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Abstract. While many object-orientedlanguagesimposespaceoverheadof only
onewordperobjectto supportfeatureslikevirtual methoddispatch,Java'sricher
functionalityhasled to implementationsthat requiretwo or threeheaderwords
per object.This spaceoverheadincreasesmemoryusageandattendantgarbage
collectioncosts,reducescachelocality, andconstrainsprogrammerswho might
naturallysolve a problemby usinglargenumbersof smallobjects.
In this paper, we show thatwith carefulengineering,a high-performancevirtual
machinecaninstantiatemostJava objectswith only a single-word objectheader.
Thesingleheaderwordprovidesfastaccessto thevirtual methodtable,allowing
for quickmethodinvocation.Theimplementationrepresentsotherper-objectdata
(lock state,hashcode,andgarbagecollection�ags) usingheuristiccompression
techniques.The heuristicretainstwo-word headers,containingthin lock state,
only for objectsthathave synchronized methods.
We describethe implementationof variousobjectmodelsin the IBM JikesRe-
searchVirtual Machine,by introducingapluggableobjectmodelabstractioninto
the virtual machineimplementation.We comparean objectmodelwith a two-
wordheaderwith threedifferentobjectmodelswith single-word headers.Exper-
imentalresultsshow that theobjectheadercompressiontechniquesgive a mean
spacesavings of 7%, with savings of up to 21%. Comparedto the two-word
headers,the compressedspace-encodingsresult in applicationspeedupsrang-
ing from ����� ��	 to 
���� ��	 . Performanceon syntheticmicro-benchmarksranges
from 
���
�	 dueto bene�ts from reducedobjectsize,to ������	 onastresstestof
virtual methodinvocation.

1 Intr oduction

The choiceof objectmodelplaysa centralrole in the designof any object-oriented
languageimplementation.Theobjectmodeldictateshow to representobjectsin storage.
Thebestobjectmodelwill maximizeef�ciency of frequentlanguageoperationswhile
minimizingstorageoverhead.

A fundamentalpropertyof object-orientedlanguagesis that the operationsper-
formedon an objectdependuponthe object's run-timetype, ratherthanits compile-
time type. Therefore,in any object model, eachobject must at a minimum contain
somesortof run-timetypeidenti�er, typically a pointerto avirtual methodtable.
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Somemodernobject-orientedlanguages,like Java1, requireadditionalper-object
stateto supportricher functionality including garbagecollection, hashing,and syn-
chronization.Conventionalwisdomholdsthatsinceanobject's virtual methodtableis
accessedso frequently, any attemptto encodeextra informationinto thatheaderword
would seriouslydegradeperformance.Therefore,existing Java systemsall requireat
leasttwo words(andin somecasesthreewords)of headerspacefor eachobject.

This papermakesthefollowing contributionsregardingobjectmodelsfor Java and
similarobject-orientedlanguages:

– we describea varietyof composableheadercompressiontechniques;
– we show how thesetechniquescanbe composedinto a variety of objectmodels

requiringonly oneword of spaceoverheadperobject;
– we show how the objectmodelscanall be implementedin oneplug-compatible

framework; and
– we show that the compressedobjectheaderscan improve meanrun-timeperfor-

manceupto 2.3%,andeventhemostaggressivespacecompressionleadsto amean
run-timeslowdown of only 1.6%while reducingspaceconsumptionby a meanof
7% (14%ignoringtwo programsthatmainly manipulatevery largearrays).

In summary, our work shows that in the presenceof a high-qualityJIT compiler,
conventionalwisdom is wrong: encodingthe methodtablepointer, whenengineered
carefully, hasa negligible run-timeperformanceimpactwhile saving signi�cant space.
This result is signi�cant in that onceadopted,it will encourageprogrammersto use
large numbersof small objectsmorefreely. This in turn will improve thequality and
maintainabilityof code.

Our resultsshould apply to other object-orientedlanguages,suchas Smalltalk,
Modula-3,SELF, Sather, andOberon,with the obvious caveat that the moresimilar
thelanguageis to Java, themoredirectly translatabletheresultsshouldbe.

We have implementedthe pluggableobject model framework and four different
objectmodelsin theJikes2 ResearchVirtual Machine[15] (formerlyknown asJalapẽno
[6]), andpresentdetailedmeasurementsfrom thisimplementation.TheJikesRVM is an
open-sourceJavavirtual machinethatincludesa high-qualityoptimizingJIT compiler.
Theobjectmodelframework andimplementationsdescribedin this paperareavailable
in theopen-sourcereleaseof JikesRVM version2.0.4andlater.

Therestof thepaperis organizedasfollows:Section2 describestheabstract,plug-
compatibleobject model. Section3 describesthe variousheadercompressiontech-
niquesthatwe use.Section4 describesthefour objectmodelsthatwe implemented:a
standardobjectmodelwith a two-word header, andthreedifferentobjectmodelswith
single-wordheaders.Section5 presentsourmeasurementsin detail.Section6 compares
relatedwork, andis followedby our conclusions.

1 JavaTM andall Java-basedtrademarksandlogosaretrademarksor registeredtrademarksof
SunMicrosystems,Inc. in theUnitedStates,othercountries,or both.

2 JikesTM is a trademarkor registeredtrademarkof InternationalBusinessMachinesCorpora-
tion in theUnitedStates,othercountries,or both.
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2 Object Model Abstraction

Any objectmodel implementationmustprovide a basicsetof functionality for other
partsof thevirtual machine.In this study, we will assumethatany objectmodelimple-
mentationmustinstantiateacommonabstractobjectmodel.Theobjectmodelprovides
accessto thefollowing abstract�elds for eachheap-allocatedobject:

TIB Pointer The TIB (Type InformationBlock) holdsinformationthatappliesto all
objectsof atype.Eachobjectpointsto aTIB, whichcouldbeaclassobjector some
otherrelatedobject.In theJikesRVM, theTIB includesthevirtual methodtable,a
pointerto anobjectrepresentingthe type,andpointersto a few datastructuresto
facilitateef�cient interfaceinvocation[4] anddynamictypechecking[5].

Default Hash Code EachJavaobjecthasa defaulthashcode.
Lock EachJava objecthasanassociatedlock state.This couldbe a pointerto a lock

objector adirectrepresentationof thelock.
Garbage Collection Information EachJava object hasassociatedinformation used

by the memorymanagementsystem.Usually this consistsof one or two mark
bits,but thiscouldalsoincludesomecombinationof a referencecount,forwarding
pointer, etc.

Additionally, eacharrayobjectprovidesa length�eld, andin certainexperimentalcon-
�gurations eachobjectheadermaycontainoneor more�elds for pro�ling.

Thispaperexploresvariousimplementationsof this abstractobjectmodel.
For example,onecould implementanobjectmodelwhereeachobjecthasa four-

word header, with oneword devotedto eachabstract�eld. This implementationwould
support

�����
distinctvaluesfor each�eld. Thisisusuallyoverkill, asotherconsiderations

restricttherangeof distinctvaluesfor each�eld.

2.1 Pluggable Implementation

In orderto facilitateanapples-to-applescomparisonof differentobjectmodelsin ahigh
performancevirtual machine,wehavemodi�ed theJikesRVM to delegateall accessto
the objectmodelthrougha (logically) abstractclass,calledVMObjectModel . The
fact that theJikesRVM is implementedin Java madeintroducingthis new abstraction
fairly straightforward.We selectandplug in a VMObjectModel implementationat
systembuild time,allowing thesystem-building compilerto specializeall components
of thevirtual machinefor thechosenobjectmodelimplementation.

TheVMObjectModel classprovidesthefollowing servicesto therestof thethe
virtual machine:

Getters and setters for each field in the abstract object model TheJikesRVM run-
time services(classloaders,garbagecollectors,compilers,etc.) perform all ac-
cessesto the�elds throughthesemethods.

Compiler inline code generation stubs For high performancedynamic type checks
andvirtual methoddispatch,thecompilersmustgenerateinline codeto accessan
object's TIB. VMObjectModel provides small callbacksfor the compilersto
generatetheappropriateinline codesequence.
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Locking entry points Sincethe synchronizationimplementationdependson the ob-
ject model,all lockingcallsdelegateto VMObjectModel .

Allocator support VMObjectModel providesservicesto thememorymanagement
systemto computethesizeof anobjectandto initialize achunkof raw memoryas
anobjectof agiventype.

Note that thesystem-building compilerinlines thegetter, setter, andotherforwarding
methods,sothatabstractingtheobjectmodelin this fashionhasno runtimecosts.

3 Header CompressionTechniques

In thissectionwedescribevariouscompressiontechniquesfor eachof theobjectheader
components.

3.1 TIB Pointer

Thevirtual machineusestheTIB pointerfor virtual methodcalls,dynamictypechecks,
andotheroperationsbasedon theobject's run-timetype.We examinethreebasiccom-
pressiontechniquesthatcanbeappliedto theTIB pointer:bit-stealing, indirection, and
implicit type.

Bit-stealingexploits thepropertythatsomebits of theTIB pointeralwayshave the
samevalue(usually0) andallocatesthosebits for otheruses.Whenbit-stealing,the
virtual machinemustperforma shortsequenceof ALU operations(on PowerPC3, a
singlerotate-and-maskinstruction)to extract the TIB pointerfrom the objectheader.
Most commonly, the implementationcanstealthe low-order two or threebits, since
TIBs aregenerallyalignedon four- or eight-byteboundaries.Theimplementationmay
stealhighorderbitsof thewordaswell, if theTIB alwaysresidesin aparticularmemory
segment.

Thebit-stealingtechniquehastheadvantagesof low runtimeoverheadandnot re-
quiringany additionalloads.Thetechnique'smaindisadvantageis thatit generallyfrees
only a few bits for otheruses.

A moregeneraltechnique,indirection,representstheTIB pointerasanindex into a
tableof TIB pointers.Usually, indirectioncanfreemorebits thanbit-stealing,sincethe
tablecanpackTIB pointersmoredenselythanTIB objectscanbepackedin memory.
Furthermore,the total numberof typesshouldbeseveralordersof magnitudesmaller
thanthenumberof objects.

Thedisadvantagesof indirectionarethatit requiresanextra loadto accesstheTIB
pointer, andthetablebothconsumesspaceandimposesa �x edlimit on thenumberof
TIBs.

A third technique,the implicit type method[11], reservesa rangeof memoryfor
objectsthatall sharethesametype.If thememoryrangeis apage,thentheTIB pointer
canbecomputedby shifting theobjectaddressto obtaina pagenumberthatis usedas
anindex into a tablethatmapspagesto TIB pointers.

3 PowerPCTM is a trademarkor registeredtrademarkof InternationalBusinessMachinesCor-
porationin theUnitedStates,othercountries,or both.
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Themainadvantageof this approachis that it freesall 32 bits typically associated
with theTIB pointer, potentiallyallowing objectswith noheaderspaceoverhead.Like
indirection,it requiresonly a singleALU operationfollowedby a singleloadto obtain
theTIB pointer. Thedisadvantageis thatit canleadto signi�cant fragmentationof the
heap,sinceall theobjectsona pagemustbeof thesametype.

3.2 Synchronization State

In previous work, Baconet al. [7] showed that usingan in-object “thin lock” for the
commoncasewhenlockingdoesnot involvecontentioncanyield applicationspeedups
of up to a factorof two for Java programsdueto the thread-safedesignof many core
libraries.The thin lock consistsof a partial word usedby inlined codethat attempts
to lock theobjectusinga compare-and-swapstyleatomicoperation.Out-of-linecode
handlestheuncommoncasewhenthecompare-and-swapfails.

While fast,a thin lock for every object introducesa spacecost in eachobject's
header. Furthermore,in mostprograms,the majority of objectsarenever locked.We
observe that in mostcases,a simplestaticheuristiccanpredictwhetheranobjectof a
particularclassis likely to belocked.Theheuristicpredictsthatanobjectof a classC
is likely to belockedif andonly if C hasat leastonesynchronized method,or if any
of its methodscontainsynchronized(this) statements.

Putanotherway, we considerlocksasinstancevariablesthatareimplicitly de�ned
in the�rst classin thehierarchythathasasynchronized methodor statement.Objects
without the implicit lock variable(in particular, arrays),will not have a synchroniza-
tion instancevariableandmustalwaysresortto a moreheavyweight locking scheme,
mediatedthrougha hashtable.

Note that all synchronized methodsandsynchronized statementswhoseargu-
menttypeshave lock instancevariablescanalwayshave theoffsetof thelock variable
generatedasa compile-timeconstant,leadingto highly ef�cient inline locking code.
Also notethatsincethespaceoverheadof lock wordsis eliminatedfrom mostobjects,
thereis no needfor locking schemesthat attemptto useonly a small numberof bits
until theobjectis locked,suchasmeta-locks[1].

Thisheuristicwill notcatchacommonidiom whereprogramusesanobjectof type
java.lang.Object asa lock. For suchcases,we provide a type Synchronizer with a
dummysynchronizedmethodthatforcesallocationof a thin lock in theobjectheader.
Naturally, legacy codeusingthis idiom will still suffer performancedegradation.One
couldprovidetool supportwith staticor dynamicanalysisto helpidentify troublesome
cases.Alternatively, asasubjectfor futurework,anadaptiveoptimizationsystemcould
detectexcessive locking overheaddynamicallyandintroducea thin lock word for par-
ticularobjectinstancesasneeded.

The Lock Nursery To implementthe lock spaceoptimization,we introducethe lock
nursery, a datastructureholding lock statefor objectsthat do not have thin locks al-
locatedin the object header. The implementation�nds an object's entry in the lock
nurseryvia its hashcode.

Hash-tablebasedlocking schemesarenotoriouslyslow. Theoriginal SunJava Vir-
tual Machineuseda hashtableschemein which locking anobjectrequiredacquiring
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two locks: �rst on the hashtableand thenon the object itself. Performancesuffered
bothdueto long pathlengthandto contentionon thehashtablelock.

So, for good performance,either lock nurseryaccessmust be infrequent,or we
mustaddressinherentinef�ciencies in hash-basedlocking.First, is thelock prediction
heuristicsuf�ciently accuratethat we rarely result to the lock nursery?If so, a sim-
ple lock nurseryimplementationsuf�ces, sinceperformancewill not be critical. Our
measurementsin Section5 show thatis indeedthecasefor thebenchmarksconsidered.

However, evenif applicationsarisefor whichsynchronized blocksturnout to bea
performancebottleneck,wepresenttwo techniquesthatcanaddresstheproblem.

In a copying collector, we canevacuatean object from the lock nurserywhen it
moves,reformattingthe object headerto allocatean inline lock word in the object.
Especiallyin a generationalcollector, this techniquewill convert long-lived locks to
thin locks in a relatively short time period.The only vulnerability of this approachis
to programsthat invoke a largenumberof synchronized blockson a largenumberof
short-livedobjects.Thisseemsunlikely.

In anon-copyingcollector, if thesimplelock nurserydoesnotperformwell enough,
wecanemploy amoresophisticatedimplementation.Essentially, wede�ne eachslot in
thehashtableasholdingeithera surrogatethin lock for a singleobjecthashedto that
slot,or in thecaseof collisions,asapointerto a list of lock objects,onefor eachobject
thatmapsto thathashslot.

Whenno objectin the lock nurserymapsto a particularslot, thenthatentryholds
0. Whena singleobjectis in thethin-lockedstate,thehashtableslot containsa triple

���������
	���
������������
����
����������������
�! "��#�$
WhenlockCount %&(' , thesystemcanrecover theobjectpointerfrom this information
by computing ���������
����
��*)+��	,������-/.10���#!2435���
��67�!87���5��$
WhenlockCount&9' , therestof thewordcontainsapointerto (or index of) a list of fat
locksfor thathashcode.

Notethatsincethemajorityof objectsshouldbesynchronizedvia thein-objectthin
locks allocatedby the static lock predictionheuristic,the hashtable will be far less
densethanprevioushashtablebasedapproachesto synchronizationfor Java.

3.3 Default Hash Code

For non-moving collectorssuchasmark-and-sweep,thesystemcande�ne thedefault
hashcodeof anobjectto beits address,or moregenerally, a functionthereof.

For moving collectors,we canusethe tri-stateencodingtechniquefrom Baconet
al. [7] (alsodevelopedindependentlyby Agesenandusedin theSunEVM), wherethe
statesof anobjectareunhashed,hashed, andhashed-and-moved.For the�rst two states,
thehashcodeof theobjectis theaddress.Whenthecollectormovesanobjectwhose
stateis hashed, it changesits stateto hashed-and-movedandcopiestheold addressto
theendof thenew versionof theobject.

If spaceis available,thesystemcanencodehashcodestatein two bits in theobject
header.
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If spaceis not availablein the header, we canencodethe stateby usingdifferent
TIB pointerswhichpoint to blocksthathavedifferenthashCode() methodimplemen-
tations.The additionalTIB blocksare generatedon demand,sincemost classesare
neverhashed.Therefore,thespacecostfor theextraTIB blocksshouldbeminimal.

Note that if fastclassequality testsare implementedby comparingTIB pointers,
theclassequalitytestmustbemodi�ed sothat if theTIBs do not matchthentheclass
pointersarecomparedbeforea falseresultis returned.

3.4 Garbage Collector State

Usually, garbagecollectorsrequirethe ability to mark objectsin oneor moreways.
For instance,onebit may indicatethat the objecthasbeenreachedfrom the rootsby
thegarbagecollector, andanotherbit mayindicatethat theobjecthasbeenplacedin a
write buffer by a generationalcollector(asawayof avoidingduplicateentries).

Becausetheamountandtypeof garbagecollectorstatedependsheavily on thecol-
lector implementation,for this paper, we assumethat thecollectorrequirestwo bits of
stateinformationfor eachobject,andprovidethosebitsin all but oneof theobjectmod-
els thatwe implement.We considertheoneexceptionof a garbagecollectorthatuses
analternativemethodto representthemarks.Therearemany well-known alternatives,
particularlybit maps,thatoftenbene�t locality in additionto removing statefrom the
objectheader[16].

3.5 Forwarding Pointers in Copying Collectors

In a copying collector, it is generallynecessaryfor the object in from-spaceto tem-
porarily containa forwardingpointerto its replicain to-space.In objectmodelswith
multi-wordheaders,theforwardingpointeris usuallyplacedin theword thatnormally
containsthe lock stateandhashcode.However, whena single-word objectmodel is
used,thereis generallyonly onechoice:to usethespacenormallyoccupiedby theTIB
pointer.

As a result, the type of the object is not directly availableduring collection and
mustbeobtainedby following theforwardingpointer. This is generallynot a problem
if the run-timesystemis written in anotherlanguage,like C or C++. However, if the
run-timesystemis itself written in Java,asis thecasefor JikesRVM, thenthepresence
of forwardingpointerscomplicatesmattersconsiderably.

In particular, an object that is beingusedby oneprocessorto performthe taskof
collection may be forwardedby anotherprocessorwhich copiesit into to-space.As
a result,the TIB of the �rst processor's objectwill becomea forwardingpointerand
virtual methoddispatchandotherrun-timeoperationswill fail.

Thereareanumberof waysto addressthisproblem.Thesimplestis to alwayscheck
whetherthe word containsa forwarding pointer, but this is prohibitively expensive.
We choseinsteadto mark thoseclassesusedby the garbagecollector, and generate
thechecksonly for methodsin thoseclassesandonly in objectmodelsthat requireit
(namelycopying collectorswith one-word headers).The result is a slight slow-down
in operationson somevirtual machineclasses,but unimpededperformancefor user
classes.
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3.6 Atomicity

The previous techniquesall describemethodsto pack sub-word �elds into a single
word. However, in a multi-processorsystem,the techniquesmustalsoconsideratom-
icity of accessto these�elds. MainstreamCPUsprovideatomicmemoryaccessat the
word or sometimesbytegranularity;they donotprovideatomicaccessat thegranular-
ity of a singlebit. Thus,if we packtwo logically distinct �elds into the samebyte or
word,wemustbesureto guardupdatesto theindividual �elds to ensurethatconcurrent
writesarenot lost.

Note that if the TIB �eld remainsconstantafter object initialization, stealingbits
from theTIB �eld doesnot causea racecondition.Theother�elds maybesubjectto
concurrentwrites,andsorequirecarein their layoutandaccess.

4 The Object Models

In this sectionwe describethevariousobjectmodelsimplementedfor this paper. Fig-
ure 1 illustratesthe variousmodels.4 For all object models,arraysinclude an extra
headerword whichcontainsthelengthof thearray.

All objectmodelswe implementedde�ne thehashcodeto beanobject's address,
shiftedright by two. For thecopying semispacecollector, weusethetri-statehashcode
encodingdescribedin Section3.3.

4.1 Two-word Header Object Model

Eachscalarobjectin this objectmodelhasa two-word header. The�rst word contains
theTIB pointer, andthesecondword containsall theotherper-objectstate:lock state
(24bits)andgarbagecollectionstate(2 bits).Additionally, for thesemispacecollector,
thesecondword holdstwo bits for the tri-statehashcodeinformation.Theremaining
bits areunused.

Theadvantagesof thetwo-wordheaderobjectmodelarethatit is relatively simple,
allows direct accessto the TIB with a single load instruction,andonly requirestwo
wordsof overheadfor non-arraysandthreewordsof overheadfor arrays.

If acopying collectorchangesGCbitsduringmutation,thismodelfacesanatomic-
ity issuesincetheGCstatebitsandthehashcodebitsresidein thesamebyte.TheJikes
RVM generationalcollectorsfacethisproblem,sincethewrite barriersmaymutatethe
GCbit for objectsin maturespace.Oneoptionwouldbeto alwaysupdatethehashbits
andGC statebits with atomicoperations;but this solutionhampersallocatorswhich
mustsettheGC stateinsideof a write barrier.

4 Thediagramsshow thedataasalwaysfollowing theheader, but in fact in theJikesRVM the
dataprecedesthe headerfor non-arraysandfollows the headerfor arrays.This allows trap-
basednull checkingandoptimizedarrayaccess[6].
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(b) Bit-stealing Object Model
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Fig.1. Object modelscomparedin this paper. Fields in dashedlines are optional andusually
absent,including the thin lock in models(b), (c), and(d), in which it is treatedasan instance
variable.GC andHSaretwo-bit �elds encodinggarbagecollectionandhashcodestate.

4.2 Single-Word Header Object Models

Theremainingobjectmodelsall usethetechniquesdescribedin Section3.2to eliminate
synchronizationstatefrom objectsthatdonothavesynchronized methods.If thepro-
graminvokessynchronized blocksupontheseobjects,thesynchronizationproceeds
via a lock nursery.

Theseobjectmodelsalsousea combinationof compressiontechniquesto remove
theneedfor a secondheaderword to hold thehashcodeandgarbagecollectionstate.
Therefore,the per-objectoverheadis two wordsfor arraysandobjectswith synchro-
nizedmethods,and oneword for all other objects.Sincemostobjectshave no syn-
chronizedmethods,this amountsto a savings of almostoneword for every allocated
object.

Bit-stealing Object Model Thebit-stealingobjectmodelstealsthelow-ordertwo bits
from theTIB pointerandusesthemfor thegarbagecollectionstate.Thesebitsmustbe
maskedfrom thewordbeforeit canbeusedasa TIB pointer.

In addition,for thecopying collectors,weneedto encodethehashcodestate.In our
implementations,wedid thisby aligningall TIBs on16-byteboundaries,makingthe4
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low-orderbitsof TIB pointersavailableto theobjectmodel.SinceTIBs areof moderate
sizeandoccurinfrequentlyrelative to instanceobjects,thespacecostis negligible.

Notethatfor agenerationalcopying collector, if thehashcodeandGCbitsresidein
thesamebyte,thismodelfacesthesameatomicityissuebetweenGCbitsandhashcode
statebits asdescribedin Section4.1.However, if thehigh-orderbit of theTIB address
is guaranteedto be �x ed (e.g. 0), and the TIB addressis �x ed, then the systemcan
updatethis high-orderbit with non-atomicbyteoperations,without introducinga race
conditionwith thehashbits.ThecurrentJikesRVM admitsthis solutionby allocating
all TIBs in a non-moving spacein a low memorysegment.

Indexed Object Model Theindexedobjectmodelusesa TIB index insteadof a TIB
pointer, requiringanextra load instructionto obtaintheTIB pointerindirectly.

The advantagesof this object model are that more statecan be packed into the
headerword. Furthermore,in our implementationfor thegenerationalcopying collec-
tor, we usethehigh-order bits for hashcodestateandthe low-order bits for GC state.
Sincethetwo logical �elds donot inhabitthesamebyteof memory, thereareno issues
with atomicupdatesduringmutation.

SincetheTIB index doesnot change,theJIT compilercouldfold theTIB index as
a compile-timeconstant,furtherimproving thespeedof dynamictypetests.

TIB Pointer Only TheTIB-only objectmodelprovidesaminimalistobjectmodelthat
applieswhenboth theGC andhashcodestatecanbe eliminatedfrom the object.An
exampleis a mark-and-sweepcollector that usesside-arraysof bits to mark objects,
ratherthanmarkingtheobjectsthemselves.

Sincea mark-and-sweepcollectordoesnot move objects,it canusea function of
theobjectaddressasthehashcode,eliminatingtheneedfor thehashcodestate.

The JikesRVM includesjust sucha collector; in fact it usesa sidearrayof bytes
ratherthanbits; this allows parallelizationof the markingphasewithout the needfor
atomicoperationsto updatethemarkbits (sincethetargetarchitectureis byte-atomic).
In thiscase,theincreasedparallelgarbagecollectorperformancejusti�ed thecostof an
extrabyteperobject.

5 Measurements

To evaluatethedifferentobjectmodels,we implementedthemin a commonmodular
framework in theJikesRVM version2.0.4[15]. All measurementsarefor theJikesJIT
compilerat optimizationlevel 2, andarerun in a non-adaptivecon�gurationto remove
non-deterministiceffects due to the adaptive samplingwhich drives re-compilation.
Other than the objectmodel,all other facetsof the implementationand the machine
environmentwereheldconstant.

All performanceresultsreportedbelow wereobtainedon an IBM RS/6000Enter-
priseServer modelF80 runningAIX 5 4.3.3.The machinehas4GB of main memory
andsix 500MHzPowerPCRS64III processors,eachof whichhasa 4MB L2 cache.

5 AIX TM is atrademarkor registeredtrademarkof InternationalBusinessMachinesCorporation
in theUnitedStates,othercountries,or both.
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Program Description Applic. Allocation Avg. Obj. Lock
Size (MB) Size Operations

jBYTEmark Syntheticbenchmark 71KB 35.5 36.2 336,933
CaffeineMark Syntheticbenchmark 33KB 966.1 307.0 1,606,773
201.compress Compression 18KB 105.7 2,973.3 23,856
202.jess Expertsystemshell 11KB 231.7 34.5 4,811,737
209.db Database 10KB 62.5 24.2 45,236,755
213.javac Bytecodecompiler 688KB 198.6 31.7 15,109,145
222.mpegaudioMPEGcoder/decoder 120KB 1.1 34.6 17936
227.mtrt Multithreadedraytracer 57KB 80.4 22.4 1,357,819
228.jack Parsergenerator 131KB 279.8 39.4 9,672,868
SPECjbb2000 TPC-Cstyleworkload 821KB 18,514.3 26.41,376,606,250

Table 1. Thebenchmarksusedto evaluatetheobjectmodels.Thebenchmarksincludethecom-
pleteSPECjvm98suiteandrepresenta wide rangeof applicationcharacteristics.The average
objectsizereportedassumesa two-word headerfor scalarsanda three-word headerfor arrays.

Table1 lists thebenchmarksusedto evaluatethevariousobjectmodels.They in-
cludethefull SPECjvm98[25] benchmarksuite,theSPECjbb2000 [26] benchmark
which is commonlyusedto measuremulti-processortransactionalworkloads,andtwo
commonlycitedsyntheticbenchmarks.Theresultsreporteddonot conformto theof�-
cial SPECrunrules,soourresultsdonotdirectlyor indirectlyrepresentaSPECmetric.
Notethattheaverageobjectsizerangesbetween22and36bytes,exceptfor two codes
thatmostlycreatelargearrays(compress andCaffeineMark ).

With theexceptionof SPECjbb2000 , thelock, spaceusage,andhashcodestatis-
tics reportedbelow weregatheredusingameasurementharnessthatranthebenchmark
multiple times,clearingthecountersaftereachrun. This enablesus to remove distor-
tionscausedby JikesRVM during the �rst run (in particularoptimizing compilation)
andaccuratelyreportstatisticsfor only thebenchmarkitself.SinceSPECjbb2000 ran
for over 30 minutes,thestartupeffectsof compilationshouldnot signi�cantly impact
the overall statistics.SincetheJikesRVM itself is implementedin Java, the statistics
do includelocks,allocations,andhashcodeoperationsperformedby theJVM itself on
behalfof applicationcode.

5.1 Use of Lock Nursery

Figure2 shows thedistribution of lock operations,usinga lock nurseryfor synchro-
nized blocksthatoperateon objectsthat have no synchronized methods.The �gure
reportsthepercentageof dynamiclockoperationsby type:nurserylock, fat(contended)
lock,slow thin lock (recursive,nocontention),andfastthin lock (non-recursive,nocon-
tention).

Nurserylocks accountfor about0.5% of all lock operationson SPECjbb2000 .
For all otherbenchmarks,thenumberof nurserylocksis sosmallasto beinvisible on
thegraph.This indicatesthattheuseof a lock nurseryshouldhavea negligible impact
onperformance.
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Fig.2. Lock Usage.The lock nurseryaccountsfor 0.5%of lock operationsin SPECjbb2000
andis insigni�cant for all otherprograms,indicatingthatperformanceimpactwill beminimal.

Basedon theseresults,wereliedonanexceedinglysimplelock nurseryimplemen-
tation:a hashtableguardedby asinglegloballock.

Theotherstatisticsfor locking operationsareconsistentwith thosereportedin our
andotherrelatedworkonfastlocking:morethan95%of all lockoperationsarehandled
by theinlinedfastpath;virtually all of theremainingcasesarehandledby theslow path
for thin locksthathandlesnestedlocking.Contention(andthecorrespondentuseof fat
locks)is negligible.

5.2 Space Savings

Figure3 shows how well two single-word objectmodelsreducespaceconsumption.
The�rst barshows thepercentageof allocatedobjectswhosesizewe have reducedby
aword:arraysandobjectswithoutsynchronized methods.Clearly, thesimpleheuristic
effectively savesheaderspace.Althoughwealmostneverresortto thelock nursery, we
haveeliminatedthespacefor thethin lock from 97.5%of all objectsin thesystem.

The secondbar reportsthe spacesavings, asa percentageof the total numberof
bytesallocated.The one-word object modelsreducemeanallocatedspaceby about
7%, althoughon somebenchmarksthe savings was as high as 21%. Excluding the
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Fig.3. Objectcompactionandits effects.Overall 97.5%of objectscanbe allocatedwithout a
lock word; theresultis a meanspacesavingsof about7%.Excludingthetwo codesthatmainly
createlargearrays,themeanspacesavingsis 14.6%.

two array-basedcodes,compress andCaffeineMark , the(geometric)meanspace
savingsis 14.6%;webelievethis�gure moreaccuratelyrepresentstheexpectedsavings
from codeswritten in anobject-orientedstyle.

5.3 Hash Codes

In a copying collectorwherethehashcodecannot simplybea functionof theobject's
address,weusethetwo-bit encodingdescribedin Section3.3.Table2 showstheeffec-
tivenessof this hashcodecompressiontechniquefor our benchmarksin a semispace
copying collector.

Firstof all, eachof thebenchmarkswemeasuredexercisesthedefaulthashCode()
methodvery rarely:no codetakesthedefault hashcodeon morethan1.3%of all ob-
jects,andthepercentageis only thathigh in benchmarksthatperformvery little object
allocation,while thevirtual machineperforms469hashCode() operationsinternally.

Of thesecodes,only SPECjbb2000 incurredgarbagecollectionduring themea-
surementruns.Thecopying collectormovedonly

� �������
(0.0011%)of thehashedob-

jects on SPECjbb2000 . This indicatesthat at least for SPECjbb2000 , the extra
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Objects hashCode()
Program Allocated Hashed Operations

jBYTEmark 1,184,687 488 0.041% 2,636
CaffeineMark 3,483,406 469 0.013% 2,515
201.compress 37,419 469 1.253% 2,515
202.jess 7,959,679 469 0.006% 2,515
209.db 3,247,129 469 0.014% 2,515
213.javac 7,517,852 9,961 0.132% 1,961,835
222.mpegaudio 37,018 469 1.267% 2,515
227.mtrt 4,565,881 0 0% 0
228.jack 8,225,623 469 0.006% 2,515
SPECjbb2000 852,907,6451,053,3770.124% 21,363,400

Table2. HashCodeCompression.Of all objectsallocated,lessthan ��� 
�	 everhave theirdefault
hashcodestaken.

spaceoverheadincurredby hashed-and-movedobjectsis negligible. Of course,these
numberswouldvarydependingonheapsizeandany generationalcollectionstrategy.

Thesemeasurementsprovide someuseful insights.Thesebenchmarksusedefault
hashcodesrarely, indicatingthatthevirtual machineshouldplaceapremiumonacom-
pacthashcoderepresentationandasimpleimplementation.While thetwo-bit encoding
schemewemeasuredworkswell, in somecasestheextra two bitsmaynotbeavailable
in theobjectheader;in this case,it maybebetterto representthehashcodestatewith
multipleTIBs asdescribedin Section3.3.Unfortunatelythisstrategy wouldsomewhat
complicateotherportionsof thevirtual machine.

For future languagedesigns,it might be betterto omit hashingasa featureof all
objectsin thesystem,andinsteadrequireanexplicit declaration.Thenhashcodescould
betreatedlike instance�elds, aswe do for lock words.

5.4 Run-time Performance: Non-moving Collector

Figure4 shows theperformanceof thevariousobjectmodels,relative to thetwo-word
headerobject model.Thesemeasurementsare all taken in a non-moving mark-and-
sweepcollector.

Figure4 shows thatnoneof thesingle-word headerobjectmodelsintroducesmore
thana 8% slowdown on any benchmark,ascomparedto the two-word headerobject
model.However, we did observe slowdowns of 4% and12% for the Bit-stealingand
Index objectmodels,respectively, on theMethod componentof theCaffeineMark
micro-benchmark.This componentrepresentsa worst-casemeasurementof object-
model inducedvirtual dispatchoverhead.However, the overall performanceresults
indicatethat betweencompileroptimizationsthat eliminateredundantTIB loadsand
instruction-level parallelismin the hardware that can perform the extra ALU opera-
tions,packingtheTIB pointerin with otherinformationonly hasa minorperformance
impactonnormalworkloads.Thisgoesagainstthecommonfolklore of object-oriented
run-timesystemsdesign.
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Fig.4. Speedupobtainedby the one-word objectmodelswith a non-copying mark-and-sweep
collector, relative to thestandardtwo-wordJikesRVM objectmodel.Measurementsarefor opti-
mizedcode.

Secondly, acrossthesebenchmarks,one-word headersimprove performancemore
oftenthanthey degradeperformance.This indicatesthatbettercachelocality andless
frequentgarbagecollection can have a signi�cant positive performanceimpact.The
jBYTEmark , 202.jess , and209.db benchmarksshow signi�cant speedups(over
4%)with theTIB-only objectmodel.

In somesectionsof the micro-benchmarks,we saw large performanceincreases
(23%onFloat in CaffeineMark and14%onLU Decomposition in jBYTE-
mark for TIB-only). This probablyresultsfrom increasedcachelocality and more
effectiveuseof memorybandwidthfor codesthatmakeheavy useof smallobjects.

Krall andTomsich[18] have arguedthattheheadersizeof Java objectsshouldnot
imposea signi�cant performancepenaltyon Java �oating point codes,sincethey will
mostlyusearrays.However, our measurementsindicatethat in somecasesexactly the
oppositeholds:headersizemattersmostfor �oating point codesthatmanipulatelarge
numbersof smallarraysor objects(suchascomplex numbers).

Overall,theTIB-only objectmodelleadsto ameanspeedupof 2.3%(notsurprising
sinceit hasthebene�t of small headersbut paysno extra costfor TIB lookup),while
thebit-stealingobjectmodelachievesameanspeedupof 0.6%.Takentogetherwith the
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spacesavings,theseobjectmodelsareaclearimprovementover thebaselinetwo-word
objectheader.

The indexedobjectmodelsuffersa 0.9%meanrun-timeslowdown, andthespace
saving may justify this implementationchoicein somescenarios.However, on codes
wheretheTIB �eld is frequentlyaccessed,theindexedobjectmodelpaysamuchhigher
pricethanthebit-stealingobjectmodel.

For mtrt , wheretheindexedmodelsuffersalmost8%slowdown, theTIB accesses
areprimarily dueto guardedinlining performedwith themethodtest[9]; onIA32 Jikes
RVM inlines thesemethodswith a codepatchingguard[14] andthusdoesnot access
theTIB. Alternatively, the inlining couldbe performedwith a type testwhich simply
comparedthe TIB indexes insteadof a methodtest,which would also eliminatethe
additionalcost.

The1.2%slowdown on 201.compress for all one-word objectmodelsandthe
4.7% slowdown on 222.mpegaudio for the bit-stealingobject model are due to
cacheeffects.

Even thoughit makesnon-trivial useof the lock nursery(0.5%of all locking op-
erations),the performanceof SPECjbb2000 still improveswith the TIB-only and
bit-stealingobjectmodels.The spacesaved by the oneword objectmodelsenablesa
13%decreasein thenumberof garbagecollections.

5.5 Run-time Performance: Copying Collector

Figure5 shows the performanceof the Bit-stealingandIndex objectmodels,relative
to the objectmodel with a two-word header. Thesemeasurementsare all taken in a
non-generationalsemispacecopying collector.

We did not implementtheTIB-only objectmodelin thecopying collectorbecause
the copying collectordoesnot naturallyhave mark arraysexternal to the objects,al-
thoughthis couldcertainlybedone.

Overall, the performancetrendsaresimilar to thoseobtainedwith the mark-and-
sweepcollector. The bit-stealingobjectmodel improvedmeanperformanceby 0.4%,
while the indexedobjectmodeldegradedperformanceby 1.6%.Thedifferencein rel-
ative performance,whencomparedto the sameobjectmodelsunderthe non-moving
collector, may be dueto the costof checkingfor forwardingpointerson TIB access
within thevirtual machinerun-timesystemclasses,or maysimplybetheresultof vari-
ationsin locality andsimilareffects.

Theperformanceinversionson201.compress and222.mpegaudio observed
with the mark-and-sweepcollector did not occur with the semispacecollector, but
227.mtrt onceagainpayeda highcostfor TIB lookupwith guardedinlining.

6 RelatedWork

To our knowledgethis work is the�rst comprehensivestudyto explorealternative im-
plementationsof the Java objectmodel.Previous work hasbeenimplicit in work on
otherpartsof thesystem,primarily lockingandgarbagecollection.
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Fig.5. Speedupobtainedby the one-word objectmodels,with a semi-spacecopying collector,
relative to the standardtwo-word Jikes RVM object model. Measurementsare for optimized
code.

Most closely relatedto this paperis the work of Shuf et al. [22], in which they
studiedtheopportunitiesfor spacesavingsmadepossibleby theclassi�cationof certain
typesasproli�c . Proli�c typesareassigneda short(4-bit) type index, which is stored
in a compressedheaderword alongwith lock, hash,andgarbagecollection state.If
thetypeindex is 0, anextra headerword is thefull 32-bit TIB pointer. They presented
measurementsof potentialspacesavings that agreewith ours,but did not implement
thescheme.

Onewayof understandingthedifferencebetweenourwork andthatof Shufetal. is
thatthey areusuallycompressingtheTIB pointer, while weareusuallyeliminatingthe
thin lock word.Themaindisadvantageof their schemeis that if thenumberof proli�c
typesexceeds16,performancein bothspaceandtimewill beadverselyaffected.

DieckmannandHölzle [10] performeda detailedstudyof theallocationbehavior
of theSPECjvm98benchmarks.Their measurementswereall in termsof anidealized,
abstractobjectmodelin which eachinstanceobjecthada classpointerandeacharray
objecthada classpointeranda length— note that this resultsin virtually the same
objectspaceoverheadsaswe achieve in our actualimplementation.They found that
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instanceobjectshaveamediansizeof 12-24bytes,andchar arrayshaveamediansize
of 10-72bytes,indicatingthatmostspacesavingswill comefrom theseobjecttypes.

The initial Java virtual machinefrom Sunusedhandles(a level of indirection)to
avoid the needto recomputeobject referencesin the copying collector, andusedan
additionalword for the hashcodeandgarbagecollectionstate.Locking wasalways
performedvia a hashtablewith a global lock. The resultwasan objectmodelwhich
imposedthreewordsof overheadperobject(handle,classpointer, andhashcode/GC
state)andhadpoorperformancefor synchronization,whichturnedout to beubiquitous
in many Javaprograms.Theuseof handlesledeachobjectto residein two cachelines,
signi�cantly reducingeffectivecachesize.

6.1 Run-time Monitor Optimizations

Krall andProbst[17] werethe�rst to attackthesynchronizationoverheadin a system-
atic mannerin theCACAO JIT compiler. Sincetheir locks wererepresentedasthree-
word structures,it wasunacceptableto placetheminline in theobjectheader. Instead,
thesystemaccessedthelocksvia anexternalhashtable,severelylimiting thepotential
speedup.

With thin locks, Baconetal. [7] attackedthesynchronizationoverheadby allocating
24bitswithin eachobjectfor lock state,andusingatomiccompare-and-swapoperations
to handlethemostcommoncases:lockingunlockedobjectsandlockingobjectsalready
ownedby the currentthread.In thesecases,the lock wasin its thin state,andthe 24
bits representedthe threadidenti�er of the lock owner and the lock nestinglevel. In
rarecases(deeplynestedlocking,contentionbetweenthreads,or useof wait andnotify
operations),thehighbit of thelock stateis setto 1, indicatingthatthelock is a fat lock,
andtheother23bits areanindex into a tableof fat locks.

To make room for the thin lock, thesystememployed the two-bit hashcodestate
encodingdescribedin Section3.3,andtheremaining6 bits of theword werereserved
for garbagecollectionstate.Theimplementationwasdonein aSun-derivedJVM mod-
i�ed by theIBM Tokyo ResearchLabto eliminatehandles.Theresultantsystemhadan
objectmodelwith two wordsof spaceoverheadperobjectandgoodlock performance.

Thin lockshavethepotentialdrawbacksof excessivespaceconsumptiondueto lack
of de�ation andexcessive spinningdueto busy-waiting on in�ation. Subsequentwork
by OnoderaandKawachiya[20] attemptedto amelioratetheseproblems,at theexpense
of complicatingthelockingprotocolandrequiringanextrabit in theobjectheaderin a
separateword from thelock. Subsequently, GagnonandHendren[13] showedhow the
extrabit couldbestoredonaper-threadratherthanaper-objectbasis.

The alternative approachto lightweight Java locking that is most similar to thin
locksis thatof Yanget al. [28] in theLaTTe virtual machine,whichuseda 32-bit lock
word in eachobject.Unlike thin locks,theformatof thelock word neverchanges,and
includesa countof waiting threads.If thecountis non-zero,thequeueis foundvia a
hashtable.

In the meta-lock approachof Agesenet al. [1] in the SunExactVM, one32-bit
word in theheadernormallycontainsa25bit hashcode,a � vebit age(for generational
collection),anda two bit lock (which is 0 in thenormalstate).Whenthe lock is non-
zero,theother30 bits point to anauxiliary structure,eithera lock structureor a thread
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structureof the threadthat is changingthe lock state.In the latter casethe object is
consideredmeta-locked,andtheper-objectlock,hashcode,andgarbagecollectionstate
aretemporarilyunavailable.Meta-lockedobjectsarealwaysin theprocessof making
shorttransitionsbetweenotherstates.Whentheobjectis locked,theauxiliarystructure
containstherelocatedhashcodeandgarbagecollectionstate.

Fitzgeraldetal. [12] describetheMarmotstaticcompilerfor Java,whichusesatwo
wordobjectheaderthatincludesaclasspointerandaword containingsynchronization
stateandhashcode.

All of thesevarioustechniquesarecompatiblewith the objectcompressiontech-
niquesdescribedin this paper, which could be usedto generatesingle-word object
modelsthatusedifferentsynchronizationtechniques.

6.2 Compile-time Monitor Optimizations

Therehasalsobeensigni�cant work on eliminationof synchronizationvia compile-
time analysis[2, 3, 8, 21]. This work canin somecasesbehighly effectiveat reducing
or (in the caseof single-threadedprograms)eliminating synchronizationoperations.
Thereforetheseoptimizationsarecomplementaryto therun-timetechniquesdescribed
above.

While noneof thecitedwork investigatedthepotentialfor reducingobjectsize,this
couldcertainlybedone,complementingthework presentedin this paper.

6.3 Other Languages

Previouswork [23, 19] describesobjectmodelsfor C++, primarily addressingcompli-
cationsdueto multipleinheritance.C++doesnotsupportsynchronization,hashing,and
garbagecollectionat thelanguagelevel.

Tip andSweeney [27] describehow C++classhierarchyspecializationcanimprove
theef�ciency of objectlayout.In a subsequentstudy[24], they show thata signi�cant
numberof datamembersareneveractuallyusedat run-time,andcanbeidenti�ed and
removedatcompile-time.

7 Conclusions

Wehaveshown thatafundamentalpieceof folklore aboutthedesignof object-oriented
run-time systemsis wrong: when engineeredcarefully in conjunctionwith a high-
quality optimizing JIT compiler, encodingthe methodtablepointerdoesnot lead to
any signi�cant performancepenalty. Our techniquesdo not dependon any particular
implementationof lightweightsynchronizationor garbagecollection,andsolong asa
high-qualitycompileris used,shouldapplyto otherobject-orientedlanguages.

Experimentalresultsshow thatheadercompressioncanyield signi�cant spacesav-
ingswhile simultaneouslyeitherimproving run-timeperformanceby a meanof 2.3%
or at worstdegradingit by 1.6%(dependingon thedetailsof the implementedobject
model).Programsthatuselargenumbersof smallobjectsshow signi�cant performance
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improvement.Theavailability of space-ef�cient Java run-timesystemsshouldencour-
ageprogrammersto morefreely applyobject-orientedabstractionto smallobjects.

We havealsoshown thattreatingthelock asaninstance�eld, implicitly de�ned by
synchronized methods,is a highly effectiveway of eliminatingthespaceoverheadof
in-objectlocks,while retainingtheir performancebene�ts in 99%of thecases.

As an addedbene�t, we have shown how to engineera high performancevirtual
machinewith a pluggable,parameterizedobjectmodel,without any loss in run-time
ef�ciency. This featureallows an implementerto substitutevariousobjectmodelsac-
cordingto their �t with therestof thesystemdesign,especiallythegarbagecollector.
Theobjectmodelplug-insareavailablevia theIBM JikesRVM open-sourcereleaseto
encouragefutureexperimentalstudiesof objectmodelvariants.

References

[1] AGESEN, O., DETLEFS, D., GARTHWAITE, A., KNIPPEL , R., RAMAKRISHNA , Y. S.,
AND WHITE, D. An ef�cient meta-lockfor implementingubiquitoussynchronization.In
OOPSLA’99 Conference Proceedings: Object-Oriented Programming Systems, Languages,
and Applications (Denver, Colorado,Oct.1999).SIGPLAN Notices, 34, 10,207–222.

[2] ALDRICH, J., CHAMBERS, C., SIRER, E. G., AND EGGERS, S. J. Staticanalysesfor
eliminating unnecessarysynchronizationfrom Java programs. In Static Analysis: Sixth
International Symposium (Venice,Italy, Sept.1999),A. CortesiandG.Filé,Eds.,vol. 1694
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