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Abstract

Of all 64-bit architectures,IA-64 is the mostrecentandoffersexciting new featuresfor

compilerdevelopers. IA-64 gainsspeedfrom ef�cient compilation,which is costly for

Java, becausethe compilationof moduleshappensdynamicallyon the virtual machine.

Lack of an opensourceJava virtual machinefor the IA-64 which allows for researchon

codegenerationtechniquesleadusto pursuethiswork. Thiswork presentsabaselinecode

generatorfor the IA-64 architecture.This codegeneratoris a partof the JikesResearch

Virtual Machinefor Java written in Java. To our knowledge,this work presentsthe �rst

opensource,just-in-timevirtual machinefor Javaon IA-64 architecture

vii



Contents

Glossary xi

1 Intr oduction 1

2 Background 3

2.1 TheJavaProgrammingLanguage . . . . . . . . . . . . . . . . . . . . . 3

2.2 TheJavaVirtual Machine. . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2.1 TheJavabytecode . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.3 JikesRVM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.3.1 ObjectModel . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3.2 JTOC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.3.3 ClassLoading . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3.4 Magic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.4 TheIA-64 Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.4.1 InstructionModel . . . . . . . . . . . . . . . . . . . . . . . . . . 10

viii



Contents

2.4.2 ExecutionModel . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4.3 ArchitecturalConventions . . . . . . . . . . . . . . . . . . . . . 13

3 Design 15

3.1 ObjectLayout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2 Bundling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.3 ProgramStackFramelayout . . . . . . . . . . . . . . . . . . . . . . . . 17

3.4 RegisterMapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.4.1 PreservedGeneralPurposeRegisters . . . . . . . . . . . . . . . 19

3.4.2 OtherGeneralPurposeRegisters. . . . . . . . . . . . . . . . . . 20

3.4.3 Floatingpoint registers . . . . . . . . . . . . . . . . . . . . . . . 20

3.4.4 Predicateregisters . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.4.5 Branchregisters . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.4.6 Applicationregisters . . . . . . . . . . . . . . . . . . . . . . . . 21

3.5 RegisterStack . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.6 Systemcalls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.7 SignalHandling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4 Implementation 24

4.1 TheCodeGenerator. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.1.1 TheAssembler . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

ix



Contents

4.1.2 TheCompiler . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.1.3 TheMagicCompiler . . . . . . . . . . . . . . . . . . . . . . . . 29

4.1.4 TrapsandSignalHandling . . . . . . . . . . . . . . . . . . . . . 31

4.1.5 Boot ImageWriter . . . . . . . . . . . . . . . . . . . . . . . . . 32

5 Validation and Benchmarking 33

5.1 Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5.1.1 BytecodeTests . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5.1.2 OurTests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5.1.3 OtherStandardTests . . . . . . . . . . . . . . . . . . . . . . . . 35

5.2 Benchmarking. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

6 Conclusions 37

7 Future Work 38

A Building JikesRVM on IA-64/Linux 39

A.1 Installationoverview. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

A.2 Installationsteps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

A.3 RunningJikesRVM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

References 45

x



Glossary

GC GarbageCollection

GCTk GarbageCollectionToolkit

IMT InterfaceMethodTable

JTOC JikesRVM Tableof Contents

JVM JavaVirtual Machine

RVM ResearchVirtual Machine

TIB TypeInformationBlock

VM Virtual Machine

Linux TheLinux operatingsystem

MacOSX TheMacoperatingsystemversionX

PowerPC32 ThePowerPC32bit architecture

PowerPC64 ThePowerPC64bit architecture

IA-64 TheIA-64 architecture

xi



Chapter 1

Intr oduction

Of all 64-bit architectures,IA-64 is the mostrecentandoffersexciting new featuresfor

compilerdevelopers.Its featuresplaceit in thehigherendof theRISCarchitecturespec-

trum. Sincethis architectureis very differentfrom otherextant architectures,it offersa

lot of roomfor research.Thepresentlyavailablecompilersdonotperformaswell asthey

shouldon thisarchitecture.

Thedesignersof theIA-64 architectureweremotivatedby thefact thatMoore's law1

is fastapproachingits limit, and the known scaleof improvementin speedswould not

be possiblein the future. Having multiple parallelprocessorsis a solution,but the per-

formanceof single-threadedprocessesis unaffectedby parallelismat theprocessorlevel.

The IA-64 architectureprovidesparallelismat the level of functionalunits; it hasmul-

tiple integer, �oating point, andmemoryunits. This enablesthe architectureto execute

multiple integer, �oating point andmemoryinstructionssimultaneously, i.e., it provides

inter-instructionparallelism.Inter-instructionparallelismexists in all of theout-of-order

processors;theseprocessorsreorderthe instructionsin the instructionstreamandissue

morethanoneinstructionpercycle. However, in theIA-64, this work of discoveringthe

parallelismandre-orderingtheinstructionsis pushedto thecompiler. IA-64 is anin-order

1Theempiricalobservationthattransistordensityon thechipdoublesevery18 months.
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Chapter1. Introduction

processor, i.e., it doesnot re-ordertheinstructionsin theinstructionstream.

TheIA-64 architecture,however, did not live up to thestandardsit wasdesignedfor.

Theadoptionof IA-64 wasslow becauseof its poorx86hardware-emulationperformance,

anot somaturesilicon implementation,thelowerclock speedof theimplementation,and

relatively poor integerperformance.The largedigressionof the IA-64 architecturefrom

known architecturescausedit to bepoorlyunderstood,andcompilerperformancesuffered

in consequence.Theinter-instructionparallelismandthefeaturesto improveit puta large

overheadon thecompiler. Theolderarchitecturesperformbetter, for out-of-orderexecu-

tion hasbeenresearchedandimplementedfor a longtime. Betteralgorithmsthatschedule

the instructionsat compiletime shouldhelp the performanceon IA-64. We believe that

thearchitectureis good,andwith time,bettercompilersfor IA-64 will beavailable.

JikesRVM is anopen-sourceresearchvirtual machinefor Javadevelopedat IBM. The

Jikes researchvirtual machinepresentlyruns on x86/Linux, PowerPC32/Linux, Pow-

erPC32/MacOSX,PowerPC32/AIX,PowerPC64/Linux,PowerPC64/AIX,andPowerPC64/MacOSX.

This work describestheport of JikesRVM to IA-64/Linux architecture.This projectis a

derivative of the working PowerPC64implementation[7] developedin our laboratory.

Whenthisportof JikesRVM to IA-64/Linux wasstarted,therewereveryfew commercial

implementationsof Javaon IA-64. To ourknowledge,thereis still no open-sourceimple-

mentationof Java availableon this architecture.This port, aswe envisage,shouldenable

researchon improving theperformanceof Javaon IA-64.
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Chapter 2

Background

2.1 The Java Programming Language

TheJavaProgrammingLanguage[6] is ageneral-purpose,architecture-neutral,re�ective,

multi-threaded,stronglytyped,memory-managed,class-basedobject-orientedlanguage.

It is similar to C++ in that it is alsoa class-basedlanguage.Its features,however, align it

closerto Objective C thanC++. It doesnot, for example,supportoperatoroverloading,

multiple inheritanceor automatictype coercion.1 Java supportsinterfacesanddynamic

methodresolution.Thespeci�cation[6] clearlydistinguishesbetweencompile-timeand

run-timeerrors.Compiletimeconsistsof generatingtheintermediate,architecture-neutral

bytecode. Run-timeconsistsof loadingandlinking of classes,machinecodegeneration,

anddynamicoptimization.Java hasexceptionhandling,which providesa way to handle

errorsat run time. Re�ection is supportedby associatingan objectwith a Classobject.

A Classobjectholdsthe metadatafor an object. Architectureneutrality is provided by

thebytecodeanda strongspeci�cationof primitive types.Theprimitive typesarestrictly

de�ned by theJava virtual machinespeci�cation[8] andthusbehave similarly on all ar-

1Java 1.5supportspartialautotypecoercionin theform of auto-boxing.
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Chapter2. Background

chitectures.Automaticreclamationof usedspaceleadsto fewer bugsin Java programs

thanprogramswritten in otherlanguages.

2.2 The Java Virtual Machine

TheJava Virtual Machine[8] is a speci�cationfor anabstractstackbasedmachine.The

Java bytecodeis the instructionset for this abstractmachine. The speci�cation [8] is

independentof any architecture,operatingsystem,or environment. The implementation

methodis left unspeci�edby thespeci�cation.

2.2.1 The Java bytecode

The Java Virtual machinespeci�cation [8] de�nes the setof instructionsfor an abstract

stackmachine,whereinstructionargumentsarepoppedfrom anoperandstack.After the

executionof theinstruction,theresultof executingtheinstructionis pushedbackontothe

stack.Linkageerrorsor run-timeerrorsthatresultfrom executinganinstructionshouldbe

handledor thrown by thevirtual machineaccordingly, asde�ned by thevirtual machine

speci�cation.

The bytecodeinstructionset broadly consistsof loads,stores,methodinvocations,

arithmeticoperations,conditionalcontrol �o w operations,andstackmanipulationoper-

ations. Loadsandstorescanbe to/from a local variableof a method,�eld in an object,

classor an array. The methodinvocationinstructionsincludevirtual methodinvocation

(invokevirtual), staticmethodinvocation(invokestatic), andinterfacemethod(invokeinter-

face) invocation.Arithmetic operationsincludeaddition,subtraction,multiplication,and

division on all of the�x edand�oating point types.Theconditionalcontrol �o w instruc-

tionsconsistof comparisonoperatorson all primitive types.Theresultof thecomparison

instructiondecidesthe�o w of control. It shouldbenotedthatarithmeticandcomparison
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Chapter2. Background

operationswork onoperandsthatareof thesametype.Thestackmanipulationoperations

consistof pop, swap, andvariousduplicateinstructions.Finally thereis an instruction,

checkcast, to do typecastingandthrow anerrorif thetypecastoperationis unsafe.

2.3 JikesRVM

JikesRVM is an open-sourceresearchvirtual machinefor Java developedat IBM T.J.

Watsonresearchcenter. It is intendedto beeasilyextensible,modular, andobjectoriented,

andis implementedin Java. Previousvirtual machineswritten in Java ranon anotherVM

ashostmachine[11]. Jikesdoesnot needanotherVM to run on – it generatesmachine

codefor source,andthegeneratedcodefor theVM canberunonhardwaredirectly. Jikes

thusis fasterthanall thepreviousVMs written in Java.

It must,however, be notedthat JikesneedsanotherVM at build time. Thereafter, at

run time JikesRVM is alreadyexecutingasmachinecode,andthusdoesnot needa host

VM. To put this in moredetail,

� TheJikesRVM is written in Java. At build time, it is runon ahostVM.

� A portionof JikesRVM is a codegenerator. This codegeneratorreadsa class�le

andgeneratesthecorrespondingmachinecodefor thetargetmachine.

� Feedingthe codegenerator(which is written in Java) its own class�les generates

themachinecodefor thecodegenerator. This is suitablefor runningon hardware.

� At build time,runningonahostVM, thecodegeneratorgeneratesthemachinecode

for theentireVM.2

2JikesRVM doesnotgeneratemachinecodefor all theJava libraries.atbuild time; ratherthey
arecompiledatexecutiontime asneeded.
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Chapter2. Background

� A C codewrapperfor JikesRVM forms the interfaceto the operatingsystem. It

loadsthegeneratedmachinecodeinto memoryandrunsit.

JikesRVM broadlyconsistsof the following subsystems:core run time (classloaders,

library support,scheduler, pro�ler, etc.); compiler(baseline,optimizing); memoryman-

agers,which includea variety of garbagecollectionmechanisms;andan adaptive opti-

mizationmechanism.All thesesubsystemsarewritten in Java. Thelow-level functional-

ity, which cannotbe expressedcleanlyin Java, is implementedusingthe servicesof the

MagicCompiler, thedetailsof which shallbedescribedshortly.

2.3.1 Object Model

Objectsfall into two categories,viz., instancesof classesandarrays.Classinstanceshave

a two word header, oneword for the typeandtheotherfor synchronizationandmemory

management.

Oneword of theheaderis calledtheTypeInformationBlock (TIB) pointer. TheTIB,

itself anobject,containstheclassinformation,whichappliesto all objectsof thatclass.It

containsthevirtual methodtable,apointerto anobjectrepresentingthetype,andpointers

to a few datastructuresto facilitateef�cient interfaceinvocationanddynamictypecheck-

ing.

Thesecondword is thestatusword,dividedinto threebit �elds. The�rst bit �eld con-

tainsa pointerto a lock object,or is itself a directrepresentationof thelock. Thesecond

bit �eld containsthehashcodefor hashedobjects,while thethird bit �eld is usedby the

memorymanagersto storereferencecounts,forwardingpointers,etc.

An importantdifferencebetweenarrayobjectsandscalarobjects(instancesof classes)

is that arrayobjectsgrow up from theobjectreference,andscalarobjectsgrow down.A

null-pointerin JikesRVM is representedas0x0. Thelength�eld in anarrayis atanoffset

6



Chapter2. Background

of � 8 from the actualreference.Accessingan elementin a null arraythusgeneratesa

hardwaretrapbecauseall arrayaccessesarecheckedfor theboundsagainstthelengthof

thearraybeforeaccessingtheactualelement.The scalarobjectsgrow down, andhence

anaccessto a �eld of anull objectaccesseshighmemoryandgeneratesahardwaretrap.

Object Inter nals

An objectis an instanceof a class. It consistsof methods,�elds, andotherobjects.An

objectis alwaysaccessedby its reference[6]. Objectsinternalto anobjectarereferences

andhence�elds. In JikesRVM, methodsarearraysof instructions.Pointersto instance

�elds andmethodsarestoredin theTypeInformationBlock of theclass.

Theinvokevirtual bytecodecausesaccessto theTIB of theclassto invokea method.

Accessto methodsof derivedclassesinvolvenocomplexity, for eachmethodoccupiesthe

sameslot in thede�ned classandthederivedclass.Overriddenmethodsoccupy thesame

slot, thedifferencebeingjust thattheslot elementis a referenceto thenew methodrather

thanthemethodde�ned in thebaseclass.

Theinvokeinterfacebytecodecausesaccessto theInterfaceMethodTable(IMT) [5],

which is analogousto theTIB of thevirtual methods.TheIMT containsreferencesto the

interfacemethods,andjust like theTIB, thederivedmethodsoccupy thesameslot. The

differencebetweenthe IMT andthe TIB is that sometimestwo differentmethodsin the

IMT mayoccupy thesameslot, in whichcaseacon�ict resolutionstubis insertedinto the

IMT.

2.3.2 JTOC

TheJavaTableof Contents(JTOC)containsreferencesto all of theclass�elds andmeth-

ods,stringconstants,numericconstants,literalsandreferencesto TIBs of all of theloaded
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Chapter2. Background

classes.3 TheJTOC is declaredasan integerarray, andmayalsocontainreferences.A

descriptorarrayco-indexedwith it marksthereferences.In 64-bitarchitectures,therefer-

encesoccupy 2 arrayslots.

2.3.3 ClassLoading

JikesRVM implementstheJavaprogramminglanguage'sdynamicclassloading.While a

classis beingloaded,it passesthroughsix statesin thefollowing manner:

� Vacant

The VMClass object for this classhasbeencreatedandregisteredandis in the

processof beingloaded.

� Loaded

Theclass�le hasbeenreadandparsed.Theconstantpoolhasbeenconstructed.The

declaredmethodsand�elds of the classhave beenloaded. The class's superclass

andsuperinterfaceshavebeenloaded.

� Resolved

The superclassandsuperinterfacesof this classhave beenresolved. A list of the

virtual methodsandinstance�elds of this class,including the methodsand�elds

inheritedfrom its superclasshasbeenconstructedandthe offsetsfor the instance

�elds havebeencalculated.Spacehasbeenallocatedin theJTOCfor all static�elds

of theclassandfor staticmethodpointersandtheappropriateoffsetscalculated.The

TIB hasbeeninitializedandoffsetsfor thevirtual methodshavebeencalculated.

� Instantiated

3A descriptionof theclassloadingprocessis dealtwith shortly.

8



Chapter2. Background

Thesuperclasshasbeeninstantiated.Theslotsin theJTOCare�lled in with pointers

to compiledcodeor lazy compilationstubsfor thestaticmethods.Theslotsin the

TIB are�lled in with pointersto compiledcodeor lazy compilationstubsfor the

virtual methods.

� Initializing

Thesuperclasshasbeeninitialized. Theclassinitializer is beingrun.

� Initialized

Thesuperclasshasbeeninitialized. Theclassinitializer hasbeenrun.

2.3.4 Magic

Magic is amechanismto implementcertainfunctionalitythatcannotbeexpressedin pure

Java. Two typesof Magic operatorsexist; the below seenexampleis one part of the

�rst class. They arestaticmethodsof the VM Magic class. The secondtype provides

mechanismsto makecertainportionsof codeuninterruptible.

To seetheneedfor Magic, considerthefollowing examplewhich in theIA-64 port is

usedfor debugging.Thetaskis to getthevalueof thecurrentInstructionpointer(IP) onto

thestack. TheJava languageor its bytecodesdo not have a notionof IP. However, each

processorarchitecturehasits specialinstruction,which allows it to readthe valueof IP.

TheMagicgetIP()method,seenbelow, accomplishesthis.

asm.emitADDS (SP, -SIZE_ADDRESS, SP);

asm.emitMOVIPG (T0);

asm.emitST8 (T0, 0, SP);

The getIP() methodstoresthe valueof IP on the top of stack. This methodcannow be

calledfrom anywherein thevirtual machine,asanormalJavamethod.A println() method
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Chapter2. Background

in combinationwith getIP()methodcanthusbeusedto print theIPsat differentpointsin

thecode,which is usefulfor trackingdown bugs.

The methodsin VM Magic make operatingsystemcalls, performunsafecasts,and

implementaccessesto raw memory. Sincethey cannotbe expressedin Java, the bodies

of methodsin VM Magic areunde�ned.VM MagicCompiler containsJava instructions

to generateassemblycodefor the methodsde�ned in VM Magic. Whenthe compiler

encountersthemagicmethod,it inlinestheappropriatecodefor themagicmethodinto the

callermethod.

Thesecondclassof Magic operators,theuninterruptiblemethods,arecompiledwith-

out the insertionof hiddenthreadswitch points. Stackover�ow checksandyield points

will notbegeneratedfor uninterruptiblemethods.

2.4 The IA-64 Ar chitecture

TheIA-64 [2, 3,4] architecturewasdesignedfrom thegroundupto addressthelimitations

of existing processors.TheIA-64 architectureallows thecompilerto communicatewith

theprocessor, maximizingtheuseof functionalunitsin theprocessor. Themodelis called

Explicitly Parallel InstructionComputing(EPIC).The burdenof �nding the parallelism

in the instructionslies with the compiler ratherthan the processoraswith out-of-order

processors.

2.4.1 Instruction Model

The IA-64 architecturesupportsinstructionlevel parallelism(ILP). ILP is the ability to

executemorethanoneinstructionat thesametime. To facilitatesuchamechanism,IA-64

groupsthreeinstructionsinto a bundle. In general,the hardwaremay executeall three

instructionsin a bundleconcurrently. Thecompilercanexplicitly preventconcurrentex-

10
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templateinstruction slot 0instruction slot 1instruction slot 2

04545468687127

414141 5

Figure2.1: BundleFormat

ecutionof instructionswith a stopbit. The stopbit indicatesthe locationin the bundle

whereinter-instructionconcurrency breaks.

Concurrentexecutionmandatesthat instructionsfollow ruleswith regardto available

resources.All threeinstructionscanreadfrom thesameregisteror memorylocation,but

noneof themshouldwrite while otherinstructionsarereadingfrom thesamesource.For

moredetailson instructionsequencing,seeSection3.4of ItaniumArchitectureSoftware

DevelopersManual[2].

A bundleis 128bits long, 5 bits of which areallocatedfor thebundletemplate.The

instructionsthemselvesare41bits long. Thebundletemplatespeci�esthefunctionalunits

theinstructionsshouldrunonandthelocationof thestopbit. For moredetailson instruc-

tion encoding,seesection3.3 of ItaniumArchitectureSoftwareDevelopersManual [2].

2.4.2 Execution Model

In trueRISCtradition,theIA-64 supportslargeregistersets.This allows thecompilerto

exploit ILP easily. The IA-64 architectureoffers 128 general-purposeregisters(GPRs),

128�oating-point registers(FPRs),64predicateregisters(PRs),8 branchregisters(BRs),

and128applicationregisters(ARs). TheGPRs,BRs,andARs areall 64-bit wide. The

FPRsare82-bitwide andoffer extendedprecision.Thepredicateregistersare1-bit wide.

11



Chapter2. Background

GeneralPurposeRegisters

The GPRs,numberedfrom 0 to 127, are the principal resourcefor integer arithmetic.

GPR0 is specialandalwayshasthe value0. The GPRsare divided into two subsets.

The �rst 32 GPRsarestatic while the restarestacked registers. Stacked registers,also

known asthe registerstack,preventspilling registersto memoryat functionboundaries,

by renamingtheregisters.Theregistersusedby afunctionin theregisterstackaredivided

into input,local,andoutputregisters.Thelocalandinputregisterscontainthelocalstateof

a function.WhenafunctionA callsfunctionB, theparametersto functionB areplacedin

theoutputregistersof A. During thefunctioncall, theoutputregistersof A aremappedto

inputregistersof B. WhenfunctionB returns,thelocalstateof A is restoredby remapping

theregistersetto theoriginal con�guration.Whentheregisterstackis full, it is written to

backingstorein memory. For moredetailson registerstackoperation,seesection4.1 of

ItaniumArchitectureSoftwareDevelopersManual[2].

Floating Point Registers

The FPRsare 82 bits wide and are numberedfrom 0 to 127. They supportextended

precision. FPRs0 and1 arespecialandalwayshave values+0.0 and+1.0 respectively.

FPRs32 to 127arerotating�oating point registersandcanbeprogrammaticallyusedto

accelerateloops.

PredicateRegisters

ThePredicateregistersare1-bit wide andarenumberedfrom 0 to 63. Predicateregister

0 alwayshasthe value1. Predicateregisters,being1-bit wide, canhold only boolean

values.Instructionsin the IA-64 have provision for a predicateregister. Executionof an

instructioncanbepredicatedby the register, i.e., the instructionwill beexecutedonly if
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Chapter2. Background

thepredicateregisterholdsthevalue1. RegistersPR16-63arerotatingpredicateregisters

andcanbeusedto accelerateloops.

Application Registers

TheApplicationregistersprovidecontrolovermanagingtheregisterstack,backingstore,

andothercounterregisters. They alsoprovide precisioncontrol over �oating point op-

erations,and a register, ar.ccv for use in XCHG (exchange)instructions. The XCHG

instructionsarecrucialfor atomicoperations.

2.4.3 Ar chitectural Conventions

GPR conventions

r0 Register r0 alwayshasintegral value0. Writing to this registergeneratesan illegal

instructionfault.

r1 Registerr1 is the global pointer, andpointsto the currentglobal datasegment. The

datasegmentholdslocalvariablesof aprocedure.

r2, r3 Thesearetheonly registersthatcanbeusedin the22-bitaddinstruction

r4-r7 Theseregistersarepreservedregistersandshouldbesavedby thecalleeif used.

r8-r11 Theseregistershold thereturnvaluesfrom a procedure.

r12 This register is the stack pointer in the IA-64. It points to the addressof stack's

topmostvalid word. Thestack pointermustalwaysbealignedto 16-bytes.

r13 Also known as the threadpointer, this shouldnot be modi�ed by applicationpro-

grams.

13
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r32-r39 Thissubsetof registersis wherethecalleeprocedure�nds its inputparameters.

For a moredetailedtreatmentof GPRconventions,seesection5.2 of IA-64 conventions

guide[1].

14



Chapter 3

Design

In thischapterwediscussthedesigndecisionstakenfor thepresentimplementationof the

IA-64/Linux portof JikesRVM. Firstof all, theprimarygoalis to ahaveasimpleworking

port, which is similar to the PowerPC64-bit implementation. Designdecisionsabout

object layouts,mappingIA-64 register conventionsto thosein Jikes RVM, instruction

bundlingor thelackof it, stackframelayout,systemcalls,andsignalhandlingfollow.

3.1 Object Layout

The Java Programminglanguage[6] broadlyoperateson two kinds of types,primitives

andobjects.Primitivesconsistof booleans,Unicodecharacters,integersof all sizes,and

�oating point numbersof IEEE754singleanddoubleprecision. The objectsconsistof

classinstancesandarrays.

An object consistsof a headeranda body. The body of the object containsall its

members(�elds andreferencesto methods).Theobjectheaderconsistsof a referenceto

its type informationblock anda status�eld. The TIB of the objectdescribesthe class,

superclass,andinterfacesit implements,andcontainspointersto its virtual methods.The
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contentsof the status�eld tell whetheror not the objectis locked. The status�eld also

holdstheforwardingpointerduringgarbagecollection.NotethattheTIB andstatus�eld

(during GC) needto hold pointersto objects. Both these�elds thusneedto be 64 bits

long, making the object header2 words1 long. Furthermore,all objectsare alignedto

wordboundaries.Thisensuresthatthestatus�eld is alignedto awordboundary, for loads

andstoresin IA-64 areatomiconly onwordboundaries.Atomic accessto thestatus�eld

is necessaryfor objectlocking. Theobjectlayoutfor IA-64 thusremainsexactly thesame

asfor PowerPC64,exceptfor arrays.

Methodsin JikesRVM arearraysof instructions.By architecturalconventions [2],

instructionsin the IA-64 shouldalways be alignedto 2-word boundaries.The default

headersizefor arraysin PowerPC64is 12 bytes.Theactualarraycontentsstartafter the

header. Aligning thestartof arrayobjectto 2 wordsdoesnotguaranteethatarraycontents

arealignedto a2-wordboundary. To handlethat,weaddeda4 bytenull word to thearray

headermakingtheheadersize2 wordslong.

3.2 Bundling

As discussedearlier, bundlesin the IA-64 containthreeinstructions. Our implementa-

tion hasonly one instructionper bundle. The other two instructionsin the bundle are

no-operations(nops).Having nopsin theinstructionstreamresultsin ratherlargebinaries

andaffectscacheperformance.However, having more thanone instructionper bundle

requiresdependency analysis,doingwhichblursthedistinctionbetweenasimplebaseline

compilerandanoptimizingcompiler. Fromtheimplementationpoint of view, especially

with JikesRVM' sbuilding model,it is dif�cult to getit right whenportingto anew archi-

tecture,all thewhile re-arrangingthe instructionsdependingon theparallelismbetween

them.ThepresentIA-64 port of JikesRVM haspoorperformance,andmostof it canbe

1A word is the lengthan of addressin bits, on the target architecture.The IA-64 is a 64-bit
architecturemachine,andfrom hereon64 bitsarereferredto asaword.
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attributedto not �lling the bundle. Furthermore,the IA-64 architectureis in-order, thus

resultingin executionof nomorethanoneinstructionperclock.

ThebundletemplatesMFI , MFB , andMLX aretheonlyonesconsideredfor bundling,

andin thatorder. In the bundletemplates,M indicatesa memoryinstruction(loadsand

stores),F indicatesa �oating point instruction,I a �x edpoint instruction,B a branchin-

struction,andLX along-extendedinstruction(usedfor loading64-bitvaluesandbranching

to 64-bit addresses.).The at theendof the templatesindicatesthestopbit, which pre-

ventsconsecutive bundlesfrom beingissuedin thesameclock. For informationon more

bundletemplatesseeSection4.0of ItaniumSoftwareDeveloper'sManual[4].

3.3 Program StackFrame layout

Programstackframe layout in JikesRVM is dictatedby the virtual machinespeci�ca-

tion [8]. A threadin Java hasan associatedJVM stack. Methodsin the threadallocate

framesfor storingoperandstackandlocalvariables.

The local variablesof the methodare referencedvia a �x ed offset from the frame

pointer(FP).Theoffsetof thevariableis known at compiletime. TheIA-64 architecture

mandates(for ef�ciency reasons)thatall �elds arealignedontheirnaturalboundaries,i.e.,

a 32-bit entity shouldbe alignedto 32-bits in memory. In the PowerPC64port of Jikes

RVM, all �elds, regardlessof their size,arealignedto 64-bits. Sinceall Java primitive

typesmeasurelessthan or equalto a word, not more, this designworks well with the

IA-64 port andremainsunchanged.Aligning word lengthentitiesto a word alsoensures

thatatomicaccessof those�elds is possible.However, it shouldbeobviousthatallocating

word-sizedslotsfor smallerentitieswastesheapspaceandcouldcausefrequentgarbage

collection. Aligning all slotsto their naturalboundaries,while not hurtingcacheperfor-

mance,is left asfuturework.

As mentionedearlier, eachmethodframecarriesits operandstack.Thelocationof top
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of theoperandstackis containedin thestackpointer(SP)register. At eachoperation,the

operandsarereadandtheresultswrittenbackto thestackwhile updatingthestackpointer.

Laterversionsof JikesRVM do not have a stackpointerbecausethepositionof thestack

pointeris known at compiletime for every bytecodein a method.However, whetherthe

stackpointer register canbe removed from the IA-64 JikesRVM whenupdatedto the

laterversionsremainsto beseen,for theIA-64 architecturedoesnotsupportdisplacement

addressingmode. It maybepossiblethat thoseeffectscanbeminimizedwhenbundling

morethanoneinstructionis achieved.

In the PowerPC64port, all slotson the operandstackareof word length. This is to

make surethat untypedoperandssuchas,dup anddup2,work without payingheedto

how long the actualoperandis. This doesnot incur muchspace,for operandstacksare

typically small. Sinceall operandsareallocatedword lengthanyway, we decidedto have

sign-extended64-bit valuesfor all the �x ed point primitive typesin the IA-64 port. A

valuewritten to the operandstackis alwayssign-extendedbeforedoing so. This is ef-

�cient becausethe load instructionsin the IA-64 do not do automaticsign extension.A

sign-extensioninstructionshouldfollow the load operationwhenever appropriate.Cor-

rectnessof working with 64-bit sign-extendedvalueson the stackis ensured,because

addition,subtraction,andmultiplicationoperationsdonotaffect thelower-orderbitseven

in thecaseof over�ow. Only duringdivision, booleanshift, upwardconversion(e.g.,int

to long)andarrayaccessoperationsaretheappropriatelower-bits readfrom thestackand

sign-extended(if necessary),for readingtheentire64-bit valuemaynotbecorrect.

3.4 RegisterMapping

Registerusageshouldrespecttheconventionsof thetargetarchitecturesothatthegener-

atedcodeworkscorrectlyandimportantlyworkswith systemcallsandsignals.Further-

more,registersareusedin JikesRVM to minimizesaving/restoringthemacrossmethod
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calls andsystemcalls. The baselinecompilerso closelyfollows the stack2 that it is not

evennecessaryto saveall theregistersduringmethodcalls!

3.4.1 PreservedGeneralPurposeRegisters

By IA-64 run-time conventions[1] generalpurposeregistersr4-r7 are preserved. Pre-

served registersarethosewhich arenot saved by the caller, but the calleerestorestheir

value,shouldit usethem.Preservedregistersarealsocallednon-volatile registers.

JikesRVM internally hasthe JTOC, Java tableof contentsstructure,which contains

referencesto all class(static)members,stringconstants,numericconstants,andreferences

to all TIBs in thevirtual machine.Sincethis is a heavily usedstructure,a registerJTOC

pointsto thestartof thisarray. SincetheJTOCstructureis sharedacrossall theclassesand

methods,thepreservedregisterr7 is usedfor it. TheSP, stackpointerin JikesRVM, keeps

trackof thetopof thestackin eachmethodframe.Preservedregisterr5 is usedfor theSP.

ThePROCESSORREGISTERin JikesRVM tellsuswhatprocessorthepresentthreadis

runningon. Thepreservedregisterr4 is usedfor it. TheTHREAD ID POINTERcontains

the identi�cation for thepresentthread.This registeris usedduringobjectlocking. The

preservedregisterr6 is usedfor THREAD ID POINTER.

Theframepointer(FP)in JikesRVM pointsto the�rst wordof theframe,whichholds

theprevious frame's framepointer. Theframepointeris neededfor unwindingthestack

frame during epilogues. The preserved register r12 is the stackpointer by IA-64 run-

time conventions[1]. Thoughnameddifferently, this registerby IA-64 conventionsper-

forms the sameactionasthe framepointer in JikesRVM. It is not only naturalto map

the frame pointer to r12, but necessary, for it holds the pointer to the last word of the

presentframe,beyondwhich theframesfor systemcallsandsignalsarebuilt on(Andthus

respectingtheC runtimeconventionsis necessary.). By convention,it is alsonecessaryto

2Thestateof therunningmethodis storedentirelyon thestack
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make surethat this registeralwaysis alignedto 2-words. All theabove registersin Jikes

RVM are mappedto preserved registersin IA-64 for theseneednot be saved/restored

duringsystemcalls. The valuesin theseregisterslive long andareonly changedduring

threadswitching(THREAD ID REGISTER,framepointer),processorswitching(PRO-

CESSORREGISTER)andmethodprologuesandepilogues(framepointer).

3.4.2 Other GeneralPurposeRegisters

The registersr2, r3, and r14-r31 are scratchregistersby IA-64 run-time conventions.

Scratchregistersarethosethat aresaved by the caller, andrestoredwhenthe calleere-

turns.Scratchregistersarealsocalledvolatile registers.Theregistersr2, r3, r14.. . r16are

usedasvolatile registersin JikesRVM andaremappedto JikesRVM' s baselinecompiler

registernamesT0.. .T5 respectively.

In addition,we de�ned a new classof registerscalledMiscellaneouswhich areused

in prologuesandepilogues.Our port usestheseregistersto performthe samefunctions

performedby registers0 andS0in thePowerPC64port . Theseregistersareonly usedin

prologuesandepilogues,andarenot savedacrossmethodcalls.

3.4.3 Floating point registers

The�oating point registersf16 to f21 mapto registersF0.. .F5respectively in JikesRVM.

Registerf22 is usedastheMiscellaneous�oating point register. This registeris usedfor

temporarystorageduringprologuesandepilogues.
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3.4.4 Predicateregisters

Predicateregistersare registersthat hold booleanvalues. As said earlier, executionof

an instructionin IA-64 can be predicated. Theseregistershold the result of compare

instructions. Registersp6-p15by IA-64 run-timeconventionsarevolatile, andthe �rst

� ve of thosemap to registersP1, . . .P5 respectively. We also have two Miscellaneous

predicateregisters,which aremeantto be usedin prologuesandepilogues.However, it

shouldbenotedthatall thepredicateregistersaresaved/restoredatonceusingbroadside

access.

3.4.5 Branch registers

Branchregister b0 is scratch(volatile) by IA64 conventions. We usedthis register as

the link register (LR) is usedin PowerPC64. After a call instruction,this register, by

convention,holdsthereturnaddress.It is mappedto registerBS (branchscratch)in Jikes

RVM.

3.4.6 Application registers

Application registersin the IA-64 hold error codes,counters,andotherspecialvalues.

The Application Registersusedin Jikes RVM are ar.ccv(compareand exchangevalue

register)andar.pfs(previousfunctionstate).The�rst registeris usedwith theCMPXCHG

(compareandexchange)instruction. This instructionis usedin monitorsandspinlocks.

Theprevious functionstateregisteris not necessaryto us,aswe did not usethe register

stack.Thealloc instruction,which handlestheregisterstack,however, forcesusto save

this registerandthuswesave it.
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3.5 RegisterStack

Our implementationusesat most � ve scratchGPRsper method. Using a registerstack

nulli�es thetimespentonpassingparameters.Ratherthanwriting parametersto memory,

the registerstackallows thecompilerto passparametersin the registers.For simplicity,

however, ourpresentport of JikesRVM doesnot usetheregisterstack.Also, notethatthe

otherregistersets(�oating point for example)donothavestackedregistersandweendup

writing themto memoryat methodboundaries.However, theJikesRVM Quick compiler

couldmakeverygooduseof thelargeregistersetof IA-64.

3.6 Systemcalls

Not usingtheregisterstackis unacceptableduringsystemcallsbecausetheIA-64 C run-

time conventionsmandatethat theparametersarepassedthroughtheregisterstackonly.

Duringthesystemcall weallocatetheappropriatenumberof registersontheregisterstack

andload theparametersinto thoseregisters.Registersareallocatedon theregisterstack

with the alloc instruction. After the systemcall, by run-time conventions,registersr8

. . . r11 hold the returnvalue. On returningfrom thesystemcall, the registerstackof the

previousfunctionis restoredandthereturnvalueis placedon thetop of thestack.

3.7 SignalHandling

The signalhandlerfor JikesRVM is written in C, andtakesany necessaryactionin re-

sponseto theeventthatgeneratedthesignals.Someof thesignalsareconvertedinto Java

exceptions,whicharesentto theVM. Whenaneventcannotbehandled,thestacktraceis

printedwith aproperdescriptionof theerrorthatcausedthecrash.
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As we haveseenearlier, in JikesRVM, boththevolatileandnon-volatile IA-64 regis-

tersareused.By C run-timeconventions,thevolatile registerson IA-64/Linux aresaved

in the pt regs structureby the caller. The non-volatile registersare not saved during a

methodcall. Shouldthecalleeusethenon-volatile registers,the registersare�rst saved

in theunwinddescriptorlist datastructure.Accordingto theconventions,every method

framein IA-64 shouldhave an unwinddescriptorlist datastructure.On methodreturn,

theunwinddescriptorlist is consultedto restorethenon-volatile registers.

Whena signal-generatingeventoccursthecontrolpassesto thekernel.For a detailed

explanationof whathappenswhenasignaloccursonIA-64 referto theIA-64 Linux kernel

book [9]. Thevaluesof thenon-volatile registermight have changedbecausethekernel

usesthem.To seehow we getaccessto non-volatile registers,lets�rst seehow thesignal

handlerworks on IA-64/Linux. The POSIX conventionsdictatethat the signatureof a

signalhandleris,

void sighandler(signum)

Linux doesprovidesucha facility, but alsoprovidesmuchmore.It providestheinterface

void sighandler(signum, siginfo, sigcontext)

The third argument,sigcontext, is nothingbut a copy of the registerssaved beforethe

kernelis enteredi.e., thept regsstructure.Thusthesigcontext containsall of thevolatile

registers. The non-volatile registersareaccessibleonly from the unwinddescriptorlist.

Accessto this datastructureis provided by the unwind library. We unwind throughthe

signalstackuntil we reachthe signal frame. The signal frameis the �rst framecreated

in responseto the signalgeneratingevent. Unwinding deeperthrows us into usercode,

which is not safe,becauseJikes RVM internally doesnot conform to all the run time

conventions. For example,the framesin JikesRVM do not have an associatedunwind

descriptorlist. Unwinding throughthe kernelframesuntil the signalframegivesus the

valuesof non-volatile registersactiveat thetimeof signalgeneratingevent.
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Implementation

In thischapter, wediscusstheimplementationof theJikesRVM portto theIA-64 architec-

ture. Our implementationdeliberatelydoesnot usefeaturesof IA-64 suchaspredication,

instructionbundling,registerstack,controlspeculation,anddataspeculation.Theporting

effort requireswriting all thearchitecture-speci�cpartsof thevirtual machinebeforeone

beginsto testthem.JikesRVM duringthebuild processhasto becompiledby its compiler;

thusit is not possibleto testthecompileron small,well-understoodpiecesof codeearly

on. It is thusnoteasyto implementpoorlyunderstoodfeaturesof thetargetarchitecturein

theinitial portof JikesRVM. Additional featuresof theIA-64 can,however, now beadded

andtestedincrementally. GettingJikesRVM to boot wasratherdemanding,becauseof

thelargeamountsof new untestedcodein amuchlargercontext.

This work is derived from the PowerPC64port of JikesRVM [7]. That port did not

have theJNI implementation,adaptive compilation,or the64-bit ported”Watson”(IBM)

collectors.Weexcludethesefeaturesin thisport.

JikesRVM, at the sourcecodelevel, consistsof architecture-dependentcode,which

is thelow-level compilerimplementation,andanarchitecture-independentportion,which

forms the restof VM including the garbagecollectors. The architecturedependentand

independentportionsare separated;the codegeneratorsfor different architecturesare
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entirely differentandare organizedinto �les in differentdirectories. Writing the code

generatorforms a large portion of this work. Thereare, however, portionsof codein

the architecture-independentsections,suchasthreadswitchingandexceptionhandling,

which needdifferenttreatmentdependingon thearchitecture.This chapterdescribesthe

codegenerator, which includestheassemblerandthecompiler, thewrapperC code,boot

imagewriter, thesystemcalls,andsignalhandling.

4.1 The CodeGenerator

Threecompilers,rankedby optimization,form thecode-generatorsectionof theVM. The

baselinecompiler insistson fastercompilation,ratherthangeneratingoptimal code. Its

performanceiscloseto thatof aninterpreter. Theoptimizingcompilergeneratesoptimized

codeat the cost of increasedcompilationtime. Somewhereon the performancescale

betweenthesetwo compilerslies theQuick compiler. TheQuick compilermakesuseof

thelargeregistersetsprovidedby themodernRISCarchitectures.Its compileperformance

is similar to thatof thebaselinecompiler, but therun time performanceof thegenerated

codeis muchbetter. Finally, JikesRVM hasan adaptive compiler, which basedon the

pro�le data,makes useof the compilersdescribedabove. As said earlier, the present

implementationhasonly thebaselinecompiler.

4.1.1 The Assembler

TheassemblerVM Assemblergeneratestheappropriatebit patternsfor assemblyinstruc-

tions. For example,thest8 instructionwhich storesan8-byteentity (in a sourceregister)

to amemorylocationpointedby thetargetregister, is generatedby theassemblerlikethis:

static final INSTRUCTION ST8template = 5L<<37
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| 51L<<30 | 0<<28 | PR0 ;

static final INSTRUCTION ST8 (int r3, int imm, int r2){

return ST8template | ((long)imm>>31 & 0x1)<<36

|(imm>>7 & 0x1)<<27 |r3<<20|r2<<13|(imm&0x7F)<<6;

}

final void emitST8 (int r2, int imm, int r3){

//st8.none.none [r3]=r2,imm

if (VM.VerifyAssertions) VM.assert(fits(imm, 9));

INSTRUCTION mi = ST8template | ((long)imm>>31 & 0x1)<<36

| (imm>>7 & 0x1)<<27|r3<<20 | r2<<13

| (imm&0x7F)<<6;

if (VM.TraceAssembler)

asm((long) mIP, mi, "st8", "r", r3,

"r", r2, signedHex(imm), true);

mIP = mc.addInstruction(mi, 'M');

}

The emitST8methodgeneratesthe bit patternfor the ST8 instructionandaddsit to the

instructionstreamwith the help of the mc.addInstructionmethod. Sinceinstructionsin

theIA-64 exist in bundles,it is necessary�rst to bundletheinstruction.

The Bundler

As said earlier, only one instruction is placedin a bundle, which can otherwisetake

three.Thesecondargumentof theaddInstructionmethod,M, indicatesthattheinstruction

shouldbe run on the memoryunit. This informationis passedon to the bundler, which
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bundlesthis instructionwith appropriatenops,becausetheIA-64 [4] allowsonly acertain

numberof valid bundletemplates.1 Bundlingis completedby writing thebundletemplate

to the bundle. The bundletypesMFI , MFB and MLX arethe only onesconsidered

for bundling, and in that order. The bundlerconsistsof a casestatement,which builds

thebundlesaccordingto theinstructiontype. A bundleis 128-bitslong; sincethereis no

integraltypethatis longerthan64-bitsin Java[6], two longentitieshi andlo constitutethe

higher64-bitsandthelower64-bitsof thebundlerespectively. Thebundlerallowsaccess

to thesehi andlo partsof thebundlethroughgetHi andgetLomethods.TheaddInstruction

methodgetsthehi andlo entitiesof thebundleandaddsthemto the instructionstream.

Note that the instructionstreamis anarrayof longsin the IA-64, which in thePowerPC

wasanarrayof integers.

4.1.2 The Compiler

ThecompilerVM Compiler is a big casestatementthatgeneratesthe appropriateIA-64

instructionsfor theJavabytecodes.Mostof thebytecodeinstructionsaresimpleandhave

simpleIA-64 instructionexpansions.Thereare,however, someobvious differencesbe-

tweentheIA-64 andPowerPCinstructionsets,whicharere�ectedin thecompiler.

The IA-64 doesnot supportdisplacementaddressingmode, i.e., it doesnot allow

memoryoperations(loadsandstores)from anaddressin a registerwith anoffsetadded.

With thestackpointer, which pointsto the top word of the frame,this resultedin incre-

mentingthestackpointer�rst with anADD instructionandthenstoringthevalueat the

updatedaddress.This in thePowerPCcouldbedonewith asinglestore instruction,which

couldaddthe offsetandstoreat the sametime. The IA-64 architectureallows updating

the addressregisterafter storing/loadingthe value,however. The PowerPCallows this

1Thebundletemplatedescribesthe typesof the instructionsthatcanconstitutea bundle. The
typeof aninstructionindicatesthefunctionalunit theinstructionshouldrunon.
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only beforethe memoryoperation.To make the codegeneratoref�cient, thesechanges

requiredusto re-orderthe instructionsso that thegeneratedcodedoesnot spendtime in

explicitly addingtheoffsets.Sometimesit wasnecessaryfor us to load theoffsetsusing

a MOVL instructionwhich storesa 64-bit valuein a register. This wasnecessarybecause

theIA-64, unlike thePowerPC,doesnotsupportaddingimmediateconstantsto theupper

16-bitsof a register. The other reasonwasthat the two �a vors of ADD instruction,the

ADDSandtheADDL instructions,supportimmediatesthatareup to 14 and22 bits long

only. TheJava virtual machinespeci�cation[6] in many casesrequiresloadingfrom 32-

bit offsets.Theproblemwith a MOVL instructionis thatit measurestwo instructionsin a

bundle.Thisdoesnot resultin aperformancehit in thepresentbaselinecompiler, but will

whenthebundlingfeatureis supported.

As we havestatedearlier, a bundleexistsastwo long valuesin theinstructionstream.

The IP (instructionpointer)relative form of branchinstructionin the IA-64 requiresthe

relative offset that is quanti�ed in bundlesratherthaninstructions. Note that this hasa

sideeffect of the branchtarget alwaysbeingthe �rst instructionin the bundle; it is not

possibleto jump into an instructionin thebundleotherthanthe �rst instruction. This is

not a problemfor us,for ourbundlescontainonly oneinstruction.However, representing

a bundleastwo long valuesresultedin our handlingtheforwardbranchesdifferently. In

thenormalcase,thedifferencebetweenthebranchinstructionandthebranchtargetgives

theoffset,whichwhenthetargetinstructionis beinggenerated,is encodedinto thebranch

operation. Note that this differenceis not the correctoffset; the differenceis twice the

actualoffset,for two longsconstituteabundle.

Thesynchronizationprimitivesarehandledwith reservationbasedstoresin thePow-

erPC64.TheIA-64 architecturedoesnot supportreservations,however. The lock value,

usually in the objectheader, is �rst storedin the applicationregisterar ccv. The object

headeris thenchecked for a lock or the lack of it, andanappropriatenew valueis com-

putedin a generalpurposeregister. Now theobjectheadervalueis checkedfor a change

in valueby comparingit to ar ccvregister, andif not changed,thenew valueis written to
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theheader. Thesecompareandstoreoperationshappenin asingleatomicoperationmade

possibleby thecmpxchg instruction.After thecmpxchg instructionthevaluethatwasto

bewritten to theheaderandthevaluein theheaderarecomparedfor equality, andif they

arenot equal,anappropriateactionis taken.

Theotherimportantdifferencewasthat theIA-64 doesnot have separateinstructions

for �oating andintegral division. Even integral multiplication hasto be handledby the

�oating pointunit by loadingtheintegralvaluesinto �oating point registers.

4.1.3 The Magic Compiler

ThemagiccompilerVM MagicCompilerprovidesdirectaccessto memoryfor thegarbage

collectors,providestheinterfacefor makingsystemcalls,anddoesunsafeJava typecon-

versionsin acontrolledway.Theentiremagiccompilerhasto beportedbecauseit is com-

pletelyarchitecture-speci�c.However, mostof the porting effort hereis straightforward

exceptfor systemcalls,which wediscusshere.

Systemcalls

TheIA-64 architecture,by C runtimeconventions,requiresthatmethodargumentsalways

beplacedon theregisterstack.In Java code,we haven't usedtheregisterstack,however.

Thefollowing codeshowshow systemcallsaremadein IA-64.

if (methodName == VM_MagicNames.sysCall_AI_rI)

{

asm.emitB_CALL (BS, 1);

asm.emitALLOC (32, 0, 1, 2, 0);

asm.emitLD8 (34, SIZE_INTEGER, SP); // load value

asm.emitLD8 (33, SIZE_ADDRESS, SP); // load address
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generateSysCall(asm);

generateRemoveRegisterStack(a sm);

generateSysCallRet_I(asm);

return;

}

TheMagicmethodsysCallAI rI takesasinputparametersanaddressandaninteger, and

returnsan integer. The magicmethodsareinlined into the generatedcodeby the magic

compilerVM MagicCompiler. Thealloc instructioncreatesthespacefor theparameters

on theregisterstack.Thelastfour parametersof thealloc instructionindicatethenumber

of input, local, output,androtatingregistersneededfor thecallermethod.Herewe have

askedfor 0 input registers,1 local register, 2 outputregisters,and0 rotatingregisters.The

alloc instructionstoresthepreviousfunctionstatecontainedin applicationregisterar.pfs

in local registerr32. The load ld8 instructionsload the parametersinto outputregisters

r33andr34. Notethatafterthecall, thecaller'soutputregistersaremappedto thecallee's

input registers.For moreinformationaboutregisterrenaming,consultChapter6 of Ita-

niumSoftwareDevelopersManual [3]. TheB CALL instructionmakesacall to thenext

instruction.Thiswasnecessaryfor settingup theregisterstack.ThemethodgenerateSys-

temCallgeneratesthecodefor makingthesystemcall. On return,generateRemoveReg-

isterStack removestheregisterstackjust createdandrestoresthepreviousfunctionstate.

Thereturnvalue,by convention,is containedin theregisterr8. TheMagic method,gen-

erateSysCallRetI movesthereturnvalueof thesystemcall from registerr8 to thetop of

the stack. The PowerPC64,by runtimeconvention,requiresthat methodparametersare

passedthroughanew frameallocatedon thestackfor thesystemcall. It is not thecasein

IA-64 thatwe requireanew frame,soweremovedthatduringtheport.
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4.1.4 Traps and SignalHandling

In Java, accessvia a null pointerwould result in a null pointerexceptionbeingthrown.

Sincethe object headeris at a negative offset, accessinga null object resultsin a seg-

mentationfault at a very high address.Thesignalhandlerchecksfor high addressaccess

whena segmentationfault occurs;if it is a high addressaccessthe signalhandlercalls

theJava codethat throws a null pointerexception.Array indexes,on theotherhand,are

�rst checked by thecompilerand,in caseof illegal access,a user-de�ned hardwaretrap

is generated.Thehardwaretrap is thencaughtby thesignalhandlerandconvertedto an

improperarrayboundsaccessexception.In IA-64, trapswith trapcodesin range0x80000

- 0xfffff areuser-de�nable.Userde�ned trapsin JikesRVM areusedto signal improper

arrayaccesses,divisionby zero,andstackover�ow.

As discussedearlier in the designsection,the signalhandlercannotaccessthe val-

uesof preserved registersactive at the time of thesignalgeneratingevent. Note that the

signalhandler's frameis not the �rst framethat is createdin responseto thesignalgen-

eratingevent,andthus,thepreserved registervaluesthatwe seetherearenot thevalues

that were initially when the trap occurred. To handlethat, we must unwind the stack

framesuntil thesignalframe.2 TheIA-64 unwindlibrary [10] allowsunwindingthestack

frameseamlessly, providedall thestackframesconformto strict IA-64 conventions.The

unw stepfunctionof unwindlibrary allows oneto stepbackthroughtheframes,onestep

at a time. The functionunw is signal frametells whetherthepresentframeis thesignal

frame.Oncethesignalframeframeis reached,it is straightforwardto getthevaluesof the

registerswith unw get reg function.Theunwindlibrary providesmany morefunctionsto

walk throughthe frames;it even allows oneto set the valuesof the preserved registers.

For moreinformationonunwinding,referto libunwindmanpages[10].

2Thesignalframeis the®rst framethat is createdon thestackin responseto thesignalgener-
atingevent.
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4.1.5 Boot ImageWriter

Portingthebootimagewriter wasmostlystraightforward;It only involvedwriting theval-

uesto theboot imagein little endianratherthanbig endianasin PPC,becausetheIA-64

natively is a little endianarchitecture.Oneotherchangewasthatall arraysarealignedto

2-wordswhenwritten to thebootimage�le.

Additionally, the IA-64 conventionsresult in writing the C function pointersto the

boot imagedifferently. In JikesRVM, the �rst Java object,the boot record,is the com-

municationareabetweenthehostoperatingsystemandthevirtual machine.It consistsof

read-onlyvaluesthat areusefulduring startup. It alsoconsistsof operatingsystemcall

interfacemethods.In mostotherarchitectures,gettingtheC functionaddressinvolves

function_address = (ADDRESS) function

On the IA-64 the function pointer obtainedthus doesnot point to the �rst byte of the

functioncode.Rather, it pointsto a 2-wordstructurethatdescribesthefunction.The�rst

wordin thestructurepointsto the�rst bytein thecode,while thesecondwordpointsto the

addressof that function's globally addressabledatasegment.Gettingtheactualfunction

addressthusinvolvesanindirection:

actual_function_address = * ((long * ) function)

32



Chapter 5

Validation and Benchmarking

Most of the work discusseduntil now involved porting the codegenerator. The code

generatorgeneratesthecodefor thetargetarchitecture,in thiscase,theIA-64 architecture.

It is necessaryto testthecodegeneratoronarangeof programssothatonemayknow with

reasonablecon�dencethatthiscodegeneratorworksonall theJavaprograms.1

We have initially testedJikesRVM with thestandardbytecodeteststhatareincluded

with theJikesRVM sources.Mostof thedebuggingtimewasspentin bootingJikesRVM.

Initially weincludedthebytecodetestsin thebootimage,whichruneverytimeJikesRVM

boots.Wehavealsowrittenourown setof tests,which initially wereincludedin theboot

image.

1JikesRVM version2.0.3on PPC64doesnot run all theJava programs,becauseof thelack of
JNI supportandclasslibraries. Here,in testing,we restrictourselvesto the samesubsetof Java
programsthatthePowerPC64portwasableto run.
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5.1 Testing

5.1.1 BytecodeTests

Thebytecodeteststestall thebytecodeinstructionsin theJavaVM speci�cation[8]. This

setof testsis notexhaustive in thatit doesnot testabytecodeinstructionwith all possible

inputs. Realworld programsmay not run if the bytecodetestsarenot passed.As said

earlier, we includedthe bytecodetestsinto the bootimage.This washelpful in not only

identifyingbugsthatobstructbootingthevirtual machine,but alsoin identifyingbugsthat

werenotreadilyvisiblebecausesomeof thebytecodeshavenotbeenencountered,or may

nothavebeenusedtheway they werein thetestsuntil thatpoint in thebootprocess.

5.1.2 Our Tests

The setof testswe have written testfor appropriatecontrol �o w for all the control �o w

structuresavailablein Java[6], arithmeticoperationsfor integraland�oating pointoperands,

andtypeconversionson primitive types.Control �o w teststestedfor properexecutionof

for loopsandwhile loopswith differentincrementsandswitch-casestructures.This set

of testsarebasic,but they do show onethatcontrol�o w structuresarenot to blamein the

caseof bugs.

The secondsetof tests,the arithmeticoperationtests,wereexhaustive andstressed

the codegenerator. As statedearlier in the designsection,we usedan entirestackslot

for integersandotherprimitive typeswhich measurelessthantheslot. It is easyto have

bugsin casesthat did not handleover�ow correctly. Thus, the arithmetictestsstressed

theover�ow conditionwith a rangeof testslike addition,subtraction,multiplication. di-

vision, comparison,left andright shifts,bitwiseoperationsandnegationoperation.This

setof testswasconductedfor short,int, andlong primitive types.Also, themixedarith-

meticoperations,which involve auto-conversionof primitive typesweretested.Finally,
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thearithmeticoperationstestedthe �oating point valueswith addition,subtraction,mul-

tiplication,division,andtrigonometricoperationsavailablein theJava Math library. This

setof testsareincludedwith theJikesRVM source,so thatonemay testthe IA-64 code

generatorwhenchangesaremade.

5.1.3 Other Standard Tests

This setof testsincludedthe SPECJVM98benchmarksandthe setof teststhat are in-

cludedwith the JikesRVM sourcesthat test re�ection, serialization,andthreading.The

SPECJVM98benchmarkhasteststhat checkwhetherthe VM works accordingto the

speci�cation[8]. Theseincludedloadingandinstantiationof new classes,interfacesand

objects,all varietiesof methodinvocationssupportedby Java[6], andexceptionhandling.

Sincethesetestsarereadilyavailableherewedid notwrite testsfor thesecases.

5.2 Benchmarking

Benchmarksincludedthejess, jack, andjavacbenchmarksthatareincludedin thespecJVM98

benchmarksuite. The heapsize is set to 100 MB for all the benchmarks.The IA-64

machineis an Itanium-2dual core (of which only oneprocessorwasused),runningat

900MHz with 8 GB memoryinstalled. The operatingsystemis RedHatLinux 7.2, the

versionof the Linux kernel being 2.4.18. For the sake of performancevalidation, we

comparetheresultsagainstthoseobtainedon PowerPC64.ThePowerPC64machineis a

PPC970runningat 1600MHzwith 1GB memoryinstalled.Theoperatingsystemis Yel-

lowDogLinux 1.12,theversionof theLinux kernelbeing2.6.1.All thebenchmarkswere

runwith assertionchecksdisabledin JikesRVM. Table5.1showsthebenchmarkresultsin

seconds.Theseresultsshow thatperformanceof JikesRVM onIA-64 is competitivewith
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Table5.1: JikesRVM onIA-64 - Comparisonwith JikesRVM on PPC64

Benchmark SemiSpace/IA-64 SemiSpace/PPC64Gen/IA-64 Gen/PPC64
jess 113.9 81.7 110.2 75.5
jack 106.5 70.7 103.5 69.1
javac 185.4 124.7 173.2 120.5

that on PowerPC64. The performancedifferenceis attributedto differencein the clock

speedof respectivemachines.
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Conclusions

PortingJikesRVM is ademandingtaskbecauseit requireswriting all thecodebeforeone

beginsto testit. Debuggingit is not easyastherearefew toolsthatcouldbeusedon this

architecture.However, thegoodresultis that its build modelforcesoneto write correct

codein the�rst place.

PortingJikesRVM to the IA-64 architectureprovidesa numberof exciting research

opportunitiesin code-generationon this architecture.To our knowledge,this work intro-

ducesthe�rst opensourceJavaVM on IA-64.
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Futur eWork

It is now necessaryto port JikesRVM to thepresentCVS head.Oneof thevery important

changeswould be removal of the stackpointer SP from the codegenerator. It is not

necessaryto keeptrackof thestackpointerin a registerbecausethepositionof thestack

pointeris known at compiletime for all thebytecodes.Thiswasagoodideain PowerPC,

for that architecturesupportsdisplacementaddressingmode. Sincethe IA-64 doesnot

supportdisplacementaddressingmode,it maybea goodideato useIA-64 registerstack

for a method's operandstack. This would remove unnecessaryloadsandstoresat each

bytecodeinstruction,all thewhile not usingthestackpointerregister. Note thatsuchan

actioncangiveasimpleQuickcompilerfor JikesRVM.
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Building JikesRVM on IA-64/Linux

Building JikesRVM on IA-64/Linux is similar to building it on otherarchitectures.This

documentshouldbe usedin conjunctionwith the userguide1 provided with JikesRVM

sources.Herewe describehow to build JikesRVM 2.0.3usingthecrossbuild technique.

For thecrossbuild, thebuild processconsistsof two stepsviz., building a boot imageon

thehostmachine,andbuilding anexecutableJikesRVM onthetargetmachine. Thehost

machinecanbeIA-32 or PowerPC-32/64runningLinux. Thetargetmachineis Itanium2

runningLinux.2 Thoughbuilding JikesRVM entirelyon IA-64 is theoreticallypossible,it

is notdonesohere,for whenwestartedworkingonJikesRVM therewerenoJavavirtual

machinesavailablefor IA-64 architecture.Accessto the following packageswill enable

oneto build JikesRVM.

� TheRVM sourcedistribution. JikesRVM 2.0.33 for IA-64 from Oal4 CVS.

1Theuserguideis availablein thedirectoryravi-ia64/rvm/rvm/doc
2ThetestmachinerunsRedHatLinux 7.2
3Availableasravi-ia64
4ObjectArchitecturesLaboratoryatUNM
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� TheRVM libraries. TheJava librariesareincludedwith theRVM sourcedistribu-

tion5.

� OtherPrerequisites.Thefollowing toolsarerequiredto build JikesRVM. Notethat

if oneis notcross-building JikesRVM, thehostandtargetmachinesareoneandthe

same.

– make. TheGNU make tool for boththehostmachineandtargetmachine.

– ksh.Thekornshell,ksh-93from AT&T. Thiscanbedownloadedfrom http:

//www.research. att .c om/ � gsf/download/ . This is requiredfor both

thehostmachineandthetargetmachine.

– Java VM. TheIBM Developerkit availableat http://www- 128. ib m.c om/

developerworks/ jav a/ jd k/ li nux /d ownl oad.h tml . It is necessaryto

getaJavaVM thatsupportsonly Java1.3sinceJikesRVM 2.0.3runsonly that

versionof Java. This is only requiredfor thehostmachine.

– Jikescompiler. The Jikesbytecodecompilerversion1.13. It canbe down-

loadedfrom http://jikes.so ur cef or ge.n et / . This is only requiredfor

thehostmachine.

– Unwind Library. Unwind library v0.97 for the target IA-64/Linux machine.

Thiscanbedownloadedfrom http://www.hpl .h p. co m/r es earc h/ lin ux /

libunwind/ .

– gcc. The gnu c/c++ compilerfor both the hostandtarget machines.For the

IA-64 machine,thegccversion2.96is to beused.

5Note thatnewer versionsof JikesRVM useclasspathfor Java libraries. However, until Jikes
RVM for IA-64 is updatedto thelatestCVS,theoti librariesincludedhereshouldbeused.
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A.1 Installation overview.

In orderto install JikesRVM onemustadhereto thefollowing steps.

1. Setupa workingandabuild directory.

2. Setvariousenvironmentvariables.

3. Edit environmentscripts.

4. Choosea con�gurationandrun thecon�gurationscript to write theappropriatedi-

rectoryandcon�gurationspeci�c �les to thebuild directory.

5. Build anexecutableversionof JikesRVM.

A.2 Installation steps.

1. Setup a working and a build dir ectory. If JikesRVM is downloadedfrom Oal

CVS,theworkingdirectoryshallbe$HOME/ravi-ia64/rvm.To setupabuild direc-

tory createanew directory$HOME/ia64builds

2. Setup the envir onment variables. You needto setupthe following environment

variables:

� RVM ROOT thedirectorythatcontainsthervm sources.

� RVM BUILD thedirectorywhereyouwouldlikethebuild processto generate

anexecutableRVM con�guration.

� RVM HOST CONFIGthecon�guration �le usedto specifythesoftwareen-

vironmenton which the systemis generated;i.e., wherethe boot imageis

generated.
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� RVM TARGET CONFIG the con�guration �le usedto specify the software

environmentwherethesystemsupportis generated;i.e.,wherethebooterand

C runtimewill begenerated.

� PATH yourpathshouldcontain$RVM ROOT/rvm/bin in orderto pick upvar-

iousscriptsandutilities.

We recommendyou setup thesevariablesin your shell con�guration �le. For ex-

ample,for bash,you might insertthefollowing into your �bashrc�le.

export JIKES_HOME=$HOME/ravi-ia64

#define your working directory

export RVM_ROOT=$JIKES_HOME/rvm

#define your current build directory

export RVM_BUILD=$HOME/ia64-builds

export PATH=$RVM_ROOT/rvm/bin:$PATH

export RVM_HOST_CONFIG=$RVM_ROOT/rvm/conf ig/i6 86-p c-lin ux-g nu

export RVM_TARGET_CONFIG=$RVM_ROOT/rvm/co nfig/ ia64 -linu x-gn u

Note: You shouldde�ne eachof theseenvironmentvariablesasan absolutepath.

Thebuilder templateexpansionprocesswill crashandburn if you usea .. in these

paths.If thehostmachineis PowerPC,thecorrespondingexport wouldbereplaced

with,

export RVM_HOST_CONFIG=$RVM_ROOT/rvm/conf ig/

powerpc-unknown-linux-gnu

3. Edit con�guration scripts. You mustedit thescriptsde�ned by environmentvari-

ables$RVM HOST CONFIG and $RVM TARGET CONFIG to set up variables

usedby theinstallationprocess.For informationabouteditingthesescripts,seein-

stallationguidein theuserguidesuppliedwith JikesRVM sources.Therearethree
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extra �elds de�ned for JikesRVM on IA-64. You shouldinsert them if they are

alreadynotpresentin the�le de�ned by $RVM TARGET CONFIG

#location of the unwind library.

export UNWIND_PATH="/opt/libunwind-0. 97"

export RVM_WITH_ALIGN_BIG_FIELDS=1

export RVM_WITH_ALIGN_BIG_REF_FIELDS=1

Performanceof JikesRVM on IA-64 will suffer badly if the last two �elds arenot

presentin theappropriatecon�guration�le.

4. Choosecon�guration and populate build dir ectory. On the hostmachine,you

will use the jcon�gure script (in $RVM ROOT/rvm/bin) to populateyour build

($RVM BUILD) directorywith �les. You must�rst choosea RVM con�guration.

All thepossiblecon�gurationsarelistedas�les in thedirectory$RVM ROOT/rvm/con�g/build.

Howeversincethisportonly includesabaselinecompilerandnotanoptimizingone,

oneshouldnot useany con�gurationsthat have the subword 'opt' in their name.

Further, this branchof JikesRVM only supportsGCTk collectors.Onecanchoose

con�gurationssuchas GCTkSemiSpaceBaseBase,GCTkRealofBaseBaseor GC-

TkGenBaseBase.As anext step,usethejbuild script,locatedin the$RVM BUILD

directoryto get a boot image. This phaseof the build processwill completewith

the words 'pleaserun me on IA-64 Linux'. For more informationon choosinga

con�gurationseetheinstallationguidein thesupplieduserguide.

% jconfigure GCTkSemispaceBaseBase

% cd $RVM_BUILD

% jbuild

5. Build an executableversion of RVM. On the target machineset the appropriate

environmentvariablesandusethejbuild script, locatedin the$RVM BUILD direc-

tory, to build anexecutablesystem.Thisscriptnow buildsanexecutableC program
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to startthe RVM, andwrites to the RVM boot image. The boot imagenow is the

binaryimageof a ready-to-goinstanceof theRVM.

% export RVM_ROOT=$HOME/rvmRoot

% export RVM_BUILD=$HOME/rvmBuild

% export PATH $RVM_ROOT/rvm/bin:$PATH

% jbuild -booter

For moreinformationon building theexecutableRVM, seeinstallationguidein the

supplieduserguide.

A.3 Running JikesRVM

JikesRVM executesbytecodesfrom .class�les. It doesnot compileJava sourcecode.

Therefore,all �les requiredby your programmusthave alreadybeencompiledinto byte-

code�les by aJavacompiler. We recommendyouusetheIBM Jikescompiler.

For example,to runclassfoo with sourcecodein �le foo.java

% jikes foo.java

% rvm foo

Thegeneralsyntaxis

rvm [rvm options]class[args]

For moreinformationon runningJikesRVM andthecommandline optionsavailablefor

it, seesection”RunningRVM” in thesupplieduserguide.
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