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Abstract

Theobject-orientedprogrammingparadigmprovidesstrongsupportfor codere-usevia

inheritancemechanisms.Currently, Java is oneof themostwidely usedobjected-oriented

programminglanguages,but Java supportsonly single codeinheritance. Unfortunately,

coderepetitionis sometimesunavoidablewithout someform of multiple codeinheritance.

Historically, multiple codeinheritancemechanismsin programminglanguageshave been

problematic.This is dueto the tight couplingof codeanddatalayout,alongwith funda-

mentalsemanticissueswith multipledatalayoutinheritance.SinceJava'sclassmechanism

is usedfor both inheritingcodefor methods(i.e., code-type)andinheritingstateinforma-

tion (i.e.,data-type),amechanismfor separatingthecode-typeanddata-typeinheritanceis

necessaryto solve themultiplecodeinheritanceproblem.

We describethe implementationof MCI-Java, an extensionto Sun's Java 1.2.2 that

separatescode-typesanddata-typesandtherebyenablesamultiplecodeinheritancemech-

anism. IBM' s JikesCompiler1.15is modi�ed to provide compilersupportfor MCI-Java.

At thesource-codelevel, minorJavasyntaxchangesarerequiredfor MCI-Java. At theVir-

tualMachinelevel, minorchangesto thecodeloaderandlinkerarerequired,but nochange

is madeto thehighly-optimizedbytecodeexecutionprocedure.

Lastly, we empiricallydemonstratethat theMCI-Java Virtual Machine,andthemodi-

�ed IBM JikesCompiler, donotdegradetheperformanceof Javaprograms,whencompared

with theclassicJava Virtual Machineandtheoriginal IBM JikesCompiler.





Acknowledgements

I would like to expressmy sincereand cordial thanksto my supervisors,Professor
DuaneSzafronandProfessorPaul Lu, for their invaluableinput, continuoussupportand
understandingespeciallywhen I was having a serioushealthproblem. It would not be
possiblefor meto completethisprojectwithout theirguidanceandsupport.

I would like to thankMaria Cutumisufor her patienceandhelpful adviceevery time
when I encounteredproblemsduring my research,in particular, her work in refactoring
theJava classes.Without herwork, thetaskto demonstratetheeffectivenessof MCI-Java
wouldnotbeaseasy.

I would like to acknowledgeDominiqueParker for hishelpin runningtheJavademon-
strationpackageJava2D to test the compatibility of MCI-Java for unmodi�ed Java pro-
grams.

Thanksalsogo to the SoftwareSystemsResearchGroupin theUniversityof Alberta
for maintaininga pleasantenvironmentin the laboratory. They have beenamiableto me
sinceI joinedthegroup.

I amappreciative of thecontributionsfrom my brotherPui-lamandmy sisters– Maria
andIvy – to take careof my parentssothatI canconcentrateonmy study.

I amgratefultomywife Conniefor herlove,encouragementandunderstandingthrough-
out my study. It is hersupportthatgave methestrengthto completemy study. I amalso
owing to my sonColmonwhodeservedmorecareandlove from meduringmy study.

Last but not the least,I am indebtedto my parentsChark-wan andNgan-yufor their
love andsupportthroughoutmy life. This thesisis for my entirefamily.





Tableof Contents

1 Intr oduction 1
1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Notation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.5 Organization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 CodeInheritance 7
2.1 Commoncode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Multiple representation. . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Overview of OOPlanguages. . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.1 Separation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.2 Codeinheritance . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3 Extensionsto the Java Programming Language 15
3.1 Guidelinesfor changes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2 Orthogonalityin languagedesign. . . . . . . . . . . . . . . . . . . . . . . 17
3.3 MCI-Java . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.3.1 Implementation. . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.3.2 MultiSupermethodinvocation . . . . . . . . . . . . . . . . . . . . 20

3.4 Thesemanticsof multiplecodeinheritancein MCI-Java . . . . . . . . . . 20
3.4.1 Inheritanceandvisibility . . . . . . . . . . . . . . . . . . . . . . . 20
3.4.2 Precedenceof supertypes. . . . . . . . . . . . . . . . . . . . . . . 21
3.4.3 Inheritancecon�ict andresolution . . . . . . . . . . . . . . . . . . 22
3.4.4 Inheritancesuspension. . . . . . . . . . . . . . . . . . . . . . . . 24
3.4.5 Keywordsthis andsuper . . . . . . . . . . . . . . . . . . . . . 25
3.4.6 Inheritancescenariosfor MCI-Java . . . . . . . . . . . . . . . . . 26

3.5 Thesemanticsof multisupercall in MCI-Java . . . . . . . . . . . . . . . . 26
3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4 Compiler Support 29
4.1 Theextended.class �le . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.2 Thegrammarof MCI-Java . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.3 Inheritanceandcon�ict . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.3.1 Thedatastructure- ExpandedMethodTa bl e (EMT) . . . . . . 34
4.3.2 TherevisedEMT building algorithm. . . . . . . . . . . . . . . . . 36



4.3.3 Revisedalgorithmveri�cation . . . . . . . . . . . . . . . . . . . . 37
4.4 Bytecodegeneration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5 Virtual Machine Support 41
5.1 TheJava Virtual Machine(JVM) . . . . . . . . . . . . . . . . . . . . . . . 42

5.1.1 Therun-timeenvironment . . . . . . . . . . . . . . . . . . . . . . 42
5.1.2 Dynamicper-classstructurescreation . . . . . . . . . . . . . . . . 44

5.2 Classdataveri�cation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.3 Methodtables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.3.1 Method Block . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.3.2 Method Table (MT) . . . . . . . . . . . . . . . . . . . . . . . 46
5.3.3 Virtual Method Table (VMT) . . . . . . . . . . . . . . . . 47
5.3.4 Interface Method Table (IMT) . . . . . . . . . . . . . . . 50
5.3.5 Settingoffsetvaluesin Method Block s . . . . . . . . . . . . . . 53

5.4 Methodlookupandinvocation . . . . . . . . . . . . . . . . . . . . . . . . 54
5.4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.4.2 DereferencingtheConstantPool entry . . . . . . . . . . . . . . 55
5.4.3 Methodlookup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.4.4 Thequickingprocessandcodeexecution . . . . . . . . . . . . . . 58
5.4.5 Multisupercall . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.4.6 Examplescenarios . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.4.7 Recompilationof asupertype . . . . . . . . . . . . . . . . . . . . 62

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6 Empirical evaluation 67
6.1 Compatibilityof MCI-Java for unmodi�ed Java programs. . . . . . . . . . 67
6.2 Correctnessof MCI-Java generatedcode . . . . . . . . . . . . . . . . . . . 68
6.3 Refactoringlegacy code. . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

6.3.1 Duplicatecodepromotion . . . . . . . . . . . . . . . . . . . . . . 68
6.3.2 Staticmethodpromotion . . . . . . . . . . . . . . . . . . . . . . . 69
6.3.3 Pre�x methodpromotion . . . . . . . . . . . . . . . . . . . . . . . 70
6.3.4 Super-suf�x methodpromotion . . . . . . . . . . . . . . . . . . . 71

6.4 Refactoringthejava.io package. . . . . . . . . . . . . . . . . . . . . . 73
6.5 Performanceof JikesandMCI-Java VM . . . . . . . . . . . . . . . . . . . 77

6.5.1 Compilertest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.5.2 I/O testusingrefactoredI/O classes . . . . . . . . . . . . . . . . . 78

6.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

7 Conclusions 81
7.1 Relatedwork . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

7.1.1 Mixins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
7.1.2 Traits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
7.1.3 Codein interface . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

7.2 Summaryof work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
7.3 Researchcontribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

Bibliography 87



A Abbreviations 91

Appendix 92

B ClassFile Structure 93

C The Grammar of MCI-J ava 95
C.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
C.2 TheGrammarof MCI-Java . . . . . . . . . . . . . . . . . . . . . . . . . . 96

D Multiple CodeInheritance Scenarios 105
D.1 Singleinheritanceinvolving animplementation . . . . . . . . . . . . . . . 106

D.1.1 Scenarios1 - 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
D.1.2 Scenario3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
D.1.3 Scenario4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
D.1.4 Scenario5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

D.2 Multiple inheritanceinvolving animplementation. . . . . . . . . . . . . . 108
D.2.1 Scenario6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
D.2.2 Scenario7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
D.2.3 Scenario8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
D.2.4 Scenario9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
D.2.5 Scenario10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

D.3 Multiple inheritancepathsfrom thesameroot . . . . . . . . . . . . . . . . 110
D.3.1 Scenario11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
D.3.2 Scenario12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
D.3.3 Scenario13 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

D.4 Diamond-shapedmultiple inheritancepaths . . . . . . . . . . . . . . . . . 112
D.4.1 Scenario14 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
D.4.2 Scenario15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
D.4.3 Scenario16 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
D.4.4 Scenario17 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

E Refactoring the java.io package 115
E.1 Resultof refactoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
E.2 Sourcecode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

E.2.1 Source.java . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
E.2.2 InputCode.java . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
E.2.3 Sink.java . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
E.2.4 OutputCode.java . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
E.2.5 RandomAccessFile.java . . . . . . . . . . . . . . . . . . . . . . . 119
E.2.6 DataOutputStream.java . . . . . . . . . . . . . . . . . . . . . . . . 120
E.2.7 DataInputStream.java . . . . . . . . . . . . . . . . . . . . . . . . . 121





List of Figures

1.1 Possiblesolutionsfor dualmatrix representationproblem . . . . . . . . . . 5

2.1 Java class(partial)hierarchiesfor I/O classes . . . . . . . . . . . . . . . . 8
2.2 RefactoredJava class(partial)hierarchiesfor I/O classes . . . . . . . . . . 9
2.3 Class(partial)hierarchiesfor matrix/vectorclasses . . . . . . . . . . . . . 10
2.4 Class(partial)hierarchiesfor matrix/vectorclasseswith separation. . . . . 10

3.1 Methodvisibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Scenariosof inheritancecon�ict . . . . . . . . . . . . . . . . . . . . . . . 23
3.3 Inheritancesuspensionscenarios. . . . . . . . . . . . . . . . . . . . . . . 24
3.4 Dynamicsemanticsof multisupercall . . . . . . . . . . . . . . . . . . . . 27

4.1 Modi�ed Java rulesfor a typedeclaration . . . . . . . . . . . . . . . . . . 32
4.2 Modi�ed Java rulesfor methodinvocation . . . . . . . . . . . . . . . . . . 33
4.3 Schematiclayoutof anExpandedMethodT able (EMT) . . . . . . . . . 35
4.4 Multiple codeinheritancescenarios1 - 17 . . . . . . . . . . . . . . . . . . 38

5.1 Run-timememorylayoutfor class, interface, implementationandobjectdata 43
5.2 Virtual methodtable(VMT) entries . . . . . . . . . . . . . . . . . . . . . 48
5.3 Interfacemethodtable(IMT) entries . . . . . . . . . . . . . . . . . . . . . 51
5.4 Excerptof therun-timeConstantPool (RCP)for DataInputStream 56
5.5 Selectedmultiplecodeinheritancescenariosfrom Figure4.4 . . . . . . . . 62

6.1 Examplefor staticmethodpromotion . . . . . . . . . . . . . . . . . . . . 69
6.2 Examplefor pre�x methodpromotion . . . . . . . . . . . . . . . . . . . . 71
6.3 Examplefor super-suf�x methodpromotion . . . . . . . . . . . . . . . . . 72
6.4 Hierarchyof theclassesfor datainput/outputbeforerefactoring . . . . . . 73
6.5 Modi�ed declarationsfor datainput/outputtypesin thejava.io package 75
6.6 Hierarchyof theclassesfor datainput/output . . . . . . . . . . . . . . . . 76

B.1 SchematicDiagramof theModi�ed ClassFile Structure . . . . . . . . . . 94

D.1 Legendfor scenariodiagrams. . . . . . . . . . . . . . . . . . . . . . . . . 105
D.2 Scenarios1 - 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
D.3 Scenarios3 - 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
D.4 Scenarios6 - 8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
D.5 Scenarios9 - 10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
D.6 Scenarios11aand11b . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
D.7 Scenarios12aand12b . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
D.8 Scenarios13aand13b . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111



D.9 Scenarios14and15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
D.10 Scenarios16and17 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113



List of Tables

4.1 Summaryof changes(compilerportionemphasized) . . . . . . . . . . . . 29
4.2 Access�ags interpretationby theJava VM . . . . . . . . . . . . . . . . . . 31
4.3 Compilationresultsfor scenarios1 - 17 . . . . . . . . . . . . . . . . . . . 39

5.1 Summaryof changes(VM portionemphasized). . . . . . . . . . . . . . . 41
5.2 Conversionfrom executionbytecodeto quick-edbytecodes. . . . . . . . . 58
5.3 Resultsof EMB lookup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.1 Commoncodegroupingby promotiontechniquefor datainput methodsin
DataInputStream andRandomAccessFile . . . . . . . . . . . . . 74

6.2 Commoncodegroupingby promotiontechniquefor dataoutputmethods
in DataOutputStrea mandRandomAccessFile . . . . . . . . . . . 74

6.3 Changein thenumberof methodsasa resultof refactoring . . . . . . . . . 76
6.4 Changein thenumberof linesof codeasa resultof refactoring . . . . . . . 77
6.5 Compilerperformancecomparison. . . . . . . . . . . . . . . . . . . . . . 78
6.6 VM performancecomparison. . . . . . . . . . . . . . . . . . . . . . . . . 79

A.1 Meaningof theabbreviationsused . . . . . . . . . . . . . . . . . . . . . . 91

E.1 Changein thenumberof executablestatementsasa resultof refactoring . . 115





Chapter 1

Intr oduction

1.1 Overview

Sincethe developmentof Simula-67by NygaardandDahl [27], object-orientedpro-

gramming(referredto asOOP, hereafter)hasbecomea popularprogrammingparadigm.

In thepastthreedecades,many researchershave dedicatedtheir efforts to improving this

paradigm,andmany programminglanguagessupportingOOPhave beendeveloped.Some

of thewidely usedcommercialproductsincludeJava,Smalltalk,C++ andC#.1

The object-orientedprogrammingparadigmis an extensionof the conceptof an Ab-

stractDataType (ADT) [25, 24]. A programdevelopedusingOOPcanbe viewed asa

collectionof reactingagentsknown asobjects2 interactingwith eachotherthroughmes-

sagepassing.

An objectis usedto modela conceptor a real-world entity. Everyobjecthasa type, an

interfacethatde�nesthesetof messagesapplicableto theobject. A behavior describesthe

response(to be implementedin a method)of theobjectto a received message.A classis

theprogrammingunit responsiblefor creatingobjectinstancesfor a typeandfor mapping

messagesto behaviors.

In OOP, a problemis solved by interactive message-passingamongobjectsthat have

privatestates[10]. This contrastswith the proceduralprogrammingparadigm,in which

a problemis solved by changingthe statesof namedstoragelocationsaccordingto a set

of prede�ned instructions. OOP allows software to model the real world more closely,

especiallyfor complex systemsin which thereis a high degreeof interactionamongcom-

ponentsof thesystem.It is a programmingmethodologythatencouragesmodulardesign

andcodere-use.Many believe thatprogramsdevelopedusingOOPtechniquestendto be

1Trademarksof their respective owners.
2Section1.4describesthenotationusedin this dissertation.
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morereliable,extensibleandrobust[22].

Therearethreemajorfeaturesthatcontribute to thesuccessof OOP:

Encapsulationrefersto theability to protecttheinternalrepresentationof anobjectfrom

externalaccess.

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

(type).

Polymorphism refers to the ability to map the samemessageto different methodsin

differentclassesat run-time.

Unfortunately, therearenostandardacceptedmeaningsof thenotionsof typeandclass

in the OOPcommunity. This dissertationadoptsthe onesthat supporta cleanseparation

betweenthe conceptsof interface, implementationand representation(the internal data

layoutof anobject)[21]:

1. An interface-typede�nes the setof legal operations(programmaticinterface)for a

groupof objectsthatmodelsa real-world concept.

2. A code-typeimplementsaninterface-typeby associatingcodewith methodsthatim-

plementeachof thelegaloperationsde�nedby this interface-type, withoutconstrain-

ing thedatalayout.

3. A data-typedescribesthedatastructureof theobjectsfor the interface-type. It also

providesthemethodsfor accessingthesedataanda mechanismfor creatingobject

instancesthatconformto this interface-type.

The genericterm typerefersto any oneof thesethreenotions. Almost all OOPlan-

guageshandleequivalenceof typesusingtheconventionof nameequivalence. Underthis

arrangement,two typeswith thesamesetof behaviors will notbetreatedasequivalentun-

lessthey alsohave thesamename.Subtypingis a specialrelationshipbetweentwo types,

wherethesubtypeguaranteesbehaviors conformingto thoseof thesupertype. This canbe

viewedasan is-a relationshipof types. Giventhat typeT is a subtypeof typeS, anobject

of typeT is implicitly of typeS by theprincipleof subsumption.

A classis aprogramminglanguageconstructthatimplementstheconceptof typeandis

responsiblefor creatingobjectinstancesfor thetype. Chambers[12] statesthat“If a class

conformsto a type, then all of its instancessupportthe interfacespeci�ed by the type.”

2



Parallelto thesubtypingrelationshipbetweentwo typesis thesubclassingrelationshipbe-

tweentwo classes. This refersto a strategy by which a subclassre-usessomeor all of the

implementations(code)from its superclass.

Sincetyperefersto any oneof the threenotionsmentionedabove, inheritance,which

refersto the ability of a typeto re-usepropertiesof anothertype, alsohasthreedistinct

types:

1. Interfaceinheritancerefersto there-useof theoperationsof aninterface-typeby its

subtypes.

2. Codeinheritancerefersto there-useof thecodein theparentcode-typeboundto an

operationby its subtypes.

3. Data inheritancerefersto there-useof theobjectlayoutof theparentdata-typeby

its subtypes.

PopularlanguagessuchasJava,C#andEiffel combinecode-typeanddata-typeinto one

singleconstruct,theimplementation-type. Implementationinheritancerefersto acombined

codeanddata inheritance. Otherpopularlanguages,suchasC++ andSmalltalk,further

combinethis implementation-typewith interface-typeinto asingle(class) concept.

With respectto the numberof permissibledirect super-types, thereare two distinct

kindsof inheritance:

1. Singleinheritanceallows a typeto have no morethanonedirectsupertype.

2. Multiple inheritanceallows a typeto have morethanonedirectsupertype.

While C++ supportsbothmultiple datainheritanceandmultiple codeinheritance,C#,

SmalltalkandJava supportonly singleimplementationinheritance.This dissertationde-

scribesa novel way to supporttheseparationbetweeninterface-type, code-typeanddata-

typein theJava ProgrammingLanguage,andaddssupportsfor multiplecodeinheritance.

1.2 Moti vations

OOPpermitsapplicationprogramsto modeltherealworld morecloselythanprograms

developedusingthe proceduralprogrammingparadigm.Oneof the major advantagesof

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

3



Ironically, thecurrentform of inheritanceimposesa restrictionon codere-usein theavail-

ablelanguagesystems.It is impossibleto usethe sameimplementationin two unrelated

inheritancehierarchieswithout repeatingthecode.

Thereasonfor this restrictionis bestexplainedby thefactthatthereis not a clearone-

to-onecorrespondencebetweenlanguagefeaturesandconceptsof interface-type, code-type

anddata-type. Thecodere-useproblemcanbesolved moreelegantlyusingfeaturesof a

languagethatsupportsacleanandcompleteseparationbetweentheselanguageconcepts;a

languageof thiskind wouldenableaprogramto uselesscode.

The Java ProgrammingLanguage(referredto asJava, hereinafter)is oneof the most

widely usedprogramminglanguages.It hasrudimentarysupportfor separatelanguage

constructsfor interface-type, code-typeanddata-type, which arecalledinterface, abstract

classandclass, respectively. Java supportsmultiple inheritancefrom interfacesbut only

singleinheritancefor class, whethertheclassis abstractor not.

Fromthesoftwareengineeringperspective of codemaintenance,it is bestto have the

minimum dependenceof codeon the actualdatalayout. Without independence,efforts

to improve performanceby optimizingdatalayoutwould requireextensive changesto the

codesthataccessthisdatadirectly.

For example,supposea matrix is modeledusinga MATRIXclass.Traditionally, a ma-

trix is representedusingablockof memoryunitsto storethevaluesof eachof theelements

of the matrix. This block of memorycanbe visualizedasa rectangulartwo-dimensional

array. Sometimes,adifferent,morespace-ef�cient, representationfor amatrix is desirable,

in whichcaseaSPARSEMATRIXclassis required.Onepossiblewayto representasparse

matrix is to useadoubly-linkedorthogonallist structurestoringonly thosenon-zeromem-

berswith their row andcolumnnumbers.Despitetheir differentinternalrepresentations,

thetwo classesshouldbehave thesame.

Onecurrentsolutionto this dual matrix representationproblemis to have a MATRIX

interfaceusedasthe interface-typefor describingthebehaviors of a matrix. Thetwo rep-

resentationsof a matrix are implementedusingtwo implementationsof the MATRIX in-

terface,DENSEMATRIXandSPARSEMATRIX. Thesetwo implementationsareusedas

the implementation-types(a combinedcode-typeanddata-type) for the respective matrix

representations.Figure1.1(a)shows theschematicdiagramof therelationshipamongthe

classes.Unfortunately, thetwo subclassescannotsharecodeusingthis solution,sincein-

terfacesin Java cannotcontaincode.

A solutionto this problemis to addanabstractclassMATRIX CODEasthecode-type
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MATRIX

SPARSE_MATRIXDENSE_MATRIX

implements implements

No code sharing between the two subclasses

(a)Currentsolution

MATRIX

MATRIX_CODE

SPARSE_MATRIXDENSE_MATRIX

inherits inherits

implements

(b) Bettersolution

Figure1.1: Possiblesolutionsfor dualmatrix representationproblem

for implementingthe behaviors de�ned in the MATRIX interface. The two subclasses

of MATRIX CODE, DENSEMATRIX and SPARSEMATRIX, are usedas data-typesfor

implementingthe datalayoutsandproviding accessorfunctionsto its internaldata. The

schematicdiagramshowing therelationshipamongtheseclassesis shown in Figure1.1(b).

Onetypical examplewould be implementingthemultiplicationoperation.This operation

is implementedin MATRIX CODEasamethodthatappliesthedotproductmethodto rows

andcolumns.Thedotproductmethoditself is implementedin eachof thetwo data-types–

DENSEMATRIXandSPARSEMATRIX– asit requiresaccessto theinternaldataof each

representation.

Using an abstract classasa code-typein Java still restrictscodere-use,asJava only

supportssingleinheritancefor classes. Thisdissertationproposesasolutionto remedythis

situation,by addinga new languageconstructat thesourcecodelevel. Thenew construct,

implementation, is a new form of code-typethatsupportsmultiple inheritance.It supports

bettercodere-usethroughmultiple inheritance.

1.3 Contributions

Thework donein this thesismakesthefollowing contributions:

1. It providesthe �rst implementationusinga virtual methodtablefor an interfaceto

extend Java to supportthe separationbetweeninterface-type, code-typeand data-

type.

2. It provides an implementationto extendJava to supportmultiple codeinheritance
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with changesat loadtimeonly.

3. It providesthe�rst compilersupportto theextendedJava thatsupportsmultiplecode

inheritanceandtheseparationbetweeninterface-type, code-typeanddata-type.

Thelanguageextensionto Java allows elegantprogramarchitecturedesignandimple-

mentationto bettermodelcomplex problemdomainsusingJava.

1.4 Notation

Throughoutthisdissertation,thefollowing schemeis used:

symbol notation
term a termin its �rst appearancewith de�nition
class a termusedin theObject-OrientedProgrammingcontext

keyword akeyword usedin theJava grammar
method() coderelated
invokevirtual anopcodemnemonicsusedin aJava virtual machineinstruction

classclass an“in-memory” datastructure
�

asectionwhereade�nition or adescriptioncanbefound

1.5 Organization

In Chapter2, severalmodelingproblemsencounteredin Javaarestudied,andtheweak-

nessof Java in handlingthesecasesis revealed.Extensionsto thelanguageto increaseits

expressive power areproposedin Chapter3. Modi�cations madeto the IBM JikesCom-

piler and the Java Virtual Machineto supportthe proposedlanguageextensionsarepre-

sentedin Chapters4 and5, respectively. Theperformanceof theextendedlanguagesystem

is evaluatedin Chapter6. Summaryandconclusionsareincludedin Chapter7. A list of

theabbreviationsusedin this thesiscanbe found in AppendixA. AppendixB shows the

schematiclayoutof a .class �le. A grammarfor MCI-Java is includedin AppendixC.

AppendixD describes17 multiple codeinheritancescenarioswhich arecommonlyfound

in normalapplicationprogramming. The result of refactoringthe java.io packageis

detailedin AppendixE.
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Chapter 2

CodeInheritance

Someproblemsin OOPcannotbe solved without a separatecode-type, andrepeated

codeis unavoidablewithout multiple codeinheritance.Theseproblemsarediscussedin

this chapter, with specialreferenceto Java. A brief overview of multiple inheritance(
�

1.1)

in othercommonOOPlanguagesis includedat theendof thechapter.

2.1 Commoncode

It is very commonto �nd similar behavior exhibited by different speciesin the real

world. Therefore,it wouldnotbesurprisingto �nd differentclasseswith commonbehavior.

Many methodsimplementingthe samebehavior areexpectedto have codesegmentsthat

aresimilar, if notexactly thesame.

To avoid repeatedcodeand facilitate easymaintenance,the commoncodesegment

shouldbekept in a commonancestorof thetwo relevantclassessothatthecommoncode

is accessibleby both of them. In Java, an interfacecannotcontaincode; the common

ancestormustthereforebea class. Sinceit is not desirableto have this ancestorrestricting

thedatalayoutof thetwo subclasses, it is bestto haveanabstractclassto actasthecommon

ancestor. Eachsubclasscanthenhave a datalayoutdifferentfrom thatof theother, which

seemsto provide a valid solution.

Thissolutiondoesnotwork,however, whenaclasssharescommonbehavior with more

thanoneotherclasshaving differentsetsof behavior. The primary causeis dueto Java

only supportingsingleinheritance(
�

1.1) in class, in contrastwith multiple inheritancein

interface. Theclassneedsto inherit from morethanoneabstractclassin orderto beableto

usethesharedcodefor all thecommonmethods.Thisviolatestherulefor singleinheritance

in classes.

A typicalexampleof theproblemcanbefoundin thejava.io package.Two classes,
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RandomAccessFile DataOutputStreamDataInputStream

DataInput DataOutputInputStream OutputStream

Class Interfaceinherits

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

RandomAccessFil e and DataInputStream , have commonbehavior speci�ed by

the interfaceDataInput . Similarly, DataOuput describesthe behavior applicableto

both RandomAccessFile and DataOutputStrea m. The relationshipamongthe

classesis depictedin Figure2.1.

While it is possiblethatRandomAccessFil e andDataInputStrea msharecode

storedin oneabstractclass, andRandomAccessFil e andDataOutputStream use

commoncodekept in anotherabstractclass, singleinheritancemeansthatthesingleclass

RandomAccessFil e cannotinherit from bothabstractclasses.

To solve this problem,it is necessaryto have a typedeclarationfrom which a classis

allowed to inherit multiply. The typedeclarationshouldbe allowed to containcodeonly,

notdatalayout.Thesuggestedrefactoredtypehierarchyis depictedin Figure2.2.

In Java, a classis allowed to inherit from multiple interfacesbut an interfaceis not

allowed to containcode. An abstractclasscan containonly codewithout data layout.

However, only singleinheritanceis supportedin classes. A new typedeclaringunit may

thereforeberequiredto solve theproblem.

2.2 Multiple representation

In Section1.2, the bene�t of having dual representationsfor a matrix wasdiscussed.

Optimizationcanbe obtainedby usingdatarepresentationsoptimizedfor specialscenar-

ios. The advantageof having multiple representationsfor a singletypeis explainedin a

quoteexcerptedfrom anonlinetutorial1 [1] offeredby SunMicrosystemsInc. List is an

1Thetutorial is on “GeneralPurposeImplementations”usingtheCollectionframework.
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RandomAccessFile DataOutputStreamDataInputStream

DataInput DataOutputInputStream OutputStream

extends

inherits inheritsinherits inherits

extends

Class Interface CodeType

InputCode OutputCode

implements implements

Figure2.2: RefactoredJava class(partial)hierarchiesfor I/O classes

interfacewith two classesthatimplementit, ArrayList andLinkedList .

Thetwo generalpurposeList implementationsareArrayList andLinkedList.Most of thetime,
you'll probablyuseArrayList. It offersconstanttime positionalaccess,andit' s just plain fast,
becauseit doesnot have to allocatea nodeobjectfor eachelementin theList, andit cantake
advantageof the native methodSystem.arraycopy when it hasto move multiple elementsat
once.Think of ArrayList asVectorwithout thesynchronizationoverhead.

If you frequentlyaddelementsto the beginning of the List, or iterateover the List deleting
elementsfrom its interior, youmightwantto considerLinkedList.Theseoperationsareconstant
time in a LinkedListbut lineartime in anArrayList. But you paya big price! Positionalaccess
is linear time in a LinkedList and constanttime in an ArrayList. Furthermore,the constant
factorfor LinkedList is muchworse. If you think that you want to usea LinkedList,measure
theperformancewith bothLinkedListandArrayList. Youmaybesurprised.

Without a separatecode-type, theproblemdiscussedin Section1.2 is still solvableby

implementingmethodsspeci�ed in the MATRIX interfacein MATRIX CODE, an abstract

class, extendedby thetwo classes, DENSEMATRIXandSPARSEMATRIX, whicharethe

data-typesfor thetwo distinctrepresentationsof a matrix. Theclasshierarchyis shown in

Figure1.1(b).However, in thescenariothatfollows, theproblemcannotbesolvedwith the

presentlanguagestructureof Java.

A columnor row vectoris aspecializedform of amatrix. Someof thematrixoperations

canbeoptimizedfor this specialform. Thus,somemethodswhich arede�ned for matrix
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VECTOR_CODE

MATRIX_CODE

SPARSE_MATRIXDENSE_MATRIX

DENSE_VECTOR SPARSE_VECTOR

MATRIX

Figure2.3: Class(partial)hierarchiesfor matrix/vectorclasses

VECTOR_CODE

MATRIX_CODE

SPARSE_MATRIXDENSE_MATRIX

DENSE_VECTOR

SPARSE_VECTOR

MATRIX

VECTOR

Interface Type

Code Type

Data Type

Figure2.4: Class(partial)hierarchiesfor matrix/vectorclasseswith separation

operationscanbeimplementeddifferently, optimizingfor columnor row vectors.However,

theseimplementationsaregoodonly for vectors,but not matrices.Furthermore,it is very

reasonableto have dualrepresentationsfor vectors,makingeachrepresentationof vectora

specializationof its counterpartfor matrix.

In Java, one possibleway to model the matrix/vector scenariois depictedin Figure

2.3. The classhierarchyfor matrix, asshown in Figure1.1(b), remainsunchanged.The

abstractclassMATRIX CODEis extendedby VECTORCODE, anabstractclasscontaining
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codespecializedfor vectors.Thetwo data-typesrepresentingthedualrepresentationsof a

vectorbecomesubclassesof VECTORCODE. This modelis very closeto therealsituation

capturingalmostall relationshipsamongthe classes, exceptthoseamongthe data-types.

DENSEVECTORshouldbeaspecializationof DENSEMATRIX, while SPARSEVECTOR

shouldbeaspecializationof SPARSEMATRIX.

With separatelanguageconstructsfor interface-type, code-typeanddata-type, thema-

trix/vectorcasecanbemodeledusinga classhierarchy, asshown in Figure2.4. It canbe

seenthatall specializationrelationsarere�ected in theclasshierarchy. Datalayoutsof the

matrix classesarere-usedin thevectorclasses. This factorizationis not possiblein Java,

sinceDENSEVECTORandSPARSEVECTORmustbothusemultiplecodeinheritance.

It is obviousthatprogrammersareableto modelrealworld problemsmorecloselyus-

ing languagesthatsupporttheseparationbetweeninterface-type, code-typeanddata-type.

Java doesnot supporttheseparationbetweenthesetypes, andthis dissertationproposesa

modi�cation to thelanguageto move it in thisdirection.

2.3 Overview of OOP languages

Several currentlyavailablestatic-typedOOPlanguagesarestudiedaccordingto their

publishedspeci�cationsto determinehow they aredesignedin termsof inheritanceand

separation.The languagesstudiedinclude BeCecil [13], Cecil [11], C++ [32], C# [5],

Eiffel [26], Java [18] andSather[31].

2.3.1 Separation

Not all languagesstudiedprovide supportfor separationbetweeninterface-type, code-

typeanddata-type.

C++ gives the modularunit dual functional roles. A classis usedfor declaringan

interface-typefor programmaticinterface,typeimplementationandinstancecreation.

Eiffel usesa classto declarea typeandto createobjectinstancesof thetype. Thereis

no separationbetweentypeandclass, althoughdeferredclassespermita declaredfeature

to beimplementedlaterby anotherclassinheritingfrom it.

Both Java andC# provide moderatesupportfor the separationbetweeninterfaceand

implementationthroughinterface , a modularunit in addition to class . It allows

the de�nition of an interface-typewithout requiringimplementationto be included. The

presenceof interface allows aclass to have additionalsetsof behavior on topof the

oneinheritedfrom thesuperclass.
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Satherprovides a mechanismthat supportsseparationbetweeninterfaceand imple-

mentationin that classesareusedto de�ne codeandstorage. With the presenceof this

mechanism,classinheritanceis split into two parts.Onepartof theinheritancedealswith

typerelationshipsbetweenclasses(subtyping)andtheotherpart(codeinclusion)dealswith

coderelationshipsbetweenclasses.

Cecil andBeCecil (an extensionof Cecil) supporta polymorphicstatic type system

whichdistinguishesbetweensubtypingandcodeinheritance.Thestatictypesystemmakes

typedeclarationandsubtypingindependentof objectsandtheircreation.CecilandBeCecil

do not provide mechanismsto separatecodefrom representation;thetwo areblendedinto

an implementation-type. Codeinheritancemustbe accompaniedby preservation of data

layout.

2.3.2 Codeinheritance

Both Java andC# allow only singleinheritancein classes. Multiple inheritanceis 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 inheritanceusingthesetwo languages.

C++supportsmultiple inheritancein bothinterface-typeandcode-type. However, there

is no separationbetweenthem; inheritancein oneis implicitly imposedwith inheritance

in the other. When C++ encountersa diamond-shapedinheritance(inheriting from two

modularunitshaving acommonsourceof inheritance),anexplicit quali�er mustbecreated

to referto thecommonroot.

Eiffel alsosupportsmultiple inheritancein both interface-typeandcode-type. Under

its terminology, multiple inheritancerefersto the V-shapedinheritance(inheriting from

two modularunits having no commonsourceof inheritance)while the diamond-shaped

inheritanceis referredto as repeatedinheritance. The repeatedcommonroot is treated

differently, as in C++. The programmerhasthe option of sharingthe commonroot and

makingit onesingleentity, or replicatingthecommonroot throughrenaming.

Satherallows multiple typeinheritance.Sincesubtypingis only possiblewith abstract

types,no diamond-shapedtypeinheritanceis possible.Whenit comesto diamond-shaped

codeinheritance,Satheradoptsthesameschemeusedin C++,requiringanexplicit quali�er

for methodscomingfrom thecommonroot.

Cecil permitsmultiple inheritancein both typeand code. It usespartial orderingto
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handlediamond-shapedinheritance.An implementationis regardedasmorespeci�c if it is

locatedcloserto theclasswherethecall is made.Themostspeci�c oneis to be invoked.

BeCecil is a languagethatsupportsmulti-dispatchandthushandlescodeinheritancedif-

ferently.

NeitherC++norJavapermitsmethodsde�nedin anotherclass, whichis notanancestor

of thecurrentclass, to beinherited.

Satherprovidescodeinheritancethroughsubclassing. Eachtimethekeywordinclude

is used,the implementationof a speci�ed typeis incorporated.This is differentfrom in-

heriting codewithout an associationof a type. Sather's specialfeature– closure – is

equivalentto a functionpointerin theotherlanguages.

AlthoughEiffel supportsmultiple andrepeatedinheritance,thereis no mechanismto

inherit codewithout any typeassociation.A programmermayelectto inherit from a type

while rejectingsomeof the methodsdeclaredin the type. However, the reverseis not

possible.Theprogrammercannotacceptamethodwhile rejectingits containingtype.

2.4 Summary

OOPis intendedto promotecodere-use.Ironically, ratherthanproviding thenecessary

supportto it, mostof thecurrentlyavailablelanguagesrestrictor do notallow codere-use.

Whenusinglanguagesthatdo not supportthe total separationbetweeninterface-type,

code-typeanddata-typeandwhichonly supportsingleinheritancein class, it is notpossible

to implement,without duplicatedcode,a classwhich sharescommonbehavior with more

thanoneclass, eachof whichhasdifferentbehavior sets.

Optimizationcan be obtainedthroughdifferent data layouts,eachspecializedfor a

uniquescenario.However, multiple representationsof aninterfacecannotbeimplemented

in a way thatmodelstherealsituationcloselywithout total separationbetweeninterface-

type, code-typeanddata-type.

No singlecommonlyusedOOPlanguageprovidesa solutionto thesemodelingprob-

lems. A proposalto extendJava, (which is a commonlyusedOOPlanguage),to support

multiple codeinheritanceandthe separationbetweeninterface-type, code-typeanddata-

typewithout changingtheoriginalsemantics,will bediscussedin Chapter3.
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Chapter 3

Extensionsto the Java Programming
Language

Severalweaknessesof Java, in termsof expressiveness,have beenidenti�ed in thepre-

viouschapter. Theseincludedif�culties in modelingarealproblem,with respecttomultiple

representations,multiple behavior andsharedcode. This chapterdescribesMCI-Java, an

extensionto Java,which is proposedasa solutionto theproblem.Thechapterbeginswith

theestablishmentof a setof guidelinesto beusedascriteriafor thedesigndecision.This

is followedby asectionon thevariousorthogonaldimensionsin OOPlanguagedesign,on

which the proposedsolutionis based.While the actualimplementationis detailedin the

following two chapters(Chapters4 and5), design-relatedissuesandthesemanticsof the

addedfeaturesarediscussedin Section3.3.

3.1 Guidelinesfor changes

Oneof thestrengthsof Java is its platformindependence.Thecomponentresponsible

for this machine-andoperatingsystem-independenceis theJava Virtual Machine(JVM),

which is anabstractcomputingmachinewith its own instructionset(thebytecodes).Com-

piled codeis representedin a binary form known as the .class �le format, which is

machine-and operatingsystem-independent.A .class �le containsthe bytecodes,a

symboltable(theconstantpool) andotherancillary information. Thereis a strongformat

andstructuralconstraintimposedby theJVM on the.class �le format.

The Java Virtual Machine Speci�cation (JVM Speci�cation) [23] doesnot assume

any implementationdetail. However, any JVM implementationmustbe ableto readthe

.class �le formatandcorrectlyperformtheoperationsspeci�ed there,accordingto the

JVM Speci�cation. While the implementationdetailsarenot preciselyspeci�ed by the
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JVM Speci�cation,therun-timeenvironmentshouldhave:

1. variousrun-timedataareasto beusedduringprogramexecution,aswell aslookup

andsymbolicresolutionroutinesthataccessthem,

2. a classloadingmechanismwhich cantranslatesymbolicreferencescontainedin a

.class �le into concretemethodreferenceswithin therun-timeenvironment,and

3. abytecodeinterpreterfor executingthebytecodescorrectly.

The interpreteris machine-speci�cand is usuallyhighly optimizedfor performance.

Noneof thechangesmadeto thebytecodeexecutionprocedurecanbe madein the inter-

pretationsectionof theJVM, to avoid affectingperformance.Modifying thehighly opti-

mizedbytecodeinterpreterwould bea maintenancedisaster, giventhenumerousmachine

speci�cationson themarket. Therefore,all changesto theJVM mustbein theclassloader

or symbolicresolutioncode.

Very few OOPlanguagespossessthemodularityfeaturesprovidedby Java. By using

this feature,a singlecompilationunit – usuallya top level type(a classor an interface)

– canbe recompiledwithout requiringotherunits using this type to be recompiled;and

an applicationusing this recompiledtype can still be executedwithout recompilingthe

application.OthercommonlanguagessuchasC++ andSmalltalkrequirea recompilation

of all related�les, oncechangesaremadeto oneof the�les, beforetheaffectedapplication

canbeexecuted.MCI-Java is designedto behave likeJava,with norecompilationrequired.

Anotherimportantconsiderationis backwardcompatibility. Theavailability of a stan-

dardrun-timelibrary (the�le rt.jar ), whichcontainsanarchivedcollectionof thebuilt-

in classes,is anotherimportantfeatureof Java. All programswritten in Java usethese

classesbothimplicitly andexplicitly. All thechangesmadeto theseclassesmustbetrans-

parentso that the legacy codesalreadyin existencearenot affected,if the codecanstill

beexecutedin classicJVM. Becauseof theexistenceof numerousapplicationswritten in

Java, thesemanticsof theoriginal languageshouldnotbechanged.

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

1. No changesshouldbemadeto thehighly optimizedbytecodeinterpreterandthusthe

bytecodeexecutionprocedureof classicJava shouldnotbemodi�ed.

2. Modularity shouldbe supportedandtheoriginal semanticsof theexisting features,

as speci�ed by the Java LanguageSpeci�cation [18], shouldnot be modi�ed nor

affectedby any new featuresintroducedin MCI-Java.
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3. Modi�cations to the.class �le andthert.jar �le , if any, shouldconformto the

currentspeci�cationsdescribedin theJVM Speci�cationandtheJava Application's

ProgrammingInterface(API) [2], respectively.

3.2 Orthogonality in languagedesign

Wegnerhasidenti�ed six orthogonaldimensionsof OOPlanguagedesign.“Thesedi-

mensionsprovide adesignframework for object-orientedlanguagesin termsof computing

agents,classi�cationmechanisms,sharingmechanisms,andinterfacespeci�cationmecha-

nisms.” [33]

Thesix dimensionsareorthogonalin thesensethatnosingleoneis theconsequenceof

any of theothers.They arenamedbelow, four of thembeingaccompaniedby thede�nitions

providedby Wegner:

1. Object: An objecthasa setof “operations”anda “state” that rememberstheeffect

of operations.

2. Type: A typeisabehavior speci�cationthatmaybeusedtogenerateinstanceshaving

thebehavior.

3. Delegation:Delegationis amechanismthatallowsobjectsto delegateresponsibility

for performingan operation,or �nding a value,to oneor moredesignated“ances-

tors”.

4. Abstraction: A dataabstractionis anobjectwhosestateis accessibleonly through

its operations.

5. Concurrency

6. Persistence

As concurrency andpersistenceareoutsidethe scopeof this thesis,they will not be dis-

cussedhere.

Wegner's de�nitions of “Object” and“Type” aresimilar to thede�nitions of objectand

typefoundin Section1.1of this thesis.Inheritance,oneof thethreemainfeaturesof OOP,

canbeviewedasa specializationof “Delegation”,while encapsulationis anapplicationof

“Abstraction”.
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Leontiev, ÖzsuandSzafron[21] have suggestedthe total separationof interface,im-

plementationandrepresentationfor objectsin object-baseddatabasemanagementprogram-

minglanguages.Differentanduniquelanguageconstructsarerequiredfor eachof thethree

concepts.Theideaof total separationis parallelto Wegner's conceptof orthogonaldesign

dimensions,with slightmodi�cations.

Sinceaninterface-typede�nes thesetof legal operationsfor a groupof objects, it can

be seenas a featurein the “Type” dimension. Theseobjectsdelegatethe responsibility

for performinganoperationto a code-type, which implementsthemethodsde�ned by an

interface-type. Accordingly, a code-typebelongsto the “Delegation” dimension.A data-

typecontainsthe datalayout anda setof accessorsfor accessingthe internalstateof the

object it represents.If Wegner's conceptis slightly modi�ed so that an “Object” hasa

stateanda setof accessors(insteadof “operations”),thedata-typede�ned in [21] will �t

perfectlyinto the“Object” dimension.Theconceptsof separationandorthogonalityboth

emphasizethe independencebetweenany two of the languagefeaturesmentionedin their

proposals.

Theorthogonaldesigndimensionsidenti�ed by Wegnerareusefultoolsto understand

issuesaboutlanguagedesign. They provide a platform to searchfor solutions. The total

separationof interface-type, code-typeand data-typesuggestedby Leontiev et el. is a

realizationof thisconceptof orthogonaldimensions,with eachof thethreetypesbelonging

to a differentorthogonaldimension.

A languagecanbemoreexpressive if all of thefeaturesaresodesignedthatthey belong

to a uniquedimension.Usingorthogonality, any operationin oneof thefeatureswill have

no effect on anotherfeature. MCI-Java, the proposedextensionto Java, conformsto this

framework.

3.3 MCI-J ava

3.3.1 Implementation

MCI-Java introducesimplementationasthethird type-declaringunit at thesourcecode

level, in additionto thetwo currentlyusedin Java. A distinctlanguageconstructis therefore

usedfor eachof the threetotally separatednotionsof type suggestedby Leontiev et el.

[21]. At the Virtual Machine(VM) level, an implementationis compiledto an interface

containingcode.Therefore,only thetwo existing mechanisms– onefor interfaceandthe

otherfor class– areused,without theneedto introduceanew one.

18



Thistwo-level setupdecoupleslanguagesyntaxchangesfrom theJVM supportrequired

for codein interfaceandmultiple codeinheritance.Therecanbe differentlanguagecon-

structsandsyntaxat thesourcecodelevel with differentcompilerimplementationsto sup-

portthem.Themodi�ed VM will beableto executebytecodegeneratedby compilerswhich

supportcodein interface. For example,if someonedecidesto extendJava to allow codein

interfacewithout introducingathird type-declaringunit, themodi�ed VM will still support

codegeneratedfrom themodi�ed compiler.

At thesourcecodelevel, theoriginalversionof Javahastwo typedeclaringunits- class

andinterface. An interfacein Java is usedto specifythe behavior of a groupof objects,

while aclassis usedto de�ne thedatalayoutof objectsandto associatecodewith methods

for implementingbehavior. In otherwords,while an interfacecontainsabstractmethods

(with no code),a classcanhave datafor stateandcodefor methods.This setupmustbe

preservedaccordingto theguidelinessetout in Section3.1.

It is a naturalchoiceto assigntherole of aninterface-typeto aninterfacebecausethis

is the role assignedto it in the original versionof the language.In orderfor the original

semanticsof thelanguageto bepreserved,it is necessarythatdatalayoutcanbede�ned in

aclass. This is obviously theroleof adata-type.

An abstractclassin Java seemsto bea goodchoicefor code-typebecauseno instance

of theclasscanbecreated.Thediscussionin Chapter2 hasclearly indicatedthatmultiple

codeinheritanceis anecessarypartof thesolution.However, if anabstractclassis usedas

a code-type, theoriginal semanticsof thelanguagehave to bemodi�ed to supportmultiple

inheritancein classes. This cannotbedoneaccordingto theguidelinessetout in thepre-

vioussection.Therefore,a new constructis introducedto the languageat thesourcecode

level for code-type.

At theVM level, thesame“in memory”datastructureis usedfor representinga class

and an interface, in Sun's implementationof the JVM. Obviously, this datastructureis

capableof:

1. storinginformationfor a type-declaringunit,

2. keepingmethoddetails,includingcode(concretemethodsin class), and

3. supportingbothsingle(for class) andmultiple (for interface) inheritance.

An implementationis a type-declaringunit which containscodeandsupportsmultiple

inheritance. The existing datastructurealreadyhasall the featuresrequiredby an im-
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plementationandit wasthereforedecidedto usethe same“in memory” datastructureto

representanimplementationat theVM level.

3.3.2 MultiSuper method invocation

In classicJava, a supermethodinvocation(thesupercall) is usedto accessanoverrid-

deninstancemethodof theimmediatesuperclass.SinceMCI-Java supportsmultiple code

inheritance,it is possiblethata methoddeclaredin animplementationis overriddenin the

currentclass. A methodinvocationmechanismanalogousto thesupercall is thereforere-

quiredto accessanoverriddenmethoddeclaredin animplementation. Multisupermethod

invocation(the multisupercall) is an extensionto the supercall andis usedto invoke an

overriddenmethodof animmediateimplementationinheritedby thecurrentclassto which

thereceiver objectbelongs.

3.4 The semanticsof multiple codeinheritance in MCI-J ava

3.4.1 Inheritance and visibility

Accordingto theoriginal semanticsof Java, a methoddeclaredin a classhigherup in

the inheritancehierarchyis available for useby instancesof the currentclass, by virtue

of inheritance. It is said to be visible in the currentclass. However, if anothermethod

with thesamesignature,formedwith themethodnameandthenumberandtypesof formal

parametersto themethod,is declaredin thecurrentclass, theaforementioned“inherited”

methodwill beoverridden,andwill notbevisible in thecurrentclassandits subclasses.

Theideaof visibility is extendedto includeimplementation. Codevisible in animple-

mentationwill be the onethat is explicitly declaredin this type, or inheritedby this type

from anotherimplementation, andnot overridden. While a classcaninherit from an im-

plementation, the reverseis not allowed. Both classandimplementationcaninherit from

morethanoneimplementation. A methodin animplementationis visible in a classwhich

inheritsfrom this implementation, if no methodwith thesamesignatureis de�ned in this

class.

Whena methodis visible in a classor animplementation, thesemanticsareconsistent

regardlessof whetherthemethodis explicitly declaredin thistypeor inheritedfrom another

type. In theexampledepictedin Figure3.1wherethesourcecodehasa form similar to the

oneshown in Figure3.1(a),methodm() is declaredin implementationA. Figure3.1(b),

shows thataclassis denotedusingarectanglewhile animplementationwill berepresented
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public implementation A �

...
public void m() �

... code ...
�

�

public implementation B extends A
...

public class C utilizes B
...

no definition for m() in B and C

(a) code

B {m()}

C

A {abs m()}

Class C an instance of
which is denoted by c

Class A with the
declaration of an
abstract method m

Implementation B with
the declaration of a
concrete method m

inheritance relationship

(b) legend

A {m()}

C

B

(c) pictorial representation

Figure3.1: Methodvisibility

by an oval shape.If the alphabetdenotingthe nameof the typeis followed by a method

nameenclosedwithin apairof curly brackets,it indicatesthatade�nition of themethodis

visible in this type. Thede�nition maybean inheritedde�nition, or onethat is explicitly

de�ned in this type. This methodis visible in implementationB aswell asin classC by

virtue of inheritance,asshown in Figure3.1(c). If themethodm() is declaredin another

implementationfrom whichA inherits,andis visible in A, thesituationwill bethesameas

depictedin thisdiagram.

3.4.2 Precedenceof supertypes

The original semanticsof Java doesnot put any weight on the lexical orderof a su-

pertypewithin thedeclarationstatement,in contrastto somelanguageswith multiple code

inheritance,suchasCLOS[8], in which thelexical orderis signi�cant. For Java,a change

in theorderof declarationwill nothaveany effect in any aspect;all methodshave thesame

degreeof importance.In orderto preserve this situation,asrequiredby theguidelinesset

out in Section3.1,no precedencewill begivento a particularimplementationby virtue of

its lexical order. For example,themethodm() declaredin A andtheonedeclaredin B will

have equalprecedencewith thefollowing two declarationstatementsfor C:
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1. public class C utilizes A, B

2. public class C utilizes B, A

Furthermore,an implementationis given the samestatusasa classwith referenceto

beinga sourceof code. As will be discussedin the following section,whenresolvinga

con�ict, no precedencewill begivento a classor animplementationfor its code.In other

words,themethodm() declaredin classCwill notbegivenany preferencesimplybecause

it is declaredin aclassover anothermethodm() , declaredin animplementation.

3.4.3 Inheritance con�ict and resolution

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

1. A namecon�ict occurswhenmorethanonesemanticallydistinct methodusesthe

samename.For example,aninstanceof anIntegerclassusesthemethodadd(int)

to computea sum,while an instanceof a List classusesthemethodadd(int) to

addan integer value to its content. The two methodshave the samesignaturebut

differentsemantics.

2. A valuecon�ict ariseswhenonemethodhasmorethanonede�nition visible at the

sametime. An array-basedlist anda linked list will have differentimplementations

for thesamemethodadd(int) .

The inheritancemechanismwill try to resolve a valuecon�ict but is not ableto deal

with a namecon�ict . Therefore,namecon�ict will not be discussedin this thesis. If a

con�ict cannotbe resolved,anerrorof ambiguitywill be raisedeitherat compiletime or

at run-time,dependingon whenthe con�ict occurs. Valuecon�ict is avoided in classic

Java becauseof its overridingsystemandthefactthatthereis only singlecodeinheritance.

However, it cannotbe avoidedin MCI-Java becausemultiple codeinheritanceby a class

via implementationis permitted.

Therearetwo commonstrategies– linearizationandgraph-oriented– to resolve acon-

�ict arisingfrom multiplecodeinheritance.Snyder[30] hasanoverview on both.

The linearizationstrategiestransformthepartialorderingof classesinto a total order.

The �nal orderingis basedon the relative orderamongclasseswithin a list of direct su-

perclasses.During the transformationprocess,unrelatedclassesmaybe insertedbetween

a classandits parent. This ensuressingleinheritance,althoughtheremay be con�icting

propertiesto beinherited.If it is necessaryfor aclassto inherit thosecon�icting properties,
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B {m()}

C

A {m()}

(a) differentsources

B

C

D {m()}

A

(b) samesource

B {m()}

C

A {m()}

(c) partialorder

Figure3.2: Scenariosof inheritancecon�ict

renamingis required.A typical examplewould be the “rename”subclauseusedin Eiffel

[26] to avoid nameclashes.In otherwords,codecannotbereusedwithout transformation.

This contradictsthe modularityfeatureof OOPwhich ensuresthat eachclasscanbe de-

signedand implementedindependentlyof otherunrelatedclasses.Furthermore,thereis

anadditionalmajorprobleminvolving theability of a classto communicatewith its “real”

parent.

Graph-orientedstrategiesresolveacon�ict withoutrequiringclasstransformation.When

thereis acon�ict, theprogrammerwill manuallycreateanew de�nition, at thepointwhere

thecon�ict is observable,to overridethecon�icting de�nitions. Anotherway to avoid the

con�ict is to specifythesourcefrom which thepropertyhasto be inherited.This kind of

strategy is usedin C++ [32]. With this speci�cation, the methodlookup process,which

usuallystartsfrom the receiver's class,will now start from the speci�ed class. This hin-

dersthecapabilityof the run-timemachineto locatethemostsuitablemethodwithin the

inheritancehierarchytree.

The strategy usedin MCI-Java is a blendof the two. No classtransformationis nec-

essaryto resolve a con�ict, anda new de�nition at thepoint wherethecon�ict is seencan

removethecon�ict by overridingit. Whensuchanew de�nition is absent,astrategy similar

to linearizationis adopted.Thisstrategy canbesummarizedasfollows:

1. Whenthecon�icting de�nitions actuallycomefrom thesamesource,asdepictedin

Figure3.2(b),it is not regardedasacon�ict.

2. In situationssimilar to theoneshown in Figure3.2(a),whenthereis no inheritance

path linking the two typescontainingthe con�icting de�nitions, it is ruled as un-
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B {m()}

C

A {abs m()}

(a)V-shapedinheritance

B

C

D {m()}

A {abs m()}

(b) diamond-shapedinheritance

B {m()}

C

A {abs m()}

(c) partialorder

Figure3.3: Inheritancesuspensionscenarios

resolvable and the compiler shouldreactaccordingly. At run-time, an ambiguity

exceptionwill beraised.

3. Figure3.2(c)shows thescenarioin whichthereis aninheritancepathlinking thetwo

typescontainingthe con�icting de�nitions. The methodde�ned in the typewhich

is lower in theinheritancehierarchy(partialordering)takesprecedenceaccordingto

therelaxedmultiplecodeinheritance[28], andthusno con�ict will bereported.

3.4.4 Inheritance suspension

Section8.4.3.1of theJavaLanguageSpeci�cation[18] statesthat“An instancemethod

that is not abstractcanbeoverriddenby anabstractmethod.” Whenthis happens,thereis

aninheritancesuspension.

Inheritancesuspensionis usedto forcea new implementationin thesubclasschain. In

otherwords,de�nitions foundin thehierarchytreeabove theclassthatcreatesthesuspen-

sionarenot intendedto beusedby its subclasses.

With inheritancesuspensionin mind, thescenariodepictedin Figure3.2(c)becomesa

dif�cult-to-decide situationif m() in A is an abstractmethod. The new situationis now

shown as Figure3.3(c). The purposeof inheritancesuspensionis to block the reuseof

inheritedcode(the onede�ned in B in this case). It is thereforeagainstthe intentionof

the original Java semanticsto allow the codefound in B to be reusedin C. On the other

hand,it canbearguedthatthesuspensionis intendedto blockcodereusealongapath.The

codefrom B is still visible in C, alonganotherpath. Thus,useof thecodein C shouldbe

permitted.
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Assumingthatmethodm() is an abstractmethodin thesituationdescribedin Figure

3.2(a), the changedsituationcanbe seenin Figure 3.3(a). The purposeof this abstract

methoddeclarationis to de�ne a protocol,suchthatan implementationmustbeprovided

(for use)in C. Thede�nition declaredin B, visible in C would serve to ful�ll this require-

ment. It is thereforenaturalto allow codein B to bereusedin C, despitethefact thatthere

is anabstractmethoddeclarationin A.

For consistency, thesameresolutionshouldbearrivedat in situationsdepictedin Fig-

ures3.3(b)and3.3(c). To conclude,a concretemethodtakesprecedenceover anabstract

methodin con�ict resolution.

3.4.5 Keywords this and super

No changeis madeto thesemanticsanduseof thekeyword super while theseman-

tics of thekeyword this is expandedin MCI-Java. Section15.8.3of theJava Language

Speci�cation[18] statesthat

Whenusedasaprimaryexpression,thekeyword this denotesavalue,thatis

a referenceto theobjectfor which theinstancemethodwasinvoked,or to the

objectbeingconstructed.

Thespeci�cationthenexplains(in Section15.11.2)theuseof thekeywordsuper to access

membersof the superclassof a class , an instanceof which is denotedby the keyword

this .

Accordingto theguidelinessetout in Section3.1, thesemanticsof thetwo keywords,

this andsuper , mustbepreserved. However, thesemanticsof thekeyword this are

expandedto cover its usagein MCI-Java for thenew feature- implementation.

As statedin theJava LanguageSpeci�cation, thekeyword this refersto thereceiver

objectof thesentmessage(from which the instancemethodis dispatched).Methodsde-

claredin animplementationarealsoinstancemethods.Thus,theuseof thekeyword this

in instancemethodsdeclaredin a classis extendedto beapplicableto methodsdeclaredin

an implementation. Whenusedin codein an implementation, this is not referringto an

instanceof theimplementationbut is usedasaplaceholderfor thereferenceof theinstance

objectthatutilizes thecode.

While thesemanticsof thekeyword super have beenpreserved in MCI-Java, its use

is limited to insideinstancemethodsdeclaredin a class. Using thekeyword super in a

methodcontainedin animplementationis illegal sincethecompilerhasnoway to checkif
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all classesthatutilize theimplementationhave implementationsof thatmethodin their

superclasses.

3.4.6 Inheritance scenariosfor MCI-J ava

Many multiplecodeinheritancescenariosarisefrom realproblemmodeling(somevery

commononesarerecordedin AppendixD for reference).For eachscenariolisted in Ap-

pendixD, thereis a brief discussionon theresultsof applyingtheMCI-Java semanticsof

multiple codeinheritance.The scenariosincludedin the discussionarenot meantto be

exhaustive,but arerepresentative of themostcommonsituations.

3.5 The semanticsof multisuper call in MCI-J ava

Themultisupercall providesa mechanismto invoke anoverriddenmethoddeclaredin

an implementationfrom which thecurrentclassinheritseitherdirectly or indirectly. This

is analogousto thesupercall usedto invoke anoverriddenmethoddeclaredin thechainof

classes.

In C++ [32], eachcall to a non-virtualmethoddeclaredin oneof thesuperclassesis a

staticallycompiledsubroutinejump. This is differentfrom thedynamicsemanticsof aJava

methodinvocationwhichsupportsmodularity(
�

3.1).

To make a multisupercall, the programmeris requiredto specify the nameof the

method,aswell as the root of an inheritancepath from which the methodsearchstarts.

Thesearchprocessis thesameasthatfor aninstancemethodin classicJava; theonly dif-

ferencebetweenthetwo searchprocesseslies in thesearchpath.Thesearchfor aninstance

methodin classicJava is donealongtheinheritancechainin whichonly classesarefound.

In thesearchfor a multisuperinstancemethod,thepathstartsfrom thespeci�edsuperim-

plementationandtravelsup theinheritancepathin whichonly implementationsexist.

The scenario,asshown in Figure3.4, is usedto explain the dynamicsemanticsand

the searchprocess.Figure3.4(a)shows the situationafter the original compilation. The

messagesuper(B).m() , sentto aninstanceof C, triggersasearchprocessstartingfrom

B, asspeci�ed. Thede�nition in D is located.As a result,themessagesuper(B).m() ,

sentto theinstanceof C, is dispatchedto thisde�nition.

A new de�nition for m() is then introducedto B. After the recompilationof B, the

situationis depictedin Figure 3.4(b). Recall that the other typesarenot requiredto be

recompiled,becauseof modularity. At run-time,thesamemessagesentto thesameinstance

of Ctriggersthesamesearchprocess.However, this time,thenew de�nition of m() in B is
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B

C

A

D {m()}

(a) Original compilation

B {m()}

C

A

D {m()}

(b) After B recompiled

Figure3.4: Dynamicsemanticsof multisupercall

located.Themessagesuper(B).m() , sentto thesameinstanceof C, is now dispatched

to this new de�nition, insteadof to thede�nition foundin D.

It can be seenfrom the exampledescribedabove that the dynamicsemanticsof the

multisupercall guaranteesthat the most speci�c methodwill be dispatchedat run-time,

despitethepossiblerecompilationof theintermediatetypes.

3.6 Summary

MCI-Java, which supportsa uniquelanguageconstructfor eachof thethreenotionsof

a typeandsupportsmultiple codeinheritance,is introducedin this chapter. Thetotal sepa-

rationof interface-type, code-typeanddata-typeis ableto remove someof theweaknesses

in Java, thatwereidenti�ed in Chapter2.

At the sourcecodelevel, the two existing type-declaringunits, namelyinterfaceand

class, areusedfor declaringinterface-typeanddata-typerespectively. Thisnecessitatesthe

introductionof implementation, which is usedfor declaringa code-type. At theVM level,

no new conceptis introduced.The same“in memory” datastructureis usedfor all three

unitsandan implementationis compiledto an interfacecontainingcode. This allows the

existingmechanismsin Sun's implementationof JVM to beusedfor thenew feature.

While the original Java languagesemanticsare preserved, implementationsupports

multiplecodeinheritance.Themechanismfor resolvingcon�ict arisingfrom multiplecode

inheritancepathswasdiscussedin detail,in Section3.4.3.

Multisupermethodinvocationis introducedto permit invoking an overriddenmethod

declaredin an implementation. A moredynamicsemanticsthanthestaticsemanticsused
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for amulti-supercall in C++ is de�ned for thenewly introducedmultisupercall.

Modi�cations to Jikesto supportMCI-Java aredescribedin Chapter4. Theimplemen-

tationdetailsof thenew featuresin Sun's JVM will bediscussedin Chapter5.
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Chapter 4

Compiler Support

MCI-Java was introducedin Chapter3. For eachnew languageconceptor feature,

changesaremadeatboththecompiler(sourcecode)level andtheVM level (to bediscussed

in Chapter5). Thechangesaresummarizedin Table4.1for easyreference.

Compiler Virtual Machine

.class �le
Introducea new accesscontrol
�ag for a classto indicatean in-
terfacecontainingcode(

�

4.1)

Modify codeveri�cation proce-
dureduringclassloadingto 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 multisupermethodinvo-
cation(

�

4.2)

No changesare required since
animplementationis aninterface
with codeat theVM level

inheritance
andresolution

Introduce a modi�ed algorithm
for resolvingmethodinheritance
andcon�ict to identify the most
speci�c 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 semanticsof invoke-
special to include multisuper
methodinvocation(

�

4.4)

No changesare madesince all
methodinvocationsusetheexist-
ing routinesfor dispatch

Table4.1: Summaryof changes(compilerportionemphasized)
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Modi�cations madeto theIBM JikesCompiler[4] (hereinafterreferredto asJikes)to

supportthenew proposedfeatureswill bediscussedin this chapter. Jikeshasbeenchosen

asthecompilerto bemodi�ed to supportMCI-Java for thefollowing reasons:

1. It is anOpenSourceInitiative (OSI) [6] certi�ed software,makingfreedistribution

possible.

2. It is strictly Java-compatible,adhering“ to bothTheJavaLanguageSpeci�cationand

TheJava Virtual MachineSpeci�cationastightly aspossible,anddoesnot support

subsets,supersets,or othervariationsof thelanguage.” [4]

Modi�cations to Jikes aremadein the following areasandwill be discussedin this

chapterin theorderpresented:

1. theaccesscontrol �ags usedin the.class �le - thebinaryform of a module(usu-

ally a top level type),

2. thesyntacticgrammarfor Java to accommodatethenew conceptof implementation

andthenew feature– multisupermethodinvocation,

3. the mechanismfor handlingcodeinheritanceanddealingwith con�ict resolution,

and

4. bytecodeemission(for multisupercall).

4.1 The extended.class �le

Each.class �le (
�

3.1)containsthede�nition of asingletop-level typewhichmaybe

aclass, aninterfaceor animplementation(in MCI-Java only). A schematicdiagramof the

entirestructureof a .class �le canbe found in FigureB.1 in AppendixB. A .class

�le usesvariable-sizeditemsto storeattributesandinstructions.Theseinformationitems

make referencesto the symbolicinformationstoredin the constantpool, a componentof

the .class �le. At run-time,thesymbolsstoredin theconstantpool will be transferred

to the “in memory” run-timeconstantpool andresolved into actuallinkagereferencesas

programexecutionproceeds.

A two-bytebit mapis used,bothin the�le formatandin memory, to storetheattributes

of a type, amethodanda �eld (stateinformation).Table4.2shows asummaryof theinter-

pretationsof all thebits recognizedby a standardJVM. 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 implementation1 native –
10 interface – –
11 abstract abstract –
12 – strictfp –
13 – – –
14 – – –
15 – – –
16 (MSB) – – –

Table4.2: Access�ags interpretationby theJava VM

asdenotinga certainaccesspermissionto the type, methodor �eld to which this bit map

belongs.It mayalsodenoteacertainpropertyof theunit.

The useof the access�ags is bestillustratedby a few examples.The value0x0621

(bits1, 6, 10and11areset)whenusedwith a typedenotesapublic interface which

is automaticallysetasabstract . Whenusedwith amethod,thevalue0x0824 (bits3, 6

and12 areset)denotesa synchronized andprotected methodin theFP-strict

�oating pointmode.

While an implementationis compiledto an interfacewith code,it is necessaryto dif-

ferentiatebetweenanimplementationandaninterfacefor two reasons:

1. An implementationcancontaincode,but aninterfacecannot.

2. An implementationcaninherit from bothinterfaceandimplementation, but aninter-

facecaninherit from aninterfaceonly.

Bit 9 is chosento denotean implementation. It canbe seenfrom Table4.2 that the

samebit is usedto denotea similar attribute in all threelevels. For example,bit 1 is used

to denotea public type, a public methodandalsoa public �eld, in the respective

application.Whennocommon�ags canbefound,it is intendedthatthesamebit beusedat

1Insertedto supportimplementationin MCI-Java, but not requiredby the JVM Speci�cationfor standard
JVM.
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differentlevelsby attributesthatwill never beapplicablein theotherlevels. For example,

bit 6 is usedto denoteasuper classandasynchronized methodbecausetheattribute

super is not likely applicableto amethod,while theattributesynchronized is highly

unlikely to beapplicableto a type.

The four mostsigni�cant bits arenot usedat all threelevels. In ordernot to interfere

with thefuturedevelopmentof Java, thefour mostsigni�cant bitswill notbeusedin MCI-

Java. In addition,it is veryunlikely aclasswouldusethemodi�er native andthus,bit 9

is chosento indicatethatthetypeconcernedis animplementation. Theschematicdiagram

of theentirestructureof themodi�ed .class �le canbefoundin AppendixB.

4.2 The grammar of MCI-J ava

The grammarof MCI-Java can be found in Appendix C. It shouldbe notedthat a

specialsequenceof charactersreservedfor a keyword is shown within a productionline as

keyword . While choicesareput inside

���

andseparatedby � , optionalcomponentsare

keptwithin [] , asperTheJava LanguageSpeci�cation[18].

It is interestingto notethatonly minimal localizedchangesto theproductionsarere-

quiredto supportthenew conceptsandfeatures;no extensive modi�cationsarenecessary.

Typedeclaration

ClassOrInterfaceDeclaration:

Modi�er sOpt

�

ClassDeclaration � ImplementationDeclaration � InterfaceDeclaration �

ClassDeclaration:
class Identi�er [extends Type] [ implements TypeList][utilizes TypeList]

ClassBody

ImplementationDeclaration:
implementation Identi�er [extends TypeList][ implements TypeList]

ImplementationBody

InterfaceDeclaration:
interface Identi�er [extends TypeList]InterfaceBody

Figure4.1: Modi�ed Java rulesfor a typedeclaration

The revisedrulesfor a typedeclarationareshown in Figure4.1. Two new keywords
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implementation andutilizes areintroducedto supportthenew conceptof imple-

mentation. While theuseof thekeywordsinterface , implementation andclass

to representthe threetypesis trivial, theuseof thekeywordsextends , utilizes and

implements is explainedbelow:

1. The keyword extends is usedto expressan inheritancerelationshipbetweentwo

similar types, suchasthatwhenoneimplementationinheritsfrom anotherimplemen-

tation. Of course,thiskeyword is alreadyusedin classicJava for classinheritance.

2. Thekeyword implements is usedto expressthe inheritancefrom aninterfaceby

aclassor animplementation.

3. The keyword utilizes is usedto expressan inheritancerelationshipbetweena

classandanimplementation. Thiskeyword is new in MCI-Java.

Multisuper method invocation

Selector:
. Identi�er [Arguments]
.this
.super SuperSuf�x
.new InnerCreator
[ Expression]

SuperSuf�x:
Arguments
[ ( Identi�er ) ] . Identi�er [Arguments]

Figure4.2: Modi�ed Java rulesfor methodinvocation

The statementfor the newly introducedmultisupermethodinvocationtakes the form

of super(preferred Par ent) .met hodName() . In orderto accommodatethis, an

optionalcomponentis addedin theproductionfor aSuperSuf�x expression,which is origi-

nally usedfor thesupercall. Thechangeis re�ectedin Figure4.2.

It is importantto note that the optionalcomponent,the �rst Identi�er in the second

productionfor SuperSuf�x , mustbethenameof animmediatesuperimplementationof the

containingclassof themethodin which this statementis declared.For example,suppose

themultisupercall is declaredin a classwhich extends S implements A utilizes

B, C. Themultisupercallmustbeof theform super(B).m() or super(C).m() where

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

Codeinheritanceishandledin JikesbybuildinganExpandedMethodTa bl e2 (EMT)

for every top-level type3 thecompilerencounters.A minormodi�cation to theEMT build-

ing algorithmin Jikes is neededto supportmultiple codeinheritancein MCI-Java. The

original EMT building algorithmis discussedbrie�y �rst so that it is easierto understand

thechangesmade.

4.3.1 The data structure - ExpandedMethodTable (EMT)

In Jikes, the EMT is the “in-memory” symbol table for methods.Eachclasshasan

EMT of its own. Figure 4.3 shows the schematiclayout of an EMT. Only thosemajor

componentsthatarerelevant to this discussionareincludedin thediagram.A symbol in

Jikesis adatastructurefor storinglexical information.

An EMT is an array of linked-listsof MethodShadowSy mbol s eachof which is

a datastructurecontaininginformationabouta method. The index into the array is the

hashedvalueof amethodname(in theform of acharacterstring).

Take, for example, the valuesincludedin Figure 4.3 to describethe structureof an

EMT. Themethodnamesadd , foo1 andfoo2 areall hashedto thesamevalue 	 , which

is usedasanindex into thearrayto locatethelinked-list.Eachsymbol in this linked-listis

itself theheadof anotherlinked-listof MethodShadowSy mbol s,all of themrepresent-

ing methodsof thesamenamebut differentsignatures(theoverloadedmethods),suchas

add(int) ,add() , add(int, int) andadd(Object) . EveryMethodShadowSymbol

mayhave acollectionof MethodSymbol sfor methodshaving thesamenameandsigna-

ture;they arethemethodsin con�ict. In Figure4.3,thecon�ict poolfor themethodadd()

hasbeenshown.

For a classin thecontext of classicJava, Jikesstartsbuilding anEMT for thecurrent

classby �rst enteringall its locally declaredmethodsinto thetable.Constructors,staticand

privatemethodswill notbeenteredinto theEMT asthey cannotbeinherited.

After all thelocally declaredmethodsareenteredinto theEMT, elementsin theEMT of

theimmediatesuperclassareaddedto thelocalEMT andthenfollowedby thoseelements

in theEMT, of eachof theinterfacesfrom which thisclassimplements .

A simpleexamplewill helpto explainhow methodsareaddedto anEMT. Assumethat

2Denotesan“in-memory” datastructureasperSection1.4.
3Any typewhosedeclarationis containedin a .java �le namedusingthetypename,is a top level type. For

example,the�le Integer.javacontainsthetop-level classInteger .
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location i  for each base method is
determined by hashing the method name

Base - an array of base method symbols i

MethodShadowSymbol

next

method_symbol
e.g. add(int)
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Conflict methods with
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Figure4.3: Schematiclayoutof anExpandedMethodT able (EMT)

theMethodShadowSymbol s for themethodsfoo2 andadd(Object) arenot yet in

the EMT, asshown in Figure4.3. To inserta methodinto the EMT, the methodnameis

�rst hashed.A searchis thenconductedin thetop-level list of MethodShadowSy mbol s

foundin thelocationdirectedby thehashedvalue.Themethodfoo2 is hashedto thevalue

	 . A searchin the linked-list �nds no MethodShadowSymbol with thesamename,so

a new MethodShadowSymbol is createdfor this methodandappendedto thetop-level

list.

If a MethodShadowSymbol containinga methodof the samenameasthe method

to beaddedexists in thetop-level list, a searchwill beconductedin the list of overloaded
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methods.Supposethatthemethodto beinsertedis add() . It will beinsertedinto thepool

of methodsin con�ict becauseaMethodShadowSy mbol canbefoundin thelist of over-

loadedmethodsthathasthesamesignature.If themethodto beinsertedis add(Object) ,

it will beappendedto thelist of overloadedmethodsbecausenoMethodShadowSymbol

with thenamesignaturecanbefoundin thelist of overloadedmethods.

Whenthemergeprocessis complete,all abstractandoverriddenmethodsin thecon�ict

pool will beremoved. If any onecon�ict pool is not emptyafterthis housecleaningstage,

anerrorof ambiguityis reported.If no ambiguityis reported,all themethodsin theEMT

aremethodsthatarevisible in this classandwill be inheritedby all thesubclassesof the

currentclass. If at leastonemethodremainingin theEMT is abstract,thecurrentclasswill

bedeclaredabstract.

4.3.2 The revisedEMT building algorithm

The major modi�cation to the EMT building procedureto supportMCI-Java is the

introductionof a con�ict resolutionprocedureusingprecedence.However, no precedence

is givenbasedon lexical orderof thesuperimplemenatations. Thesemanticsof MCI-Java

aresymmetricwith respectto thelexical orderof thesupertypes. Thethreerulesarelisted

below in theorderof application:

1. A locally declaredmethod,whetherabstractor not,shallhavehigherprecedencethan

methodsdeclaredelsewherein typeshigherup in theinheritancehierarchy.

2. A concretemethodhashigherprecedencethananabstractmethod.

3. A methoddeclaredin atypelower in theinheritancehierarchywill havehigherprece-

dence,accordingto therelaxedmultiple inheritancepolicy.

Therevisedalgorithmfor building anEMT in MCI-Java is summarizedbelow:

1. All themethodsdeclaredin thecurrentclassareenteredinto theper-classEMT �rst.

2. Entriesin theEMT of theimmediatesuperclassarethenadded.

3. The EMT of eachimplementationandinterfaceinheritedby the currentclasswill

be processedaccordingto the lexical orderof theassociatedtypein thedeclaration

statement.

4. If no methodof thesamenameandsignatureasthe incomingmethodexists in the

EMT, anew entrywill becreatedfor themethodto beinserted.

36



5. Whentheexistingsymbol containsa locally declaredmethod,all themethodsto be

addedwith thesamemethodnameandsignaturewill bemovedto thecon�ict pool.

6. If only oneof the two methods(theexisting oneandthe incomingone)is abstract,

theconcretemethodwill beusedasthebasemethodfor theshadow symbolandthe

abstractmethodwill bemovedto thecon�ict pool. Otherwise,theincomingmethod

will beplacedin thecon�ict pool.

7. Accordingto therelaxed multiple inheritancepolicy, themethoddeclaredin a type

which is lower in the inheritancehierarchytreewill have precedenceover theother

method,if neitheroneis declaredlocally.

8. Whenboththeexisting basemethodandthemethodto beaddedaredeclaredin the

samecontainingtype, the incomingmethodwill be ignoredso thatno errorwill be

signaledwhenamethodis inheritedvia differentinheritancepaths.

4.3.3 Revisedalgorithm veri�cation

Seventeenmultiple codeinheritancescenarios,which arecommonlyfoundin applica-

tions programming,aredescribedin AppendixD. Eachof thesescenariosis now tested

againstthe revised algorithmfor building EMT to verify that the modi�ed Jikes is able

to identify the mostspeci�c method(
�

5.3.3) in eachsituation. While the descriptionsof

the scenariosareincludedin the appendix,the pictorial depictionsarerepeatedhere,for

convenience,in Figure4.4.

Recall the original algorithmfor building the EMT of C. It requiresthat all methods

declaredin C be added�rst and thenfollowed by the methodscontainedin the EMT of

thedirect superclassof C. The EMTs of all theotherdirect supertypeswill be mergedto

the table in C accordingto the lexical orderof the supertypesin the declarationline for

C. However, the resultshouldbe independentof the lexical orderof thesesupertypesas

requiredby thesemanticsof MCI-Java, which is symmetricwith respectto theorder. The

resultsaretabulatedin Table4.3.

It canbe seenfrom Table4.3 that the compilerbehavesasdescribedin AppendixD,

accordingto the semanticsof MCI-Java (
�

3.4). Whenthereis an abstractmethodin the

methodshadow symboland the incomingmethodis not abstract,asdepictedin Figures

4.4(g) and 4.4(h), a swap accordingto algorithmRule 6 will move the abstractmethod

to the con�ict pool. However, therewill be no swappingin Scenarios11a,11b and12a

(Figures4.4(k),4.4(l) and4.4(m)),sincenoabstractmethodsareinvolved.Rule7 will help
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Figure4.4: Multiple codeinheritancescenarios1 - 17
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Scenario MethodShadowSymbol con�ict table compileraction
1 abs A::m() – declaresCabstract
2 A::m() – emitsA::m() for c.m()
3 A::m() – emitsA::m() for c.m()
4 A::m() – emitsA::m() for c.m()
5 abs B::m() – declaresCabstract
6 A::m() abs B::m() emitsA::m() for c.m()
7 B::m() abs A::m() emitsB::m() for c.m()
8 B::m() abs A::m() emitsB::m() for c.m()
9 A::m() B::m() �ags ambiguity
10 A::m() B::m() �ags ambiguity
11a 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() for c.m()
12b B::m() abs A::m() emitsB::m() for c.m()
13a B::m() abs A::m() emitsB::m() for c.m()
13b B::m() abs A::m() emitsB::m() for c.m()
14 A::m() D::m() emitsA::m() for c.m()
15 B::m() D::m() emitsB::m() for c.m()
16 D::m() – emitsD::m() for c.m()
17 D::m() – emitsD::m() for c.m()

Table4.3: Compilationresultsfor scenarios1 - 17

to give the right resolutionfor thesescenarios.No errorof ambiguitywill be �agged for

Scenarios16 and17 (Figures4.4(s)and4.4(t)) becauseof thepresenceof Rule8. This is

in accordancewith theproposedsemantics.

4.4 Bytecodegeneration

No new bytecodesareneeded.Theexisting instructionsetof classicJava is suf�cient

to supportMCI-Java.

A new concept(an implementation), a new kind of methodinvocation(themultisuper

call) andtwo new keywords(implementation andutilizes ) areintroducedat the

sourcecodelevel. As discussedearlier, an implementationis compiledinto an interface

with codeandthe keyword utilizes is usedto indicatean inheritancefrom an imple-

mentationby aclass. Thus,no new bytecodesarerequiredfor thetwo new keywords.

Oneof thecriteria imposedon thedesignof the languageextensionsproposedin this

thesis(
�

3.1) is theuseof thehighly optimizedcomponentof theJVM for methodinvoca-

tion. For reasonsdiscussedin Section5.4.4,theexistingbytecodeinvokespecialis emitted
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for a multisupercall. A minor local changeto the methodlookup routine is requiredto

extendthesemanticsof thisbytecode.Thechangemadewill bediscussedin Section5.4.4

For the this expressionusedin a methodde�nition declaredin an implementation,

thecompilerwill make a referenceto thereceiver object.Of course,theimplementationin

which this methodis declaredwill not beinstantiated.Thereferenceto thereceiver object

for thismethodis reservedfor theobjectinstanceto whichthismessageis sentat run-time.

If the this expressionis usedas an argumentto a method,the bytecodeaload0 will

be insertedwhenthe compiler is generatingcodeto pushargumentson the stackbefore

a methodinvocation. This bytecodewill, at run-time,causethe referenceto the receiver

objectto bepushedon thestack.

4.5 Summary

MCI-Java introducesa new construct,implementation, at thesourcecodelevel. A new

keyword, utilizes , is also introducedto expressthe inheritancerelationshipbetween

an implementationanda class. Jikes[4] is modi�ed to supportthenew featureswith the

extendedlanguagesemantics.

New productionrulesare insertedinto the original Java grammarin order to enable

the compiler to recognizethe new features,and someproductionrules are modi�ed to

accommodatethenew semantics.A new modi�er is addedto thebinaryrepresentationof

a typeto indicatean implementation. The procedureto build an EMT, which is usedto

�nd the mostspeci�c methodwithin an inheritancehierarchyfor a methodinvocation,is

modi�ed. The enhancedalgorithmis ableto resolve con�ict in variouscodeinheritance

scenarioscommonlyfound in applicationsprogramming.The resultof the processis as

describedby thesemanticsof MCI-Java. Thesemanticsof thebytecodeinvokespecialis

extendedto cover thenewly introducedmultisupermethodinvocation.

While thechangesin Jikesaredescribedin this chapter, themodi�cations requiredin

theJava virtual machineto supportMCI-Java semanticswill bediscussedin Chapter5.
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Chapter 5

Virtual Machine Support

MCI-Java, anextensionto classicJava, wasproposedin Chapter3. Changesaremade

at boththecompiler(sourcecode)level (seein Chapter4) andtheVM level. Thechanges

aresummarizedin Table5.1for easyreference.

Compiler Virtual Machine

.class �le
Introducea new accesscontrol
�ag for a classto indicatean in-
terfacecontainingcode(

�

4.1)

Modify codeveri�cation proce-
dureduringclassloadingto 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 multisupermethodinvo-
cation(

�

4.2)

No changesare required since
animplementationis aninterface
with codeat theVM level

inheritance
andresolution

Introduce a modi�ed algorithm
for resolvingmethodinheritance
andcon�ict to identify the most
speci�c 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 semanticsof invoke-
special to include multisuper
methodinvocation(

�

4.4)

No changesare madesince all
methodinvocationsusetheexist-
ing routinesfor dispatch

Table5.1: Summaryof changes(VM portionemphasized)
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It is necessaryto makemodi�cationsto bothIBM JikesCompilerandSun'sJavavirtual

machineto supportMCI-Java. Modi�cations to Jikeshave beendescribedin theprevious

chapter. Here,modi�cationsmadeto Sun's JVM arediscussed.

5.1 The Java Virtual Machine (JVM)

In describingthe designprinciple of a JVM, TheJava Virtual Machine Speci�cation

[23] (JVM Speci�cation)statesthat,

The Java virtual machineis an abstractcomputingmachine. Like a real

computingmachine,it hasaninstructionsetandmanipulatesvariousmemory

areasat run-time.

EachJava applicationrunsinsidea run-timeinstanceof someconcreteimplementationof

theabstractJVM Speci�cation.Thework in thischapterfocuseson theimplementationby

SunMicrosystemsInc., for Java 2 SDK 1.2.2[3].

5.1.1 The run-time envir onment

Figure5.1 shows a simpli�ed schematicrun-timememorylayout for class, interface,

implementationandobjectdata.SinceSun'sJVM usesthesame“in memory”datastructure

for bothclassandinterface; the termclassis generalizedin this chapterto cover all three

typedeclaringconstructsin MCI-Java – namely, interface, classandimplementation.

Theheap is ablockof memorysharedamongall JVM threads.At run-time,everyob-

ject is allocatedfrom thedata area (regionA in Figure5.1)whichis apartof theheap .

Objectstoragein thedata area is reclaimedby anautomaticstoragemanagementsys-

tem (known asa garbagecollector). Eachinstanceis referencedusingan ObjHandle

which is an“in memory”datastructure(region B in Figure5.1)kept in thedata area .

Onecomponentof theObjHandle 1 pointsto theObjData , an“in memory”datastruc-

turelocatedin theotherpartof thedata area (regionC in Figure5.1),which is holding

statevaluesof the object instance.The othercomponentof the ObjHandle pointsto a

ClassClass structure(an“in memory”per-classstructureusedin Sun'sJVM for holding

informationaboutaclassusedin its broadmeaning),storedin themethod area (region

D in Figure5.1)which will not begarbage-collected.If therequiredClassClass struc-

ture is not yet loadedinto therun-timeenvironment,theclassloadersubsystemis respon-

sible for locatingandimporting thebinary dataof the concernedclass(i.e., the .class

1Denotesan“in-memory” datastructureasperSection1.4.
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Figure5.1: Run-timememorylayoutfor class, interface, implementationandobjectdata

�le). After beingveri�ed aswell-formed,theclassdatawill be linkedandbecomepartof

therun-timeenvironment.

Thesymbolicreferencescontainedin theConstantPool (asymboltable)of a.class

�le will be transferredto the run-time ConstantPool (RCP) (region E in Figure

5.1).Many JVM instructionsmakesymbolicreferencesto theconstantpool. Concreteval-

uesof thesymbolshave to bedeterminedbeforeany executionof theinstructionscantake

place.Resolutionrefersto thedynamicprocessof �nding theseconcretevalues.Whena

ConstantPool entry is referredto for the�rst time, it is resolved into aninternalrefer-

encewhich will replacethe existing RCPentry, correspondingto the constantpool entry

beingreferenced,to ensurethatthelengthyresolutionprocessis doneonly once.
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5.1.2 Dynamic per-classstructurescreation

Upon startup,the JVM doesnot put all the classesinto the run-time environment.

According to the policy of dynamicloading, a ClassClass structureis createdfor a

classin the run-timeenvironmentonly whenthe classis referencedduring programexe-

cution(referredto aslate resolutionin theJVM Speci�cation). In summary, thedynamic

ClassClass structurecreationprocessincludesthefollowing stages:

1. Loading

TheJVM will try to �nd the.class �le of theclassin need.Onceit is located,the

VM will createaninternalrepresentationof theclass, shown in Figure5.1markedas

region E. Symbolicreferencesaretransferredfrom the.class �le to theRCP. An

exceptionwill bethrown if therequired.class �le cannotbefound.

2. Linking

The loadedclasswill bemergedinto therun-timeenvironmentusingthe following

steps:

(a) Veri�cation - assuringawell-formedrepresentation(structurallycorrect)of the

class,

(b) Preparation- allocatingstaticstorageandinternaldatastructures(region F in

Figure 5.1), building the methodtables(
�

5.3) for holding informationabout

methods,and

(c) Resolution- transformingsymbolicreferencesinto internalreferences.

3. Initialization

TheJVM will executethestaticinitializersandstatic(class)variableinitializers.

5.2 Classdata veri�cation

Sun's implementationof theJVM adoptsan “on demand”strategy. Accordingto this

strategy, a symbolic referenceis resolved and a classis loadedonly when it is needed.

After a classis loaded,the JVM veri�es that its representationis structurallyvalid. This

may causeotherclassesto be loaded. However, the JVM Speci�cationdoesnot require

theseadditionallyloadedclassesto beveri�ed andpreparedat thattime.

Whenappliedto MCI-Javaprograms,theoriginalveri�cation procedureusedin classic

Java will raisea �ag for anerrorin eachof thefollowing situations:
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1. In theoriginalJVM, all methodsdeclaredin aninterfaceareimplicitly public and

abstract . An “Illegalmethodmodi�ers” exceptionis thrown if amethoddeclared

in an interfacecontainscode. As discussedearlier, an implementationin MCI-Java

is compiledto an interfacecontainingcode.An exceptionwill be thrown whenthe

original veri�cation procedureis usedto verify animplementation.

2. In theoriginal JVM, thebytecodeinvokespecialis usedfor a supercall. Oneof the

argumentsto thebytecodeinstructionis thenameof aclass(thetargetclass),wherea

de�nition of themethodto beinvokedcanbefound.Theoriginal veri�cation proce-

dureensuresthatthetargetclassis notaninterfaceandcanbefoundin thesuperclass

chainof thecurrentclass.If theconditiondoesnothold,an“Illegaluseof nonvirtual

functioncall” exceptionis thrown. In MCI-Java, thesemanticsof invokespecialhas

beenextendedto alsodenotea multisupercall (
�

3.3.2)which is an invocationof a

methodde�ned in an implementationfrom which thecurrentclassinherits. In this

case,the target classis not a classbut an interfaceandthusanexceptionis thrown

by theoriginalJava veri�cation procedure.

To supportMCI-Java, when an implementationis veri�ed after loading, for reasons

mentionedabove, two minormodi�cationsareappliedto theveri�cation procedure:

1. In MCI-Java's VM, all methodsdeclaredin an interfacewill only be checked for

themodi�er public but not for theabstract modi�er. This changeensuresthat

all methodsdeclaredin an interfaceand an implementationare not private while

allowing codein animplementation(at thesourcecodelevel) andaninterface(at the

VM level).

2. In MCI-Java's VM, a searchfor thetargetclassalongthechainof superclasseswill

be carriedout for the bytecodeinvokespecialonly when the target classis not an

interface. This changeallows the bytecodeto be usedfor the new multisupercall.

However, whenit is usedfor aclassicsupercall,thetargetclassstill hasto beaclass

in thesuperclasschain,sonoerror-�nding is lost.

5.3 Method tables

Sun'sJVM usesthreekindsof tables– aMethod Table (MT) (
�

5.3.2),aVirtual

Method Table (VMT) (
�

5.3.3)andanInterface Method Table (IMT) (
�

5.3.4)

– to keepinformationaboutall the methodsof a class. The schematiclayoutsof these
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tablescanbefoundin region F in Figure5.1. Thetablesarebuilt in thepreparationstage

of theclasslinking process.Thetablesarediscussedin thefollowing sectionsaftera brief

summaryof theMethod Block (
�

5.3.1),thebasicbuilding unit of themethodtables.

5.3.1 Method Block

A Method Block is theinternalrepresentationof amethodusingthesame“in mem-

ory” datastructure,whetherthemethodis abstractor not. Amongall thedatastoredin a

Method Block , the mostrelevant pieceis the FieldBlock (for which no schematic

layoutis shown in Figure5.1)whichhasthefollowing components:

1. a pointerto theClassClass structureof thecontainingclassin which themethod

is declared– thecontainingclass,

2. acharacterstringrepresentingthemethodsignature– thesignature,

3. acharacterstringrepresentingthenameof themethod– themethodname,

4. anaccess�ag maskingthemodi�ers of themethod– themodi�ers, and

5. an integer valuerepresentingtheordinalof themethodwithin an arrayof Method

Block s– theoffset.

In additionto theFieldBlock , thereis acodepointerto thememorylocationwhere

thebytecodesequenceof thatmethodis stored.Thecodepointeris null whenthemethod

is anabstract one,becausethemethodhasno code.

5.3.2 Method Table (MT)

A Method Table exists in every ClassClass structurewhetherthe concerned

type is a classor an interface. It is the part of the ClassClass structurethat stores

informationaboutevery methoddeclaredin this class(in its broadermeaning),including

theconstructors,privateandstaticmethods.A simpli�ed schematiclayoutof anMT and

its link with theClassClass structureis shown in regionG of Figure5.1.EachMethod

Block (
�

5.3.1)will point to the currentClassClass structureitself asthe containing

class.

If thecurrenttypeis aninterface, all methodsin theMT arepublic andabstract .

EachMethod Block hasanoffsetvaluere�ecting theorderof appearanceof themethod

in the interfacedeclaration.If the currenttypeis a class, eachMethod Block hasan
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initial offsetvalueof 0. If themethodis a public instancemethod,this offsetvaluewill be

changedto theslot numberof theslot (a VMT entry) in which this methodis storedin the

VMT (
�

5.3.3)whentheVMT is built.

Sinceno explicit rule exists to restricta Method Block found in the MT of an in-

terfacefrom containingcode,thesamedatastructurecanalsobeusedto storeinformation

aboutmethodsdeclaredin animplementation, whetherthemethodsareabstractor 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 an instancemethodde�nition visible in thecurrentclass. Sincean interface

is usedin Java for specifyingbehavior andcontainsno concretemethodimplementation,

no VMT is built for an interface. A VMT is foundonly in theClassClass structureof

a class. Region H in Figure5.1 shows thestructureof a VMT andtheway in which it is

linkedto theClassClass structure.

Figure5.2 shows the VMT detailsof two classestaken from the java.io package.

DataInputStream extendsFilterInputStrea mwhichinheritsInputStream , a

subclassof Object . Entriesin the VMTs help to explain the VMT building procedure.

Theseclassesbelongto theinheritancehierarchydepictedin Figure6.6.

In OOP, classesrelatedin aninheritancerelationshiparepermittedto provide codefor

thesamemethod.Themethodde�nition providedin thesubclassis calledthemostspeci�c

method. Themostspeci�c methodoverridesall theimplementationsfor thesamemethod,

previously de�ned in all thesuperclassesof theclassin which themostspeci�c methodis

declared.Themostspeci�c methodwill remainin effect until it is overriddenby another

methodde�nition in asubclassof thecurrentclass.

Theprocessfor building theVMT for a classallows themostspeci�c methodto over-

ride all previousde�nitions for thesamemethod.It startsby copying all theslotsfrom the

VMT of the immediatesuperclass. OnceVMT copying is completed,thepublic instance

methodsdeclaredin the currentclasswill be enteredinto the VMT. It canbe seenfrom

Figure 5.2 that 11 methods(offset valuesbetween1 and 11, inclusive) are copiedfrom

Object to FilterInputStr eamvia InputStream . In addition,the9 methodsde-

claredin FilterInputStrea m(offsetvaluesbetween12 and20, inclusive) arecopied

to theVMT of DataInputStream .
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**** java/io/InputStream ****
Superclass: java/lang/Object

**** java/io/FilterInputStream ****
Superclass: java/io/InputStream
Details of VMT with 20 entries:

offset Class Method Signature
------ ------- -------------------

1 Object clone () LObject;
2 Object equals (LObject;) Z
3 Object finalize () V
4 Object getClass () LClass;
5 Object hashCode () I
6 Object notify () V
7 Object notifyAll () V
8 Object toString () LString;
9 Object wait () V

10 Object wait (J) V
11 Object wait (JI) V
12 FIS available () I
13 FIS close () V
14 FIS mark (I) V
15 FIS markSupported () Z
16 FIS read () I
17 FIS read ([B) I
18 FIS read ([BII) I
19 FIS reset ()V
20 FIS skip (J)J

Legends:

FIS = java/io/FilterInputStream
DIS = java/io/DataInputStream

Class = Declaring class

**** java/io/DataInputStream ****
Superclass: java/io/FilterInputStream
Details of VMT with 35 entries:

offset Class Method Signature
------ ------- -------------------

1 Object clone () LObject;
2 Object equals (LObject;) Z
3 Object finalize () V
4 Object getClass () LClass;
5 Object hashCode () I
6 Object notify () V
7 Object notifyAll () V
8 Object toString () LString;
9 Object wait () V

10 Object wait (J) V
11 Object wait (JI) V
12 FIS available () I
13 FIS close () V
14 FIS mark (I) V
15 FIS markSupported () Z
16 FIS read () I
17 DIS read ([B) I
18 DIS read ([BII) I
19 FIS reset () V
20 FIS skip (J) J
21 DIS readBoolean () Z
22 DIS readByte () B
23 DIS readChar () C
24 DIS readDouble () D
25 DIS readFloat () F
26 DIS readFully ([B) V
27 DIS readFully ([BII) V
28 DIS readInt () I
29 DIS readLine () LString;
30 DIS readLong () J
31 DIS readShort () S
32 DIS readUTF () LString;
33 DIS readUnsignedByte () I
34 DIS readUnsignedShort () I
35 DIS skipBytes (I) I

Descriptors used:
B - signed byte
C - character
D - double
F - float
I - integer

J - long integer
S - signed short
V - void
Z - boolean
L 
 classname � ; - a refernece

�

- one array dimension

Figure5.2: Virtual methodtable(VMT) entries

For eachentry in the MT that is a public instancemethod(hereinreferredto as the

currentmethod),a searchis conductedin thenewly createdVMT to look for a slot which

containsapointerto amethodwith thesamesignatureasthecurrentmethod.If noneexists

in theVMT, a new slot is appendedto theVMT for thecurrentmethod,with a pointerto

theMethod Block in theMT holdinginformationaboutthecurrentmethod.Theoffset

valueof this Method Block is thenchangedto thenew slot number. If anexisting slot
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in theVMT is found to point to a methodwith thesamesignatureasthecurrentmethod,

theoffsetvalueof theMethod Block in theMT for thecurrentmethodis setto theslot

numberjust found. The pointer in that slot of the VMT is madeto point to the method

block in the MT for the currentmethod. This is literally a methodoverrideby the most

speci�c methodin thecurrentclass. In theVMT of DataInputStrea m, methodswith

offsetvalue17and18areexamplesof methodoverriding,while methodswith offsetvalues

between21and35, inclusive,arethoseaddedin DataInputStream .

At theendof theprocess,all Method Block sfor thelocally declaredpublic instance

methodsin theMT will have their offsetvaluessetto thecorrespondingslotnumberin the

VMT. A zerovalueindicatesthatthemethodis not inheritable.Theseincludeconstructors,

staticand private methods. At the sametime, eachslot in the VMT points to the most

speci�c methodimplementationvisible in thecurrentclass.

While new slotsareaddedin theVMT of thesubclasses, andsomeold slotsareover-

ridden,theoffset value(theslot number)for a methodwith thesamenameandsignature

remainsthesamein all theclassesconcerned.Thisconsistency in slotnumber, re�ectedin

Figure5.2,providesroomfor optimization.It is employedin Sun's implementationof the

JVM in theform of quickbytecode,whichwill bediscussedin Section5.4.4.

The modi�ed setup

To supportimplementationin MCI-Java,it wasdecidedto build aVMT for aninterface.

This is becausean implementationin MCI-Java is compiledto an interfaceat the VM

level. Similar to the situationwith a class, it is necessaryto maintaina pool of the most

speci�c methodsvisiblein animplementation. Themostef�cient wayis touseamechanism

analogousto theoneusedin classes. As the“in memory”datastructureusedin Sun'sJVM

doesnot prohibit it from beingusedfor a constructotherthana class, building a VMT for

animplementationbecomesanaturalsolutionto theproblem.

Whetherit is a classor an implementation, the sameprocedureis usedto build the

VMT. Entriesin varioustablesareaddedto thenew VMT in thefollowing order:

1. All entriesin theVMT of thesuperclassarecopiedin theoriginal orderto thenew

VMT �rst (this stepis skippedfor animplementation).

2. For eachof thesuperimplementations, all methodsin its VMT areaddedto thenew

VMT. Eachsuperimplementationis processedaccordingto its lexical orderof ap-

pearance.
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3. Only public, non-abstractinstancemethodsfrom thelocal MT areaddedto thenew

VMT.

Whena methodis addedto thenew VMT, andno existing slot in theVMT containsa

methodwith the samenameandsignatureasthe oneto be added(referredto asthe new

method),a new slot is createdfor thenew method.If anothermethodwith thesamename

andsignatureasthenew onealreadyexists in theVMT, a potentialinheritanceambiguity

occurs.Thefollowing rulesareappliedto resolve thecon�ict:

1. If thenew methodis declaredlocally, it overridestheexisting one.This rule is used

in classicJava whenbuilding VMT for aclass.

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

heritedfrom thesamesourcevia differentpaths.Thenew methodis ignored.

3. If the two methodshave differentcontainingclassesandanancestor/descendant re-

lationshipcanbeestablishedbetweenthem,themethoddeclaredin thetypewhich is

lower in the inheritancehierarchywill bekept in thenew VMT while theotherone

is dropped,accordingto therelaxedmultiple inheritancepolicy.

4. If the two methodsaredeclaredin differenttypesandno ancestor/descendant rela-

tionshipcanbeestablishedbetweenthem,theMT of thecurrenttypewill besearched

for a methodwith thesamenameandsignature.If sucha methodexists,theincom-

ing methodis ignoredbecauseit will beoverriddenwhenthelocally declaredmethod

is addedto thenew VMT. If no suchmethodexists in thecurrentMT, anambiguity

exceptionis raised.

When the VMT is built for a class, the offset value in the Method Block of the

locally declaredmethodwill besetto thenumberof theslot in whichthemethodis inserted

into theVMT. However, theoffsetvalueis notsetfor thelocalmethodsif theVMT is being

built for animplementation, for reasonsto bediscussedin thenext section.

5.3.4 Interface Method Table (IMT)

Theslot in which an interfacemethodis insertedinto a VMT dependson thenumber

of interfacesfrom which thecurrentclassinheritsandthenumberof methodsdeclaredin

eachof theseinterfacesaswell asthatof thecurrentclass. Therefore,consistency in theslot

numbercannotbe found in methodsdeclaredin an interface, in contrastto theconsistent

slotnumberassociatedwith eachinstancemethoddeclaredin aclass(
�

5.3.3).Determining
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**** Interface java/io/DataInput ****
Details of MT with 15 entries:

offset Method
------ ------

0 readBoolean ()Z
1 readByte ()B
2 readChar ()C
3 readDouble ()D
4 readFloat ()F
5 readFully ([B)V
6 readFully ([BII)V
7 readInt ()I
8 readLine ()Ljava/lang/String;
9 readLong ()J

10 readShort ()S
11 readUTF ()Ljava/lang/String;
12 readUnsignedByte ()I
13 readUnsignedShort ()I
14 skipBytes (I)I

**** Class java/io/DataInputStream ****
This class implements 1 interfaces
VMT with 35 entries

Details of IMT with 1 interfaces:

Interface Offsets
------------------------------ -----------

java/io/DataInput 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

**** Class java/io/RandomAccessFile ****
This class implements 2 interfaces
VMT with 49 entries

Details of IMT with 2 interfaces:

Interface Offsets
------------------------------ -----------

java/io/DataOutput 36 37 38 39 40 41 42 43 44 45 46 47 48 49
java/io/DataInput 19 20 21 22 23 24 25 26 27 28 29 30 31 32 35

Descriptors used:
B - signed byte
C - character
D - double
F - float
I - integer

J - long integer
S - signed short
V - void
Z - boolean
L 
 classname � ; - a refernece

�

- one array dimension

Figure5.3: Interfacemethodtable(IMT) entries

theslot numberaftera methodis locatedin theMT of aninterfaceis non-trivial. An IMT

helpsto locatetheslotnumberfor aninterfacemethodat run-time.

A simpli�ed schematiclayoutof anIMT canbefoundin regionI of Figure5.1.An IMT

containsanintegervalue,icount , representingthetotalnumberof interfaceslistedin the

itable . The itable is an array, eachentry of which representsexactly one unique

interfaceextended(by an interface) or implemented(by a class) by the currenttype. In
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every entryof the itable , thereis anarrayof offsetvaluesanda classdescripto r

pointingto theClassClass structureof theinterfaceconcerned.If thecurrenttypeis a

class, the�rst entryof theitable is left blank. If thecurrenttypeis aninterface, the�rst

entryof theitable pointsto theClassClass structureof thetypeitself. Everyelement

of theoffset arraycorrespondsto a methodin the MT of the interface. Eachoffset value

indicatestheslotnumberin thecurrentVMT whereanimplementationof thecorresponding

interfacemethodcanbe found. However, the offset valueswill just be the ordinal of the

correspondingmethodwithin the MT of the interface, if the IMT belongsto an interface

whichhasnoVMT.

Figure 5.3 helps to explain the structureof an IMT. In this �gure, the 15 methods

declaredin DataInput (an interface), found in the java.io package,are listed ac-

cordingto theorderof appearanceof eachmethodin theMT. DataInputStream and

RandomAccessFil e, also from the samepackage,are the two classesimplementing

DataInput (seeFigure6.6for adepictionof theinheritancehierarchy).It canbeseenthat

thecorrespondingslot numbersin therespective VMTs aredifferentfor thesamemethod

in DataInput . For example, the �rst methodin DataInput is readBoolean() .

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

RandomAccessFil e is 19.

The processof building an IMT for a classdoesnot changewith the introductionof

implementationsandtheaccompanying VMTs in MCI-Java. New methodsinheritedfrom

the superimplementationsareonly appendedto the VMT of the currentclassat the end,

andarenot insertedin themiddleof thetable.

To build the IMT of a class, the IMT of the superclassis copiedin its entiretyto the

newly built one. This stepis skippedwhenbuilding the IMT of an interface. Then,all

the superinterfacesof the currentclasswill be processedin turn. If an entry alreadyex-

ists in the IMT for an interfacewith the samenameas the one to be processed,the in-

terfacewill not be processed.For eachmethodcontainedin the MT of the interface, a

searchwill be conductedin the currentVMT. Whena slot containinga methodwith the

samenameandsignatureis found, the slot numberwill be written to the offset array in

the correspondingposition. For example, the �rst entry in the MT of DataInput is

the methodreadBoolean() . In the VMT of DataInputStream (Figure5.2), the

methodreadBoolean() is found in slot 21. Therefore,21 is enteredasthe �rst entry

in theoffsetarrayfor DataInput in the itable of the IMT of DataInputStream .

Whenthe IMT is built for RandomAccessFi le , the slot numberfor the samemethod
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readBoolean() becomes19 andso the �rst entry in theoffset arrayfor DataInput

in the itable of the IMT of RandomAccessFile is 19 insteadof 21. Sincethe slot

numbersfor methodsin theMT of aninterfacearenot in a consistentpatternasthatfound

in theinstancemethodsdeclaredin a class, theoffsetvalueof theMethod Block in the

MT of an interface(DataInput in this case)is not changedso that the offset valuein

theMethod Block alwaysgivestheindex into thearrayof offsetsin any itable . This

explainswhy theoffsetvalueof aMethod Block in theMT of animplementationis not

setto theslotnumberafterthemethodis insertedinto aVMT (
�

5.3.3).

While theIMT building processis notchanged,therewill beaminoradjustmentto the

procedureto supportimplementationin MCI-Java. Detailsarediscussedin thenext section.

5.3.5 Settingoffsetvaluesin Method Block s

As revealedin Section5.3.3,instancemethodsdeclaredin a classwith thesamename

and signaturewill have the sameslot number. This consistency allows the offset value

(slot number)to bestoredin theMethod Block representingthemethod.However, the

consistency in slot numberdoesnot exist in methodsdeclaredin interfaces. An ordinal

valuehasto bestoredin theMethod Block to help to locatetheslot numberusingthe

IMT.

It wasdeterminedin Section3.1 thatthehighly optimizedbytecodeexecutionroutines

shouldbe reusedin MCI-Java. The routinesassumeandrequirethat thenecessaryinfor-

mationfor bytecodeexecution(includingtheslot numberwhich guidestheretrieval of an

executionmethodblock from a VMT) is containedin theMethod Block . This special

featurebecomesa problemfor the methodsdeclaredin an implementationbecauseeach

Method Block storestheordinalnumberinsteadof theslotnumberin theoffset�eld.

Theproblemcanbesolvedusingacloneof theMethod Block concerned.In classic

Java, eachelementof the VMT is actuallya pointer to the Method Block containing

themostspeci�c methodwhich is storedin theMT of thecontainingclass.In MCI-Java,

theVMT elementstill pointsto a Method Block in theMT of themethod's containing

class,if it is a class. This is the sameasin classicJava. However, whenthe containing

classis an implementation, a cloneof theMethod Block for themostspeci�c method

is createdin the method area (region F in Figure5.1) to hold the slot number, which

will remainthesamefor all theclassesinheritingfrom thecurrentclassoncetheMethod

Block is enteredinto thecurrentVMT. Thepointerin theVMT will point to theclonein-

steadof to theoriginal Method Block in theMT of themethod's containingclass.The
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clonehelpsto provide all thenecessaryinformationrequiredby the bytecodeinterpretor.

Differentclonesareusedin differentinheritancetreesin which theslot numbersassigned

areusuallydifferent from eachother. Suchan arrangementmakes it possiblefor differ-

entoffset values(slot numbers)to coexist in thesamerun-timeenvironmentfor thesame

methodimplementation.

5.4 Method lookup and invocation

5.4.1 Overview

The JVM Speci�cationhasclassi�ed all run-timemethodinvocationsinto four main

categorieswith differentbytecodesusedin theinstructionin eachcase,asdescribedbelow:

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

invocation.

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

class.

3. invokeinterface- to invoke amethodwhosereceiverobjecthasastatictypethatis an

interface.

4. invokevirtual - to invoke a methodin scenariosnot coveredby theotherthreecate-

gories(themostwidely usedinvocationin Java programs).

Eachinvocationinstructionhasoneof the four invocationbytecodesfollowed by at

leasttwo morebytesof information. Thesetwo bytes,whencombinedtogether, give the

index to theConstantPool whereareferenceto themethodto beinvokedcanbefound.

Whenever amethodis invoked,a Frame is createdto storedata– partialresultsaswell as

thereturnvalue.Everymethodinvocationis a four-stepprocedure,describedasfollows:

1. TheConstantPool entryis dereferencedto obtainthereferenceto thetargetclass

which is, at compiletime, thecontainingclassof themethodintendedto beinvoked.

In addition,the referenceto thedetailsof themethod(methodnameandsignature)

is foundat thesametime. It is importantto notethatthetargetclassis veryoftennot

theclassto which thereceiver objectbelongs.

2. A searchfor the resolved Method Block (RMB) is conductedstartingfrom the

MT of thetargetclass.
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3. Theoriginal invocationbytecodeis quick-ed(
�

5.3.3)for highly optimizedbytecode

execution.

4. The actualexecutionMethod Block (EMB) is retrieved andexecutedusingthe

routine for the quick bytecode,andthe informationretainedwhenthe bytecodeis

quick-ed.

It is importantto notethatthelaststep(bytecodeexecution)is carriedoutusingahighly

optimizedroutine.Changesshouldnotbemadeto thispartof theVM to avoid affectingits

performance(
�

3.1).

5.4.2 Dereferencingthe ConstantPool entry

In this section,thetechniquesusedin classicJVM to dereferencea methodinvocation

instructionaredescribed.In MCI-Java, regardlessof whetherthe methodto be invoked

is declaredin a classor in an implementation, the sameprocedureis used;no changeis

necessary.

Symbolicreferencesin therun-timeConstantPool (RCP)areresolvedinto internal

referencesto the corresponding“in-memory” datastructureswhenthey areusedthe �rst

time. Thedereferencingprocessisbestillustratedby usinganexample.Figure5.4showsan

excerptof theConstantPool for DataInputStrea m. TheactualConstantPool

containsmoreentriesthanthoseshown in thediagram.However, only thoserelatedto the

discussionthatfollows (e.g.,entriesat indices1, 6, 30,etc.)areshown.

Take for examplea methodinvocationinstruction“ invokevirtual 32”. This will cause

themethodreferencedbyRCPentry32tobeinvoked.FromFigure5.4,theConstantPool

entry at index 32 is a MethodReference which is a compositeof two indices. The

�rst index, 6, refersto the target class. The unresolved entry at location6 points to 97

for the nameof the target classwhich is “InputStream”. Oncethe nameis known, the

ClassTable (an“in-memory” list of loadedclassesmaintainedby theJVM) is queried

to locatethe run-time ClassClass structurefor InputStream . The pointer to this

ClassClass structurethenreplacestheoriginalentryat location6 of theRCP. Any sub-

sequentinstructionthat refersto RCPentry 6 will obtaina pointer to the ClassClass

structureof InputStream without going throughthe entire dereferencingand lookup

process.

Thesecondindex at RCPentry32,which is 53, refersto aNameAndType index, giv-

ing informationaboutthemethodto beinvoked. Theentryat RCP53 is againacomposite
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Name & Type
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51
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97

120

#51

#53

Name & Type53

Name & Type ()I59

Text (J)J69

Text readUnsignedByte118

#59

#120 #69

method table

DataInput

InputStream

method table

skip (J)J

selected entries of the RCP
(entries in between are skipped)

readUnsignedByte ()I

obj

methods

obj

methods

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

item. Its �rst index (120) pointsto an RCPentry which storesthe methodname“skip”,

while themethodsignature“(J)J” is kept in theentryreferredto by thesecondindex (69).

Therefore,themethodreferredto at RCPentry32 is, in its fully expandedsymbolicform,

InputStream::sk ip (J )J . Oncetheseareknown, the searchprocessfor the RMB

startsfrom theMT of the target class,which is InputStream in this case.This search

processis describedin moredetailin thenext section.WhentheRMB is located,theinter-

nalpointerto thisRMB replacestheoriginalentryat location32. Similarly, any subsequent

referencesto thisRCPentry32will obtaintheinternalreferenceto themethodskip(J)J ,

containedin InputStream , without furtherdereferencingandlookup.

Take for exampleanotherinstruction,“ invokeinterface30”. By thesameprocessde-

scribedabove, the methodreferencedby RCPentry30 is resolved into a referenceto the

interfacemethodDataInput::readU ns ig nedByte () I declaredin DataInput ,

which is itself aninterface.

5.4.3 Method lookup

Theoriginalmethodlookupprocedureusedin classicJava canbeappliedto MCI-Java

withoutany modi�cations,exceptfor themultisupercall (
�

5.4.5).Thesearchfor theRMB

startsin theMT of thetargetclass.Thesearchwill follow oneof thetwo pathsdescribed

below:
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1. Whenthebytecodeis invokeinterface, thetargetclassitself is aninterfaceandthethe

searchmakesuseof the IMT of the target class.The itable of the IMT contains

thelist of superinterfacesfrom which thetargetclassextends . Recallthatthe�rst

entry in the itable is the target classitself (
�

5.3.4). By looking up the MT of

eachinterfacecontainedin the itable , following the orderof appearancewithin

theitable , theprocessbasicallysearchestheMT of thetargetclass�rst, followed

by thatof eachandeverysuperinterfacelistedin theitable .

2. When the bytecodeis not invokeinterface, the target classitself is a classand the

searchstartsin theMT of thetargetclass.If nomatchingMethod Block is found,

thesearchwill continuein theMT of thesuperclassesuntil the root classObject

is reached.If no RMB canbe found at this stage,the searchwill be conductedin

the VMT of the target class.An exceptionwill be raisedif nothingis found in the

VMT. Theonly time thata methodcanbefoundin theVMT of thetargetclass,but

not in theMTs of thetargetclassandits superclasses, is whentheRMB is aMiranda

method[14, 16].

It is importantto notethat the searchwill stopwhena matchingMethod Block is

found. TheJVM is only responsiblefor enforcingaccesscontrols(e.g.,limited accessto

privatemethods)after a Method Block is located,but not during the lookup process.

In otherwords,the lookup processwill searchevery methodit canreachwithout paying

attentionto theaccessibilityissue.The �rst Method Block encounteredwith thesame

nameand signaturewill be selectedand the searchprocesswill terminatewith the �rst

Method Block located. If the selectedmethodis a constructor, an errorwill be raised

andthe programexecutionhalted. The samething will occurwhenthe selectedmethod

is not accessibleby the receiver object(e.g.,a privatemethodaccessedby an instanceof

a classdifferent from the method's containingclass). Otherwise,the selectedMethod

Block will bereturnedastheRMB. A pointerto theRMB replacestheoriginalRCPentry

andis put into aConstantPool within themethodinvocationFrame for furtherprocess

asdescribedin Section5.4.4.

It was said at the beginning of this sectionthat the sameprocesscan be appliedto

MCI-Java without requiring any change. The discussionthat follows explains how the

original processcan deal with a situationwhen a methodwhosecontainingclassis an

implementationis to beinvoked. Whenthemethodis invokedusinga bytecodeotherthan

invokeinterface, the procedurewill startthe searchin the MT of the target classwhich is
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the implementation. Of course,the RMB canbe locatedvery easily. If the bytecodeis

invokeinterface, thesearchbeginsin theinterfacewhich is the�rst entryin theIMT of the

targetclass,which is theimplementationitself. Again, theRMB canalsobelocatedin the

MT of theimplementation. Thus,nochangeis neededfor themethodlookupprocedurefor

usein MCI-Java.

Originalbytecode Context Quick-edbytecode

invokestatic
always quick-edto the samequick
bytecode

invokestaticquick

invokevirtual

the slot numberis containedin one
byte(slot number
 256)

invokevirtual quick

slotnumber � 256 invokevirtual quick w
thestatictypeof thereceiver object
is Object (e.g.,anarrayor anele-
mentfrom acontainer

invokevirtualObjectquick

invokeinterface
always quick-edto the samequick
bytecode

invokeinterfacequick

invokespecial

the RMB containsa privatemethod
or
the samemethodde�nition is visi-
ble in the currentclassand the su-
perclassin thecaseof asupercall

invokenonvirtual quick

differentmethodde�nitions arevis-
ible in the currentclassandthe su-
perclass

invokesuperquick

Table5.2: Conversionfrom executionbytecodeto quick-edbytecodes

5.4.4 The quicking processand codeexecution

Thissectionis importantin understandingthemodi�cationsrequiredto supportthenew

multisupercall introducedin MCI-Java. To redirectcodeexecutionto theright optimized

routine,theoriginal bytecodewill be replacedby oneof theseven quick bytecodeslisted

in Table5.2,accordingto thecontext in which theexecutionis invoked.Thesecontextsare

alsoincludedin thesametable.After theRMB is identi�ed by thelookupprocessdescribed

in Section5.4.4,crucialdataarekept in a ConstantPool within themethodinvocation

Frame. Thedatawill beusedin thesubsequentoptimizedexecutionprocess,asdescribed

below.
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invokestatic quick

The bytecodeinvokestatic is usedto invoke a static method,which is the sameas

a procedurecall in C and thus has no receiver object. No referencewill be provided

for the receiver object (this ) during execution. A pointer to the RMB is storedin the

ConstantPool within the methodinvocationFrame. The optimizedroutinewill use

thestoredRMB astheEMB andinvoke themethoddirectly.

invokevirtual quick and invokevirtualObject quick

Theoffsetvalueis retrievedfrom theRMB andstoredin theConstantPool within

themethodinvocationFrame. Theoptimizedroutinewill usethestoredvalueastheslot

numberto retrieve themostspeci�c methodfrom theVMT of thecurrentclassastheEMB

for execution.

invokevirtual quick w

A pointerto theRMB is storedin theConstantPool within themethodinvocation

Frame. The optimizedroutine will usethe offset value storedin the RMB as the slot

numberto retrieve themostspeci�c methodfrom theVMT of thecurrentclassastheEMB

for execution.

invokeinterface quick

A pointer to the RMB is storedin the ConstantPool within the methodinvoca-

tion Frame. Recallthata Method Block containsa �eld which pointsto themethod's

containingclass(
�

5.3.1)which shouldbe an interfacefor the RMB, for the bytecodein-

vokeinterface. All methodsin the MT of an interfacehave an offset value,which is the

ordinalwithin theMT.

The optimizedroutinewill invoke a searchin the IMT of thecurrentclassfor the in-

terface, which is the sameas the method's containingclassfor the RMB storedin the

ConstantPool within the methodinvocationFrame. Oncethe interfaceis locatedin

theIMT, theoffsetvalueretrievedfrom theRMB is usedasanindex to thearrayof offsets

to obtaintheslotnumberfor retrieving theEMB from thecurrentVMT for execution.

invokesuperquick

Theoffsetvalueis retrievedfrom theRMB andstoredin theConstantPool within

themethodinvocationFrame. Theoptimizedroutinewill usethestoredvalueastheslot
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numberto retrieve themostspeci�c methodfrom theVMT of thesuperclassastheEMB

for execution.

invokenonvirtual quick

A pointerto theRMB is storedin theConstantPool within themethodinvocation

Frame. Theoptimizedroutinewill usethestoredRMB astheEMB 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

implementationwhich is inheritedby thecurrentclasseitherdirectlyor indirectly. Among

thefour original executionbytecodes,only invokestaticandinvokespecialarereplacedby

quick-edbytecodesthatdo not retrieve theEMB from thecurrentVMT. Sinceinvokestatic

doesnot have the provision for the this pointer, which is neededby a multisupercall,

invokespecialis thereforechosenfor multisupercall. However, themethodlookupproce-

durefor invokespecialonly searchestheMT alongthechainof superclasses, not thoseof

the superinterfaces. A changeto the procedureis requiredto accommodatetheextended

semanticsof invokespecialto includemultisupercall. Thechangeis describedin the fol-

lowing section.

5.4.5 Multisuper call

Method lookup

In classicJava,themethodlookupprocedurestartsthesearchfor theRMB in theMT of

thetargetclass.WhentheRMB is located,theoffsetvaluestoredin theMethod Block

will beusedto retrievethemethodreferencedin thecorrespondingslot in theVMTs of both

thecurrentclassandthesuperclass. If the two methodsarethesame,thequick bytecode

invokenonvirtual quick is used;otherwise,invokesuperquick is used.

In MCI-Java, invokespecialis alsousedfor multisupercall. In thiscase,thetargetclass

is an implementationat thesourcecodelevel andan interfaceat theVM level. Theoffset

valuestoredin the Method Block is only an index to the arrayof offset valuesin the

itable (
�

5.3.3)of the IMT. The offset valueis not a true slot numberin the VMT. To

avoid choosingawrongEMB, theoriginalprocedureis modi�ed asdescribedbelow.
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When the RMB containsa private methodor the target classis a classand not an

implementation(i.e., an interfacewith code),the original procedureis followed because

thebytecodeis usedfor its original semanticsin classicJava for a supercall, or to invoke

a privatemethod. Whenthe target classis an implementation, the bytecodeis usedfor a

multisupercall. The proceduredescribedin Section5.4.4 is redirectedto a new lookup

routine.

In the original procedure,a Tag is usedin the RCP to indicatewhetheror not the

methodto beinvokedis aninterfacemethod.TheTag is retrievedby thelookupprocedure

asthevalueof a temporaryvariable.If it is thevaluefor aninterfacemethod,asin thecase

of invokeinterface, thesearchfor themethodwill beconductedin theMT of theinterfaces

listedin theIMT of thecurrentclassonly. Thenew routinemakesuseof thisspecialfeature.

Normally, invokespecialcomeswith a methodreferenceTag, insteadof an interface

methodreferenceTag. Oncethe target classis known to be an interface(for an imple-

mentation) after resolution,the value of the temporaryvariableis changedto the value

for an interfacemethodreference,so that the routine for searchingonly the IMT of the

target classis used. The RMB locatedin oneof the superimplementationsis put in the

run-timeConstantPool replacingtheoriginalsymbolicentry, andapointerto theRMB

is put in theConstantPool within themethodinvocationFrame, aswell. Thequick-

ed bytecodeinvokenonvirtual quick replacesthe original bytecodeinvokespecial. Recall

thatinvokenonvirtual quick usesthestoredRMB astheEMB for directexecution.Thus,a

methoddeclaredin oneof theimplementationsin thesuperimplementationtreeis executed

asrequiredby theextendedsemanticsof invokespecial.

5.4.6 Examplescenarios

In thissection,it is shown thatthemodi�ed methodlookupmechanismis ableto locate

thecorrectEMB for execution.Several inheritancescenarios,asshown in Figure5.5,are

usedfor thisempiricalveri�cation. Thesescenariosaretakenfrom thecollectiondiscussed

in AppendixD, usingthesamescenarionumbers.

Table5.3shows theveri�cation results.It is assumedthatc is aninstanceof Cwhile a

andb areobjectinstanceshaving statictypesof A andB respectively. With thehelpof the

VMTs built for implementations, andthemodi�ed resolutionprocedure,theEMB located

for eachscenarioandcall combinationfollows what is expectedusingthenew semantics

of MCI-Java.
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A {m()}

C

B

Scenario3

B {m()}

C

A {m()}

Scenario11a

B {m()}

C

A {m()}

Scenario11b

B

C

D {m()}

A

Scenario17

Class InterfaceImplementation

Figure5.5: Selectedmultiplecodeinheritancescenariosfrom Figure4.4

5.4.7 Recompilationof a supertype

TheJava platformpermitstherecompilationof an individual module(i.e., a .java �le)

without requiringtherecompilationof all otherrelateddeclarations.Accordingto theJVM

Speci�cation,all JVM implementationsshouldbeableto take into accountall thechanges

as a result of the recompilation,and still be able to invoke the most speci�c methodat

run-timefor eachinvocationbytecode.The following discussions(referringto scenarios

depictedin Figure5.5) areintendedto verify that the dynamicsemanticsarefollowed in

MCI-Java,sinceno subclassis forcedto berecompiledafterasuperclassis recompiled.

Scenario3

SupposethatB is recompiledto inserta new overridingimplementationfor m() . The

slot in theVMT of C for themethodm() shouldpoint to a cloneof theMethod Block

B::m() . Thedynamicsemanticsis still followedfor all threeinstancemethodinvocation

bytecodes.

For the instructioninvokevirtual A::m() , themethodlook up process�nds A::m()

astheRMB whoseoffsetvalueallows theJVM to locateB::m() in theVMT of C asthe

EMB, andthusit is dispatchedin responseto themessagec.m() .

The searchprocessfor invokeinterface A::m() startsfrom the target classA. The

searchlocatesA::m() astheRMB. Offset lookup in theIMT of C resultsin an index to

the VMT of C. The VMT entry pointsto B::m() , andthusit becomesthe EMB andis

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

Scenario3 invokevirtual A::m() A::m()
Scenario11a invokevirtual A::m() A::m()
Scenario11b invokevirtual A::m() A::m()
Scenario17 invokevirtual D::m() D::m()

Messagesent:a.m()
Scenario3 invokeinterfaceA::m() A::m()

Scenario11a invokeinterfaceA::m() A::m()
Scenario11b invokeinterfaceA::m() A::m()
Scenario17 invokeinterfaceD::m() D::m()

Messagesent:b.m()
Scenario3 invokeinterfaceA::m() A::m()

Scenario11a invokeinterfaceB::m() A::m()
Scenario11b invokeinterfaceB::m() A::m()
Scenario17 invokeinterfaceD::m() D::m()

Messagesent:c.super(A).m()
Scenario3 invokespecialB::m() A::m()

Scenario11a invokespecialA::m() A::m()
Scenario11b invokespecialA::m() A::m()
Scenario17 invokespecialA::m() D::m()

Messagesent:c.super(B).m()
Scenario3 invokespecialB::m() A::m()

Scenario11a invokespecialB::m() A::m()
Scenario11b invokespecialB::m() A::m()
Scenario17 invokespecialB::m() D::m()

Table5.3: Resultsof EMB lookup

B is alwaysthetargetclassfor a multisupercall andthusthe instructioninvokespecial

B::m() . It is easyto seethatB::m() will beidenti�ed astheEMB (aftertherecompila-

tion of B) by thesearchprocessandis executedasa result.

Scenarios11aand 11b

AssumethatA is recompiledto removetheimplementationfor m() . Beforetherecom-

pilation,theVMT of Cshouldcontainaslotpointingto acloneof A::m() whichoverrides

B::m() in theoriginalcontext. After recompilation,thisslotpointsto acloneof B::m() .

It is notdif�cult to seethatbothinvokevirtual andinvokeinterfacewill executeB::m() .

For invokespecial, afterrecompilation,B::m() will belocatedastheEMB whetherA

or B is theoriginal targetclassbecauseB existsin theIMT of bothA andB. Therefore,the

correctmethodis dispatchedfor all threeinvocationsafterrecompilation.
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Scenario17

If only A is recompiledto inserta new overriding implementationfor m() , theslot in

theVMT of Cpointsto acloneof A::m() becauseof therelaxedmultiplecodeinheritance

scheme.Thus,A::m() is executedfor bothinvokevirtual andinvokeinterface.

Becauseof themethodlookupmechanismfor invokespecial, A::m() will belocatedas

theEMB andexecutedfor theinstructioninvokespecialA::m() . D::m() will belocated

asthe EMB for invokespecialB::m() . If only B is recompiledto inserta new overrid-

ing implementationfor m() instead,B::m() is executedfor invokespecialB::m() and

D::m() is executedfor invokespecialA::m() .

If bothA andB arerecompiledwithout recompilingall others,anambiguityexception

is thrown becausethe con�ict betweenA::m() andB::m() cannotbe resolved when

building theVMT for C, evenundertherelaxedmultiplecodeinheritance.

Conclusion

Themodi�ed methodlookupprocedureis ableto �nd themostspeci�c methodat run-

time, even after the recompilationof the supertypesfor eachof the scenariosdiscussed

above. Themodi�ed JVM in MCI-Javawill throw anexceptionif therecompilationcauses

unresolvablecon�ict.

5.5 Summary

In this chapter, themodi�cationsto theJava virtual machine(JVM) arediscussed.The

modi�cationsrequiredto supportMCI-Java include:

1. VMTs areaddedto theClassClass structureof implementationsto supportmul-

tiple codeinheritancein MCI-Java. The useof the Virtual Method Table

(VMT) for classesonly in classicJava is extendedin MCI-Java to beappliedto in-

terfaceswith code. It is built for an implementationto handlemethodinheritance

betweenimplementations, andto facilitatetheintroductionof methodsdeclaredin an

implementationinto theinheritancemechanismin theclasshierarchy.

2. Thenew multisupercall is representedusingthemethodinvocationbytecodeinvoke-

special in MCI-Java, taking an immediatesuperimplementationas the target class

for methodlookup.Whenthebytecodeinvokespecialis usedfor amultisupercall, a

local andminorchangeis madeto theoriginal lookupprocedureto �nd theresolved
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Method Block (RMB) andexecutionMethod Block (EMB), sothattheorigi-

nalprocedureis redirectedto follow thatfor searchinganinterfacemethod.

In the chapterthat follows, the designandimplementationof MCI-Java will be eval-

uatedagainstthe criteria setout in Section3.1 in termsof compatibility, correctnessand

run-timeperformance.

65



This pagecontainsno text

66



Chapter 6

Empirical evaluation

In this chapter, several empirical testsdemonstratethat the MCI-Java VM – a modi-

�ed versionof Sun's JVM for Java 2 SDK 1.2.2– andthe modi�ed IBM JikesCompiler

arecompatiblewith their original programs,yielding correctresults,asexpected,with no

performancedegradationwhencomparedwith theperformanceof theoriginalprograms.

Cutumisu[15] refactorsthe java.io packageto take advantageof multiple codein-

heritance,with techniquesto be discussedbelow. The .class �les for the refactored

classesaregeneratedby compiling the codeusingthe modi�ed IBM Jikescompiler, and

appliedusingtheMCI-Java VM. Throughthetests,it is foundthat invokespecialis better

suitedfor amultisupercall thanthebytecodeinvokeinterface.

Theimplementationof MCI-Java is evaluatedagainstthecriteriasetout in Section3.1,

in termsof compatibility, correctnessandrun-timeperformance.

Thenew languagefeaturesof MCI-Javaareappliedto thestandardJavarun-timelibrary

(the �le rt.jar), to demonstratehow they canassistin softwareengineering.Theeffect of

refactoringsomeclassesin thepackagejava.io is alsodiscussedin thischapter.

As pointedout in Section3.1, theoriginal semanticsof Java shouldnot bechangedin

MCI-Java,andthesemanticsof thenew featuresshouldnotbein con�ict with thoseof the

existing featuresof classicJava. Thesecriteria areevaluatedin this chapter, in termsof

compatibilityandcorrectness.

Finally, theperformanceof thenew VM atrun-timeis comparedwith thatof theoriginal

VM in machinesrunningtheLinux operatingsystem.

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

The demonstrationpackageJava2D accompanying Sun's Java 2 SDK 1.2.2[3] was

executedusingthe VM of both the classicJava andMCI-Java. Both executionsgave the
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sameoutput.

Thejava packagesfrom theclassicJava library werecompiledusingboththeoriginal

andmodi�ed versionof Jikes1 andtheoriginal javac (from SUN JDK 1.2.2),usingthe

standardclasslibrary without any refactoring. Then, the .class �les so generatedare

compared.Useof the diff programhelpsto verify that both the original andmodi�ed

versionsof eachcompilergeneratedthesameoutput.

It canthereforebeconcludedthat themodi�ed compilerandVM arecompatiblewith

theoriginalunmodi�ed versions.

6.2 Corr ectnessof MCI-J ava generatedcode

Thetestfor compatibilitymentionedin theprevioussectionindicatesthatthemodi�ed

Jikesandthe VM of MCI-Java give correctresultsexecutinglegacy code. To verify the

correctnesswith thenew semantics,the17scenariosof multiplecodeinheritancediscussed

in AppendixD arecoded,compiledusingthemodi�ed Jikes,andexecutedusingtheVM

of MCI-Java. In eachof thetests,theexecutionresultsareexactly thesameasdescribedin

AppendixD.

The issueof recompilationasdiscussedin Section5.4.7is alsotested.The scenarios

describedin thatsectionarecodedandcompiledusingthemodi�ed Jikes. Theexecution

of thegeneratedcode,usingMCI-Java VM, givestheexpectedresultin all cases.

6.3 Refactoring legacycode

In MCI-Java, a new referencetype, implementation, is available for programmersto

useasaseparatecode-type. Insteadof usingonesingleimplementation-type, they cannow

separatecodefrom datalayoutdeclaration,makingit easierto re-usecommoncode.

It isalsoimportantto beableto refactorexistingreferencetypes, sothatfutureprograms

usingexistingclassescandeploy thenew languagefeaturesprovidedby MCI-Java. Several

techniquesareusedby Cutumisu[15] to refactorlegacy code,andthey aredescribedbelow.

6.3.1 Duplicate codepromotion

The simplestscenariois whentwo implementationsof a methodcontainexactly the

samecode. Theduplicatedcodeis promotedto a methoddeclaredin an implementation.

The two classesholding the duplicatedcodeare then declaredto utilize this newly

1IBM Jikes1.15Compiler.

68



1 public class DataInputStream �

2 ...
3 public final static String readUTF(DataInput in) throws IOException �

4 ����� code to be shared �����

5
�

6 public final String readUTF() throws IOException �

7 return readUTF(this);
8

�

9
�

10
11 public class RandomAccessFile �

12 ...
13 public final String readUTF() throws IOException �

14 return DataInputStream.readUTF(this);
15

�

16
�

(a)Codebeforerefactoring

1 public implementation InputCode �

2 ...
3 public final String readUTF() throws IOException �

4 ����� code to be shared �����

5
�

6
�

7
8 public class DataInputStream utilizes InputCode �

9 ...
10 public final static String readUTF(DataInput in) throws IOException �

11 return in.readUTF();
12

�

13
�

14
15 public class RandomAccessFile utilizes InputCode ...
16

(b) Codeafterrefactoring

Figure6.1: Examplefor staticmethodpromotion

createdimplementation. Thepromotedcodeis invokedwhenever aninstanceof eitherone

of thetwo classesis sentamessagefor thepromotedmethod.

6.3.2 Static methodpromotion

Whentwo classesbelongto two different inheritancehierarchies,it is impossiblefor

themto sharecodeby virtue of inheritancerelationshipbetweenthe two classes. In this

situation,a static methodis usedto containthe commoncode,so that the codecan be

accessedvia a staticmethodcall, by instancesof the two classes. Figure 6.1 shows an

exampleof applyingthestaticmethodpromotiontechniqueto refactortwo classesin the

java.io package.

In Figure6.1(a),DataInputStrea m(line 1) andRandomAccessFi le (line 11)
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belongto two differentinheritancehierarchies.Commoncodesharedbetweenthemis kept

in the staticmethodreadUTF() (line 3), which is a memberof DataInputStream .

Eachof thetwo classeshasaninstancemethodreadUTF() (lines6 and13) implemented

by invoking thestaticmethodpassingthereceiver objectitself asanargumentto theinvo-

cation.

Insteadof keepingthe sharedcodein a staticmethodin oneof the involved classes

(DataInputStream in this case),thecommoncodeis now promoted,asshown in Fig-

ure6.1(b),to becomea methodin thenewly createdimplementationInputCode (line 1)

from which both classesutilize (lines8 and15) for multiple codeinheritance.How-

ever, thereis still a staticmethodin DataInputStream (line 10), so that legacy code

usingthe original staticmethodcanbe executed.The original codein the staticmethod

is now replacedwith a message(line 11) sentto the receiver object,which is passedas

an argumentto the staticmethod. This will invoke the promotedinstancemethodin the

commonimplementation.

6.3.3 Pre�x methodpromotion

Figure 6.2 shows an exampleof applying the pre�x methodpromotiontechniqueto

the java.io package.This techniqueis usefulwhentwo methodimplementationshave

identicalcode,differing only in somevariableswhosevaluesareresultsof a setof class-

dependentcomputation.The computationis performedbeforethe commoncodeis exe-

cuted.

In Figure6.2(a),twoclasses- DataInputStream andRandomAccessFile (lines

1 and21) - have their own implementationsfor themethodreadInt() (line 3 and23).

It canbe seenthat the two implementationshave identicalcodeexceptfor the local vari-

able in (lines 5 - 9) usedin DataInputStream , and this (lines 25 - 29) usedin

RandomAccessFil e. In DataInputStrea m, thevariablein is theresultof thecom-

putationin line 5.

In Figure6.2(b),a new interface(Source ) (line 1) is createdto serve asthecommon

interfacefor thetwo involvedclasses, RandomAccessFil e andDataInputStream ,

aswell asthe newly createdimplementation– InputCode . A method(source() ) is

declaredin Source (line 2) for theclass-dependentcomputation.Eachclassthenimple-

mentsthis interfacemethodusing its uniquecode(lines 8 and16). The commoncode,

togetherwith theclass-dependentcomputation(embeddedin theimplementationof thein-

terfacemethod,lines27 - 30), is thenpromotedto becomethemethodreadInt() (line
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1 public class DataInputStream �

2 ...
3 public final int readInt()
4 throws IOException �

5 InputStream in = this.in;
6 int ch1 = in.read();
7 int ch2 = in.read();
8 int ch3 = in.read();
9 int ch4 = in.read();

10 if ( (ch1|ch2|ch3|ch4) < 0 )
11 throw new EOFException();
12
13 return (ch1 << 24) +
14 (ch2 << 16) +
15 (ch3 << 8) +
16 (ch4 << 0);
17

�

18
�

21 public class RandomAccessFile �

22 ...
23 public final int readInt()
24 throws IOException �

25
26 int ch1 = this.read();
27 int ch2 = this.read();
28 int ch3 = this.read();
29 int ch4 = this.read();
30 if ( (ch1|ch2|ch3|ch4) < 0 )
31 throw new EOFException();
32
33 return (ch1 << 24) +
34 (ch2 << 16) +
35 (ch3 << 8) +
36 (ch4 << 0);
37

�

38
�

(a)Codebeforerefactoring

1 public interface Source �

2 public Source source();
3

�

4 public class DataInputStream
5 implements Source
6 utilizes InputCode �

7 ...
8 public Source source() �

9 return this.in;
10

�

11
�

12 public class RandomAccessFile
13 implements Source
14 utilizes InputCode �

15 ...
16 public Source source() �

17 return this;
18

�

19
�

21 public implementation InputCode
22 implements Source �

23 ...
24 public final int readInt()
25 throws IOException �

26
27 int ch1 = this.source().read();
28 int ch2 = this.source().read();
29 int ch3 = this.source().read();
30 int ch4 = this.source().read();
31 if ( (ch1|ch2|ch3|ch4) < 0 )
32 throw new EOFException();
33
34 return (ch1 << 24) +
35 (ch2 << 16) +
36 (ch3 << 8) +
37 (ch4 << 0);
38

�

39
�

(b) Codeafterrefactoring

Figure6.2: Examplefor pre�x methodpromotion

24) in InputCode .

6.3.4 Super-suf�x methodpromotion

Figure6.3 depictsan examplein which the super-suf�x methodpromotiontechnique

is deployed. In Figure6.3(a),DataOutputStrea mandRandomAccessFil e (lines

1 and21) have essentiallysimilar implementationsfor thesamemethod- writeInt()

(lines3 and23). The two implementationsdiffer only in someepiloguestatements(lines

10 and30). The useof an additionallocal variableout in DataInputStream canbe
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1 public class DataOutputStream �

2 ...
3 public final void writeInt(int v)
4 throws IOException �

5 OutputStream out = this.out;
6 out.write((v >>> 24) & 0xFF);
7 out.write((v >>> 16) & 0xFF);
8 out.write((v >>> 8) & 0xFF);
9 out.write((v >>> 0) & 0xFF);

10 incCount(4);
11

�

12
�

21 public class RandomAccessFile �

22 ...
23 public final void writeInt(int v)
24 throws IOException �

25
26 write((v >>> 24) & 0xFF);
27 write((v >>> 16) & 0xFF);
28 write((v >>> 8) & 0xFF);
29 write((v >>> 0) & 0xFF);
30
31

�

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 writeInt(int v) throws IOException �

7 super(OutputCode).writeInt(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 writeInt(int v) throws IOException �

26 Sink out = this.sink();
27 out.write((v >>> 24) & 0xFF);
28 out.write((v >>> 16) & 0xFF);
29 out.write((v >>> 8) & 0xFF);
30 out.write((v >>> 0) & 0xFF);
31

�

32
�

(b) Codeafterrefactoring

Figure6.3: Examplefor super-suf�x methodpromotion

handledusingthepre�x methodpromotiontechniquedescribedin theprevioussection.

In Figure6.3(b),OutputCode (line 23) is a newly createdcommonimplementation.

Thecommoncodein Figure6.3(a)is factoredoutasthebodyof writeInt() (line 25) -

declaredin OutputCode . Theepiloguestatementsstayin themethodbodyof theoriginal
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RandomAccessFile DataOutputStreamDataInputStream

DataInput DataOutput
FilterInput

Stream
FilterOutput

Stream

extends implements implementsimplements implements extends

InputStream OutputStream

Object

extends extends

extendsextends

Class Interface

Figure6.4: Hierarchyof theclassesfor datainput/outputbeforerefactoring

instancemethoddeclaredin therespective classes(line 8). Thecommoncodeis invoked

usinga multisupercall beforethe epiloguestatementsareexecuted(line 7). Sink (line

19), which actsasa commoninterface, is introducedto de�ne themethodsink() (line

20) for theclassdependentcomputation,asa partof thepre�x methodpromotionscheme

to handlethelocal variableout in DataInputStream .

6.4 Refactoring the java.io package

Figure6.4depictstheinheritancehierarchyof theoriginal java.io package,showing

only theclassesinvolved with datainput andoutput. Theclassesarenow refactored(the

hierarchyof therefactoredclassesis shown in Figure6.6),usingthetechniquesdiscussed

in the previous section– resultingin a signi�cant reductionin the total codesizeandthe

totalnumberof declaredmethods.Themostimportantimpactof this refactoringprocessis

thattherefactoredcodeis easierto understand,traceandmaintain.

The interfaceDataInput has15 declaredabstractmethods.Thesemethodsareim-

plementedin two classes- DataInputStrea mand RandomAccessFil e. Among

them,13 methodshave similar implementationsin bothclasses. Severalof thetechniques

discussedin theprevioussectioncanbeusedto move commoncodeinto onelocationfor
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Duplicate codepromotion Pre�x methodpromotion

readFully(byte[ ], int ,i nt ) readByte()
readFully(byte[ ]) readUnsignedByte ()
readFloat() readShort()
readDouble() readUnsignedShor t( )

readInt()
Static methodpromotion readBoolean()

readLong()
readUTF() readChar()

Table 6.1: Commoncodegroupingby promotion techniquefor data input methodsin
DataInputStream andRandomAccessFil e

Duplicate codepromotion writeFloat()
writeDouble()

Super-suf�x methodpromotion write(byte[],i nt ,in t)
write(byte[])
writeBoolean()
writeByte()
writeShort()
writeInt()
writeLong()
writeChar()

Table 6.2: Commoncodegroupingby promotiontechniquefor dataoutput methodsin
DataOutputStrea mandRandomAccessFile

sharingby bothclasses. Themethodscanbegroupedaccordingto theapplicablepromotion

techniques,asdiscussedin theprevioussectionandshown in Table6.1.

Similarly, the interfaceDataOutput has14 declaredabstractmethods,which are

implementedby DataOutputStrea mand RandomAccessFi le . Among them, 10

methodshavesimilar implementationsin bothclasses. Accordingto theapplicablepromo-

tion techniques,thesemethodscanbegroupedasshown in Table6.2.

As discussedin Section6.3, two implementations(InputCode andOutputCode )

arecreatedto hold thepromotedcommoncode,while two newly createdinterfaces(Sink

andSource ) provide thecommoninterfacefor generalization.Figure6.5shows themod-

i�ed declarationlines for all the classes, implementationsand interfacesinvolved. The

hierarchytreeof therefactoredpackageis shown in Figure6.6. Theclassesandinterfaces

providedin thestandardclasslibrary rt.jar arereplacedby therefactoredones– including

thenewly createdimplementationsandinterfaces– to createa new run-timeclasslibrary,
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newly created types:

public interface Source

public interface Sink

public implementation InputCode implements DataInput, Source

public implementation OutputCode implements DataOutput, Sink

modified types:

public abstract class InputStream implements Source

public class FilterInputStream extends InputStream

public class DataInputStream extends FilterInputStream utilizes InputCode

public abstract class OutputStream implements Sink

public class FilterOutputStream extends OutputStream

public class DataInputStream extends FilterOutputStream utilizes OutputCode

public class RandomAccessFile utilizes InputCode, OutputCode

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

miRt.jar, for usein MCI-Java. Sourcecodefor theaffectedinterfaces, implementationsand

classesareincludedin AppendixE.

The effect of refactoringthe java.io packagein reducingthe numberof methods

usedaswell asthecodesize,hasbeentabulatedbelow in Tables6.3and6.4(with abbrevi-

atedclassnames).Thetablesarebasedon theraw datalistedin AppendixE. Themeaning

of theabbreviationsare:

1. RAFstandsfor RandomAccessFile

2. DIS standsfor DataInputStream

3. DOSstandsfor DataOutputStream

4. IC standsfor InputCode

5. OCstandsfor OutputCode

Theapparentlow reductionratein thenumberof methodsusedin DataOutputStrea m

(asre�ected in Table6.3) is dueto thefact that6 of the8 promotablemethodscontainan

extra line of codeuniqueto this class, makingit necessaryto retaina methoddeclaration

for thesuf�x. However thenumberof methodsdeclaredin theothertwo classes, namely

DataInputStream andRandomAccessFil e, areverysigni�cantly reduced.
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utilizes utilizesutilizes utilizes

Class InterfaceImplementation

InputCode OutputCode

RandomAccessFile DataOutputStreamDataInputStream

DataInput DataOutput

FilterInput
Stream

FilterOutput
Stream

extends

implementsimplements

extends

InputStream OutputStream

Object

extends extends

extends extends

Source Sink

implements

implements

implements

implements

Figure6.6: Hierarchyof theclassesfor datainput/output

Class RAF DIS DOS
Methodtype Before After Before After Before After
Constructors 3 3 1 1 1 1
Nativemethods 11 11 0 0 0 0
Non-native methods 31 10 18 6a 16 15b

Total 45 24 19 7 17 16
Percentagereductionin methods 46.67% 63.16% 5.88%

aa 1-linestaticmethodis keptfor compatibilitypurposes
b6 of themethodscontainonly 2 linesof codeaftersuper-suf�x methodpromotion

Table6.3: Changein thenumberof methodsasa resultof refactoring

It canalsobeseenfrom Table6.4thatthereis asigni�cant reductionin thecodesizein

eachof theinvolvedclasses, andin theoverall total.
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Class RAF DIS DOS IC OC Overall
Linesnot involvedin themethods 93 42 54 - - 189
Total linesbeforerefactoring 158 127 84 - - 369
Total linesafterrefactoring 93 44 67 82 27 313
PercentageReductionin lines 41.14 65.35 25.37 - - 15.18

Table6.4: Changein thenumberof linesof codeasa resultof refactoring

6.5 Performanceof Jikesand MCI-J ava VM

Oneof theconcernsaboutMCI-Java is thedegradationin performancecausedby the

modi�cationsperformedonJikesandtheJavaVM. Thedetailsof thetwo testsareprovided

in thefollowing sections.Testresultsshow thatthemodi�cationshave negligible effect on

theperformanceof boththecompilerandtheJava VM.

6.5.1 Compiler test

Theoriginalsource�les for theentirejava packageareusedasthesource�les. They

arecompiledusingthefollowing compilers:

1. javac runningin classicJava

2. javac runningin MCI-Java

3. theunmodi�ed Jikes

4. themodi�ed Jikes

All four compilersusetheoriginalrun-timelibrary rt.jar asthebootclasslibrary for

compilation.For eachcompilation,theoutputis storedin aseparatelocationandcompared

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 output betweenthe original and

modi�ed versions.A total of 100runsis takenfor eachcompilerin aLinux machineusing

AMD Athlon XP1800+1.5GHzCPUwith 256KB cache.The400compilationsaredone

in acontinuousmodewith eachcompilertakingturnssothattherisk of performancebeing

affectedby backgroundprocessesis spreadevenly amongthem. The processtimeswere

reportedusingthesystemfunctiontime , andtheresultsaretabulatedin Table6.5.

The small valuesin the standarddeviation columnindicatethat the processtimesare

veryconsistentbetweenruns.Comparingthemeantimesfor javac runningin classicJava
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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 measure:seconds

Table6.5: Compilerperformancecomparison

andMCI-Java (64.581vs 63.645and61.990vs 61.024)show that thereis no signi�cant

differencein performancebetweenthetwo versionsof javac . However, the lower mean

time for javac in MCI-Java is not an indicationthat it is performingbetterthantheone

in classicJava, becausethediferencesarewithin thestandarddeviation ranges.Themean

timesfor Jikes(3.082vs 3.085and1.769vs 1.772)show thattheperformancesof thetwo

versionsof Jikesarebasicallyidentical.It canbeconcludedthatthemodi�cationsmadeto

JikesandtheJava VM have negligible effecton theperformanceof boththecompilersand

theJava VM.

6.5.2 I/O testusing refactored I/O classes

This testis primarily designedto testtherefactoredjava.io package.Thetestpro-

grambeginsby writing aseriesof doubleprecisionvalues,integervalues,charactervalues

andstringvaluesto aninstanceof DataOutputStre am. Theprocessis repeated50,000

times. Thedata�le is thenclosedandreopenedasan instanceof DataInputStream .

Thedataarereadfrom the�le, lineby line,andwrittento another�le, openedasaninstance

of aRandomAccessFil e. After theentire�le is completely“copied”,dataarereadfrom

the instanceof RandomAccessFil e with thenumericalvaluesusedto computea sum

for the correctnesscheckandthe correctnessis veri�ed. All the refactoredmethodsare

invokedduringtheprogramexecution.

The test is performedon the samemachinethat is usedfor the compiler test. The

programis run in theVM of bothclassicJava andMCI-Java 200times,consecutively and

alternately, in order to distribute the risks of backgroundprocessesaffecting the process

times. The processtimesarerecordedusingthe systemfunction time . The resultsare

tabulatedin Table6.6. Whenthetestprogramis runon theclassicVM, it usestheoriginal

java.io package.Whenit is run in MCI-Java, it usestherefactoredjava.io package

thattakesadvantageof multiplecodeinheritance.
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classicJVM MCI-Java VM
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 measure:seconds

Table6.6: VM performancecomparison

The greatervariationsin performance,asre�ected in the valueof the standarddevia-

tion for real time (2.6350and2.4774),aremainly dueto the I/O componentof the tests.

It canbeseenthat theprocesstimesfor thenonI/O partarevery consistent(standardde-

viations0.5530and0.5196). Despitethe greatervariationsin the overall processtimes,

they demonstratesimilar distribution patternswith very little differencesin themeanand

standarddeviation values.Themeanreal timesare83.7807and83.003,with standardde-

viations2.6350and2.4774.Themeanusertimesare37.5243and37.2336with standard

deviations0.5530and0.5196. The numbersshow that thereis no signi�cant difference

betweentheperformanceof theclassicJVM andMCI-JavaVM. Basedonthisobservation,

it canbeconcludedthatthemodi�cationsmadeto theJava VM andtherefactoredclasses

have no signi�cant effect on theoverall performance.

6.6 Summary

It hasbeendemonstratedin this chapterthat legacy codecan be refactoredto take

advantageof the new featuresintroducedin MCI-Java, using the following four method

promotiontechniques:

1. Duplicatecodepromotion

2. Staticmethodpromotion

3. Pre�x methodpromotion

4. Super-suf�x methodpromotion

Thetechniquesareappliedto theoriginal java.io package.Refactoringhassuccess-

fully reducedboththetotal codesizeandthecombinednumberof methodsused.

Throughthevarioustestsconducted,it is shown that theMCI-Java VM, themodi�ed

versionof Sun's JVM for Java 2 SDK 1.2.2 and the modi�ed IBM Jikes Compiler are
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compatiblewith theoriginalprograms,givecorrectresultsasexpectedand–mostimportant

of all – do notdegradetheperformancewhencomparedwith theoriginalprograms.
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Chapter 7

Conclusions

The designandimplementationof MCI-Java, an extendedJava Virtual Machinesup-

portingmultiplecodeinheritance,hasbeenpresentedin thisdissertation.Themodi�cations

madeto theIBM JikesCompiler[4] to supportthenewly introducedsyntaxin MCI-Javaare

alsopresented.Thisdissertationis concludedwith adiscussionontherelatedwork of other

researchers,asummaryof thework done,futuredirectionsandresearchcontributions.

7.1 Relatedwork

Many researchershave beenworking on schemesthatallow multiple codeinheritance

in programminglanguagesoriginally designedwith singleinheritance.Someof theirwork

is discussedbelow.

7.1.1 Mixins

A mixin is a speci�cationwith methods.It canbeusedto extendvariousclasseswith

thesamesetof features.

Mixin-basedinheritance,proposedby BrachaandCook[9], seesamixin astheprimary

construct,while inheritanceis built from mixins. Thisconceptwasappliedto Modula-3.

Flattetel. [17] proposedapplicationof theconceptof mixins to Java. In MIXEDJAVA,

a mixin is viewedasa functionthatextendsa classby addingmethods.An atomicmixin

in MIXEDJAVA declaresa new mixin, while a compositemixin composestwo existing

mixins to createanew one.This ideahasnotyetbeenimplementedin any versionof Java.

Anconaet el. [7] extendsJava 1.0 with mixins. The translatorjamc translatesJAM

codeinto Java codeby mappinga mixin declarationinto an interface. Every time a new

classis required,jamc is invokedbeforejavac , thusmakingit averyexpensive process.

Furthermore,thevariablethis is forbiddenin mixins in JAM.
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Thereis an excellentoverview of mixins in [29] which illustratesthe fact that mixin

inheritance[9] doesnot work well whenmorethanonemixin is usedby a class, because

“the mixins do not quite �t together”[29]. Threemain problemswith mixins have been

identi�ed, asdescribedbelow:

1. Linearization- Mixin-basedinheritance,proposedby BrachaandCook[9], requires

explicit linearizationof the mixins. A classis viewed asa compositionof mixins.

Whenattributesare in con�ict, the onefrom the newly addedmixin will override

the older ones. However, a suitabletotal order doesnot always exist for con�ict

removal. Theproblemof total orderingdoesnot exist in MCI-Java, asinheritanceis

symmetrical.

2. Mixin programming- Specialcode(glue code)is written to link mixins together.

Gluecodereduces�e xibility andalsogivesriseto maintenanceissues.In MCI-Java,

gluecodeis notneededandthereforetheassociatedproblemsdo notexist.

3. Fragilehierarchies- A newly addedmethodmay have the unwantedsideeffect of

silently overriding anothermethod,thuschangingsomebehaviours becauseof 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

multiSuperCallmechanismandtheadoptionof therelaxedmultiplecodeinheritance

approachfor con�ict resolution.Most of theerrorsarereportedat loadtime during

the VMT building process,andany errorsthat cannotbe determinedat load time

arehandledasexceptionsat run-time,therebyensuringthatthereareno unexpected

executions.

7.1.2 Traits

Scḧarli et el. [29] implementedtraits asa solutionto multiple codeinheritancein the

Squeakdialectof Smalltalk[20].

Traitsaresimilarto implementationsproposedin thisdissertationin thefollowing areas:

1. Eachis acollectionof methods,possiblyinvokingmethodsthatareabstractuntil they

arenatively de�ned in aclient class;

2. Eachcanbeusedby aclient classto augmentits natively-de�nedmethods;

3. Eachcontainsno representationinformation;
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4. A classcanusemorethanonetrait or implementation.

However, the two solutionsto multiple codeinheritancehave thefollowing majordif-

ferences:

1. When a client classthat usesa trait is compiled,the non-overriddenmethodsare

�attened into theclient classby extendingthemethoddictionaryof theclient class

with oneentryfor eachnon-overriddenmethod.Theentriesin all methoddictionaries

usingthe sametrait point to a commoncodestoredin the trait which is a “hidden

class”. An implementationis a �rst-class languagefeaturewhich is not hiddenand

hasits own VMT for methodlookup.

2. Whena trait or a superclassis recompiled,the client classis automaticallyrecom-

piled. This is madepossibleby the fact thatall sourcecodesarestoredin thesame

Smalltalkimage.However, automaticrecompilationof theclientclassis notpossible

andis not requiredin Java andMCI-Java.

3. While both trait and implementationsolve the “diamond” inheritanceproblemby

declaringnocon�ict, they handlepotentialcon�ict differently. Someareclassi�edas

con�icting scenariosby traits, but notwith implementations, becauseof theadoption

of the relaxed multiple codeinheritanceapproach.They alsoselectthe methodto

be invoked differently. Methodsfrom traits take precedenceover thosefrom super-

classes,but implementationstreatmethodsfrom all sourcesthesame.

4. Theinheritancesemanticsusedin trait relieson compile-timebased�attening tech-

nique,which is dif�cult to supportin Java becauseof the inaccessibilityof source

codeat loadtime. Implementationsfollows thedynamicsemanticsof Java.

7.1.3 Codein interface

Cutumisu[14] hasimplementedcodein interfaceasa solutionto multiple codeinheri-

tancein SunJDK 1.2.2. This implementationdiffers from thework presentedin this dis-

sertationin thefollowing areas:

1. Cutumisu's implementationusedtheMirandaMethod1 techniqueto inserta method

declaredin interfaceinto the VMT of an inheriting class. No VMT is built for an

interface. MCI-Java hasVMT for implementations- interfaceswith code.

1In Sun's JVM, anabstractmethoddeclaredin anabstractsuperclassis classi�edastheMirandaMethod,
andis reserveda slot in theVMT for futureimplementationde�ned in oneof thesubclasses
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2. A specialscriptingprocessis designedto transformspeciallywritten program�les

for interfacescontainingcodeinto binaryformat.class �les.

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

loadtime is notadjustedto accommodatecodein interface.

7.2 Summary of work

Thisdissertationstartswith ascenarioillustratingtheneedfor multiplecodeinheritance

andseparatedinterface-type, code-typeanddata-type. This improvesexpressivenessand

allows programmersmore codere-use,avoiding duplicatedcodeand resultingin fewer

maintenanceproblems.

Subsequently, a brief review of the currentJava technology, with the emphasison its

weaknessesin handlingmultiple representationsand multiple behavior speci�cations,is

given.Thedif�culty in sharingcodeacrossinheritancehierarchytreesis alsohighlighted.

MCI-Javais proposedasasolution.MCI-Javasupportsthetotalseparationof interface-

type, code-typeanddata-typewith theintroductionof, at thesourcecodelevel, implemen-

tation - anew typedeclaringunit, andutilizes - anew keyword in theJava syntaxsig-

nifying inheritancefrom animplementationby aclass. Thesemanticsof thenew construct

areexplainedin detail,with 17 scenariosillustratedfor elaboration.As a sideeffect of the

languageextension,themultiSupercall mechanismis alsointroduced,with its semantics

fully explained.

To supportthenew languagesyntax,the IBM JikesCompileris modi�ed. A detailed

explanationof themodi�cation follows a descriptionof theexisting operationof theorig-

inal compiler. Prior to describingthemodi�cationsmadeto Sun's JVM by MCI-Java, the

operationof thosepartsof theJVM involved in methoddispatchareexplained.

Several experimentsareconductedto verify that the modi�ed compilerbehaves cor-

rectly in handlingcodewritten usingthe classicJava semantics,aswell asthe semantics

of MCI-Java. It is alsoveri�ed that themodi�ed JVM executescodecorrectly, according

to the de�ned semantics.No measurabledifferencein performanceis foundbetweenthe

originalandthemodi�ed compilerandVM.

7.3 Research contribution

Theresearchcontributionsof thisdissertationinclude:
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1. The�rst implementationwith compilersupportto extendJava to supportthesepara-

tion of interface-type, code-typeanddata-type, with a VM thatsupportscodegener-

atedby themodi�ed compiler. Themodi�ed JVM is ableto supportveri�cation of

codein interfaceswithoutaffectingtheoriginal veri�cation processes.

2. Languagesyntaxchangesare decoupledfrom the modi�cations in the VM. New

syntaxis introducedin thesourcecodelevel only. Themodi�ed JVM canbeusedto

executeany codeproducedby any compilerthatsupportscodein interfaces. Simi-

larly, themodi�ed IBM Jikescompilercanbeusedto supportany extensionsto Java

requiringthreeseparatetypedeclaringunits.

3. A supercall mechanismsimilar to theonefoundin C++ is implementedwith com-

piler support. This mechanismallows programmersto specifyan inheritancepath

to the desiredmethodimplementation.Furthermore,this mechanismsupportsthe

dynamicJava semanticsthat permitsrecompilationof any oneof the intermediate

classes, andis still ableto locatethemostspeci�c implementationfor invocationat

run-time.

4. An empiricalevaluationof theMCI-Java VM shows thatthereis no measurabledif-

ferencein performancebetweentheoriginal JVM andtheMCI-Java JVM.

Themostimportantmodi�cation to theJVM is theconstructionof thevirtual method

table(VMT) for aninterface . An implementation , thenewly introducedlanguage

constructat thesourcecodelevel, is mappedto aninterfaceat theVM level. Theconstruc-

tion of theVMT facilitatestheidenti�cation of methodimplementationthatis visibleatany

point of an inheritancetree. It alsohelpsto identify potentialinheritancecon�ict at load

time.

All changesto the JVM and the Jikes compiler are localized. In the original JVM

all method-invoking bytecodesarequick-edandthenexecutedusingthehighly optimized

modulewritten in assemblylanguage.Themodulehasnotbeenchangedandthealgorithm

for executingthenew multiSuperCallis designedin sucha way that thesamemodulefor

quick-edbytecodeexecutioncanbeused.

This thesishasproposedand implementeda schemeto improve the expressiveness

of the original Java platform. MCI-Java facilitatescodere-use,supportsthe separation

of inheritance,and allows programmersto write lesscodewithout affecting the clarity

of their implementations.Existing programcodeand classlibrariesare not affectedby
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the modi�cations, andthereis no measurableeffect on performance.The modi�ed Jikes

Compilerhasbeenveri�ed to generatecorrect.class �les for bothtraditionalprograms

and programsusing the proposednew features. Executionof the generatedcodein the

modi�ed JVM is shown to becorrectfor theprogramsusingclassicJavasemantics,aswell

asthoseusingthenew multiplecodeinheritanceandsupercall mechanisms.
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Appendix A

Abbreviations

Many abbreviationshave beenusedin this thesis. TableA.1 is a collectionof these

abbreviationswith theirwholeformsandmeanings.

Abbreviation Whole form Meaning

EMB (
�

5.4.4) Execution
MethodBlock

the “in memory”datastructureholding informa-
tion aboutthemethodto beexecuted

EMT (
�

4.3) Expanded
MethodTable

an “in memory” symbol table for methodsused
by Jikesto handlecodeinheritance

IMT (
�

5.3) Interface
MethodTable

an“in memory”datastructureusedto identify the
slotnumberfor methodsdeclaredin aninterface

JVM (
�

3.1) Java Virtual
Machine

an abstractcomputingmachinein which a pro-
gramwritten in Java runs

MT (
�

5.3) MethodTable
an“in memory”datastructureusedto hold infor-
mationaboutall themethodsdeclareda type

OOP(
�

1.1)
Object Oriented
Programming

a programmingparadigmin which a problemis
solved using interactive messagepassingamong
objects

RCP(
�

5.1.1) Run-time
ConstantPool

a run-time symbol table inside the Java Virtual
Machine

RMB (
�

5.4.2) Resolved
MethodBlock

the “in memory”datastructureholding informa-
tion aboutthe methodreferredto by an entry in
therun-timeconstantpool

VM (
�

3.3) Virtual Machine anabstractcomputingmachine

VMT (
�

5.3) Virtual
MethodTable

an“in memory”datastructureusedto identify the
mostspeci�c methodsvisible in a type

TableA.1: Meaningof theabbreviationsused
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Appendix B

ClassFile Structur e

Thenew schematicdiagramof themodi�ed class�le structureis shown in FigureB.1.

A new classaccess�ag (IMPLEMENTATION) hasbeenaddedon top of theoriginal � ve.

As a result,thelegitimateclassaccess�ags are:

1. PUBLIC

2. FINAL

3. SUPER

4. ABSTRACT

5. INTERFACE

6. IMPLEMENTATION
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Schematic Diagram of a (modified) .class File Structure
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Appendix C

The Grammar of MCI-J ava

C.1 Intr oduction

This chapterpresentsa grammarfor MCI-Java suited for a parser. This version is

basedon the Java grammarincludedin Chapter18 of the book The Java ��� Language

Speci�cation, secondedition (JLS) by JamesGosling, Bill Joy, Guy Steele,and Gilad

Bracha[18].

The startinggoal symbol is CompilationUnit. The productionline hasbeenmarked

with ââ for easyidenti�cation.

Similar to theoriginalJavagrammar, thegrammarbelow usesthefollowing BNF-style

conventions:

* [x] denoteszeroor oneoccurrencesof x.

* � x � denoteszeroor moreoccurrencesof x.

*

�

x �

�

y

�

meansoneof eitherx or y.

* keyword is anactualkeyword usedin MCI-Java.

Thisgrammarfor MCI-Java,which is includedin SectionC.2,is generatedby modify-

ing theoriginalJava grammar. Changesto theoriginalversionarerecordedas

1. �����������������additions,

2. removals or

3.

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

Identi�er:
IDENTIFIER

Quali�edIdenti�er:

Identi�er
�

. Identi�er
�

Literal:
IntegerLiteral
FloatingPointLiteral
CharacterLiteral
StringLiteral
BooleanLiteral
NullLiteral

Expression:
Expression1[AssignmentOperator Expression1]

AssignmentOperator:
��

�

�

�

�

�

 

�

!

�

�

�

"

�

#

�

$%$

�

&%&

�

&%&%&

�

Type:

Identi�er ' . Identi�er ( BracketsOpt

BasicType

StatementExpression:
Expression

ConstantExpression:
Expression

Expression1:
Expression2[Expression1Rest]

Expression1Rest:
[ ? Expression: Expression1]

Expression2:
Expression3[Expression2Rest]
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Expression2Rest:

' In�xop Expression3(

Expression3instanceof Type

In�xop:
�)�

!%!

�

"

!

�%�

*

�

$

&

$

�

&

�

$%$

&%&

&%&%&

�

�

�

 

#

Expression3:
Pre�xOp Expression3

( + Expr � Type � ) Expression3

Primary ' Selector(,' Post�xOp (

Primary:
( Expression)
this [Arguments]
super SuperSuf�x
Literal
new Creator

Identi�er ' . Identi�er ( [ Identi�erSuf�x]

BasicTypeBracketsOpt.class
void.class

Identi�erSuf�x:

[
+

] BracketsOpt.class -

-

Expression] �

Arguments

. + class -

-

this -

-

super Arguments-

-

new InnerCreator�

Pre�xOp:�%�

�%�
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*

.

�

�

Post�xOp:�%�

�%�

Selector:
. Identi�er [Arguments]
.this
.super SuperSuf�x
.new InnerCreator
[ Expression]

SuperSuf�x:
Arguments

�[ � (����������������� Identi�er � ) � ]� .� Identi�er [Arguments]

BasicType:
byte
short
char
int
long
float
double
boolean

ArgumentsOpt:
[ Arguments]

Arguments:

( [Expression' , Expression( ] )

BracketsOpt:
/

[] 0

Creator:
Quali�edIdenti�er ( ArrayCreatorRest-

-

ClassCreatorRest)

InnerCreator:
Identi�er ClassCreatorRest

ArrayCreatorRest:

[
+

] BracketsOptArrayInitializer -

-

Expression] ' [ Expression] ( BracketsOpt�

ClassCreatorRest:
Arguments[ClassBody]

ArrayInitializer:
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/

[VariableInitializer ' , VariableInitializer ( [,]] 0

VariableInitializer:
ArrayInitializer
Expression

ParExpression:
( Expression)

Block:
/

BlockStatements0

BlockStatements:

' BlockStatement(

BlockStatement:
LocalVariableDeclarationStatement
ClassOrInterfaceDeclaration
[Identi�er :] Statement

LocalVariableDeclarationStatement:
[ final ] TypeVariableDeclarators;

Statement:
Block
if ParExpressionStatement[else Statement]
for ( ForInitOpt ; [Expression]; ForUpdateOpt) Statement
while ParExpressionStatement
do Statementwhile ParExpression;

try Block + Catches -

-

[Catches]finally Block �

switch ParExpression
/

SwitchBlockStatementGroups 0

synchronized ParExpressionBlock
return [Expression];
throw Expression;
break [Identi�er]
continue [Identi�er]
;
ExpressionStatement
Identi�er : Statement

Originally missing in chapter 18, from section 14.8 of JLS
ExpressionStatement:

StatementExpression;

Catches:

CatchClause' CatchClause(

CatchClause:
catch ( FormalParameter) Block
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SwitchBlockStatementGroups:

' SwitchBlockStatementGroup (

SwitchBlockStatementGroup:
SwitchLabelBlockStatements

SwitchLabel:
case ConstantExpression:
default :

MoreStatementExpressions:

' , StatementExpression(

ForInit:
StatementExpressionMoreStatementExpressions
[ final ] TypeVariableDeclarators

ForUpdate:
StatementExpressionMoreStatementExpressions

Modi�er sOpt:

' Modi�er (

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

VariableDeclarators:

VariableDeclarator ' , VariableDeclarator (

VariableDeclaratorsRest:

VariableDeclaratorRest' , VariableDeclarator (

ConstantDeclaratorsRest:

ConstantDeclaratorRest' , ConstantDeclarator (

VariableDeclarator:
Identi�er VariableDeclaratorRest
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ConstantDeclarator:
Identi�er ConstantDeclaratorRest

VariableDeclaratorRest:
BracketsOpt[ = VariableInitializer]

ConstantDeclaratorRest:
BracketsOpt= VariableInitializer

VariableDeclaratorId:
Identi�er BracketsOpt

ââ CompilationUnit:

[package Quali�edIdenti�er ; ] ' ImportDeclaration (1' TypeDeclaration (

ImportDeclaration:

import Identi�er ' . Identi�er ( [ . * ] ;

TypeDeclaration:
ClassOrInterfaceDeclaration
;

ClassOrInterfaceDeclaration:

Modi�er sOpt + ClassDeclaration � ������������������������������������������������� ImplementationDeclaration � InterfaceDeclaration �

ClassDeclaration:
class Identi�er [extends Type] [ implements TypeList]

���������������������

[utilizes
�����������������

TypeList]
ClassBody

ImplementationDeclaration:
implementation Identi�er [extends TypeList][ implements TypeList]

ImplementationBody

InterfaceDeclaration:
interface Identi�er [extends TypeList]InterfaceBody

TypeList:

Type ' , Type(

ClassBody:
/

' ClassBodyDeclaration (
0

ImplementationBody:
/

' ImplementationBodyDeclaration (20

InterfaceBody:
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/

' InterfaceBodyDeclaration (30

ClassBodyDeclaration:
;
[static ] Block
Modi�er sOptMemberDecl

MemberDecl:
MethodOrFieldDecl
void Identi�er MethodDeclaratorRest
Identi�er ConstructorDeclaratorRest
ClassOrInterfaceDeclaration

MethodOrFieldDecl:
TypeIdenti�er MethodOrFieldRest

MethodOrFieldRest:
VariableDeclaratorRest
MethodDeclaratorRest

InterfaceBodyDeclaration:
;
Modi�er sOptInterfaceMemberDecl

InterfaceMemberDecl:
InterfaceMethodOrFieldDecl
void Identi�er InterfaceMethodDeclaratorRest

���������
void

�����������������
Identi�er

�����4�������������������������������������������������
AbstractMethodDeclaratorRest

ClassOrInterfaceDeclaration

InterfaceMethodOrFieldDecl:
TypeIdenti�er InterfaceMethodOrFieldRest

InterfaceMethodOrFieldRest:
ConstantDeclaratorsRest;

���������������������������������4�������������������AbstractMethodDeclaratorRest
InterfaceMethodDeclaratorRest

ImplementationBodyDeclaration:
;
Modi�er sOptImplementationMemberDecl

ImplementationMemberDecl:
TypeIdenti�er ConstantDeclaratorsRest;
TypeIdenti�er MethodDeclaratorRest
void Identi�er VoidMethodDeclaratorRest
ClassOrInterfaceDeclaration

MethodDeclaratorRest:

FormalParametersBracketsOpt[ throws Quali�edIdenti�erList] + MethodBody -

-

; �

���������������������������������4�������������������
AbstractMethodDeclaratorRest
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�������������������������������������������4�����������AbstractMethodDeclaratorRest:
InterfaceMethodDeclaratorRest:

FormalParametersBracketsOpt[ throws Quali�edIdenti�erList] ;

ConstructorDeclaratorRest:
FormalParameters [ throws Quali�edIdenti�erList] MethodBody

Quali�edIdenti�erList:

Quali�edIdenti�er ' , Quali�edIdenti�er (

FormalParameters:

( [FormalParameter ' , FormalParameter( ] )

FormalParameter:
[ final ] TypeVariableDeclaratorId

MethodBody:
Block
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Appendix D

Multiple CodeInheritance Scenarios

Seventeenmultiple codeinheritancescenarios,which arecommonlyfound in normal

applicationprogramming,aredescribedin this chapter. Theoutcomeof a methodinvoca-

tion in eachof thescenariosis examinedusingthesemanticsof theextendedlanguage.

Thelegendusedin thediagramsfor depictingthescenariosis shown in FigureD.1. A

classandan implementationarerepresentedby a rectangularandan oval shape,respec-

tively. A singlealphabetin capitallettersdenotesthenameof thetype.

B {m()}

C

A {abs m()}

Class C an instance of
which is denoted by c

Class A with the
declaration of an
abstract method m

Implementation B with
the declaration of a
concrete method m

inheritance relationship

FigureD.1: Legendfor scenariodiagrams

When the type in questioncontainsa

de�nition for a method,the single alpha-

bet will be followed by the nameof the

methodenclosedin apairof curly brackets.

An abstractmethoddeclarationis identi�ed

with the threeletters'abs'. It shouldalso

benotedthatamethodde�nition contained

in a typemay have the meaningextended

to includecaseswherethemethodis inher-

ited from the supertypes, and is visible at

that point in the inheritancehierarchy. To

simplify theexplanation,c is usedto denotea run-timeinstanceof C, andc.m() denotes

amessagesentto this instanceof C.
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A {abs m()}

C

(a)Scenario1

A {m()}

C

(b) Scenario2

FigureD.2: Scenarios1 - 2

D.1 Singleinheritance involving an implementation

D.1.1 Scenarios1 - 2

FigureD.2(a) shows a situationin which classC utilizes implementationA. An

abstractmethodm() is declaredin A. At compiletime, the compilerwill convert C into

an abstractclassbecausethereis an abstractmethodvisible in C, but no concreteimple-

mentationof m() is foundin C. If thesituationis a resultof a recompilationof A without

recompilingC, a run-timeexceptionwill beraisedwhenthemessagec.m() is sent.

However, in Scenario2 (asshown in FigureD.2(b)), implementationA containsthe

concretemethodm() instead.This methodis thereforevisible in Cby virtue of theinheri-

tancerelationshipbetweenA andC. At run-time,themessagec.m() will bedispatchedto

themethodfoundin A unlessit is overriddenin Cby anotherimplementationof themethod

m() , accordingto thesemanticsof theextendedlanguage.

D.1.2 Scenario3

In Scenario3 (asshown in FigureD.3(a)),classCutilizes implementationBwhich,

in turn, extends anotherimplementationA. While the implementationfor methodmis

foundin A, themethodis notoverriddenin B andC. Thus,themethodde�nition foundin A

is theonevisible in C. Themessagec:m() at run-timeis dispatchedto themethodfound

in A. Theoutcomeis similar to thenormalinheritancescenariosseenwith classes.
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A {m()}

C

B

(a) Scenario3

B {m()}

C

A {m()}

(b) Scenario4

A {m()}

C

B {abs m()}

(c) Scenario5

FigureD.3: Scenarios3 - 5

D.1.3 Scenario4

Scenario4, depictedin Figure D.3(b), is similar in inheritancerelationshipbetween

typesto Scenario3, discussedin the previous section. However, the implementationfor

themethodm() foundin B is overriddenby theonefoundin A, andis thereforeno longer

visible in theinheritancehierarchyin thesubtreerootedfrom A.

In A andC, only theimplementationde�ned in A is visibleandthusthemessagec.m()

will be dispatchedto the methodfound in A, accordingto the semanticsof the extended

language.

D.1.4 Scenario5

Scenario5, shown in FigureD.3(c), is a specialcase.Section8.4.3.1of theJava Lan-

guageSpeci�cation [18] statesthat “An instancemethodthat is not abstract can be

overriddenby anabstract method.”

Thephenomenon,known asinheritancesuspension,is intendedto forcea new imple-

mentationfor themethodbeingoverridden.Thus,thede�nition of m() foundin A, being

suspendedby theabstractmethodin B, is nolongeravailablein C. Thisscenariois therefore

equivalentto thesituationfoundin Scenario1. Whenamessagec.m() is sentat run-time,

anexceptionwill beraised– thesameresultasfor Scenario1.
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C

B {abs m()}A {m()}

(a)Scenario6

B {m()}

C

A {abs m()}

(b) Scenario7

B {m()}

C

A {abs m()}

(c) Scenario8

FigureD.4: Scenarios6 - 8

D.2 Multiple inheritance involving an implementation

D.2.1 Scenario6

Theclasshierarchyis depictedin FigureD.4(a). In this scenario,C extends classA

andutilizes implementationB. A containsa de�nition for the concretemethodm() ,

while B declaresan abstractmethodwith thesamesignature.It is a con�ict situationbe-

causetwo distinctdeclarationswith the samesignaturearevisible in C. Accordingto the

semanticsof the extendedlanguage,concretemethodis given precedenceover abstract

methodin resolvingcon�icts andthusonly thede�nition from A is madevisible in C. At

run-time,themessagec.m() is dispatchedto themethodin A.

D.2.2 Scenario7

The classhierarchyis depictedin FigureD.4(b). In this scenario,C extends class

A andutilizes implementationB. B containsade�nition for theconcretemethodm() ,

while A declaresan abstractmethodwith thesamesignature.It is a con�ict situationbe-

causetwo distinctdeclarationswith the samesignaturearevisible in C. Accordingto the

semanticsof the extendedlanguage,concretemethodis given precedenceover abstract

methodin resolvingcon�icts andthusonly thede�nition from B is madevisible in C. At

run-time,themessagec.m() is dispatchedto themethodin B. Theoutcomeat run-time

is similar to thatfor Scenario6, exceptthattherolesof A andB areswappedin bothcases.

Thisdemonstratesthefactthatnoprecedenceis givento eitheraclassor animplementation

in resolvingcon�icts.
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B {m()}

C

A {m()}

(a)Scenario9

B {m()}

C

A {m()}

(b) Scenario10

FigureD.5: Scenarios9 - 10

D.2.3 Scenario8

Theclasshierarchyis depictedin FigureD.4(c). In this scenario,C utilizes both

implementationsA andB. B containsa de�nition for the concretemethodm() , while A

declaresanabstractmethodwith thesamesignature.It is a con�ict situationbecausetwo

distinct declarationswith the samesignaturearevisible in C. Accordingto thesemantics

of the extendedlanguage,concretemethodis given precedenceover abstractmethodin

resolvingcon�icts andthusonly thede�nition from B is madevisible in C. At run-time,the

messagec.m() is dispatchedto themethodin B.

D.2.4 Scenario9

Figure D.5(a) shows the relationshipamongthe classesfor Scenario9, in which C

extends classA andutilizes implementationB. Both A and B containa different

de�nition for the concretemethodm() . It is a con�ict situationin which two distinct

declarationswith thesamesignaturearevisible in C. Sincebothimplementationsareequal

in precedence,thecon�ict cannotberesolved andanerrorwill be raisedat compiletime.

If it is theresultof recompilationof oneof theimplementationswithout recompilingC, an

ambiguityexceptionwill beraisedat run-time.

D.2.5 Scenario10

FigureD.5(b) shows the situationin Scenario10. This is very similar to Scenario9,

exceptthatA is animplementationinsteadof a class. Sincea classandanimplementation

aretreatedequallyin codeinheritancein thenew semanticsof the language,theoutcome
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B {m()}

C

A {m()}

(a) Scenario11a

B {m()}

C

A {m()}

(b) Scenario11b

FigureD.6: Scenarios11aand11b

in this scenariois thesameasin thepreviousone.

D.3 Multiple inheritance paths fr om the sameroot

D.3.1 Scenario11

Figure D.6 shows two distinct versionsof Scenario11. The two differ only in the

lexical orderof thesupertypesin thedeclarationline of C. However, thesemanticsof both

theoriginal andtheextendedversionof Java do not attachweight to thelexical orderof a

typewithin thelist of supertypes. Therefore,thetwo versionsof thisscenariowill have the

sameoutcome,independentof thelexical orderof thesupertyes.

Two distinct implementationsof m() canbeseenin C; it is a con�ict situation.Since

thereis a partialorderbetweenA andB, thede�nition foundin B is overriddenby theone

foundin A accordingto therelaxedmultiple inheritanceapproach,makingonly thede�ni-

tion foundin A visible in C. Thus,themessagec.m() sentat run-timewill bedispatched

to themethodfoundin A.

D.3.2 Scenario12

Basedon theexplanationfound in thediscussionof Scenario11, themessagec.m()

sentat run-timein Scenario12a(asdepictedin FigureD.7(a))will be dispatchedto the

methodde�ned in A.

However, thesituationis changedin Scenario12b(asshown in FigureD.7(b))because
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B {m()}

C

A {m()}

(a) Scenario12a

B {m()}

C

A {abs m()}

(b) Scenario12b

FigureD.7: Scenarios12aand12b

B {m()}

C

A {abs m()}

(a) Scenario13a

B {m()}

C

A {abs m()}

(b) Scenario13b

FigureD.8: Scenarios13aand13b

themethoddeclaredin A is anabstractmethod;it is asuspensionof inheritance.According

to the semanticsof languageextension,precedenceis given to a concretemethodover

an abstractmethod. Thus, the messagec.m() sentat run-time in Scenario12b will be

dispatchedto themethodde�ned in B.

D.3.3 Scenario13

FigureD.8 shows two versionsof Scenario13. They differ in the lexical orderof the

supertypes. As previously explained,theoutcomeis thesamebecausethereis no weight

attachedto thelexical orderof a typewithin thetypelist.

Sincethede�nition foundin B is givenprecedenceover theonefoundin A, becauseit

is anabstractmethod,thede�nition of m() in B is visible in C. At run-time,themessage
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B

C

A {m()}

D {m()}

(a) Scenario14

B {m()}

C

A

D {m()}

(b) Scenario15

FigureD.9: Scenarios14 and15

c.m() will bedispatchedto themethodde�ned in B.

D.4 Diamond-shapedmultiple inheritance paths

D.4.1 Scenario14

Scenario14, as shown in FiguresD.9(a), is the situation in which C extends its

superclassA. A hasde�ned the methodm() which overridesthe declarationin D from

whichA inherits.Calsoutilizes implementationB, whichalsoextends D.

Thede�nition of m() in D is overriddenby thede�nition in A, so it is hiddenfrom C

alongthis inheritancepath.However, it is notoverriddenalongthepathvia B. Thesituation

is similar to thatof Scenario12a,asshown in FigureD.7(a). It is thereforequitenaturalto

expectthesameoutcomeasfoundin Scenario12afor Scenario14.

By virtue of therelaxedmultiple codeinheritanceapproach,thede�nition of m() vis-

ible in C will betheonede�ned in A. At run-time,themessagec.m() will bedispatched

to themethodde�ned in A, becausethede�nition of m() in D is fartheraway from C.

D.4.2 Scenario15

As shown in FigureD.9(b),Scenario15hasthesameinheritancestructureasthatfound

in Scenario14. In this scenario,a new de�nition of m() is found in B insteadof A, asin

Scenario14.

Similar to Scenario14,by virtueof therelaxedmultiplecodeinheritanceapproach,the
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B

C

A

D {m()}

(a) Scenario16

B

C

D {m()}

A

(b) Scenario17

FigureD.10: Scenarios16 and17

de�nition of m() visiblein Cwill betheonede�ned in B. At run-time,themessagec.m()

will bedispatchedto themethodde�ned in B, becausethede�nition of m() in D is farther

away from C.

D.4.3 Scenario16

As shown in Figure D.10(a),Scenario16 hasthe sameinheritancestructureas that

found in Scenario14. In this scenario,no new de�nition of m() is found in A or B. The

de�nition in D is thede�nition visible in C. While themethodis inheritedfrom D via two

differentpaths,the two inheritedmethodsareactuallythesame.Thenew semanticsdoes

not de�ne this situationasa con�ict. At run-time,themessagec.m() will bedispatched

to themethodde�ned in D, asit is theonly onevisible in C.

D.4.4 Scenario17

Depictedin Figure D.10(b), Scenario17 is a situationin which C utilizes two

implementations, AandB. At thesametime,bothAandBextend anotherimplementation,

D. Thede�nition of methodm() in D is notoverriddenin A or B.

The de�nition of m() visible in C is inheritedfrom the samesourcevia two distinct

inheritancepaths.No con�ict will bereportedusingtheextendedlanguagesemanticsand

the de�nition in D will be taken as the onevisible in C. Thus,at run-time, the message

c.m() will bedispatchedto themethoddeclaredin D.
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Appendix E

Refactoring the java.io package

E.1 Result of refactoring

Class RAF DIS DOS IC OC
Method B A B A B A B A B A
writeBoolean 1 0 - - 2 2 - - - 2
writeByte 1 0 - - 2 2 - - - 2
writeShort 2 0 - - 4 2 - - - 3
writeChar 2 0 - - 4 2 - - - 3
writeInt 4 0 - - 6 2 - - - 5
writeLong 8 0 - - 10 2 - - - 9
writeFloat 1 0 - - 1 0 - - - 1
wrteDouble 1 0 - - 1 0 - - - 1
sink - - - - - 1 - - - 1
readFully(byte[]) 1 0 1 0 - - - 1 - -
readFully(byte[],int,int) 5 0 6 0 - - - 5 - -
readBoolean 3 0 3 0 - - - 3 - -
readByte 3 0 3 0 - - - 3 - -
readUnsignedByte 3 0 3 0 - - - 3 - -
readShort 4 0 5 0 - - - 4 - -
readUnsignedShort 4 0 5 0 - - - 5 - -
readChar 4 0 5 0 - - - 5 - -
readInt 6 0 7 0 - - - 7 - -
readLong 1 0 2 0 - - - 1 - -
readFloat 1 0 1 0 - - - 1 - -
readDouble 1 0 1 0 - - - 1 - -
readUTF 1 0 1 0 - - - 30 - -
static readUTF - - 30 1 - - - - - -
source - - - 1 - - - 1 - -
Total 57 0 73 2 30 13 - 70 - 27
Legends:
RAF = RandomAccessFile
DIS = DataInputStream DOS= DataOutputStream
IC = InputCode OC = OutputCode
B = Beforerefactoring A = After refactoring

TableE.1: Changein thenumberof executablestatementsasa resultof refactoring
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E.2 Sourcecode

E.2.1 Source.java
package java.io;

public interface Source
{

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

}

E.2.2 InputCode.java
package java.io;

public implementation InputCode implements DataInput, Source
{

public Source source() {
return this;

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

this.readFully(b, 0, b.length);
}
public void readFully(byte b[], int off, int len) throws IOException {

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 IOException {

int ch = this.source().read();
if (ch < 0)

throw new EOFException();
return ch;

}
public short readShort() throws IOException {

int ch1 = this.source().read();
int ch2 = this.source().read();
if ((ch1 | ch2) < 0)

throw new EOFException();
return (short)((ch1 << 8) + (ch2 << 0));

}
public int readUnsignedShort() throws IOException {

Source in = this.source();
int ch1 = in.read();
int ch2 = in.read();
if ((ch1 | ch2) < 0)

throw new EOFException();
return (ch1 << 8) + (ch2 << 0);

}
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public char readChar() throws IOException {
Source in = this.source();
int ch1 = in.read();
int ch2 = in.read();
if ((ch1 | ch2) < 0)

throw new EOFException();
return (char)((ch1 << 8) + (ch2 << 0));

}
public int readInt() throws IOException {

Source in = this.source();
int ch1 = in.read();
int ch2 = in.read();
int ch3 = in.read();
int ch4 = in.read();
if ((ch1 | ch2 | ch3 | ch4) < 0)

throw new EOFException();
return ((ch1 << 24) + (ch2 << 16) + (ch3 << 8) + (ch4 << 0));

}
public long readLong() throws IOException {

return ((long)(this.readInt()) << 32) + (this.readInt() & 0xFFFFFFFFL);
}
public float readFloat() throws IOException {

return Float.intBitsToFloat(this.readInt());
}
public double readDouble() throws IOException {

return Double.longBitsToDouble(this.readLong());
}
String readUTF() throws IOException {

int utflen = this.readUnsignedShort();
char str[] = new char[utflen];
int count = 0;
int strlen = 0;
while (count < utflen) {

int c = this.readUnsignedByte();
int char2, char3;
switch (c >> 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 & 0xC0) != 0x80)

throw new UTFDataFormatException();
str[strlen++] = (char)(((c & 0x1F) << 6) | (char2 & 0x3F));
break;

case 14:
count += 3;
if (count > utflen)

throw new UTFDataFormatException();
char2 = this.readUnsignedByte();
char3 = this.readUnsignedByte();
if (((char2 & 0xC0) != 0x80) || ((char3 & 0xC0) != 0x80))

throw new UTFDataFormatException();
str[strlen++] = (char)(((c & 0x0F) << 12) |

((char2 & 0x3F) << 6) |
((char3 & 0x3F) << 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, Sink
{

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) & 0xFF);
out.write((v >>> 0) & 0xFF);

}
public void writeChar(int v) throws IOException {

Sink out = this.sink();
out.write((v >>> 8) & 0xFF);
out.write((v >>> 0) & 0xFF);

}
public void writeInt(int v) throws IOException {

Sink out = this.sink();
out.write((v >>> 24) & 0xFF);
out.write((v >>> 16) & 0xFF);
out.write((v >>> 8) & 0xFF);
out.write((v >>> 0) & 0xFF);

}
public void writeLong(long v) throws IOException {

Sink out = this.sink();
out.write((int)(v >>> 56) & 0xFF);
out.write((int)(v >>> 48) & 0xFF);
out.write((int)(v >>> 40) & 0xFF);
out.write((int)(v >>> 32) & 0xFF);
out.write((int)(v >>> 24) & 0xFF);
out.write((int)(v >>> 16) & 0xFF);
out.write((int)(v >>> 8) & 0xFF);
out.write((int)(v >>> 0) & 0xFF);

}
public void writeFloat(float v) throws IOException {

this.writeInt(Float.floatToIntBits(v));
}
public void writeDouble(double v) throws IOException {

this.writeLong(Double.doubleToLongBits(v));
}

}

118



E.2.5 RandomAccessFile.java

package java.io;

public class RandomAccessFile utilizes InputCode, OutputCode
{

public RandomAccessFile(String name, String mode) throws FileNotFoundException
{

**** code not modified ****
}
public RandomAccessFile(File file, String mode) throws IOException {

**** code not modified ****
}
public final FileDescriptor getFD() throws IOException {

**** code not modified ****
}
private native void open(String name, boolean writeable) throws FileNotFoundException;

public native int read() throws IOException;

private native int readBytes(byte b[], int off, int len) throws IOException;

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

}
public int read(byte b[]) throws IOException {

**** code not modified ****
}
public int skipBytes(int n) throws IOException {

**** code not modified ****
}
public native void write(int b) throws IOException;

private native void writeBytes(byte b[], int off, int len) throws IOException;

public void write(byte b[]) throws IOException {
**** code not modified ****

}
public void write(byte b[], int off, int len) throws IOException {

**** code not modified ****
}
public native long getFilePointer() throws IOException;

public native void seek(long pos) throws IOException;

public native long length() throws IOException;

public native void setLength(long newLength) throws IOException;

public native void close() throws IOException;

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

}
public final void writeBytes(String s) throws IOException {

**** code not modified ****
}
public final void writeChars(String s) throws IOException {

**** code not modified ****
}
public final void writeUTF(String str) throws IOException {

**** code not modified ****
}

}
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E.2.6 DataOutputStream.java

package java.io;

public class DataOutputStream extends FilterOutputStream utilizes OutputCode
{

public DataOutputStream(OutputStream out) {
**** code not modified ****

}
private void incCount(int value) {

**** code not modified ****
}
public synchronized void write(int b) throws IOException {

**** code not modified ****
}
public synchronized void write(byte b[], int off, int len) throws IOException
{

**** code not modified ****
}
public void flush() throws IOException {

**** code not modified ****
}
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 writeInt(int v) throws IOException {

super(OutputCode).writeInt(v);
incCount(4);

}
public final void writeLong(long v) throws IOException {

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

}
public final void writeBytes(String s) throws IOException {

**** code not modified ****
}
public final void writeChars(String s) throws IOException {

**** code not modified ****
}
public final void writeUTF(String str) throws IOException {

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

**** code not modified ****
}
// overriding the method declared in OutputCode
public Sink sink(){

return this.out;
}

}
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E.2.7 DataInputStream.java
package java.io;

public class DataInputStream extends FilterInputStream utilizes InputCode
{

public DataInputStream(InputStream in) {
**** code not modified ****

}
public final int read(byte b[]) throws IOException {

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

**** code not modified ****
}
public final int skipBytes(int n) throws IOException {

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

**** code not modified ****
}
public final static String readUTF(DataInput in) throws IOException {

return in.readUTF();
}
// overriding the method declared in InputCode
public Source source(){

return this.in;
}

}
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