,asexpected,with no
performancelegradatiorwhencomparedvith the performancef the original programs.

Cutumisu[15] refactorsthejava.io  packageo take adwvantageof multiple codein-
heritance with techniquedo be discussedelon. The .class les for the refactored
classesare generatedy compiling the codeusingthe modi ed IBM Jikescompiler and
appliedusingthe MCIl-Java VM. Throughthetests,it is foundthat invokespecialis better
suitedfor a multisupercall thanthe bytecodenvokeinterfice

Theimplementatiorof MCl-Javais evaluatedagainsthe criteriasetoutin Section3.1,
in termsof compatibility correctnesandrun-timeperformance.

Thenew languagdeaturef MCI-Java areappliedto thestandardavarun-timelibrary
(the le rt.jar), to demonstratéiow they canassistin softwareengineering.The effect of
refactoringsomeclassesn the packaggava.io  is alsodiscussedn this chapter

As pointedoutin Section3.1,the original semanticof Jara shouldnot be changedn
MCI-Java, andthe semantic®f the new featuresshouldnot bein con ict with thoseof the
existing featuresof classicJava. Thesecriteria are evaluatedin this chapterin termsof
compatibilityandcorrectness.

Finally, theperformancef theneny VM atrun-timeis comparedvith thatof theoriginal

VM in machinesunningthe Linux operatingsystem.

6.1 Compatibility of MCI-J ava for unmodi ed Java programs

The demonstratiorpackagelava2D accompaying Sun's Java 2 SDK 1.2.2[3] was

executedusingthe VM of boththe classicJava and MClI-Java. Both executionsgave the
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sameoutput.

Thejava packagesrom theclassicJavalibrary werecompiledusingboththeoriginal
andmodi ed versionof Jikes' andthe original javac (from SUN JDK 1.2.2),usingthe
standarcclasslibrary without ary refactoring. Then,the .class les sogeneratedare
compared.Useof thediff programhelpsto verify that both the original and modi ed
versionsof eachcompilergeneratedhe sameoutput.

It canthereforebe concludedhatthe modi ed compilerandVM arecompatiblewith

theoriginalunmodi ed versions.

6.2 Correctnesf MCI-J ava generatedcode

Thetestfor compatibilitymentionedn the previous sectionindicateshatthe modi ed
Jikesandthe VM of MCI-Java give correctresultsexecutinglegag/ code. To verify the
correctnessvith thenen semanticsthe 17 scenario®f multiple codeinheritancediscussed
in AppendixD arecoded,compiledusingthe modi ed Jikes,andexecutedusingthe VM
of MCl-Java. In eachof thetests the executionresultsareexactly the sameasdescribedn
AppendixD.

Theissueof recompilationasdiscussedn Section5.4.7is alsotested. The scenarios
describedn thatsectionare codedandcompiledusingthe modi ed Jikes. The execution

of thegenerateadode,usingMCl-Java VM, givesthe expectedresultin all cases.

6.3 Refactoringlegacycode

In MCI-Java, a new referencetype implementationis available for programmergo
useasa separateode-typelnsteadof usingonesingleimplementation-typeéhey cannow
separateodefrom datalayoutdeclarationmakingit easielto re-usecommoncode.

It isalsoimportantto beableto refactorexisting referenceaypes sothatfutureprograms
usingexisting classexandeplo thenew languagdeaturegprovidedby MCI-Java. Several

techniquesreusedby Cutumisu15] to refactorlegag/ code,andthey aredescribedelow.

6.3.1 Duplicate codepromotion

The simplestscenarios whentwo implementation®f a methodcontainexactly the
samecode. The duplicatedcodeis promotedto a methoddeclaredn animplementation

The two classesholding the duplicatedcode are then declaredto utilize this newly

1IBM Jikes1.15Compilet
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1 public class DatalnputStream
2
3 public  final  static String  readUTF(Datalnput in) throws IOException
4 code to be shared
5
6 public  final String readUTF() throws |OException
7 return  readUTF(this);
8
9
10
11 public class RandomAccessFile
12
13 public  final String readUTF() throws |OException
14 return  DatalnputStream.readUTF(this);
15
16
(a) Codebeforerefactoring
1 public implementation InputCode
2
3 public  final String readUTF() throws |OException
4 code to be shared
5
6
7
8 public class DatalnputStream utilizes InputCode
9
10 public  final  static String  readUTF(Datalnput in) throws IOException
11 return  in.readUTF();
12
13
14
15 public class RandomAccessFile utilizes InputCode
16

(b) Codeafterrefactoring

Figure6.1: Examplefor staticmethodpromotion

createdmplementationThe promotedcodeis invoked wheneer aninstanceof eitherone

of thetwo classess senta messagéor the promotedmethod.

6.3.2 Static method promotion

Whentwo classedelongto two differentinheritancehierarchiesijt is impossiblefor
themto sharecodeby virtue of inheritancerelationshipbetweenthe two classes In this
situation, a static methodis usedto containthe commoncode, so that the code can be
accessedia a static methodcall, by instancesf the two classes Figure 6.1 shavs an
exampleof applyingthe static methodpromotiontechniqueto refactortwo classesn the
java.io  package.

In Figure6.1(a),DatalnputStrea  m(line 1) andRandomAccessFi le (line 11)
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belongto two differentinheritancehierarchiesCommoncodesharedetweerthemis kept
in the staticmethodreadUTF() (line 3), which is a memberof DatalnputStream
Eachof thetwo classediasaninstancemethodreadUTF() (lines6 and13)implemented
by invoking the staticmethodpassinghe recever objectitself asan agumentto theinvo-
cation.

Insteadof keepingthe sharedcodein a static methodin one of the involved classes
(DatalnputStream in this case)thecommoncodeis now promotedasshavn in Fig-
ure6.1(b),to becomea methodin the newly createdmplementationnputCode (line 1)
from which both classeautilize (lines 8 and 15) for multiple codeinheritance.How-
ever, thereis still a staticmethodin DatalnputStream (line 10), sothatlegag/ code
usingthe original static methodcan be executed. The original codein the static method
is now replacedwith a messagé€line 11) sentto the recever object, which is passeds
an argumentto the static method. This will invoke the promotedinstancemethodin the

commonimplementation

6.3.3 Pre x method promotion

Figure 6.2 shavs an example of applyingthe pre x methodpromotiontechniqueto
thejava.io  package.This techniqueds usefulwhentwo methodimplementationhave
identicalcode,differing only in somevariableswhosevaluesareresultsof a setof class-
dependentomputation. The computationis performedbeforethe commoncodeis exe-
cuted.

In Figure6.2(a) two classes DatalnputStream  andRandomAccessFile (lines
1 and21) - have their own implementationgor the methodreadint() (line 3 and23).
It canbe seenthatthe two implementationfiave identicalcodeexceptfor thelocal vari-
ablein (lines5 - 9) usedin DatalnputStream , andthis (lines 25 - 29) usedin
RandomAccessFil e.In DatalnputStrea  mthevariablein istheresultof thecom-
putationin line 5.

In Figure6.2(b),a new interface(Source ) (line 1) is createdo sene asthecommon
interfacefor thetwo involved classesRandomAccessFil e andDatalnputStream
aswell asthe newly createdmplementation- InputCode . A method(source() )is
declaredn Source (line 2) for the classdependentomputation.Eachclassthenimple-
mentsthis interface methodusing its uniquecode (lines 8 and 16). The commoncode,
togethemwith the classdependentomputationembeddedh theimplementatiorof thein-

terfacemethod lines 27 - 30), is thenpromotedto becomethe methodreadint() (line

70



1 public class DatalnputStream 21 public class RandomAccessFile
2 22
3 public  final int readint() 23 public  final int  readint()
4 throws  |OException 24 throws  IOException
5 InputStream in = this.in; 25
6 int  chl = in.read(); 26 int chl = this.read();
7 int  ch2 = in.read(); 27 int ch2 = this.read();
8 int  ch3 = in.read(); 28 int ch3 = this.read();
9 int  ch4 = in.read(); 29 int ch4 = this.read();
10 if ( (chl|ch2|ch3|ch4) <0) 30 if ( (chl|ch2|ch3|ch4) <0)
11 throw new EOFException(); 31 throw new EOFException();
12 32
13 return  (chl << 24) + 33 return  (chl << 24) +
14 (ch2 << 16) + 34 (ch2 << 16) +
15 (ch3 << 8) + 35 (ch3 << 8) +
16 (chd << 0); 36 (ch4 << 0);
17 37
18 38
(a) Codebeforerefactoring
1 public interface Source 21 public implementation InputCode
2 public  Source source(); 22 implements  Source
3 23
4 public class DatalnputStream 24 public  final int  readint()
5 implements  Source 25 throws IOException
6 utilizes InputCode 26
7 27 int chl = this.source().read();
8 public  Source source() 28 int  ch2 = this.source().read();
9 return  this.in; 29 int  ch3 = this.source().read();
10 30 int  ch4 = this.source().read();
11 31 if ( (chllch2|ch3|ch4) <0)
12 public class RandomAccessFile 32 throw new EOFException();
13 implements  Source 33
14 utilizes InputCode 34 return  (chl << 24) +
15 35 (ch2 << 16) +
16 public  Source source() 36 (ch3 << 8) +
17 return  this; 37 (chd << 0);
18 38
19 39

(b) Codeafterrefactoring

Figure6.2: Examplefor pre x methodpromotion

24)in InputCode

6.3.4 Supersufx method

Figure 6.3 depictsan examplein which the supersufx methodpromotiontechnique

is deplored. In Figure 6.3(a), DataOutputStrea

promotion

mand RandomAccesskFil

1 and21) have essentiallysimilar implementationgor the samemethod- writelnt()

(lines3 and23). Thetwo implementationgliffer only in someepiloguestatementglines

10 and30). The useof anadditionallocal variableout in DatalnputStream
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1 public class DataOutputStream 21 public class RandomAccessFile
2 22
3 public  final  void writelnt(int V) 23 public  final  void writelnt(int V)
4 throws IOException 24 throws IOException
5 OutputStream  out = this.out; 25
6 out.write((v >>> 24) & OxFF); 26 write((v >>> 24) & OxFF);
7 out.write((v >>> 16) & OxFF); 27 write((v >>> 16) & OxFF);
8 out.write((v >>> 8) & OxFF); 28 write((v >>> 8) & OxFF);
9 out.write((v >>> 0) & OxFF); 29 write((v >>> 0) & OxFF);
10 incCount(4); 30
11 31
12 32
(a) Codebeforerefactoring

1 public class DataOutputStream implements  Sink utilizes OutputCode

2

3 public  Sink sink()

4 return  this.out;

5

6 public  final  void writelnt(int v) throws IOException

7 super(OutputCode).writelnt(int v);

8 incCount(4);

9

10

11

12 public class RandomAccessFile implements Sink utilizes OutputCode

13

14 public  Sink sink()

15 return  this;

16

17

18

19 public interface Sink

20 public  Sink sink();

21

22

23 public  implementation OutputCode

24

25 public  final  void writelnt(int v) throws IOException

26 Sink out = this.sink();

27 out.write((v >>> 24) & OxFF);

28 out.write((v >>> 16) & OxFF);

29 out.write((v >>> 8) & OxFF);

30 out.write((v >>> 0) & OxFF);

31

32

(b) Codeafterrefactoring

Figure6.3: Examplefor supersufx methodpromotion

handledusingthe pre x methodpromotiontechniquedescribedn the previous section.

Thecommoncodein Figure6.3(a)is factoredout asthe body of writelnt()

In Figure6.3(b),OutputCode (line 23) is a newly createccommonimplementation
(line 25) -

declaredn OutputCode . Theepiloguestatementstayin themethodbodyof theoriginal
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Object

extends extends

InputStream OutputStream
extends extends

Filterinput FilterOutput
Stream Datalnput DataOutput Stream

N v

extends implements implements  implements implements extends

DatalnputStream RandomAccessFile DataOutputStream

Figure6.4: Hierarchyof the classedor datainput/outputbeforerefactoring

instancemethoddeclaredn therespectie classeqline 8). The commoncodeis invoked
using a multisupercall beforethe epiloguestatementsre executed(line 7). Sink (line
19), which actsasa commoninterface is introducedto de ne the methodsink()  (line
20) for the classdependentomputationasa partof the pre x methodpromotionscheme

to handlethelocal variableout in DatalnputStream

6.4 Refactoringthejava.io package

Figure6.4depictstheinheritancénhierarchyof theoriginaljava.io  packageshawving
only the classesnvolved with datainput andoutput. The classesarenow refactored(the
hierarchyof therefactoredclasseds shavn in Figure6.6), usingthetechniquegliscussed
in the previous section— resultingin a signi cant reductionin the total codesizeandthe
total numberof declarednethods.The mostimportantimpactof thisrefactoringprocesss
thattherefactoredcodeis easierto understandyraceandmaintain.

TheinterfaceDatalnput  hasl15 declaredabstracimethods.Thesemethodsareim-
plementedn two classes DatalnputStrea  mand RandomAccessFil e. Among
them, 13 methodshave similar implementationsn both classes Several of thetechniques

discussedn the previous sectioncanbe usedto move commoncodeinto onelocationfor
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Duplicate codepromotion Pre x method promotion

readFully(byte[ ], int ,i nt) | readByte()

readFully(byte[ ) readUnsignedByte ()

readFloat() readShort()

readDouble() readUnsignedShor  t( )
readint()

Static method promotion readBoolean()
readLong()

readUTF() readChar()

Table 6.1: Commoncode grouping by promotiontechniquefor datainput methodsin
DatalnputStream  andRandomAccessFil e

Duplicate codepromotion writeFloat()

writeDouble()

Supersuf x method promotion | write(byte[],i nt ,in t)
write(byte[])
writeBoolean()

writeByte()

writeShort()

writelnt()

writeLong()

writeChar()

Table 6.2: Commoncodegroupingby promotiontechniquefor dataoutput methodsin
DataOutputStrea  mandRandomAccessFile

sharingby bothclassesThemethodsanbegroupedaccordingo theapplicablepromotion

techniquesasdiscussedh the previous sectionandshavn in Table6.1.

Similarly, the interface DataOutput has 14 declaredabstractmethods,which are
implementedby DataOutputStrea  mand RandomAccessFi le . Amongthem, 10
methodshave similarimplementationgn bothclassesAccordingto theapplicablepromo-
tion techniguesthesemethodscanbegroupedasshavn in Table6.2.

As discussedn Section6.3, two implementationglnputCode andOutputCode )
arecreatedo hold the promotedcommoncode,while two newly creatednterfaceqSink
andSource ) provide thecommoninterfacefor generalizationFigure6.5 shavs the mod-
i ed declarationlines for all the classesimplementationgnd interfacesinvolved. The
hierarchytreeof therefactoredpackageas shavn in Figure6.6. The classesandinterfaces
providedin the standarctlasslibrary rt.jar arereplacedoy therefactoredones—including

the newly createdmplementationgndinterfaces— to createa new run-timeclasslibrary,
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newly created types:

public interface Source
public interface Sink
public  implementation InputCode implements  Datalnput, Source
public  implementation OutputCode implements DataOutput, Sink

modified  types:

public  abstract class InputStream  implements Source
public class FilterinputStream extends InputStream
public class DatalnputStream extends FilterlnputStream utilizes InputCode

public  abstract class OutputStream implements  Sink

public class FilterOutputStream extends OutputStream
public class DatalnputStream extends FilterOutputStream utilizes OutputCode
public class RandomAccessFile utilizes InputCode,  OutputCode

Figure6.5: Modi ed declarationdor datainput/outputtypesin thejava.io  package

miRt.jar, for usein MCI-Java. Sourcecodefor theaffectedinterfacesimplementationand
classesreincludedin AppendixE.

The effect of refactoringthe java.io  packagen reducingthe numberof methods
usedaswell asthe codesize,hasbeentalulatedbelav in Tables6.3and6.4 (with abbrevi-
atedclassnames).Thetablesarebasedntheraw datalistedin AppendixE. Themeaning

of theabbreiationsare:
1. RAFstanddor RandomAccessFile
2. DIS standdor DatalnputStream
3. DOSstanddor DataOutputStream
4. IC standdor InputCode
5. OCstanddor OutputCode

Theapparentow reductiorratein thenumbermf methodsusedn DataOutputStrea m
(asre ectedin Table6.3)is dueto thefactthat 6 of the 8 promotablemethodscontainan
extra line of codeuniqueto this class makingit necessaryo retaina methoddeclaration
for thesufx. However the numberof methodsdeclaredn the othertwo classesnamely

DatalnputStream  andRandomAccessFil e, arevery signi cantly reduced.
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Object

i

extends

Source

implements

extends

[ Datalnput J [ DataOutput J implements
implements / N implements
InputStream OutputStream

implements implements

extends extends
Filterinput FilterOutput

Stream InputCode OutputCode Stream

7’ N 7’ N
7 ~ ~
extends utilizes utilizes utilizes utilizes extends
- ~ - ~

7’ N 7’ AN

| |
AN , v

RandomAccessFile

DatalnputStream DataOutputStream

Interface

Figure6.6: Hierarchyof the classedor datainput/output

Class RAF DIS DOS
Methodtype Before | After | Before | After | Before | After
Constructors 3 3 1 1 1 1
Native methods 11 11 0 0 0 0
Non-nate methods 31 10 18 62 16 15°
Total 45 24 19 7 17 16
Percentageeductionin methods 46.67% 63.16% 5.88%

#a 1-line staticmethodis keptfor compatibility purposes
b6 of themethodscontainonly 2 linesof codeaftersupersufx methodpromotion

Table6.3: Changdn thenumberof methodsasa resultof refactoring

It canalsobeseernfrom Table6.4thatthereis asigni cant reductionin the codesizein

eachof theinvolved classesandin the overall total.
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Class RAF | DIS | DOS| IC | OC| Overall
Linesnotinvolvedin themethods| 93 42 54 - - 189
Totallinesbeforerefactoring 158 | 127 84 - - 369
Totalllinesafterrefactoring 93 44 67 | 82| 27 313
Percentag®eductionin lines 41.14 | 65.35| 25.37| - - 15.18

Table6.4: Changdn thenumberof lines of codeasa resultof refactoring

6.5 Performanceof Jikesand MCI-J ava VM

Oneof the concernsaboutMCl-Java is the dggradationin performancecausedy the
modi cationsperformedon JikesandtheJavaVM. Thedetailsof thetwo testsareprovided
in thefollowing sections.Testresultsshav thatthe modi cations have neggligible effecton

the performancef boththe compilerandthe Java VM.

6.5.1 Compiler test

Theoriginal sourceles for theentirejava packagereusedasthesourceles. They

arecompiledusingthefollowing compilers:
1. javac runningin classicJava
2. javac runningin MCl-Java
3. theunmodi ed Jikes
4. themodi ed Jikes

All four compilersusetheoriginalrun-timelibrary rt.jar asthebootclasdibrary for
compilation.For eachcompilation,theoutputis storedin a separatéocationandcompared
usingthesystemprogramdiff . As theoutputfrom Jikesandjavac aredifferent,diff
is only appliedto compareoutputfrom the samefamily of compilers. The result(stated
in the previous section)is that thereis no differencein outputbetweenthe original and
modi ed versions A total of 100runsis takenfor eachcompilerin a Linux machineusing
AMD Athlon XP1800+1.5GHzCPU with 256KB cache.The 400 compilationsaredone
in a continuousmodewith eachcompilertakingturnssothattherisk of performancédeing
affectedby backgroundorocessess spreadevenly amongthem. The procesdimeswere
reportedusingthe systenfunctiontime , andtheresultsaretatulatedin Table6.5.

The smallvaluesin the standarddeviation columnindicatethat the procesgimesare

very consistenbetweerruns. Comparinghemeantimesfor javac runningin classiclava
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javac jikes
classicJava MCI-Java original modi ed
mean | stddev | mean | stddev | mean| stddev | mean| stddev
real | 64.581| 0.474 | 63.645| 0.463 | 3.082| 0.085 | 3.085| 0.107
user| 61.990| 0.418 | 61.024| 0.180 | 1.769| 0.075 | 1.772| 0.075
sys | 0.513 | 0.071 | 0.488 | 0.066 | 0.247| 0.040 | 0.247| 0.042
Unit of measureseconds

Table6.5: Compilerperformance&omparison

andMCl-Java (64.581vs 63.645and 61.990vs 61.024)shav thatthereis no signi cant
differencein performancéetweerthetwo versionsof javac . However, the lower mean
time for javac in MCl-Java is not anindicationthatit is performingbetterthanthe one
in classicJava, because¢he diferencesarewithin the standardieviation ranges.Themean
timesfor Jikes(3.082vs 3.085and1.769vs 1.772)shav thatthe performancesf thetwo
versionsof Jikesarebasicallyidentical. It canbe concludedhatthemodi cations madeto
JikesandtheJara VM have negligible effect on the performancef boththe compilersand
theJara VM.

6.5.2 1/O testusingrefactored I/O classes

This testis primarily designedo testtherefactoredjava.io  package.Thetestpro-
grambagins by writing a seriesof doubleprecisionvalues,ntegervalues charactervalues
andstringvaluesto aninstanceof DataOutputStre  am Theprocesss repeated0,000
times. Thedata le is thenclosedandreopenedasaninstanceof DatalnputStream
Thedataarereadfromthe le, line by line, andwrittento anotherle, openedsaninstance
of aRandomAccessFil e. Aftertheentire le iscompletely‘copied”, dataarereadfrom
the instanceof RandomAccessFil e with the numericalvaluesusedto computea sum
for the correctnessheckandthe correctnesss veri ed. All the refactoredmethodsare
invoked duringthe programexecution.

The testis performedon the samemachinethat is usedfor the compilertest. The
programis runin the VM of bothclassicJavta andMClI-Java 200times,consecutiely and
alternately in orderto distribute the risks of backgroundprocessesffecting the process
times. The procesdimesare recordedusingthe systemfunctiontime . The resultsare
tatulatedin Table6.6. Whenthetestprogramis run ontheclassicVM, it usestheoriginal
java.io  packageWhenit is runin MCI-Java, it usestherefactoredava.io  package

thattakesadwantageof multiple codeinheritance.
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classicJVM MCl-JavaVM
meantime | stddeviation | meantime | stddeviation
real | 83.7807 2.6350 83.0003 2.4774
user| 37.5243 0.5530 37.2336 0.5196
sys | 45.9405 2.3724 45.4318 2.2410
Unit of measureseconds

Table6.6: VM performanceomparison

The greatervariationsin performanceasre ected in the value of the standarddevia-
tion for realtime (2.6350and2.4774),are mainly dueto the /O componenbf the tests.
It canbe seenthatthe procesgimesfor the non /O partarevery consisten{standardie-
viations 0.5530and 0.5196). Despitethe greatervariationsin the overall procesgimes,
they demonstratsimilar distribution patternswith very little differencesn the meanand
standarddeviation values. The meanrealtimesare83.7807and83.003,with standardle-
viations2.6350and2.4774. The meanusertimesare37.5243and 37.2336with standard
deviations 0.5530and 0.5196. The numbersshav that thereis no signi cant difference
betweerthe performancef theclassicJVM andMCl-Java VM. Basedonthis obseration,
it canbe concludedhatthe modi cations madeto the Java VM andtherefactoredclasses

have no signi cant effect onthe overall performance.

6.6 Summary

It hasbeendemonstratedn this chapterthat legag/ code can be refactoredto take
advantageof the new featuresintroducedin MClI-Java, usingthe following four method

promotiontechniques:
1. Duplicatecodepromotion
2. Staticmethodpromotion
3. Pre x methodpromotion
4. Supersufx methodpromotion

Thetechniguesreappliedto theoriginaljava.io  packageRefactoringhassuccess-
fully reducedboththetotal codesizeandthe combinednumberof methodaused.

Throughthe varioustestsconductedit is shavn thatthe MCI-Java VM, the modi ed
versionof Suns JVM for Java 2 SDK 1.2.2 and the modi ed IBM Jikes Compiler are
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compatiblewith theoriginalprogramsgive correctresultsasexpectedand—mostimportant

of all — do notdegradethe performancavhencomparedvith the original programs.
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Chapter 7

Conclusions

The designandimplementatiorof MCI-Java, an extendedJava Virtual Machinesup-
portingmultiple codeinheritancehasbeenpresentedh thisdissertationThemodi cations
madeto thelBM JikesCompiler[4] to supporthenewly introducedsyntaxin MCl-Javaare
alsopresentedThis dissertations concludedvith adiscussiorontherelatedwork of other

researcherg summaryof thework done futuredirectionsandresearcltontrikutions.

7.1 Relatedwork

Mary researcherbhave beenworking on schemeshatallow multiple codeinheritance
in programmindanguage®riginally designedvith singleinheritance Someof theirwork

is discussedbelow.

7.1.1 Mixins

A mixin is a speci cationwith methods.It canbe usedto extendvariousclassesith
the samesetof features.

Mixin-basednheritanceproposedy BrachaandCook[9], seesamixin astheprimary
constructwhile inheritancds built from mixins. This conceptwasappliedto Modula-3.

Flattetel. [17] proposedapplicationof theconcepf mixinsto Java. In MIXEDJAVA,
amixin is viewed asa functionthat extendsa classby addingmethods.An atomicmixin
in MIXEDJAVA declaresa new mixin, while a compositemixin composesgwo existing
mixinsto createanew one.Thisideahasnotyetbeenimplementedn ary versionof Jasa.

Anconaetel. [7] extendsJava 1.0 with mixins. The translatorjamc translatesIAM
codeinto Java codeby mappinga mixin declarationinto aninterface. Every time a new
classis required jamc is invokedbeforejavac , thusmakingit avery expensve process.

Furthermorethevariablethis is forbiddenin mixinsin JAM.
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Thereis an excellentovervienv of mixins in [29] which illustratesthe fact that mixin
inheritancd9] doesnot work well whenmorethanonemixin is usedby a class because
“the mixins do not quite t together’[29]. Threemain problemswith mixins have been

identi ed, asdescribedelown:

1. Linearization- Mixin-basedinheritance proposedy BrachaandCook|[9], requires
explicit linearizationof the mixins. A classis viewed asa compositionof mixins.
When attributesarein con ict, the onefrom the newly addedmixin will override
the older ones. However, a suitabletotal order doesnot always exist for con ict
removal. The problemof total orderingdoesnot exist in MCI-Java, asinheritancds

symmetrical.

2. Mixin programming- Specialcode (glue code)is written to link mixins together
Gluecodereducese xibility andalsogivesriseto maintenancéssuesin MCl-Java,

glue codeis notneededandthereforehe associategroblemsdo not exist.

3. Fragilehierarchies A newly addedmethodmay have the unwantedside effect of
silently overriding anothermethod,thus changingsomebehaiours becausef the
requiredtotal ordering. Sincecon ict removal is hard coded,using glue code, a
changeto a mixin mustbe rippled acrossthe inheritancehierarchywhen a mixin
is usedin several places. Most of the problemsare solved in MCI-Java with the
multiSuperCalmechanisnandtheadoptionof the relaxed multiple codeinheritance
approacHor con ict resolution.Most of the errorsarereportedat load time during
the VMT building processandary errorsthat cannotbe determinedat load time
arehandledasexceptionsat run-time,therebyensuringthatthereareno unexpected

executions.

7.1.2 Traits

Scharli etel. [29] implementedraits asa solutionto multiple codeinheritancen the
Squealdialectof Smalltalk[20].

Traitsaresimilarto implementationproposedn thisdissertationn thefollowing areas:

1. Eachisacollectionof methodspossiblyinvoking methodghatareabstractintil they

arenatively de nedin aclientclass;
2. Eachcanbeusedby aclientclassto augmenits natively-de ned methods;
3. Eachcontainsno representatiomformation;
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4. A classcanusemorethanonetrait or implementation

However, the two solutionsto multiple codeinheritancehave the following major dif-

ferences:

1. Whena client classthat usesa trait is compiled, the non-overriddenmethodsare
attened into the client classby extendingthe methoddictionaryof the client class
with oneentryfor eachnon-orerriddenmethod.Theentriesin all methoddictionaries
usingthe sametrait point to a commoncodestoredin the trait which is a “hidden
class”. An implementations a rst-class languagdeaturewhich is not hiddenand

hasits own VMT for methodlookup.

2. Whena trait or a superclasss recompiled the client classis automaticallyrecom-
piled. This is madepossibleby the factthatall sourcecodesare storedin the same
Smalltalkimage.However, automatiaecompilatiorof theclientclassis notpossible

andis notrequiredin JavaandMCl-Java.

3. While both trait and implementatiorsolve the “diamond” inheritanceproblemby
declaringnocon ict, they handlepotentialcon ict differently Someareclassi edas
con icting scenariody traits, but notwith implementationsbecausef theadoption
of the relaxed multiple codeinheritanceapproach.They alsoselectthe methodto
beinvoked differently Methodsfrom traits take precedencever thosefrom super

classesbut implementationsreatmethodgrom all sourceghe same.

4. Theinheritancesemanticaisedin trait relieson compile-timebasedattening tech-
nique,which is dif cult to supportin Java becausef the inaccessibilityof source

codeatloadtime. Implementationfollows the dynamicsemantic®f Java.

7.1.3 Codein interface

Cutumisu[14 hasimplementecdcodein interfaceasa solutionto multiple codeinheri-
tancein SunJDK 1.2.2. This implementatiordiffers from the work presentedn this dis-

sertationin thefollowing areas:

1. Cutumisus implementatiorusedthe MirandaMethod" techniqueto inserta method
declaredin interfaceinto the VMT of aninheriting class No VMT is built for an

interface MCl-JavahasVMT for implementations interfaceswith code.

'In Suns JVM, anabstracmethoddeclaredn anabstracsuperclasss classi ed asthe MirandaMethod,
andis reseredaslotin the VMT for futureimplementatiorde ned in oneof the subclasses
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2. A specialscripting procesds designedo transformspeciallywritten program les

for interfacescontainingcodeinto binaryformat.class  les.

3. Themodi ed JVM hasto beoperatedn the“-noverify” mode,asthecodeveri er at

loadtime is notadjustedo accommodateodein interface.

7.2 Summary of work

Thisdissertatiorstartswith ascenaridllustratingtheneedfor multiple codeinheritance
and separatednterface-type code-typeanddata-type This improves expressienessand
allows programmersnore codere-use,avoiding duplicatedcode and resultingin fewer
maintenanc@roblems.

Subsequent)ya brief review of the currentJava technology with the emphasin its
weaknesses handlingmultiple representationand multiple behaior speci cations,is
given. Thedif culty in sharingcodeacrosgnheritancehierarchytreesis alsohighlighted.

MCI-Javais proposedsasolution.MCI-Java supportghetotal separatiorf interface-
type code-typeanddata-typewith theintroductionof, atthe sourcecodelevel, implemen-
tation - anew typedeclaringunit, andutilizes - anew keyword in the Java syntaxsig-
nifying inheritancerom animplementatiorpby a class The semantic®f the new construct
areexplainedin detail,with 17 scenariosllustratedfor elaboration As a sideeffect of the
languageextension,the multiSupercall mechanisms alsointroduced,with its semantics
fully explained.

To supportthe new languagesyntax,the IBM Jikes Compileris modi ed. A detailed
explanationof the modi cation follows a descriptionof the existing operationof the orig-
inal compiler Priorto describingthe modi cations madeto Sun's JVM by MCl-Java, the
operationof thosepartsof the JVM involved in methoddispatchareexplained.

Several experimentsare conductedo verify thatthe modi ed compilerbehaes cor
rectly in handlingcodewritten usingthe classicJava semanticsaswell asthe semantics
of MCI-Java. It is alsoveri ed thatthe modi ed JVM executescodecorrectly according
to the de ned semantics.No measurablalifferencein performancds found betweenthe

originalandthemodi ed compilerandVM.

7.3 Reseach contribution

Theresearcltontritutionsof this dissertatiorinclude:
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1. The rst implementatiorwith compilersupportto extendJavato supportthesepara-
tion of interface-typecode-typeanddata-type with aVM thatsupportscodegener
atedby the modi ed compiler The modi ed JVM is ableto supportveri cation of

codein interfaceswithout affectingthe original veri cation processes.

2. Languagesyntax changesare decoupledirom the modi cations in the VM. New
syntaxis introducedn the sourcecodelevel only. Themodi ed JVM canbeusedto
executeary codeproducedby ary compilerthatsupportscodein interfaces Simi-
larly, themodi ed IBM Jikescompilercanbe usedto supportary extensiondo Java

requiringthreeseparatéypedeclaringunits.

3. A supercall mechanisnsimilar to the onefoundin C++ is implementedwvith com-
piler support. This mechanismallows programmergo specify an inheritancepath
to the desiredmethodimplementation. Furthermore this mechanisnsupportsthe
dynamicJava semanticghat permitsrecompilationof ary one of the intermediate
classesandis still ableto locatethe mostspeci ¢ implementatiorfor invocationat

run-time.

4. An empiricalevaluationof the MCI-Java VM shaws thatthereis no measurablélif-

ferencen performancdetweertheoriginal JVM andthe MCI-Java JVM.

The mostimportantmodi cation to the JVM is the constructiorof the virtual method
table(VMT) for aninterface . Animplementation  ,thenewly introducedanguage
constructatthesourcecodelevel, is mappedo aninterfaceatthe VM level. Theconstruc-
tion of theVMT facilitatestheidenti cation of methodmplementatiorthatis visible atary
point of aninheritancetree. It alsohelpsto identify potentialinheritancecon ict atload
time.

All changedo the JVM and the Jikes compiler are localized. In the original JVM
all method-ivoking bytecodesare quick-edandthenexecutedusingthe highly optimized
modulewrittenin assemblyanguage The modulehasnot beenchangedndthealgorithm
for executingthe new multiSuperCallis designedn sucha way thatthe samemodulefor
quick-edbytecodesxecutioncanbe used.

This thesishas proposedand implementeda schemeto improve the expressieness
of the original Java platform. MCI-Java facilitatescode re-use,supportsthe separation
of inheritance,and allows programmerdo write less code without affecting the clarity

of their implementations.Existing programcode and classlibraries are not affectedby
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the modi cations, andthereis no measurableffect on performance.The modi ed Jikes
Compilerhasbeenveri ed to generateorrect.class  les for bothtraditionalprograms
and programsusing the proposednew features. Executionof the generatecdtodein the
modi ed JVM is shavn to becorrectfor the programsausingclassiclava semanticsaswell

asthoseusingthe nev multiple codeinheritanceandsupercall mechanisms.
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Appendix A

Abbreviations

Many abbreviations have beenusedin this thesis. Table A.1 is a collectionof these

abbr&iationswith theirwholeformsandmeanings.

Abbreviation | Whole form Meaning
EMB ( 5.4.4) Execution the “in memory” datastructureholding informa-
" 7| MethodBlock | tion aboutthe methodto beexecuted
EMT ( 4.3) Expanded an “in memory” symboltable for methodsused
' MethodTable by Jikesto handlecodeinheritance
IMT ( 5.3) Interface an“in memory”datastructureusecto identify the
' MethodTable slotnumberfor methodsdeclaredn aninterface
Java Virtual an abstractcomputingmachinein which a pro-
JVM ( 3.1) _ . )
Machine gramwrittenin Javaruns
an“in memory”datastructureusedto hold infor-
MT (5.3) MethodTable mationaboutall the methodsleclaredatype
Object Oriented a programml.ngparac_llgmln which a problemls
OOP( 1.1) . solved usinginteractve messageassingamong
Programming .
objects
RCP( 5.1.1) Run-time a run-_tlme symbol table inside the Java Virtual
Constanfool Machine
Resoled the “in memory” datastructureholding informa-
RMB ( 5.4.2) Mesr? \gBI K tion aboutthe methodreferredto by anentryin
ethodBloc therun-timeconstanpool
VM ( 3.3) Virtual Machine | anabstractomputingmachine
Virtual an“in memory”datastructureusecto identify the
VMT ( 5.3) . o
MethodTable mostspeci ¢ methodsvisiblein atype

TableA.1: Meaningof theabbreiationsused
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Appendix B

ClassFile Structure

Thenew schematidiagramof themodi ed class le structureis shavnin FigureB.1.
A new classaccessag (IMPLEMENTATION hasbeenaddedon top of the original ve.

As aresult,thelegitimateclassaccessags are:

1. PUBLIC

2. FINAL

3. SUPER

4. ABSTRACT
5. INTERFACE

6. IMPLEMENTATION
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Appendix C

The Grammar of MCI-J ava

C.1 Intr oduction

This chapterpresentsa grammarfor MCI-Java suitedfor a parser This versionis
basedon the Java grammarincludedin Chapterl8 of the book The Java  Language
Speci cation, secondedition (JLS) by JamesGosling, Bill Joy, Guy Steele,and Gilad
Bracha[18].

The startinggoal symbolis CompilationUnit The productionline hasbeenmarked
with 44 for easyidenti cation.

Similarto theoriginal Java grammaythe grammarbelon useshefollowing BNF-style
conventions:

* [X] denotegzeroor oneoccurrencesf x.

* x denotegzeroor moreoccurrencesf x.

* X y meanoneof eitherxory.
* keyword is anactualkeyword usedin MCI-Java.
This grammaifor MCI-Java, whichis includedin SectionC.2,is generatedhy modify-

ing the original Java grammar Changedo the original versionarerecordedas
1. additions,

2. remorals or

addednew non-terminal:
3 rulesfor theaddednon-terminal
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C.2 The Grammar of MCI-J ava

Identi er:
IDENTIFIER

Quali edldenti er:

Identier . ldentier

Literal:
IntegerLiteral
FloatingPointLiteral
CharacterLiterl
StringLiteral
BooleanLiteal
NullLiteral

Expression:
Expression]AssignmentOpeator Expression1]

AssignmentOpetor:

Type:
Identier .lIdentier BracketsOpt
BasicType

StatementExssion:
Expression

ConstantExpession:
Expression

Expressionl:
ExpressiondExpression1Rest]

Expression1Rest:
[ ? Expression Expression]]

Expression2
ExpressiondExpression2Rest]
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Expression2Rest:
In xop Expression3

Expressiondnstanceof  Type

In xop:

Expression3:
Pre xOp Expression3

(  Expr Type ) Expression3

Primary Selector PostxOp

Primary:
( Expression)
this [Arguments]
super SuperSuk
Literal
new Creator

Identier .lIdentier [ IdentierSufx]

BasicypeBradketsOpt.class
void.class

Identi erSufx:

[ ] BracketsOptclass Expression|

Arguments

class this  super Arguments new InnerCreator

Pre xOp:
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Post xOp:

Selector:
. Identi er [Arguments]
.this
.super SuperSuk
.new InnerCreator
[ Expression]

SuperSuk:
Arguments
[ (Identier)] . Identi er [Arguments]

Basicype:
byte
short
char
int
long
float
double
boolean

ArgumentsOpt:
[ Argumentg

Arguments:

( [Expression , Expression ])

BracketsOpt:
1

Creator:
Quali edldenti er ( ArrayCreatorRest ClassCeatorRes)

InnerCreator:
Identi er ClassCeatorRest

ArrayCreatorRest:

[ ] BradcketsOptArraylnitializer Expression] [ Expression BradketsOpt

ClassCeatorRest:
ArgumentgClassBody]

Arraylnitializer:
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[Variablelnitializer , Variablelnitializer

Variablelnitializer:
Arraylnitializer
Expression

ParExpression:
( Expression)

Block:
BlockStatements

BlockStatements:
BlockStatement

BlokStatement
Local\ariableDeclaationStatement
ClassOrlinterfaceDeclation
[Identi er :] Statement

Local\ariableDeclamationStatement:
[final ] TypeVariableDeclaators;

Statement:
Block

L]l

if ParExpressionStatemengelse Statement]

for (ForInitOpt ; [Expression]; ForUpdateOpt) Statement

while ParExpressionStatement
do Statemenwvhile ParExpression;

try Block Catdches [Catches]finally

Block

switch ParExpression SwithBlokStatementGups

synchronized  ParExpressionBlock
return  [Expression];

throw Expressiort

break [ldenti er]

continue [Identi er]
ExpressionStatement

Identi er : Statement

Originally missing in chapter 18,
ExpressionStatement:
StatementExgssion

from section

14.8 of JLS

Catdes:
CatchClause CatchClause

CatthClause:
catch ( FormalParameter) Block
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SwithBlodkStatementGups:
SwitBlokStatementGup

SwitdBlodkStatementGup:
SwitdLabelBlockStatements

SwitdLabel:
case ConstantExpession
default

MoreStatementExpssions:

, StatementEx@ssion

Forlnit;
StatementExmssionMoreStatementExpssions
[final ] TypeVariableDeclaators

ForUpdate:
StatementExssionMoreStatementExpssions

Modi ersOpt:
Modi er

Modi er:
public
protected
private
static
abstract
final
native
synchronized
transient
volatile
strictfp

VariableDecla@ators:

VariableDeclamtor , VariableDeclaator

VariableDeclaatorsRest:

VariableDeclaratorRest , VariableDeclaator

ConstantDeclaatorsRest:

ConstantDeclaatorRest , ConstantDeclaator

VariableDeclaator:
Identi er VariableDeclamatorRest
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ConstantDeclaator:
Identi er ConstantDeclaatorRest

VariableDecla@atorRest:
BracketsOpf[ = Variablelnitializer]

ConstantDeclaatorRest:
BracketsOpt= Variablelnitializer

VariableDeclaatorld:
Identi er BradketsOpt
aa CompilationUnit;

[package Qualiedldentier ;] ImportDeclaation  TypeDeclaation

ImportDeclaation:

import Identier .lIdentier [.*];

TypeDeclaation:
ClassOrinterfaceDeclation

ClassOrlinterfaceDeclation:

Modi ersOpt ClassDeclaation ImplementationDeclation InterfaceDeclaation

ClassDeclaation:
class Identier [extends Type][implements TypeList][utilizes TypelList]
ClassBody

ImplementationDeclation:
implementation Identi er [extends TypelList][implements TypeList]
ImplementationBody

InterfaceDeclaation:
interface Identi er [extends TypeList]InterfaceBody

TypelList:

Type , Type

ClassBody:
ClassBodyDeclation

ImplementationBody:

ImplementationBodyDeclation

InterfaceBody:
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InterfaceBodyDeclaation

ClassBodyDeclation:

[static ] Block
Modi ersOptMemberDecl

MemberDecl:
MethodOrkeldDecl
void Identi er MethodDeclaatorRest
Identi er ConstructorDeclaatorRest
ClassOrlinterfaceDeclation

MethodOrkeldDecl:
Typeldenti er MethodOrhkeldRest

MethodOrReldRest:
VariableDeclaatorRest
MethodDeclaatorRest

InterfaceBodyDeclaation:
Modi er sOptinterfaceMemberDecl

InterfaceMemberDecl:
InterfaceMethodOrleldDecl
void—ldenti-er-InterfaceMethodDeclatorRest
void Identi er AbstactMethodDeclaatorRest
ClassOrinterfaceDeclation

InterfaceMethodOrleldDecl:
Typeldenti er InterfaceMethodOrkeldRest

InterfaceMethodOrleldRest:
ConstantDeclaatorsRest
AbstractMethodDeclaatorRest
InterfaceMethodDeclatorRest

ImplementationBodyDeclation:;

Modi er sOptimplementationMemberDecl

ImplementationMemberDecl:
Typeldenti er ConstantDeclaatorsRest
Typeldenti er MethodDeclaatorRest
void Identi er VoidMethodDeclaatorRest
ClassOrinterfaceDeclation

MethodDeclaatorRest:
FormalParametes BradketsOptf throws Quali edldenti erList] —MethodBody——
AbstractMethodDeclaatorRest
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AbstractMethodDeclaatorRest:
tnterfaceMethedbeclatorRest:
FormalParametes BradketsOptf throws Quali edldenti erList] ;

ConstructorDeclaatorRest:
FormalParametes[throws Quali edldenti erList] MethodBody

Quali edldenti erList:

Quali edldentier , Quali edldenti er

FormalParametes:

([FormalParameter , FormalParameter ] )

FormalParameter:
[final ] TypeVariableDeclaatorld

MethodBody:
Blodk
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Appendix D

Multiple Codelnheritance Scenarios

Seventeermultiple codeinheritancescenarioswhich are commonlyfoundin normal

applicationprogrammingaredescribedn this chapter The outcomeof a methodinvoca-

tion in eachof the scenarioss examinedusingthe semantic®f the extendedanguage.

Thelegendusedin the diagramdfor depictingthe scenarioss shawvn in FigureD.1. A

classand animplementatiorare representedby a rectangulamand an oval shaperespec-

tively. A singlealphabein capitallettersdenoteghe nameof thetype

When the type in questioncontainsa
de nition for a method,the single alpha-
bet will be followed by the nameof the
methodenclosedn a pair of curly braclets.
An abstractnethoddeclarations identi ed
with the threeletters'abs'’. It shouldalso
benotedthatamethodde nition contained
in a type may have the meaningextended
to includecasesvherethemethodis inher

ited from the supertypesandis visible at

that point in the inheritancehierarchy To

Class C an instance of
which is denoted by ¢

Class A with the
declaration of an
abstract method m

A {abs m()}

_—

Implementation B with
the declaration of a
concrete method m

inheritance relationship

FigureD.1: Legendfor scenariadiagrams

simplify the explanationc is usedto denotea run-timeinstanceof C, andc.m() denotes

amessagsentto this instanceof C.
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Al Al
C C
(a) Scenaridl (b) Scenarid2

FigureD.2: Scenariod - 2

D.1 Singleinheritance involving an implementation

D.1.1 Scenariosl- 2

Figure D.2(a) shavs a situationin which classC utilizes implementatiormA. An
abstracimethodm() is declaredin A. At compiletime, the compilerwill corvert Cinto
an abstractclassbecausdhereis an abstractimethodvisible in C, but no concreteimple-
mentationof m() is foundin C. If the situationis a resultof a recompilationof A without

recompilingC, arun-timeexceptionwill beraisedwhenthemessage.m() issent.

However, in Scenario2 (asshavn in Figure D.2(b)), implementatiorA containsthe
concretemethodm() instead.This methodis thereforevisible in C by virtue of theinheri-
tancerelationshipbetweenA andC. At run-time,themessage.m() will bedispatchedo
themethodfoundin A unlesst is overriddenin C by anotheiimplementatiorof themethod

m() , accordingo the semantic®f theextendedanguage.

D.1.2 Scenario3

In Scenarid (asshavnin FigureD.3(a)),classCutilizes implementatiorB which,
in turn, extends anotherimplementatiorA. While the implementatiorfor methodmis
foundin A, themethodis notoverriddenin B andC. Thus,themethodde nition foundin A
is theonevisiblein C. Themessage:m() atrun-timeis dispatchedo the methodfound

in A. Theoutcomes similar to thenormalinheritancescenarioseenwith classes
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FigureD.3: Scenarios - 5

D.1.3 Scenario4

Scenario4, depictedin Figure D.3(b), is similar in inheritancerelationshipbetween
typesto Scenaria3, discussedn the previous section. However, the implementatiorfor
themethodm() foundin B is overriddenby theonefoundin A, andis thereforeno longer

visible in theinheritancehierarchyin the subtreerootedfrom A.

In AandC, only theimplementatiorde nedin Ais visible andthusthemessage.m()
will be dispatchedo the methodfoundin A, accordingto the semanticf the extended

language.

D.1.4 Scenariob

Scenaridb, shavn in FigureD.3(c), is a specialcase.Section8.4.3.10f the Java Lan-
guageSpeci cation [18] statesthat “An instancemethodthat is not abstract canbe

overriddenby anabstract  method.

The phenomenonknown asinheritancesuspensionis intendedto force a new imple-
mentationfor the methodbeingoverridden.Thus,the de nition of m() foundin A, being
suspendebly theabstractmethodin B, is nolongeravailablein C. Thisscenarids therefore
equialentto thesituationfoundin Scenaridl. Whenamessage.m() is sentatrun-time,

anexceptionwill beraised-the sameresultasfor Scenarial.
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(a) Scenarid (b) Scenarior (c) Scenari®

FigureD.4: Scenario$ - 8

D.2 Multiple inheritance involving an implementation

D.2.1 Scenariob

Theclasshierarchyis depictedin FigureD.4(a). In this scenarioC extends classA
andutilizes implementatiorB. A containsa de nition for the concretemethodm() ,
while B declaresan abstracimethodwith the samesignature.lt is a con ict situationbe-
causetwo distinctdeclarationsvith the samesignaturearevisible in C. Accordingto the
semanticof the extendedlanguage concretemethodis given precedencever abstract
methodin resolvingcon icts andthusonly the de nition from A is madevisible in C. At

run-time,themessage.m() is dispatchedo themethodin A.

D.2.2 Scenario7

The classhierarchyis depictedin Figure D.4(b). In this scenario,C extends class
A andutilizes implementatiorB. B containsa de nition for theconcretemethodm() ,
while A declaresan abstracimethodwith the samesignature.lt is a con ict situationbe-
causetwo distinctdeclarationsvith the samesignaturearevisible in C. Accordingto the
semanticof the extendedlanguage concretemethodis given precedencever abstract
methodin resolvingcon icts andthusonly the de nition from B is madevisible in C. At
run-time,the message.m() is dispatchedo the methodin B. The outcomeat run-time
is similarto thatfor Scenarid, exceptthattherolesof A andB areswappedn bothcases.
Thisdemonstratethefactthatno precedences givento eitheraclassor animplementation

in resolvingcon icts.
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FigureD.5: Scenario® - 10

D.2.3 Scenario8

The classhierarchyis depictedin FigureD.4(c). In this scenarioC utilizes both
implementation$\ and B. B containsa de nition for the concretemethodm() , while A
declaresan abstracimethodwith the samesignature.lt is acon ict situationbecausawo
distinct declarationswith the samesignaturearevisible in C. Accordingto the semantics
of the extendedlanguage concretemethodis given precedencever abstractmethodin
resolvingcon icts andthusonly thede nition from B is madevisiblein C. At run-time,the

message.m() is dispatchedo themethodin B.

D.2.4 Scenario9

Figure D.5(a) shaws the relationshipamongthe classesfor Scenario9, in which C
extends classA andutilizes implementatiorB. Both A and B containa different
de nition for the concretemethodm() . It is a conict situationin which two distinct
declarationsvith the samesignaturearevisible in C. Sincebothimplementationgsreequal
in precedencdhe con ict cannotberesohed andanerrorwill beraisedat compiletime.
If it is theresultof recompilationof oneof theimplementationsvithout recompilingC, an

ambiguityexceptionwill beraisedatrun-time.

D.2.5 ScenariolO

Figure D.5(b) shaws the situationin Scenariol0O. This is very similar to Scenaric9,
exceptthatA is animplementatiorinsteadof a class Sincea classandanimplementation

aretreatedequallyin codeinheritancein the nev semanticof the languagethe outcome
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FigureD.6: Scenariodlaand11b

in this scenarids the sameasin the previousone.

D.3 Multiple inheritance paths from the sameroot

D.3.1 Scenarioll

Figure D.6 shavs two distinct versionsof Scenarioll. The two differ only in the
lexical orderof the supertypesn the declaratiorline of C. However, the semantic®f both
the original andthe extendedversionof Java do not attachweightto thelexical orderof a
typewithin thelist of supertypesThereforethetwo versionsof this scenariowill have the
sameoutcomejndependentf thelexical orderof thesupertyes

Two distinctimplementation®f m() canbeseenin C; it is acon ict situation. Since
thereis a partialorderbetweenA andB, the de nition foundin B is overriddenby the one
foundin A accordingo the relaxed multiple inheritanceapproachmakingonly the de ni-
tion foundin Avisiblein C. Thus,themessage.m() sentatrun-timewill be dispatched

to themethodfoundin A.

D.3.2 Scenariol?

Basedon the explanationfound in the discussiorof Scenarioll, the message.m()
sentat run-timein Scenariol2a(asdepictedin FigureD.7(a))will be dispatchedo the
methodde nedin A.

However, the situationis changedn Scenaridl2b (asshavn in FigureD.7(b))because
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FigureD.7: Scenariod2aand12b
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FigureD.8: Scenariod3aand13b

themethoddeclaredn Ais anabstractmethod;it is a suspensionf inheritance According
to the semanticsof languageextension,precedences given to a concretemethodover
an abstractmethod. Thus,the message.m() sentat run-timein Scenariol2bwill be

dispatchedo the methodde nedin B.
D.3.3 Scenariol3

FigureD.8 shavs two versionsof Scenariol3. They differ in the lexical orderof the
supertypes As previously explained,the outcomeis the samebecausdhereis no weight
attachedo thelexical orderof atypewithin thetypelist.

Sincethede nition foundin B is given precedencever theonefoundin A, becauset

is anabstracimethod,the de nition of m() in Bis visiblein C. At run-time,the message
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FigureD.9: Scenariod4 and15

c.m() will bedispatchedo the methodde nedin B.

D.4 Diamond-shapedmultiple inheritance paths

D.4.1 Scenariol4d

Scenariol4, as shavn in FiguresD.9(a), is the situationin which C extends its
supeclassA. A hasde ned the methodm() which overridesthe declarationin D from
which A inherits.C alsoutilizes implementatiorB, which alsoextends D.

Thede nition of m() in Dis overriddenby the de nition in A, soit is hiddenfrom C
alongthisinheritancepath.However, it is notoverriddenalongthepathvia B. Thesituation
is similar to thatof Scenaridl2a,asshavn in FigureD.7(a). It is thereforequite naturalto
expectthesameoutcomeasfoundin Scenaridl2afor Scenaridl4.

By virtue of the relaxed multiple codeinheritanceapproachthe de nition of m() vis-
ible in Cwill betheonede ned in A. At run-time,themessage.m() will bedispatched

to themethodde nedin A, becauseghede nition of m() in Dis fartheraway from C.

D.4.2 Scenariol5

As shavnin FigureD.9(b),Scenaridl5 hasthe samenheritancestructureasthatfound
in Scenariol4. In this scenarioa new de nition of m() is foundin B insteadof A, asin
Scenarial4.

Similarto Scenaridl4, by virtue of the relaxed multiple codeinheritanceapproachthe
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FigureD.10: Scenariod6 and17

de nition of m() visiblein Cwill betheonede nedin B. At run-time,themessage.m()
will bedispatchedo themethodde nedin B, becausghede nition of m() in Dis farther

away from C.
D.4.3 Scenariol6

As shawn in Figure D.10(a), Scenariol6 hasthe sameinheritancestructureas that
foundin Scenariol4. In this scenariono newn de nition of m() is foundin A or B. The
de nition in Dis thede nition visible in C. While the methodis inheritedfrom D via two
differentpaths,the two inheritedmethodsare actuallythe same.The new semanticgloes
not de ne this situationasacon ict. At run-time,themessage.m() will bedispatched

to themethodde nedin D, asit is theonly onevisiblein C.
D.4.4 Scenariol?7

Depictedin Figure D.10(b), Scenariol? is a situationin which C utilizes two
implementationsA andB. At thesameime,bothAandB extend anotheimplementation
D. Thede nition of methodm() in Dis notoverriddenin A or B.

The de nition of m() visible in Cis inheritedfrom the samesourcevia two distinct
inheritancepaths.No con ict will bereportedusingthe extendedanguagesemanticsand
the de nition in D will be taken asthe onevisible in C. Thus, at run-time, the message

c.m() will bedispatchedo themethoddeclaredn D.
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Appendix E

Refactoring the java.lo  package

E.1 Resultof refactoring

Class RAF DIS DOS IC ocC
Method B|A/ B|A|B|A|B|A|BJ|A
writeBoolean 1 (0] - - 2 2 | - - - 2
writeByte 1|10 - -1 21 2] - - -] 2
writeShort 2 10| - -1 4] 2| - - -1 3
writeChar 2|10 - - 4 2 | - - - 3
writelnt 4 10| - - 6 2 | - - - 5
writeLong 8 |0 - - 110 2 | - - -1 9
writeFloat 1 (0] - - 1 0| - - - 1
wrteDouble 1 (0] - - 1 0| - - - 1
sink - - - - - 1] - - -1
readFully(byte[]) 1,10 1]|0]| - - -1 - -
readFully(byte[],int,int) 50| 6 |0] - - -1 5| -
readBoolean 3|10 3|0 - - -1 3| - -
readByte 30| 3|0] - - -1 3| - -
readUnsignedByte 30| 3|0/ - - -1 3| - -
readShort 4 0|5 |0 - - -4 - -
readUnsignedShort 4 10| 5|0] - - -1 5| - -
readChar 4 10| 5|0 - - - 51 - -
readint 6 |0| 7|0 - - -7 - -
readLong 110 2]|0] - - -1 - -
readFloat 1 (010 - - - 1] - -
readDouble 110|1]|0] - - -1 - -
readUTF 1101 ]|0] - - - 130 - -
static readUTF - - 1301 - - - - - -
source - - -1 - - -1 - -
Total 5710|732 |30|13| - |70 - |27
Legends:

RAF = RandomAccessFile

DIS = DatalnputStream DOS= DataOutputStream

IC = InputCode OC = OutputCode

B = Beforerefactoring A = After refactoring

TableE.1: Changdn the numberof executablestatementasa resultof refactoring
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E.2 Sourcecode

E.2.1 Source.java
package java.io;

public interface Source

{

public int read() throws |OException;
public int read(byte b[], int off, int len) throws IOException;

E.2.2 InputCode.java
package java.io;

public  implementation InputCode  implements  Datalnput, Source

{
public  Source source() {
return  this;

}
public  void readFully(byte b[l]) throws IOException {

this.readFully(b, 0, b.length);
public  void readFully(byte b[l, int off, int len) throws |OException
int n = 0;
while (n < len) {
int  count = this.source().read(b, off + n, len - n);

if (count < 0)
throw new EOFException();
n += count;

}

public  boolean readBoolean() throws IOException  {
int  ch = this.source().read();

if (ch < 0)
throw new EOFException();
return  (ch != 0);

}
public  byte readByte() throws IOException  {
int  ch = this.source().read();
if (ch < 0)
throw new EOFException();
return  (byte)(ch);
}
public int readUnsignedByte() throws |OException  {
int ch = this.source().read();

if (ch < 0)
throw new EOFException();
return  ch;

public  short readShort() throws [IOException  {
int  chl this.source().read();
int  ch2 this.source().read();
if (chl | ch2) < 0)
throw new EOFException();
return  (short)((chl << 8) + (ch2 << 0));

}
public int readUnsignedShort() throws IOException  {
Source in = this.source();
int  chl = in.read();
int  ch2 = in.read();
if (chl | ch2) < 0)
throw new EOFException();
return  (chl << 8) + (ch2 << 0);
}
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public char readChar() throws IOException {
Source in = this.source();
int  chl = in.read();
int  ch2 = in.read();
if ((chl | ch2) < 0)
throw new EOFException();
return  (char)((chl << 8) + (ch2 << 0));
}
public int readint() throws IOException {
Source in = this.source();

int  chl = in.read();
int  ch2 = in.read();
int  ch3 = in.read();
int  ch4 = in.read();

if (chl | ch2 | ch3 | ch4) < 0)
throw new EOFException();
return  ((chl << 24) + (ch2 << 16) + (ch3 << 8) + (ch4 << 0));

public long readLong() throws IOException {
return  ((long)(this.readint()) << 32) + (this.readint() & OxFFFFFFFFL);

public float readFloat() throws [IOException  {
return  Float.intBitsToFloat(this.readint());

public  double readDouble() throws |OException  {
return  Double.longBitsToDouble(this.readLong());
}

String  readUTF() throws IOException  {

int utflen = this.readUnsignedShort();
char str[] = new charf[utflen];

int count = O;

int strlen = 0;

while  (count < utflen) {
int ¢ = this.readUnsignedByte();
int char2, char3;
switch (¢ >> 4) {
case 0: case 1. case 2: case 3: case 4. case 5  case 6. case 7:
count++;
str[strlen++] = (char)c;
break;
case 12: case 13:
count += 2;
if (count > utflen)
throw new UTFDataFormatException();
char2 = this.readUnsignedByte();
if ((char2 & OxCO0) != 0x80)
throw new UTFDataFormatException();
str[strlen++] = (char)(((c & Ox1F) << 6) | (char2 & Ox3F));
break;
case 14:
count += 3;
if (count > utflen)
throw new UTFDataFormatException();
char2 = this.readUnsignedByte();
char3 = this.readUnsignedByte();
if  (((char2 & 0xCO) != 0x80) || ((char3 & 0xCO) != 0x80))
throw new UTFDataFormatException();
str[strlen++] = (char)(((c & OxOF) << 12) |
((char2 & Ox3F) << 6) |
((char3 & Ox3F) << 0));

break;
default:
throw new UTFDataFormatException();
}
}
return  new String(str, 0, strlen);
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E.2.3 Sink.java

package java.io;
public interface Sink
{
public  void write(int b) throws IOException;
}
E.2.4 OutputCode.java
package java.io;
public  implementation OutputCode implements  DataOutput,
{
public  Sink sink(){
return  this;
public  void writeBoolean(boolean v) throws IOException
Sink out = this.sink();
out.write(v ?1: 0);
public  void writeByte(int v) throws IOException {
Sink out = this.sink();
out.write(v);
public  void writeShort(int v) throws IOException {
Sink out = this.sink();
out.write((v >>> 8) & OxFF);
out.write((v >>> 0) & OxFF);
public  void writeChar(int v) throws IOException {
Sink out = this.sink();
out.write((v >>> 8) & OxFF);
out.write((v >>> 0) & OxFF);
public  void writelnt(int v) throws IOException {
Sink out = this.sink();
out.write((v >>> 24) & OxFF);
out.write((v >>> 16) & OxFF);
out.write((v >>> 8) & OxFF);
out.write((v >>> 0) & OxFF);
public  void writeLong(long v) throws IOException {
Sink out = this.sink();
out.write((int)(v >>> 56) & OxFF);
out.write((int)(v >>> 48) & OxFF);
out.write((int)(v >>> 40) & OxFF);
out.write((int)(v >>> 32) & OxFF);
out.write((int)(v >>> 24) & OxFF);
out.write((int)(v >>> 16) & OxFF);
out.write((int)(v >>> 8) & OxFF);
out.write((int)(v >>>  0) & OxFF);
public  void writeFloat(float v) throws IOException
this.writelnt(Float.floatTolIntBits(v));
public  void writeDouble(double v) throws IOException
this.writeLong(Double.doubleToLongBits(v));
}
}
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E.2.5 RandomAccessFile.jaa

package java.io;
public class RandomAccessFile utilizes InputCode,  OutputCode
{
public  RandomAccessFile(String name, String mode) throws
{
ko code not modified ik
}
public  RandomAccessFile(File file, String mode) throws IOException
ko code not modified ik
}
public  final FileDescriptor getFD() throws |0Exception {
Fkkk code not modified Fkkk
}
private native  void open(String name, boolean writeable) throws
public native int read() throws |OException;
private native int readBytes(byte b[], int off, int len) throws
public int read(byte b[], int off, int len) throws IOException
Fkkk code not modified Fkkk
}
public int read(byte b[]) throws I|OException {
Fkkk code not modified Fkkk
}
public int skipBytes(int n) throws |OException  {
ko code not modified ok
}
public  native void write(int b) throws IOException;
private native  void writeBytes(byte b[], int off, int len) throws
public  void write(byte b[]) throws IOException {
ko code not modified ok
public  void write(byte b[], int off, int len) throws IOException
Fkkk code not modified Fkkk
}
public native long getFilePointer() throws  IOException;
public native void seek(long pos) throws |OException;
public  native long length() throws |OException;
public native void setLength(long newlLength) throws IOException;
public native void close() throws |OException;
public  final  String readLine() throws IOException  {
ko code not modified ik
}
public  final  void writeBytes(String s) throws IOException {
Fkkk code not modified Fkkk
}
public  final  void writeChars(String s) throws IOException {
Fkkk code not modified Fkkk
}
public  final  void writeUTF(String str) throws |10Exception {
ko code not modified ik
}
}
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E.2.6 DataOutputStream.java

package java.io;

public class DataOutputStream extends FilterOutputStream utilizes

{
public  DataOutputStream(OutputStream out) {

rkkk code not modified rkkk
}

private  void incCount(int value) {
kokk code not modified ool

}

public  synchronized void  write(int b) throws |OException
rkkk code not modified xkkk

public  synchronized void write(byte b[], int off, int len)

{

kokk code not modified bkl

public  void flush() throws IOException  {
Fkkk code not modified Fkkk

{

throws

public final  void writeBoolean(boolean v) throws IOException {

super(OutputCode).write(v ?1: 0);
incCount(1);

public  final  void writeByte(int v) throws IOException {
super(OutputCode).write(v);
incCount(1);

public  final  void writeShort(int v) throws IOException {

super(OutputCode).writeShort(v);
incCount(2);

public  final  void writeChar(int v) throws IOException {
super(OutputCode).writeChar(v);
incCount(2);

public  final  void writelnt(int v) throws IOException {
super(OutputCode).writelnt(v);
incCount(4);

public  final  void writeLong(long v) throws |OException {

super(OutputCode).writeLong(V);
incCount(8);

public  final  void writeBytes(String s) throws IOException
ek code not modified ek

public  final  void writeChars(String s) throws IOException
Fkkk code not modified Fkkk

public final  void writeUTF(String str)  throws 1OException
ok code not modified ke

public  final int  size() {
ko code not modified ko
}

I overriding the method declared in OutputCode

public  Sink sink(){
return  this.out;
}
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E.2.7 DatalnputStream.java
package java.io;

public class DatalnputStream extends FilterlnputStream utilizes InputCode

{

public  DatalnputStream(InputStream in) {
Fkkk code not modified Fkkk

}
public  final int read(byte  b[]) throws IOException {
ek code not modified ek

public  final int read(byte b[], int off, int len) throws IOException {
ek code not modified ek

public  final int  skipBytes(int n) throws [|OException  {
Fkkk code not modified Fkkk

public  final  String readLine() throws IOException  {
Fkkk code not modified Fkkk

public  final  static String  readUTF(Datalnput in) throws [OException  {
return  in.readUTF();

I overriding the method declared in InputCode

public  Source source()f
return  this.in;
}
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