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Abstract

Of all 64-bit architectures|A-64 is the mostrecentand offers exciting new featuresfor
compilerdevelopers. IA-64 gainsspeedfrom ef cient compilation,which is costly for
Java, becausdahe compilationof moduleshappenslynamicallyon the virtual machine.
Lack of anopensourcdava virtual machinefor the 1A-64 which allows for researcton
codegeneratioriechniquegeadusto pursuethiswork. Thiswork presents baselinecode
generatorfor the IA-64 architecture.This codegeneratolis a partof the JikesResearch
Virtual Machinefor Java written in Java. To our knowledge,this work presentghe rst

opensourcgust-in-timevirtual machinefor Jaraon1A-64 architecture
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Chapter 1

Intr oduction

Of all 64-bit architectureslA-64 is the mostrecentand offers exciting new featuresfor
compilerdevelopers.its featuresplaceit in the higherendof the RISC architecturespec-
trum. Sincethis architecturds very differentfrom otherextant architecturesit offersa
lot of roomfor researchThe presentlyavailablecompilersdo not performaswell asthey
shouldon this architecture.

The designerf the IA-64 architecturaveremotivatedby the factthatMoore's law?!
is fastapproachingts limit, andthe known scaleof improvementin speedsvould not
be possiblein the future. Having multiple parallel processorss a solution, but the per
formanceof single-threade@rocessess unafectedby parallelismat the processotevel.
The 1A-64 architectureprovides parallelismat the level of functionalunits; it hasmul-
tiple integer, oating point, and memoryunits. This enableghe architectureto execute
multiple integer, oating point and memoryinstructionssimultaneouslyi.e., it provides
inter-instructionparallelism. Interinstructionparallelismexistsin all of the out-of-order
processorstheseprocessorseorderthe instructionsin the instructionstreamandissue
morethanoneinstructionper cycle. However, in the IA-64, this work of discoveringthe

parallelismandre-orderingheinstructionds pushedo thecompiler 1A-64 is anin-order

1The empiricalobserationthattransistordensityon the chip doublesevery 18 months.



Chapterl. Introduction

processati.e., it doesnotre-ordertheinstructionsn theinstructionstream.

ThelA-64 architecturehowever, did not live up to the standardst wasdesignedor.
Theadoptionof 1A-64 wasslow becausef its poorx86 hardware-emulatiomperformance,
anotsomaturesiliconimplementationthe lower clock speedf theimplementationand
relatively poorinteger performance.The large digressionof the IA-64 architecturgrom
known architecturesausedt to be poorly understoodandcompilerperformanceuffered
in consequenceél heinter-instructionparallelismandthefeaturedo improveit putalarge
overheadon the compiler Theolderarchitectureperformbetter for out-of-orderexecu-
tion hasbeenresearchedndimplementedor alongtime. Betteralgorithmsthatschedule
the instructionsat compiletime shouldhelp the performanceon 1A-64. We believe that
thearchitecturas good,andwith time, bettercompilersfor 1A-64 will be available.

JikesR/M is anopen-sourceesearclvirtual machinefor Javadevelopedat IBM. The
Jikes researchvirtual machinepresentlyruns on x86/Linux, PoverPC32/Linux, Pow-
erPC32/MacOSXRaverPC32/AIX,PonverPC64/LinuxPonverPC64/AlX andPoverPC64/MacOSX.
This work describeghe port of JikesR/M to I1A-64/Linux architecture.This projectis a
dervative of the working PoverPC64implementation7] developedin our laboratory
Whenthis portof JikesRVM to IA-64/Linux wasstartedtherewerevery few commercial
implementation®f Javaon IA-64. To our knowledge thereis still no open-sourcémple-
mentationof Java availableon this architecture.This port, aswe ervisage,shouldenable

researclonimproving the performancef Javaon IA-64.



Chapter 2

Background

2.1 The Java Programming Language

TheJavaProgrammind-anguagd6] is ageneral-purpos&rchitecture-neutrate ective,
multi-threadedstrongly typed, memory-managedlass-basedbject-orientedanguage.
It is similarto C++ in thatit is alsoa class-basethnguagelts featureshowever, align it
closerto Objective C thanC++. It doesnot, for example,supportoperatoroverloading,
multiple inheritanceor automatictype coercion! Java supportsinterfacesand dynamic
methodresolution. The speci cation[6] clearly distinguishedbetweencompile-timeand
run-timeerrors.Compiletime consistof generatingheintermediatearchitecture-neutral
bytecode Run-timeconsistsof loadingandlinking of classesmachinecodegeneration,
anddynamicoptimization. Java hasexceptionhandling,which providesa way to handle
errorsat run time. Re ection is supportedoy associatingan objectwith a Classobject.
A Classobjectholdsthe metadatdor an object. Architectureneutralityis provided by
the bytecodeanda strongspeci cationof primitive types. The primitive typesarestrictly

de ned by the Java virtual machinespeci cation[8] andthusbehae similarly on all ar

LJava 1.5 supportgpartialautotype coercionin the form of auto-boxing.



Chapter2. Background

chitectures.Automatic reclamationof usedspaceleadsto fewer bugsin Jasa programs

thanprogramswritten in otherlanguages.

2.2 The Java Virtual Machine

The Java Virtual Machine[8] is a speci cationfor anabstracstackbasedmachine.The
Java bytecodeis the instructionsetfor this abstractmachine. The speci cation [8] is
independenof ary architecturepperatingsystem,or ervironment. Theimplementation

methodis left unspeci edby the speci cation.

2.2.1 The Java bytecode

The Java Virtual machinespeci cation [8] de nes the setof instructionsfor an abstract
stackmachinewhereinstructionagumentsare poppedfrom anoperandstack. After the
executionof theinstruction,theresultof executingtheinstructionis pushedackontothe
stack.Linkageerrorsor run-timeerrorsthatresultfrom executinganinstructionshouldbe
handledor thrown by the virtual machineaccordingly asde ned by the virtual machine
speci cation.

The bytecodeinstruction set broadly consistsof loads, stores,methodinvocations,
arithmeticoperationsconditionalcontrol o w operationsand stackmanipulationoper
ations. Loadsand storescanbe to/from a local variableof a method, eld in anobject,
classor anarray The methodinvocationinstructionsinclude virtual methodinvocation
(invokevirtual), staticmethodinvocation(invokestatiq, andinterfacemethod(invokeinter
face invocation. Arithmetic operationsncludeaddition,subtractionmultiplication,and
divisionon all of the x edand oating pointtypes. The conditionalcontrol o w instruc-
tionsconsistof comparisoroperatoron all primitive types. Theresultof the comparison

instructiondecideghe o w of control. It shouldbe notedthatarithmeticandcomparison
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operationsvork onoperandshatareof thesametype. The stackmanipulationoperations
consistof pop, swap, andvariousduplicateinstructions. Finally thereis an instruction,

chedcast to dotype castingandthrow anerrorif thetype castoperationis unsafe.

2.3 JikesRVM

JikesRVM is an open-sourceesearchvirtual machinefor Java developedat IBM T.J.
Watsorresearcltenter It is intendedo beeasilyextensible modular andobjectoriented,
andis implementedn Java. Previousvirtual machineswrittenin Javaranon anothe’vM
ashostmaching[11]. Jikesdoesnot needanotherVM to run on — it generatesnachine
codefor source andthegeneratedodefor theVM canberunonhardwaredirectly. Jikes
thusis fasterthanall the previousVMs writtenin Java.

It must,however, be notedthat JikesneedsanotherVM at build time. Thereafterat
runtime JikesRVM is alreadyexecutingasmachinecode,andthusdoesnot needa host

VM. To putthisin moredetalil,

TheJikesRVM is writtenin Java. At build time, it is runon ahostVM.

A portionof JikesRVM is a codegeneratar This codegeneratoreadsa class le

andgenerateshe correspondingnachinecodefor thetargetmachine.

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

themachinecodefor thecodegeneratarThis is suitablefor runningon hardware.

At build time, runningonahostVM, thecodegeneratogeneratethemachinecode
for theentireVM. 2

2JikesRVM doesnot generatenachinecodefor all the Jaa libraries.at build time; ratherthey
arecompiledat executiontime asneeded.
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A C codewrapperfor JikesRVM forms the interfaceto the operatingsystem. It

loadsthe generateanachinecodeinto memoryandrunsit.

JikesRVM broadly consistsof the following subsystemscore run time (classloaders,
library support,schedulerpro ler, etc.); compiler(baseline optimizing); memoryman-
agers,which include a variety of garbagecollectionmechanismsand an adaptve opti-
mizationmechanismAll thesesubsystemarewrittenin Java. The low-level functional-
ity, which cannotbe expressectleanlyin Jasa, is implementedusingthe servicesof the

MagicCompilerthe detailsof which shallbe describedshortly.

2.3.1 Object Model

Objectsfall into two cateyories,viz.,instance®f classeandarrays.Classinstancehave
atwo word headeroneword for the type andthe otherfor synchronizatiorandmemory
management.

Oneword of the headeiis calledthe TypeInformationBlock (TIB) pointer TheTIB,
itself anobject,containghe classinformation,which appliesto all objectsof thatclass.It
containghevirtual methodtable,apointerto anobjectrepresentinghetype,andpointers
to afew datastructurego facilitateef cient interfaceinvocationanddynamictypecheck-
ing.

Thesecondvordis the statusword, dividedinto threebit elds. The rst bit eld con-
tainsa pointerto alock object,or is itself a directrepresentationf thelock. The second
bit eld containsthe hashcodefor hashedbjects,while thethird bit eld is usedby the
memorymanager$o storereferencecounts forwardingpointers etc.

An importantdifferencebetweerarrayobjectsandscalarobjects(instance®f classes)
is thatarrayobjectsgrow up from the objectreferenceandscalarobjectsgrow down.A

null-pointerin JikesRVM is representeds0x0. Thelength eld in anarrayis atanoffset
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of 8 from the actualreference.Accessingan elementin a null arraythusgenerates
hardwaretrap becausall arrayaccessearechecledfor the boundsagainsthelengthof
the arraybeforeaccessinghe actualelement. The scalarobjectsgrow down, andhence

anaccesgo a eld of anull objectaccesseligh memoryandgenerates hardwaretrap.

Object Inter nals

An objectis aninstanceof a class. It consistsof methods, elds, andotherobjects. An
objectis alwaysaccessedty its referencgd6]. Objectsinternalto anobjectarereferences
andhence elds. In JikesR/M, methodsare arraysof instructions. Pointersto instance
elds andmethodsarestoredin the Type InformationBlock of theclass.

Theinvokevirtual bytecodecausesccesdo the TIB of the classto invoke a method.
Accesso methodof derivedclassesnvolve no compleity, for eachmethodoccupieghe
sameslotin thede ned classandthederivedclass.Overriddenmethodsoccupy thesame
slot, the differencebeingjust thatthe slot elemenis a referenceo the nev methodrather
thanthemethodde nedin thebaseclass.

Theinvokeinterface bytecodecausesccesdo theInterfaceMethodTable (IMT) [5],
whichis analogougo the TIB of thevirtual methods.TheIMT containsreferenceso the
interfacemethodsandjust like the TIB, the derived methodsoccuypy the sameslot. The
differencebetweernthe IMT andthe TIB is that sometimedwo differentmethodsin the
IMT mayoccuyy thesameslot,in which caseacon ict resolutionstubis insertednto the
IMT.

2.3.2 JTOC

The JavaTable of ContentgJTOC) containsreferenceso all of theclass elds andmeth-

ods,stringconstantspumericconstantsljiteralsandreferenceso TIBs of all of theloaded
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classes? TheJTOC is declaredasanintegerarray andmay alsocontainreferencesA
descriptorarrayco-indexedwith it marksthereferencesln 64-bitarchitecturestherefer

encesoccupy 2 arrayslots.

2.3.3 ClassLoading

JikesRVM implementghe Java programmindanguages dynamicclassloading.While a

classis beingloaded,t passeshroughsix statesn thefollowing manner:

Vacant

The VMClass objectfor this classhasbeencreatedandregisteredandis in the

procesf beingloaded.

Loaded

Theclassle hasbeenreadandparsed.TheconstanpoolhasbeenconstructedThe
declaredmethodsand elds of the classhave beenloaded. The classs superclass

andsuperinterhceshave beenloaded.

Resohed

The superclas@nd superintericesof this classhave beenresohed. A list of the
virtual methodsandinstance elds of this class,including the methodsand elds
inheritedfrom its superclasfiasbeenconstructecandthe offsetsfor the instance
elds have beencalculated Spacehasbeenallocatedn the JTOC for all static elds
of theclassandfor staticmethodpointersandtheappropriateffsetscalculated The

TIB hasbeeninitialized andoffsetsfor thevirtual methodshave beencalculated.

Instantiated

3A descriptionof the classloadingprocesss dealtwith shortly
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Thesuperclashasbeeninstantiated Theslotsin theJTOCare lled in with pointers
to compiledcodeor lazy compilationstubsfor the staticmethods.The slotsin the
TIB are lled in with pointersto compiledcodeor lazy compilationstubsfor the

virtual methods.
Initializing
Thesuperclastasbeeninitialized. The classinitializer is beingrun.

Initialized

Thesuperclas®iasbeeninitialized. Theclassinitializer hasbeenrun.

2.3.4 Magic

Magicis amechanisnto implementcertainfunctionalitythatcannotbe expressedn pure
Java. Two typesof Magic operatorsexist; the belov seenexampleis one part of the
rst class. They are static methodsof the VM _Magic class. The secondtype provides
mechanism$o malke certainportionsof codeuninterruptible
To seethe needfor Magic, considerthe following examplewhichin the 1A-64 portis

usedfor detugging. Thetaskis to getthevalueof the currentinstructionpointer(lP) onto
the stack. The Java languageor its bytecodeslo not have a notion of IP. However, each
processoarchitecturenasits specialinstruction,which allows it to readthe valueof IP.

TheMagic getlP() method seernbelown, accomplisheshis.

asm.emitADDS (SP, -SIZE_ADDRESS, SP);
asm.emitMOVIPG (TO0);
asm.emitST8 (To, 0, SP);

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

calledfrom anywherein thevirtual machine asanormalJavamethod.A printin() method
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in combinationwith getlP()methodcanthusbe usedto print the IPsat differentpointsin
thecode,whichis usefulfor trackingdown bugs.

The methodsin VM _Magic make operatingsystemcalls, performunsafecasts,and
implementaccessefo raw memory Sincethey cannotbe expressedn Java, the bodies
of methodsn VM _Magic areunde nedVM _MagicCompiler containsJavainstructions
to generateassemblycodefor the methodsde ned in VM _Magic. Whenthe compiler
encountershemagicmethod,t inlinestheappropriatecodefor themagicmethodinto the
callermethod.

Thesecondclassof Magic operatorsthe uninterruptiblemethodsarecompiledwith-
out theinsertionof hiddenthreadswitch points. Stackover ow checksandyield points

will notbegeneratedor uninterruptiblemethods.

2.4 The |A-64 Architecture

ThelA-64 [2, 3,4] architecturavasdesignedrom thegroundupto addresshelimitations
of existing processorsThe IA-64 architectureallows the compilerto communicatewith

theprocessgmaximizingthe useof functionalunitsin theprocessarThemodelis called
Explicitly Parallel InstructionComputing(EPIC). The burdenof nding the parallelism
in the instructionslies with the compilerratherthanthe processolaswith out-of-order

processaors.

2.4.1 Instruction Model

The IA-64 architecturesupportsinstructionlevel parallelism(ILP). ILP is the ability to
executemorethanoneinstructionatthe sametime. To facilitatesucha mechanismlA-64
groupsthreeinstructionsinto a bundle. In general,the hardware may executeall three

instructionsin a bundle concurrently The compilercanexplicitly preventconcurrenex-

10
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127 87 86 46 45 54 0

instruction slot 2 instruction slot 1 instruction slot 0 template

41 41 41 5

Figure2.1: BundleFormat

ecutionof instructionswith a stopbit. The stopbit indicatesthe locationin the bundle
whereinter-instructionconcurrenyg breaks.

Concurreniexecutionmandateshatinstructionsfollow ruleswith regardto available
resourcesAll threeinstructionscanreadfrom the sameregisteror memorylocation, but
noneof themshouldwrite while otherinstructionsarereadingfrom the samesource.For
moredetailson instructionsequencingseeSection3.4 of Itanium ArchitectureSoftware
DeveloperdManual[2].

A bundleis 128bits long, 5 bits of which areallocatedfor the bundletemplate.The
instructionghemselesare41bitslong. Thebundletemplatespeci esthefunctionalunits
theinstructionsshouldrun on andthelocationof the stopbit. For moredetailsoninstruc-

tion encodingseesection3.3 of Itanium ArchitectureSoftware DevelopersManual [2].

2.4.2 Execution Model

In true RISCtradition,the IA-64 supportdarge registersets. This allows the compilerto
exploit ILP easily ThelA-64 architectureoffers 128 general-purposeegisters(GPRS),
128 oating-point registers(FPRs) 64 predicataegisters(PRs),8 branchregisters(BRs),
and 128 applicationregisters(ARs). The GPRs,BRs,andARs areall 64-bit wide. The

FPRsare82-bitwide andoffer extendedprecision.The predicateregistersare 1-bit wide.

11
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General PurposeRegisters

The GPRs,numberedfrom 0 to 127, are the principal resourcefor integer arithmetic.
GPRO is specialand always hasthe value 0. The GPRsare divided into two subsets.
The rst 32 GPRsare static while the restare stadked registers. Stacled registers,also
known asthe registerstack,prevent spilling registersto memoryat function boundaries,
by renamingheregisters.Theregistersusedby afunctionin theregisterstackaredivided
intoinput,local,andoutputregisters.Thelocalandinputregisterscontainthelocal stateof
afunction. WhenafunctionA callsfunctionB, the parameterso functionB areplacedin
theoutputregistersof A. During thefunctioncall, the outputregistersof A aremappedo
inputregistersof B. WhenfunctionB returnsthelocal stateof A is restoredby remapping
theregistersetto theoriginal con guration. Whentheregisterstackis full, it is writtento
backingstorein memory For moredetailson registerstackoperation seesection4.1 of

Itanium ArchitectureSoftware Developerdvianual[2].

Floating Point Registers

The FPRsare 82 bits wide and are numberedfrom 0 to 127. They supportextended
precision. FPRs0 and 1 are specialandalways have values+0.0 and +1.0 respectrely.
FPRs32to 127 arerotating oating point registersandcanbe programmaticallyusedto

acceleratdéoops.

PredicateRegisters

The Predicataegistersare 1-bit wide andarenumberedrom 0O to 63. Predicateregister
0 always hasthe value 1. Predicateregisters,being 1-bit wide, can hold only boolean
values.Instructionsin the |1A-64 have provision for a predicateregister Executionof an

instructioncanbe predicatedy the register i.e., the instructionwill be executedonly if

12
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thepredicateregisterholdsthevaluel. RegistersPR16-63arerotatingpredicateegisters

andcanbeusedto acceleratéoops.

Application Registers

The Applicationregistersprovide controlover managingheregisterstack,backingstore,
and other counterregisters. They also provide precisioncontrol over oating point op-
erations,and a register, ar.ccv for usein XCHG (exchange)instructions. The XCHG

instructionsarecrucialfor atomicoperations.

2.4.3 Architectural Conventions

GPR corventions

r0 RegisterrO alwayshasintegral value0. Writing to this registergeneratesn illegal

instructionfault.

rl Reyisterrl is the global pointer andpointsto the currentglobal datasegment. The

datasggmentholdslocal variablesof a procedure.
r2, r3 Thesearetheonly registersthatcanbe usedin the 22-bitaddinstruction
r4-r7 Theseregistersarepreseredregistersandshouldbe savzedby the calleeif used.
r8-r11 Theseregistersholdthereturnvaluesfrom aprocedure.

rl2 This registeris the stak pointerin the IA-64. It pointsto the addressof stacks

topmostvalid word. The stadk pointer mustalwaysbealignedto 16-bytes.

rl3 Also known asthe threadpointer this shouldnot be modi ed by applicationpro-

grams.

13
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r32-r39 This subsebf registersis wherethe calleeprocedurends its input parameters.

For a moredetailedtreatmenif GPRcornventions,seesection5.2 of 1A-64 corventions

guide[1].

14



Chapter 3

Design

In this chaptemwe discusghe designdecisiongakenfor the presenimplementatiorof the
IA-64/Linux portof JikesRVM. Firstof all, theprimarygoalis to a have asimpleworking
port, which is similar to the PoverPC 64-bit implementation. Designdecisionsabout
objectlayouts, mappinglA-64 register corventionsto thosein Jikes RVM, instruction

bundlingor thelack of it, stackframelayout,systemcalls,andsignalhandlingfollow.

3.1 Object Layout

The Java Programminganguagd6] broadly operateson two kinds of types, primitives
andobjects.Primitivesconsistof booleanslUnicodecharactersintegersof all sizes,and
oating point numbersof IEEE754single and doubleprecision. The objectsconsistof
classinstancesndarrays.

An objectconsistsof a headeranda body. The body of the object containsall its
memberq elds andreferenceso methods).The objectheaderconsistsof a referenceo
its type informationblock anda status eld. The TIB of the objectdescribeghe class,

superclassandinterfacest implementsandcontaingpointersto its virtual methods.The

15
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contentsof the status eld tell whetheror not the objectis locked. The status eld also
holdstheforwardingpointerduringgarbagecollection. Notethatthe TIB andstatuseld
(during GC) needto hold pointersto objects. Both these elds thusneedto be 64 bits
long, making the objectheader2 words' long. Furthermoreall objectsare alignedto
word boundariesThis ensureshatthestatuseld is alignedto aword boundaryfor loads
andstoresin IA-64 areatomiconly onword boundariesAtomic accesdgo the statuseld
is necessaryor objectlocking. Theobjectlayoutfor I1A-64 thusremainsexactly thesame
asfor PoverPC64 gxceptfor arrays.

Methodsin JikesRVM arearraysof instructions. By architecturalcorventions [2],
instructionsin the IA-64 shouldalways be alignedto 2-word boundaries. The default
headersizefor arraysin PaverPC64is 12 bytes. The actualarraycontentsstartafterthe
headerAligning thestartof arrayobjectto 2 wordsdoesnotguarante¢hatarraycontents
arealignedto a 2-word boundary To handlethat,we addeda 4 byte null wordto thearray

heademakingthe headessize2 wordslong.

3.2 Bundling

As discusseckarlier bundlesin the IA-64 containthreeinstructions. Our implementa-
tion hasonly oneinstructionper bundle. The othertwo instructionsin the bundle are
no-operationgnops).Having nopsin theinstructionstreanresultsin ratherlarge binaries
and affects cacheperformance.However, having more than oneinstructionper bundle
requiredependenganalysisdoingwhichblursthedistinctionbetweera simplebaseline
compilerandan optimizing compiler Fromtheimplementatiorpoint of view, especially
with JikesRVM' s building model,it is dif cult to getit right whenportingto anew archi-
tecture,all the while re-arranginghe instructionsdependingon the parallelismbetween

them. The presentA-64 port of JikesRVM haspoor performanceandmostof it canbe

1A word is the lengthan of addressn bits, on the tamget architecture.The |1A-64 is a 64-bit
architecturanachine andfrom hereon 64 bits arereferredto asaword.

16
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attributedto not lling the bundle. Furthermorethe IA-64 architecturds in-ordert thus
resultingin executionof no morethanoneinstructionperclock.
ThebundletemplatesviFl_, MFB_, andMLX_aretheonly onesconsideredor bundling,
andin thatorder In the bundletemplatesM indicatesa memoryinstruction(loadsand
stores) F indicatesa oating pointinstruction,l a x ed pointinstruction,B a branchin-
struction,andLX along-extendednstruction(usedfor loading64-bitvaluesandbranching
to 64-bit addresses.)The _ at the end of the templatesndicatesthe stopbit, which pre-
ventsconsecutre bundlesfrom beingissuedn the sameclock. For informationon more

bundletemplateseeSection4.0 of Itanium SoftwareDevelopers Manual[4].

3.3 Program Stack Frame layout

Programstackframelayoutin JikesRVM is dictatedby the virtual machinespeci ca-
tion [8]. A threadin Java hasanassociatedVM stack. Methodsin the threadallocate
framesfor storingoperandstackandlocal variables.

The local variablesof the methodare referencedvia a x ed offset from the frame
pointer(FP). The offsetof the variableis known at compiletime. ThelA-64 architecture
mandategfor ef ciency reasons)hatall elds arealignedontheirnaturalboundariesi.e.,
a 32-bit entity shouldbe alignedto 32-bitsin memory In the PoverPC64port of Jikes
RVM, all elds, regardlessof their size,are alignedto 64-bits. Sinceall Java primitive
typesmeasurdessthanor equalto a word, not more, this designworks well with the
IA-64 portandremainsunchangedAligning word lengthentitiesto a word alsoensures
thatatomicacces®f those elds is possible However, it shouldbeobviousthatallocating
word-sizedslotsfor smallerentitieswastesheapspaceandcould causefrequentgarbage
collection. Aligning all slotsto their naturalboundarieswhile not hurting cacheperfor
mancejs left asfuturework.

As mentionecearlief eachmethodframecarriesits operandtack.Thelocationof top
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of the operandstackis containedn the stackpointer(SP)register At eachoperationthe
operandsirereadandtheresultswritten backto the stackwhile updatingthe stackpointer
Laterversionsof JikesRVM do not have a stackpointerbecausehe positionof the stack
pointeris known at compiletime for every bytecodein a method.However, whetherthe
stackpointer register can be removed from the IA-64 JikesRVM whenupdatedto the
laterversiongemaingo be seenfor thelA-64 architectureloesnot supportdisplacement
addressingnode. It may be possiblethatthoseeffectscanbe minimizedwhenbundling
morethanoneinstructionis achieved.

In the PoverPC64port, all slotson the operandstackare of word length. This is to
make surethat untypedoperandssuchas, dup and dup2, work without paying heedto
how long the actualoperands. This doesnot incur muchspace for operandstacksare
typically small. Sinceall operandsreallocatedword lengthanyway, we decidedo have
sign-exctended64-bit valuesfor all the x ed point primitive typesin the IA-64 port. A
value written to the operandstackis always sign-extendedbeforedoing so. This is ef-

cient becauseheload instructionsin the IA-64 do not do automaticsign extension. A
sign-tensioninstructionshouldfollow the load operationwheneer appropriate.Cor-
rectnessof working with 64-bit sign-extendedvalueson the stackis ensuredbecause
addition,subtractionandmultiplicationoperationglo not affect the lower-orderbits even
in the caseof over ow. Only duringdivision, booleanshift, upward corversion(e.g.,int
to long) andarrayacces®perationsarethe appropriatdower-bits readfrom the stackand

sign-exctended(if necessary)or readingthe entire64-bit valuemaynot be correct.

3.4 RegisterMapping

Reagisterusageshouldrespecthe cornventionsof the targetarchitecturesothatthe gener
atedcodeworks correctlyandimportantlyworks with systemcalls andsignals. Further

more, registersare usedin JikesRVM to minimize saving/restoringthemacrossmethod
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calls andsystemcalls. The baselinecompilerso closelyfollows the stack thatit is not

evennecessaryo save all theregistersduringmethodcalls!

3.4.1 PresewnvedGeneral PurposeRegisters

By IA-64 run-time corventions[1] generalpurposeregistersr4-r7 are presered. Pre-
sened registersarethosewhich are not saved by the caller, but the calleerestoresheir
value,shouldit usethem.Preseredregistersarealsocallednon-wlatile registers.

JikesRVM internally hasthe JTOC, Java table of contentsstructure which contains
referenceso all class(static)membersstringconstantspnumericconstantsandreferences
to all TIBs in thevirtual machine.Sincethis is a heavily usedstructure a registerJTOC
pointsto thestartof thisarray SincetheJTOC structuras sharedacrossll theclassesnd
methodsthe preseredregisterr? is usedfor it. The SR stackpointerin JikesRVM, keeps
trackof thetop of the stackin eachmethodframe. Preseredregisterr5 is usedfor the SP
ThePROCESSORREGISTERIn JikesRVM tells uswhatprocessothe presenthreadis
runningon. Thepreseredregisterr4 is usedfor it. TheTHREAD_ID _POINTERcontains
theidenti cation for the presenthread. This registeris usedduring objectlocking. The
preseredregisterr6 is usedfor THREAD_ID _POINTER.

Theframepointer(FP)n JikesRVM pointsto the rst word of theframe,which holds
the previous frame's framepointer Theframepointeris neededor unwindingthe stack
frame during epilogues. The presered registerrl2 is the stackpointer by 1A-64 run-
time corventions[1]. Thoughnameddifferently, this registerby IA-64 cornventionsper
forms the sameaction asthe frame pointerin JikesRVM. It is not only naturalto map
the frame pointerto r12, but necessaryfor it holdsthe pointerto the last word of the
presenframe,beyondwhich theframesfor systemcallsandsignalsarebuilt on(Andthus

respectinghe C runtimecorventionsis necessary. By cornvention,it is alsonecessaryo

2The stateof the runningmethodis storedentirely on the stack
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make surethatthis registeralwaysis alignedto 2-words. All the above registersin Jikes
RVM are mappedto presered registersin 1A-64 for theseneednot be saved/restored
during systemcalls. The valuesin theseregisterslive long andare only changedduring
threadswitching(THREAD_ID _REGISTER,frame pointer), processoswitching (PRO-
CESSORREGISTER)andmethodprologuesandepiloguegqframepointer).

3.4.2 Other General PurposeRegisters

The registersr2, r3, and r14-r31 are scratchregistersby IA-64 run-time corventions.
Scratchregistersarethosethat are saved by the caller, andrestoredwhenthe calleere-
turns. Scratchregistersarealsocalledvolatile registers.Theregistersr2, r3,rl14...rl6 are
usedasvolatile registersin JikesRVM andaremappedo JikesRVM' s baselinecompiler
registernamesrl0... T5 respectiely.

In addition,we de ned a new classof registerscalled Miscellaneousvhich areused
in prologuesandepilogues.Our port usestheseregistersto performthe samefunctions
performedby registersO andS0in the PoverPC64port. Theseregistersareonly usedin

prologuesandepiloguesandarenot savzedacrossamethodcalls.

3.4.3 Floating point registers

The oating pointregistersfl6 to f21 mapto registersFO... F5respectrely in JikesRVM.
Ragisterf22 is usedasthe Miscellaneousoating pointregister This registeris usedfor

temporarystorageduring prologuesandepilogues.
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3.4.4 Predicateregisters

Predicateregistersare registersthat hold booleanvalues. As said earlier executionof
an instructionin 1A-64 canbe predicated. Theseregistershold the result of compare
instructions. Registersp6-p15by 1A-64 run-time corventionsare volatile, andthe rst
ve of thosemapto registersP1, ... P5respectiely. We also have two Miscellaneous
predicateregisters,which are meantto be usedin prologuesandepilogues.However, it
shouldbe notedthatall the predicateregistersaresaved/restoret onceusingbroadside

access.

3.4.5 Branch registers

Branchregister b0 is scratch(volatile) by 1A64 cornventions. We usedthis register as
the link register (LR) is usedin PoverPC64. After a call instruction, this registet by
cornvention,holdsthereturnaddressit is mappedo registerBS (branchscratch)in Jikes
RVM.

3.4.6 Application registers

Application registersin the I1A-64 hold error codes,counters,and other specialvalues.
The Application Registersusedin Jikes RVM are ar.ccv(compareand exchangevalue
register)andar.pfs (previousfunctionstate).The rst registeris usedwith the CMPXCHG
(compareand exchange)instruction. This instructionis usedin monitorsandspinlocks.
The previous function stateregisteris not necessaryo us, aswe did not usethe register
stack. Thealloc instruction,which handleshe registerstack,however, forcesusto save

thisregisterandthuswe saveit.
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3.5 RegisterStack

Our implementatiorusesat most ve scratchGPRsper method. Using a register stack
nulli es thetime spenton passingparametersRatherthanwriting parameterso memory
the register stackallows the compilerto passparametersn the registers. For simplicity,
however, our presenport of JikesR/M doesnot usetheregisterstack.Also, notethatthe
otherregistersets( oating pointfor example)do nothave stacledregistersandwe endup
writing themto memoryat methodboundariesHowever, the JikesRVM Quick compiler

couldmake very gooduseof thelargeregistersetof 1A-64.

3.6 Systemcalls

Not usingtheregisterstackis unacceptablduring systemcalls becausé¢he |1A-64 C run-
time corventionsmandatehat the parametersire passedhroughthe registerstackonly.
Duringthesystencall we allocatetheappropriatenumberof registersontheregisterstack
andloadthe parameterito thoseregisters. Registersareallocatedon the registerstack
with the alloc instruction. After the systemcall, by run-time corventions,registersr8
...r11 hold the returnvalue. Onreturningfrom the systemcall, the registerstackof the

previousfunctionis restoredandthereturnvalueis placedon thetop of the stack.

3.7 SignalHandling

The signalhandlerfor JikesRVM is written in C, andtakesarny necessargctionin re-
sponsdo the eventthatgeneratedhe signals.Someof the signalsarecorvertedinto Jara
exceptionswhich aresentto the VM. Whenaneventcannotbe handledthe stacktraceis

printedwith a properdescriptionof the errorthatcausedhe crash.

22



Chapter3. Design

As we have seenrearlier in JikesRVM, boththevolatile andnon-\olatile IA-64 regis-
tersareused.By C run-timecorventions the volatile registerson I1A-64/Linux aresaved
in the pt_regs structureby the caller The non-wolatile registersare not saved during a
methodcall. Shouldthe calleeusethe non-\olatile registers,the registersare rst saved
in the unwinddescriptorlist datastructure.Accordingto the conventions,every method
framein 1A-64 shouldhave an unwinddescriptorlist datastructure.On methodreturn,
theunwinddescriptorlist is consultedo restorethe non-\olatile registers.

Whena signal-generatingventoccursthe control passeso the kernel. For a detailed
explanationof whathappensvhenasignaloccursonlA-64 referto thelA-64 Linux kernel
book[9]. Thevaluesof the non-wlatile registermight have changedecausehe kernel
usesthem. To seehow we getaccesdo non-wlatile registers lets rst seehow thesignal
handlerworks on IA-64/Linux. The POSIX corventionsdictatethat the signatureof a

signalhandleris,

void sighandler(signum)

Linux doesprovide sucha facility, but alsoprovidesmuchmore. It providestheinterface
void sighandler(signum, siginfo, sigcontext)

The third agument,sigcontet, is nothing but a copy of the registerssared beforethe
kernelis entered.e., the pt_regs structure.Thusthe sigcontet containsall of thevolatile

registers. The non-\olatile registersare accessiblenly from the unwind descriptorlist.

Accessto this datastructureis provided by the unwind library. We unwind throughthe
signal stackuntil we reachthe signalframe The signalframeis the rst framecreated
in responseo the signalgeneratingevent. Unwinding deeperthrows usinto usercode,
which is not safe, becauselikes RVM internally doesnot conformto all the run time
cornventions. For example,the framesin JikesRVM do not have an associatedinwind
descriptorlist. Unwindingthroughthe kernelframesuntil the signalframe givesusthe

valuesof non-\olatile registersactive at thetime of signalgeneratingavent.
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Implementation

In thischapterwe discusgheimplementatiorof the JikesRVM portto thelA-64 architec-
ture. Ourimplementatiordeliberatelydoesnot usefeaturesof IA-64 suchaspredication,
instructionbundling, registerstack,controlspeculationanddataspeculationTheporting
effort requireswriting all the architecture-speci @artsof the virtual machinebeforeone
beginsto testthem.JikesR/M duringthebuild processasto becompiledby its compiler;
thusit is not possibleto testthe compileron small, well-understoogiecesof codeearly
on. It is thusnoteasyto implementpoorly understoodeaturef thetargetarchitecturen
theinitial portof JikesRVM. Additionalfeaturesof thelA-64 can,however, now beadded
andtestedincrementally GettingJikesRVM to boot wasratherdemandingbecausef
thelarge amountsf new untestedcodein amuchlargercontext.

This work is derived from the PowverPC64port of JikesRVM [7]. Thatport did not
have the INI implementationadaptve compilation,or the 64-bit ported"Watson” (IBM)
collectors.We excludethesefeaturesn this port.

JikesR/M, at the sourcecodelevel, consistsof architecture-dependenbde,which
is thelow-level compilerimplementationandanarchitecture-independeportion,which
formsthe restof VM including the garbagecollectors. The architecturedependenand

independenportions are separatedthe code generatordor different architecturesare
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entirely differentand are organizedinto les in differentdirectories. Writing the code
generatorforms a large portion of this work. Thereare, however, portionsof codein
the architecture-independesections suchasthreadswitching and exceptionhandling,
which needdifferenttreatmentdependingon the architecture.This chapterdescribeghe
codegeneratgrwhich includesthe assembleandthe compiler thewrapperC code,boot

imagewriter, the systemcalls,andsignalhandling.

4.1 The CodeGenerator

Threecompilers ranked by optimization,form the code-generatmectionof the VM. The
baselinecompilerinsistson fastercompilation,ratherthangeneratingoptimal code. Its
performances closeto thatof aninterpreter Theoptimizingcompilergeneratesptimized
codeat the costof increasedcompilationtime. Someavhere on the performancescale
betweenthesetwo compilerslies the Quick compiler The Quick compilermakesuseof
thelargeregistersetsprovidedby themodernRISCarchitectureslts compileperformance
is similar to that of the baselinecompiler but the run time performanceof the generated
codeis muchbetter Finally, JikesRVM hasan adaptve compiler which basedon the
pro le data, makes useof the compilersdescribedabore. As said earlier the present

implementatiorhasonly the baselinecompiler

4.1.1 The Assembler

TheassembleWM_Assemblegenerateshe appropriatebit patterndor assemblynstruc-
tions. For example,the st8instructionwhich storesan 8-byteentity (in a sourceregister)

to amemorylocationpointedby thetargetregister is generatedy theassemblelik e this:

static final INSTRUCTION ST8template = 5L<<37
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| 51L<<30 | 0<<28 | PRO ;
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
| (imMmM&OX7F)<<6;
if (VM.TraceAssembler)
asm((long) miP, mi, "st8", "r, r3,
"r, r2, signedHex(imm), true);
mIP = mc.addInstruction(mi, '‘M";

}

The emitST8methodgenerateshe bit patternfor the ST8 instructionand addsit to the
instructionstreamwith the help of the mc.addInstructiormethod. Sinceinstructionsin

thelA-64 exist in bundles,it is necessaryst to bundletheinstruction.

The Bundler
As said earlier only one instructionis placedin a bundle, which can otherwisetake

three. Thesecondagumentof theaddInstructiormethod M, indicateghattheinstruction

shouldbe run on the memoryunit. This informationis passedn to the bundler which
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bundlesthis instructionwith appropriatenops,because¢helA-64 [4] allowsonly acertain
numberof valid bundletemplates: Bundlingis completedy writing thebundletemplate
to the bundle. The bundletypesMFI_, MFB_ and MLX_ arethe only onesconsidered
for bundling, andin that order The bundlerconsistsof a casestatementwhich builds
the bundlesaccordingto theinstructiontype. A bundleis 128-bitslong; sincethereis no
integraltypethatis longerthan64-bitsin Java[6], two long entitieshi andlo constitutethe
higher64-bitsandthelower 64-bitsof the bundlerespectrely. Thebundlerallows access
to thesehi andlo partsof the bundlethroughgetHi andgetLomethods.TheaddInstruction
methodgetsthe hi andlo entitiesof the bundleandaddsthemto the instructionstream.
Notethatthe instructionstreamis anarrayof longsin the IA-64, which in the PowverPC

wasanarrayof integers.

4.1.2 The Compiler

The compilerVM_Compileris a big casestatementhat generateshe appropriatd A-64

instructiongfor the Java bytecodesMost of the bytecoddnstructionsaresimpleandhave

simplelA-64 instructionexpansions.Thereare, however, someobvious differenceshe-
tweenthelA-64 andPowerPCinstructionsets which arere ectedin thecompilet

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

memoryoperationgloadsandstores)from anaddressn a registerwith an offsetadded.
With the stackpointer, which pointsto the top word of the frame, this resultedin incre-
mentingthe stackpointer rst with an ADD instructionandthenstoringthe valueat the
updatecaddressThisin the PaverPCcouldbedonewith asinglestore instruction,which

could addthe offsetand storeat the sametime. The IA-64 architectureallows updating

the addresgegister after storing/loadingthe value, however. The PonverPCallows this

1The bundletemplatedescribeghe typesof the instructionsthat canconstitutea bundle. The
typeof aninstructionindicateshefunctionalunit theinstructionshouldrunon.
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only beforethe memoryoperation. To make the codegeneratoref cient, thesechanges
requiredusto re-orderthe instructionsso thatthe generatedodedoesnot spendtime in
explicitly addingthe offsets. Sometimest wasnecessaryor usto loadthe offsetsusing
aMOVL instructionwhich storesa 64-bit valuein aregister Thiswasnecessarypecause
thelA-64, unlike the PowverPC,doesnot supportaddingimmediateconstant$o the upper
16-bitsof a register The otherreasonwasthatthe two avors of ADD instruction,the
ADDSandthe ADDL instructions supportimmediateshatareup to 14 and22 bits long
only. The Java virtual machinespeci cation[6] in mary casegequiredoadingfrom 32-
bit offsets. The problemwith a MOVL instructionis thatit measure$wo instructionsin a
bundle.This doesnotresultin a performancdit in the presenbaselinecompiler, but will
whenthebundlingfeatureis supported.

As we have statedearlier a bundleexistsastwo long valuesin theinstructionstream.
The IP (instructionpointer)relative form of branchinstructionin the IA-64 requiresthe
relative offsetthatis quanti ed in bundlesratherthaninstructions. Note that this hasa
side effect of the branchtarget alwaysbeingthe rst instructionin the bundle; it is not
possibleto jump into aninstructionin the bundle otherthanthe rst instruction. Thisis
not a problemfor us, for our bundlescontainonly oneinstruction.However, representing
a bundleastwo long valuesresultedin our handlingthe forward brancheglifferently. In
thenormalcase the differencebetweerthe branchinstructionandthe branchtargetgives
theoffset,whichwhenthetargetinstructionis beinggenerateds encodednto thebranch
operation. Note that this differenceis not the correctoffset; the differenceis twice the
actualoffset,for two longsconstitutea bundle.

The synchronizatiorprimitivesare handledwith reseration basedstoresin the Pow-
erPC64.ThelA-64 architecturedoesnot supportresenations,however. Thelock value,
usuallyin the objectheaderis rst storedin the applicationregisterar_ccv. The object
headelis thenchecled for alock or the lack of it, andan appropriatenew valueis com-
putedin a generalpurposeregister Now the objectheadewalueis checledfor a change

in valueby comparingt to ar_ccvregister andif not changedthe new valueis writtento
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theheaderThesecompareandstoreoperationdiappenn asingleatomicoperatiormade
possibleby the cmpxdg instruction. After the cmpxdg instructionthe valuethatwasto
be written to the headelandthe valuein the headerarecomparedor equality andif they
arenotequal,anappropriateactionis taken.

The otherimportantdifferencewasthatthe IA-64 doesnot have separatenstructions
for oating andintegral division. Evenintegral multiplication hasto be handledby the

oating pointunit by loadingtheintegral valuesinto oating pointregisters.

4.1.3 The Magic Compiler

ThemagiccompilerVM_MagicCompilerprovidesdirectacces$o memoryfor thegarbage
collectors providestheinterfacefor makingsystemcalls,anddoesunsafelava type con-
versiondn acontrolledway. Theentiremagiccompilerhasto be portedbecausét is com-
pletely architecture-speci c.However, mostof the porting effort hereis straightforvard

exceptfor systemcalls,whichwe discusshere.

Systemcalls

ThelA-64 architectureby C runtime corventionsyrequireghatmethodargumentsalways
be placedon theregisterstack.In Java code,we haven't usedthe registerstack,however.

Thefollowing codeshavs how systencallsaremadein 1A-64.

if (methodName == VM_MagicNames.sysCall_Al_rl)

{

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); /I load address
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generateSysCall(asm);
generateRemoveRegisterStack(a sm);
generateSysCallRet_I(asm);

return;

}

TheMagic methodsysCallAl _rl takesasinput parameteranaddresandaninteger, and
returnsaninteger. The magicmethodsareinlined into the generateadtcodeby the magic
compilerVM_MagicCompiler Thealloc instructioncreateshe spacefor the parameters
ontheregisterstack.Thelastfour parametersf thealloc instructionindicatethe number
of input, local, output,androtatingregistersneededor the caller method.Herewe have
asledfor O inputregisters,1 local register 2 outputregisters,andO rotatingregisters.The
alloc instructionstoresthe previous function statecontainedn applicationregisterar.pfs
in local registerr32. Theload|d8 instructionsload the parametersnto outputregisters
r33andr34. Notethatafterthecall, thecaller's outputregistersaremappedo thecallees
input registers. For moreinformationaboutregisterrenaming,consultChapter6 of Ita-
nium SoftwareDevelopersManual [3]. TheB_CALL instructionmakesa call to the next
instruction.Thiswasnecessaryor settingup theregisterstack. The methodgenerateSys-
temcCallgenerateshe codefor makingthe systemcall. On return,generateRemeeRg-
isterSta& removesthe registerstackjust createdandrestoreghe previous function state.
Thereturnvalue,by corvention,is containedn the registerr8. The Magic method,gen-
erateSysCallRel movesthe returnvalueof the systemcall from registerr8 to the top of
the stack. The PoverPC64 by runtime corvention, requiresthat methodparametersre
passedhroughanew frameallocatedon the stackfor the systemcall. It is notthe casen

IA-64 thatwe requirea new frame,sowe removedthatduringthe port.
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4.1.4 Traps and Signal Handling

In Java, accessvia a null pointerwould resultin a null pointerexceptionbeingthrown.
Sincethe objectheaderis at a negative offset, accessinga null objectresultsin a sey-
mentationfault at a very high addressThe signalhandlerchecksfor high addressccess
whena segmentationfault occurs;if it is a high addressaccesghe signalhandlercalls
the Java codethatthrows a null pointerexception. Array indexes,on the otherhand,are
rst checled by the compilerand,in caseof illegal accessa userde ned hardwaretrap
is generatedThe hardwaretrapis thencaughtby the signalhandlerandcorvertedto an
improperarrayboundsaccesgxception.In IA-64, trapswith trapcodesn rangeOx80000
- Oxfffff areuserde nable.Userde ned trapsin JikesRVM areusedto signalimproper
arrayaccesseglivision by zero,andstackover ow.

As discusseckarlierin the designsection,the signal handlercannotaccesghe val-
uesof presered registersactive at the time of the signalgeneratingevent. Note thatthe
signalhandlers frameis not the rst framethatis createdn responseo the signalgen-
eratingevent,andthus,the presered registervaluesthatwe seetherearenot the values
that were initially whenthe trap occurred. To handlethat, we must unwind the stack
framesuntil the signalframe? ThelA-64 unwindlibrary [10] allows unwindingthe stack
frameseamlesslyprovidedall the stackframesconformto strict IA-64 corventions.The
unw_stepfunctionof unwindlibrary allows oneto stepbackthroughtheframes,onestep
atatime. The function unw.s_signalframetells whetherthe presentrameis the signal
frame.Oncethesignalframeframeis reachedit is straightforvardto getthevaluesof the
registerswith unw get reg function. Theunwindlibrary providesmary morefunctionsto
walk throughthe frames;it even allows oneto setthe valuesof the presered registers.

For moreinformationon unwinding,referto libunwindmanpages|[10].

2The signalframeis the ®rst framethatis createdon the stackin responséo the signalgener
atingevent.

31



Chapterd. Implementation

4.1.5 BootImage Writer

Portingthebootimagewriter wasmostlystraightforvard; It only involvedwriting theval-
uesto thebootimagein little endianratherthanbig endianasin PPC,becauséhe I1A-64
natively is alittle endianarchitecture Oneotherchangewasthatall arraysarealignedto
2-wordswhenwritten to thebootimage le.

Additionally, the I1A-64 corventionsresultin writing the C function pointersto the
bootimagedifferently In JikesRVM, the rst Java object,the bootrecord,is the com-
municationareabetweerthe hostoperatingsystemandthe virtual machine.lt consistsof
read-onlyvaluesthat are usefulduring startup. It alsoconsistsof operatingsystemcall

interfacemethodsIn mostotherarchitecturesgettingthe C functionaddressnvolves
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-word structurethatdescribeghefunction. The rst

wordin thestructurepointsto the rst bytein thecode while thesecondvord pointsto the
addres®f thatfunction's globally addressabldatasegment. Gettingthe actualfunction

addresshusinvolvesanindirection:

actual_function_address = *((long *) function)
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Validation and Benchmarking

Most of the work discusseduntil now involved porting the code generatar The code
generatogeneratethecodefor thetargetarchitecturein this casethelA-64 architecture.
It is necessaryo testthecodegeneratoonarangeof programsothatonemayknow with
reasonableon dencethatthis codegeneratoworkson all the Jaza programs:

We have initially testedJikesRVM with the standardytecodeteststhatareincluded
with theJikesRVM sourcesMostof thedeluggingtime wasspentin bootingJikesRVM.
Initially we includedthebytecodeestsin thebootimage whichruneverytime JikesRVM
boots.We have alsowritten our own setof tests,whichinitially wereincludedin the boot

image.

LJikesRVM version2.0.3on PPC64doesnot run all the Java programspecausef the lack of
JNI supportandclasslibraries. Here,in testing,we restrictoursehesto the samesubsef Java
programdhatthe PoverPC64portwasableto run.
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5.1 Testing

5.1.1 BytecodeTests

Thebytecoddeststestall the bytecoddnstructionsn theJarzaVM speci cation[8]. This
setof testsis notexhaustvein thatit doesnottesta bytecodenstructionwith all possible
inputs. Realworld programsmay not run if the bytecodetestsare not passed.As said
earlier we includedthe bytecodetestsinto the bootimage. This washelpful in not only
identifying bugsthatobstructbootingthevirtual machine put alsoin identifying bugsthat
werenotreadilyvisible becaussomeof thebytecode$iave notbeenencounteredyr may

not have beenusedthe way they werein thetestsuntil thatpointin thebootprocess.

5.1.2 Our Tests

The setof testswe have written testfor appropriatecontrol o w for all the control o w
structuresvailablein Java[6], arithmeticoperationgor integraland oating pointoperands,
andtype corversionson primitive types.Control o w teststestedfor properexecutionof
for loopsandwhile loopswith differentincrementsand switch-casestructures.This set
of testsarebasic,but they do shav onethatcontrol o w structuresarenot to blamein the
caseof bugs.

The secondset of tests,the arithmeticoperationtests,were exhaustve and stressed
the codegeneratar As statedearlierin the designsection,we usedan entire stackslot
for integersandotherprimitive typeswhich measurdessthanthe slot. It is easyto have
bugsin caseghat did not handleover ow correctly Thus,the arithmetictestsstressed
the over ow conditionwith a rangeof testslik e addition,subtractionmultiplication. di-
vision, comparison|eft andright shifts, bitwise operationsandnegationoperation. This
setof testswasconductedor short,int, andlong primitive types. Also, the mixed arith-

metic operationswhich involve auto-cowersionof primitive typesweretested. Finally,
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the arithmeticoperationgestedthe oating point valueswith addition,subtractionmul-
tiplication, division, andtrigonometricoperationsavailablein the Java Math library. This
setof testsareincludedwith the JikesRVM source sothatonemaytestthe IA-64 code

generatowhenchangesremade.

5.1.3 Other Standard Tests

This setof testsincludedthe SPECJVM98benchmarksandthe setof teststhat arein-
cludedwith the JikesR/M sourceghattestre ection, serialization,andthreading. The
SPECJVM98benchmarkhasteststhat checkwhetherthe VM works accordingto the
speci cation[8]. Theseincludedloadingandinstantiationof new classesinterfacesand
objects all varietiesof methodinvocationssupportedy Jara[6], andexceptionhandling.

Sincethesetestsarereadily availableherewe did not write testsfor thesecases.

5.2 Benchmarking

Benchmarksncludedthejess jack, andjavacbenchmarksghatareincludedin thespecJVM98
benchmarksuite. The heapsizeis setto 100 MB for all the benchmarks.The 1A-64
machineis an Itanium-2 dual core (of which only one processomas used),running at
900MHz with 8 GB memoryinstalled. The operatingsystemis RedHatLinux 7.2, the
versionof the Linux kernelbeing 2.4.18. For the sale of performancevalidation, we
comparetheresultsagainsthoseobtainedon PoverPC64.The PaverPC64machineis a
PPC970runningat 1600MHzwith 1GB memoryinstalled. The operatingsystemis Yel-
lowDog Linux 1.12,theversionof theLinux kernelbeing2.6.1.All thebenchmarksvere
runwith assertiorchecksdisabledn JikesR/M. Table5.1shovsthebenchmarkesultsin

secondsTheseresultsshav thatperformancef JikesRVM on 1A-64 is competitve with
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Table5.1: JikesR/M onlA-64 - Comparisorwith JikesR/M on PPC64

Benchmark] SemiSpace/lA-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 PaverPC64. The performancdifferenceis attributedto differencein the clock

speedf respectre machines.
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Chapter 6

Conclusions

PortingJikesR/M is ademandingaskbecauset requireswriting all the codebeforeone
beginsto testit. Debuggingit is not easyastherearefew toolsthatcould be usedon this
architecture.However, the goodresultis thatits build modelforcesoneto write correct
codein the rst place.

Porting JikesR/M to the IA-64 architectureprovidesa numberof exciting research
opportunitiesn code-generatioon this architecture.To our knowledge,this work intro-

duceshe rst opensourceJavaVM on lA-64.
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Chapter 7

Futur e Work

It is now necessaryo port JikesR/M to the presenCVS head.Oneof theveryimportant
changeswvould be removal of the stack pointer SP from the code generatar It is not
necessaryo keeptrack of the stackpointerin aregisterbecausehe positionof the stack
pointeris known atcompiletime for all the bytecodesThis wasa goodideain PaoverPC,
for that architecturesupportsdisplacemenaddressingnode. Sincethe I1A-64 doesnot
supportdisplacemenaddressingnode,it maybe a goodideato uselA-64 registerstack
for a methods operandstack. This would remove unnecessarjpadsand storesat each
bytecodenstruction,all the while not usingthe stackpointerregister Note thatsuchan

actioncangive asimpleQuick compilerfor JikesR/M.
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Appendix A

Building JikesRVM on IA-64/Linux

Building JikesRVM on IA-64/Linux is similar to building it on otherarchitecturesThis
documentshouldbe usedin conjunctionwith the useguide* provided with Jikes RVM

sources.Herewe describehow to build JikesRVM 2.0.3usingthe crossloild technique.
For the crosshild, the build processconsistsof two stepsviz., building a bootimageon

thehostmachine andbuilding anexecutablelikesRVM onthetagetmachine. Thehost
machinecanbeA-32 or PoverPC-32/64unningLinux. Thetargetmachines Itanium2
runningLinux.? Thoughbuilding JikesRVM entirelyon |A-64 is theoreticallypossiblejt

is notdonesohere for whenwe startedworking on JikesRVM therewereno Java virtual

machinesavailablefor 1A-64 architecture.Accessto the following packagesvill enable
oneto build JikesRVM.

TheRVM sourcedistribution. JikesRVM 2.0.3 for I1A-64 from Oal* CVS.

Theuseguideis availablein thedirectoryravi-ia64/rvm/rvm/doc
2ThetestmachinerunsRedHat Linux 7.2

SAvailableasravi-ia64

4ObjectArchitectured_aboratoryat UNM
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The RVM libraries. The Java librariesareincludedwith the RVM sourcedistribu-

tion®.

OtherPrerequisitesThefollowing toolsarerequiredto build JikesRVM. Notethat
if oneis notcross-hilding JikesRVM, thehostandtargetmachinesareoneandthe

same.

— make. The GNU malke tool for boththe hostmachineandtargetmachine.

— ksh. Thekornshell,ksh-93from AT&T. This canbedownloadedrom http:
Ilwww.research. att .c om gsf/download/ . Thisis requiredfor both

thehostmachineandthetargetmachine.

— JavaVM. ThelBM Developerkit availableat http://www-  128. ib m.c om/
developerworks/  jav a/ jd k/ li nux/d ownl oad.h tml . It is necessaryo
getaJavaVM thatsupportonly Javal.3sinceldikesRVM 2.0.3runsonly that

versionof Java. Thisis only requiredfor thehostmachine.

— Jikescompiler The Jikesbytecodecompilerversion1.13. It canbe down-
loadedfrom http://jikes.so ur cef or ge.n et /. Thisis only requiredfor

thehostmachine.

— Unwind Library. Unwind library v0.97 for the target IA-64/Linux machine.
Thiscanbedownloadedrom http://www.hpl .h p. com/r esearc h/ lin ux/

libunwind/

— gcc. Thegnuc/c++compilerfor boththe hostandtarget machines.For the

IA-64 machinethegccversion2.96is to beused.

SNote thatnewer versionsof JikesRVM useclasspatHor Java libraries. However, until Jikes
RVM for IA-64 is updatedo the latestCVS, theoti librariesincludedhereshouldbe used.
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A.1 Installation overview.

In orderto install JikesRVM onemustadhereo thefollowing steps.

1. Setupaworkingandabuild directory

N

. Setvariousenvironmentvariables.
3. Edit environmentscripts.

4. Choosea con gurationandrun the con guration scriptto write the appropriatedi-

rectoryandcon gurationspeci ¢ les to thebuild directory

5. Build anexecutableversionof JikesRVM.

A.2 Installation steps.

1. Setupa working and a build directory. If JikesRVM is downloadedfrom Oal
CVS,theworking directoryshallbe $SHOME/ravi-ia64/rvm. To setup a build direc-
tory createa new directory$SHOME/ia64builds

2. Setupthe ervironment variables. You needto setupthe following ervironment

variables:

RVM _ROOT thedirectorythatcontainghervm sources.

RVM _BUILD thedirectorywhereyouwouldlik e thebuild procesgo generate

anexecutableRVM con guration.

RVM _HOST_.CONFIGthe con guration le usedto specifythe softwareen-
vironmenton which the systemis generatedj.e., wherethe boot imageis

generated.
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RVM _TARGET_CONFIG the con guration le usedto specify the software
ervironmentwherethe systemsupportis generatedi.e., wherethe booterand

C runtimewill begenerated.

PATH your pathshouldcontainR/M ROOT/rvm/binin orderto pick up var-

iousscriptsandutilities.

We recommendyou setup thesevariablesin your shellcon guration le. For ex-

ample,for bash,you mightinsertthefollowing into your bashrcle.

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=3RVM_ROOT/rvm/bin:$PATH

export RVM_HOST_ CONFIG=$RVM_ROOT/rviednf ig/i6 86-p c-lin ux-g nu
export RVM_TARGET_CONFIG=$RVM_ROOTMm/co nfig/ ia64 -linu x-gn u

Note: You shouldde ne eachof theseervironmentvariablesas an absolutepath.
The builder templateexpansionprocesswill crashandburnif youusea.. in these
paths.If the hostmachineis PoverPC the correspondingxportwould bereplaced
with,

export RVM_HOST_CONFIG=$RVM_ROOT/rviednf ig/

powerpc-unknown-linux-gnu

3. Edit con guration scripts. You musteditthe scriptsde ned by environmentvari-
ables$RVM _HOST.CONFIG and $RVM _TARGET_CONFIG to setup variables
usedby theinstallationprocessFor informationaboutediting thesescripts,seein-

stallationguidein the useguidesuppliedwith JikesRVM sources.Therearethree
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extra elds de ned for JikesRVM on IA-64. You shouldinsertthemif they are
alreadynot presenin the le de ned by $RVM TARGET_CONFIG

#location of the wunwind library.

export UNWIND_PATH="/opt/libunwind-0. 97"
export RVM_WITH_ALIGN_BIG_FIELDS=1
export RVM_WITH_ALIGN_BIG_REF_FIELDS4

Performancef JikessRVM on IA-64 will suffer badlyif thelasttwo elds arenot

presenin theappropriatecon guration le.

4. Choosecon guration and populate build directory. On the hostmachine,you
will usethe 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.
Howeversincethis portonly includesabaselinecompilerandnotanoptimizingone,
oneshouldnot useary con gurationsthat have the subword 'opt’ in their name.
Further this branchof JikesR/M only supportsGCTk collectors. Onecanchoose
con gurationssuchas GCTkSemiSpaceBaseBaseCTkRealofBaseBaser GC-
TkGenBaseBaseé\s a next step,usethejbuild script,locatedin the $RVM BUILD
directoryto geta bootimage. This phaseof the build processwill completewith
the words'pleaserun me on 1A-64 Linux'. For more informationon choosinga

con gurationseetheinstallationguidein the supplieduseguide.

% jconfigure GCTkSemispaceBaseBase
% cd $RVM_BUILD
% jbuild

5. Build an executableversion of RVM. On the target machinesetthe appropriate
ervironmentvariablesandusethejbuild script, locatedin the$RVM BUILD direc-

tory, to build anexecutablesystem.This scriptnow builds anexecutableC program
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to startthe RVM, andwritesto the RVYM bootimage. The bootimagenow is the

binaryimageof aready-to-ganstanceof the RVM.

% export RVM_ROOT=$HOME/rvmRoot

% export RVM_BUILD=$HOME/rvmBuild

% export PATH $RVM_ROOT/rvm/bin:$PATH
% jbuild -booter

For moreinformationon building the executableRVM, seeinstallationguidein the

supplieduseguide.

A.3 Running JikesRVM

JikesRVM executesbytecodedrom .class les. It doesnot compile Jara sourcecode.
Thereforeall les requiredby your programmusthave alreadybeencompiledinto byte-
code les by aJaracompiler We recommend/ou usethe IBM Jikescompilet

For example,to run classfoo with sourcecodein le foo.java

% jikes  foo.java

% rvm foo

Thegenerakyntaxis

rvm [rvm options]class[args]

For moreinformationon runningJikesRVM andthe commandine optionsavailablefor
it, seesection’RunningRVM” in the supplieduseguide.
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