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Abstract. While mary object-orientedanguagesmposespaceoverheadf only
oneword perobjectto supporfeaturedik e virtual methoddispatch Jasa'sricher
functionality hasled to implementationghat requiretwo or threeheademords
per object. This spaceoverheadincreasesnemoryusageandattendangarbage
collectioncosts,reducesachelocality, andconstraingprogrammersvho might
naturallysolve a problemby usinglarge numbersof small objects.

In this paperwe shav thatwith carefulengineeringa high-performanceirtual
machinecaninstantiatemostJasa objectswith only a single-word objectheader
Thesingleheademword providesfastaccesgo thevirtual methodtable,allowing
for quickmethodnvocation. Theimplementatiomepresentstherperobjectdata
(lock state hashcode,andgarbagecollection ags) usingheuristiccompression
techniquesThe heuristicretainstwo-word headerscontainingthin lock state,
only for objectsthathave synchronized methods.

We describethe implementatiorof variousobjectmodelsin the IBM Jikes Re-
searchVirtual Machine by introducinga pluggableobjectmodelabstractiorinto
the virtual machineimplementation\We comparean object modelwith a two-
word heademith threedifferentobjectmodelswith single-word headersExper
imentalresultsshav thatthe objectheadercompressiotechniquegive a mean
spacesavings of 7%, with savings of up to 21%. Comparedto the two-word
headersthe compressedpace-encodingsesultin applicationspeedupsang-
ing from —1.5% to +2.2%. Performancen syntheticmicro-benchmarksanges
from +23% dueto bene tsfrom reducedbjectsize,to —12% on a stresgestof
virtual methodinvocation.

1 Intr oduction

The choiceof objectmodelplaysa centralrole in the designof ary object-oriented
languagemplementationTheobjectmodeldictateshow to represenbbjectsin storage.
The bestobjectmodelwill maximizeef ciency of frequentlanguageoperationswhile
minimizing storageoverhead.

A fundamentalproperty of object-orientedanguagess that the operationsper
formedon an objectdependuponthe objects run-timetype, ratherthanits compile-
time type. Therefore,in any object model, eachobject mustat a minimum contain
somesortof run-timetypeidenti er, typically a pointerto avirtual methodtable.
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Somemodernobject-orientedanguageslike Javal, requireadditional perobject
stateto supportricher functionality including garbagecollection, hashing,and syn-
chronization Corventionalwisdomholdsthat sincean objects virtual methodtableis
accessedo frequently any attemptto encodeextra informationinto thatheademord
would seriouslydegradeperformanceTherefore existing Java systemsall requireat
leasttwo words(andin somecaseghreewords)of headeispacegor eachobject.

This papemakesthefollowing contrikutionsregardingobjectmodelsfor Java and
similar object-orientedanguages:

— we describea variety of composabléeadeicompressiortechniques;

— we shav how thesetechniquesan be composednto a variety of objectmodels
requiringonly oneword of spaceoverheadperobject;

— we shov how the objectmodelscanall be implementedn one plug-compatible
frameawork; and

— we shawv thatthe compresseabjectheaderscanimprove meanrun-time perfor
manceupto 2.3%,andeventhemostaggressie spacecompressioeadsto amean
run-timeslowdown of only 1.6%while reducingspaceconsumptiorby a meanof
7% (14%ignoringtwo programghatmainly manipulatevery largearrays).

In summary our work shaws thatin the presenceof a high-quality JIT compiler,
cornventionalwisdomis wrong: encodingthe methodtable pointer when engineered
carefully hasa nggligible run-timeperformanceémpactwhile saving signi cant space.
This resultis signi cant in that onceadopted,t will encouragerogrammergo use
large numbersof small objectsmorefreely. This in turn will improve the quality and
maintainabilityof code.

Our resultsshould apply to other object-orientedanguagessuch as Smalltalk,
Modula-3, SELF, Sathey and Oberon,with the obvious caveatthat the more similar
thelanguages to Java, the moredirectly translatableéhe resultsshouldbe.

We have implementedthe pluggableobject model framework and four different
objectmodelsin theJikes’ ResearchVirtual Machine[15] (formerlyknown asJalap&o
[6]), andpresentetailedmeasurementsom thisimplementationTheJikesRVM is an
open-sourcdavavirtual machinethatincludesa high-qualityoptimizing JIT compiler
The objectmodelframenork andimplementationslescribedn this paperareavailable
in the open-sourceeleasenf JikesRVM version2.0.4andlater.

Therestof the paperis organizedasfollows: Section2 describeshe abstractplug-
compatibleobject model. Section3 describeghe various headercompressiortech-
niguesthatwe use.Section4 describeghe four objectmodelsthatwe implementeda
standardbjectmodelwith atwo-word headerandthreedifferentobjectmodelswith
single-word headersSections present®urmeasuremenis detail. Sectioné compares
relatedwork, andis followedby our conclusions.

1 Java™ andall Jasa-basedrademarksandlogosaretrademarksr registeredtrademarksof
SunMicrosystems|nc. in the United Statespthercountries or both.

2 Jikes™ is a trademarkor registeredtrademarkof InternationalBusinessvlachinesCorpora-
tion in the United Statespthercountriesor both.
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2 Object Model Abstraction

Any objectmodelimplementatiormustprovide a basicsetof functionality for other
partsof thevirtual machineln this study we will assumehatany objectmodelimple-
mentatiomrmustinstantiatea commonabstracbbjectmodel. Theobjectmodelprovides
accesso thefollowing abstractelds for eachheap-allocatedbject:

TIB Pointer TheTIB (Type InformationBlock) holdsinformationthat appliesto all
objectsof atype.Eachobjectpointsto a TIB, which couldbea classobjector some
otherrelatedobject.In the JikesRVM, the TIB includesthevirtual methodtable,a
pointerto an objectrepresentinghe type,andpointersto a few datastructurego
facilitateef cient interfaceinvocation[4] anddynamictype checking[5].

Default Hash Code EachJavaobjecthasa defaulthashcode.

Lock EachJava objecthasanassociatedock state.This could be a pointerto a lock
objector adirectrepresentatioonf thelock.

Garbage Collection Information EachJava object hasassociatednformation used
by the memory managemensystem.Usually this consistsof one or two mark
bits, but this couldalsoincludesomecombinationof areferencecount,forwarding
pointer, etc.

Additionally, eacharrayobjectprovidesalength eld, andin certainexperimentakon-
gurations eachobjectheademay containoneor more elds for pro ling.

This paperexploresvariousimplementation®f this abstracbbjectmodel.

For example,one could implementan objectmodelwhereeachobjecthasa four-
word headerwith oneword devotedto eachabstracteld. Thisimplementatiorwould
support23? distinctvaluesfor each eld. Thisis usuallyoverkill, asotherconsiderations
restrictthe rangeof distinctvaluesfor each eld.

2.1 Pluggable Implementation

In orderto facilitateanapples-to-applesomparisorof differentobjectmodelsin ahigh
performanceirtual machinewe have modi ed the JikesRVM to delegateall accesso
the objectmodelthrougha (logically) abstractclass,calledVMObjectModel . The
factthatthe JikesRVM is implementedn Java madeintroducingthis new abstraction
fairly straightforvard. We selectandplug in a VMObjectModel implementatiorat
systembuild time, allowing the system-hilding compilerto specializeall components
of thevirtual machinefor the choserobjectmodelimplementation.

TheVMObjectModel classprovidesthe following servicego therestof thethe
virtual machine:

Getters and setters for each field in the abstract object model The JikesRVM run-
time services(classloaders,garbagecollectors,compilers,etc.) performall ac-
cesseso the elds throughthesemethods.

Compiler inline code generation stubs For high performancedynamictype checks
andvirtual methoddispatch the compilersmustgeneraténline codeto accesan
object's TIB. VMObjectModel provides small callbacksfor the compilersto
generatehe appropriaténline codesequence.
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Locking entry points Sincethe synchronizatiorimplementatiordependson the ob-
jectmodel,all locking callsdelegateto VM ObjectModel

Allocator support VMObjectModel providesservicego the memorymanagement
systemto computethe sizeof anobjectandto initialize a chunkof raw memoryas
anobjectof agiventype.

Note thatthe system-hilding compilerinlines the getter setter and otherforwarding
methodssothatabstractinghe objectmodelin this fashionhasno runtimecosts.

3 Header CompressionTechniques

In this sectionwe describevariouscompressiotechniquegor eachof theobjectheader
components.

3.1 TIB Pointer

Thevirtual machineusegheTIB pointerfor virtual methodcalls,dynamictypechecks,
andotheroperationdasedon the object's run-timetype. We examinethreebasiccom-
pressiortechniqueshatcanbeappliedto the TIB pointer:bit-stealing indirection and
implicit type

Bit-stealingexploits the propertythatsomebits of the TIB pointeralwayshave the
samevalue (usually 0) and allocatesthosebits for otheruses.When bit-stealing,the
virtual machinemust performa shortsequencef ALU operationson PaverPC, a
single rotate-and-maslknstruction)to extractthe TIB pointerfrom the objectheader
Most commonly the implementationcan stealthe low-ordertwo or threebits, since
TIBs aregenerallyalignedon four- or eight-byteboundariesTheimplementatiormay
stealhighorderbits of thewordaswell, if theTIB alwaysresidesn aparticulatmemory
segment.

The bit-stealingtechniquehasthe advantageof low runtimeoverheadandnot re-
quiringary additionalloads.Thetechniquesmaindisadwantages thatit generallyfrees
only afew bitsfor otheruses.

A moregeneratechniquejndirection,representshe TIB pointerasanindex into a
tableof TIB pointers.Usually, indirectioncanfree morebits thanbit-stealing sincethe
tablecanpackTIB pointersmoredenselythanTIB objectscanbe paclkedin memory
Furthermorethe total numberof typesshouldbe several ordersof magnitudesmaller
thanthenumberof objects.

Thedisadwantage®f indirectionarethatit requiresanextraloadto accesshe TIB
pointer, andthe tableboth consumespaceandimposesa x edlimit onthe numberof
TIBs.

A third techniquethe implicit type method[11], resenesa rangeof memoryfor
objectsthatall sharethe sametype.If thememoryrangeis apage thentheTIB pointer
canbe computedy shifting the objectaddresgo obtaina pagenumberthatis usedas
anindex into atablethatmapspagedo TIB pointers.

% PowerPC™ is a trademarkor registeredirademarkof InternationalBusinessMachinesCor-
porationin the United Statespthercountriesor both.
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The mainadwantageof this approachis thatit freesall 32 bits typically associated
with the TIB pointer, potentiallyallowing objectswith no headeispaceoverheadLike
indirection,it requiresonly asingleALU operatiorfollowedby a singleloadto obtain
the TIB pointer Thedisadwantagéds thatit canleadto signi cant fragmentatiorof the
heap sinceall the objectson a pagemustbe of the sametype.

3.2 Synchronization State

In previous work, Baconet al. [7] shaved that usingan in-object“thin lock” for the
commoncasewhenlocking doesnotinvolve contentioncanyield applicationspeedups
of up to a factorof two for Java programsdueto the thread-safalesignof mary core
libraries. The thin lock consistsof a partial word usedby inlined codethat attempts
to lock the objectusinga compare-and-sap style atomic operation.Out-of-line code
handlegshe uncommorcasewhenthe compare-and-sapfails.

While fast, a thin lock for every objectintroducesa spacecostin eachobjects
headerFurthermorejn mostprogramsthe majority of objectsare never locked. We
obsene thatin mostcasesa simplestaticheuristiccanpredictwhetheran objectof a
particularclassis likely to be locked. The heuristicpredictsthatan objectof a classC
is likely to belockedif andonly if C hasatleastonesynchronized method,or if any
of its methodscontainsynchronized(this) statements.

Putanothemway, we considedocksasinstancevariableshatareimplicitly de ned
in the rst classin the hierarchythathasa synchronized methodor statementObjects
without the implicit lock variable(in particular arrays),will not have a synchroniza-
tion instancevariableand mustalwaysresortto a more hearyweightlocking scheme,
mediatedhrougha hashtable.

Note that all synchronized methodsand synchronized statementsvhoseargu-
menttypeshave lock instancevariablescanalwayshave the offsetof thelock variable
generatedis a compile-timeconstant]eadingto highly ef cient inline locking code.
Also notethatsincethe spaceoverheadof lock wordsis eliminatedfrom mostobjects,
thereis no needfor locking schemeghat attemptto useonly a small numberof bits
until the objectis locked,suchasmeta-lockq1].

This heuristicwill notcatchacommonidiom whereprogramusesanobjectof type
java.lang.Object asa lock. For suchcaseswe provide a type Synchronizer with a
dummysynchronizednethodthatforcesallocationof a thin lock in the objectheader
Naturally; legag/ codeusingthis idiom will still suffer performancelegradation.One
couldprovide tool supportwith staticor dynamicanalysisto helpidentify troublesome
casesAlternatively, asa subjectfor futurework, anadaptive optimizationsystermcould
detectexcessie locking overheaddynamicallyandintroducea thin lock word for par
ticular objectinstancesasneeded.

The Lock Nursery To implementthe lock spaceoptimization,we introducethe lock
nursery, a datastructureholding lock statefor objectsthat do not have thin locks al-
locatedin the objectheader The implementationnds an objects entry in the lock
nurseryvia its hashcode.

Hash-tablébasedocking schemesrenotoriouslyslow. The original SunJava Vir-
tual Machineuseda hashtable schemen which locking an objectrequiredacquiring
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two locks: rst on the hashtable andthenon the objectitself. Performancesuffered
bothdueto long pathlengthandto contentionon the hashtablelock.

So, for good performancegither lock nurseryaccesamustbe infrequent,or we
mustaddressnherentinef ciencies in hash-basetbcking. First, is thelock prediction
heuristicsufciently accuratethat we rarely resultto the lock nursery?If so, a sim-
ple lock nurseryimplementationsufces, sinceperformancewill not be critical. Our
measuremenis Section5 shaw thatis indeedthe casefor thebenchmarkgonsidered.

However, evenif applicationsarisefor which synchronized blocksturnoutto bea
performancéottleneckwe presentwo techniqueshatcanaddresshe problem.

In a copying collector we can evacuatean objectfrom the lock nurserywhenit
moves, reformattingthe object headerto allocatean inline lock word in the object.
Especiallyin a generationatollector, this techniquewill corvert long-lived locks to
thin locksin arelatively shorttime period. The only vulnerability of this approachis
to programghatinvoke a large numberof synchronized blockson a large numberof
short-lvedobjects.This seemsunlikely.

In anon-cogying collector, if thesimplelock nurserydoesnotperformwell enough,
we canemploy amoresophisticatedmplementationEssentiallywe de ne eachslotin
the hashtableasholding eithera surrogatehin lock for a single objecthashedo that
slot, or in thecaseof collisions,asa pointerto alist of lock objects,onefor eachobject
thatmapsto thathashslot.

Whenno objectin the lock nurserymapsto a particularslot, thenthatentry holds
0. Whenasingleobjectis in thethin-lockedstate the hashtableslot containsatriple

(threadld, objectld,lockCount).

WhenlockCount£ 0, the systemcanrecover the objectpointerfrom this information
by computing
(objectld x tableSize) + slot Number.

WhenlockCount= 0, therestof theword containsa pointerto (or index of) alist of fat
locksfor thathashcode.

Notethatsincethe majority of objectsshouldbesynchronizedia thein-objectthin
locks allocatedby the static lock predictionheuristic,the hashtable will be far less
densehanprevioushashtablebasedapproacheto synchronizatiorior Java.

3.3 Default Hash Code

For non-maving collectorssuchasmark-and-sweephe systemcande ne the default
hashcodeof anobjectto beits addressor moregenerally afunctionthereof.

For moving collectors,we canusethe tri-stateencodingtechniquefrom Baconet
al. [7] (alsodevelopedindependentlyy Ageserandusedin the SunEVM), wherethe
state®f anobjectareunhasheghashedandhashed-and-meed Forthe rst two states,
the hashcodeof the objectis the addressWhenthe collectormovesan objectwhose
stateis hashedit changests stateto hashed-and-meedandcopiesthe old addresgo
theendof thenew versionof the object.

If spacds available,the systemcanencodenashcodestatein two bitsin the object
header
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If spaceis not availablein the headerwe canencodethe stateby using different
TIB pointerswhich pointto blocksthathave differenthashCode() methodimplemen-
tations. The additional TIB blocks are generatecbn demand since most classesare
never hashedThereforethe spacecostfor theextra TIB blocksshouldbe minimal.

Notethatif fastclassequalitytestsareimplementecby comparingTIB pointers,
the classequalitytestmustbe modi ed sothatif the TIBs do not matchthenthe class
pointersarecomparecdeforea falseresultis returned.

3.4 Garbage Collector State

Usually, garbagecollectorsrequirethe ability to mark objectsin one or more ways.
For instance onebit may indicatethat the objecthasbeenreachedrom the rootsby
the garbagecollector andanotherbit mayindicatethatthe objecthasbeenplacedin a
write buffer by a generationatollector(asaway of avoiding duplicateentries).

Because¢heamountandtype of garbagecollectorstatedepend$eavily onthecol-
lectorimplementationfor this paper we assumehatthe collectorrequirestwo bits of
stateinformationfor eachobject,andprovidethosebitsin all but oneof theobjectmod-
elsthatwe implement.We considerthe one exceptionof a garbagecollectorthatuses
analternatve methodto representhe marks.Therearemary well-known alternatves,
particularlybit maps,that oftenbene t locality in additionto removing statefrom the
objectheadef16].

3.5 Forwarding Pointers in Copying Collectors

In a copying collector it is generallynecessaryor the objectin from-spaceto tem-
porarily containa forwardingpointerto its replicain to-spaceln objectmodelswith
multi-word headersthe forwardingpointeris usuallyplacedin theword thatnormally
containsthe lock stateand hashcode.However, whena single-word objectmodelis
usedthereis generallyonly onechoice:to usethe spacenormallyoccupiedby the TIB
pointer

As a result, the type of the objectis not directly available during collection and
mustbe obtainedby following the forwardingpointer This is generallynot a problem
if the run-time systemis written in anotherlanguagelike C or C++. However, if the
run-timesystemis itself writtenin Java, asis thecasefor JikesRVM, thenthepresence
of forwardingpointerscomplicatesnattersconsiderably

In particular an objectthatis beingusedby one processoto performthe task of
collection may be forwardedby anotherprocessomvhich copiesit into to-space As
aresult,the TIB of the rst processos objectwill becomea forwarding pointerand
virtual methoddispatchandotherrun-timeoperationswill fail.

Thereareanumberof waysto addresshis problem.Thesimplests to alwayscheck
whetherthe word containsa forwarding pointer, but this is prohibitively expensve.
We choseinsteadto mark thoseclasseausedby the garbagecollector and generate
the checksonly for methodsn thoseclassesandonly in objectmodelsthatrequireit
(namelycopying collectorswith one-word headers)The resultis a slight slow-down
in operationson somevirtual machineclassesput unimpededperformanceor 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-processosystem the techniquesnustalsoconsideratom-
icity of accesgo these elds. MainstreamCPUsprovide atomicmemoryaccessatthe
word or sometimedyte granularity;they do not provide atomicaccesstthegranular
ity of a singlebit. Thus,if we packtwo logically distinct elds into the samebyte or
word,we mustbesureto guardupdatego theindividual elds to ensurghatconcurrent
writesarenotlost.

Notethatif the TIB eld remainsconstantafter objectinitialization, stealingbits
fromthe TIB eld doesnot causearacecondition.The other elds may be subjectto
concurrentvrites,andsorequirecarein their layoutandaccess.

4 The Object Models

In this sectionwe describethe variousobjectmodelsimplementedor this paper Fig-
ure 1 illustratesthe variousmodels? For all object models,arraysinclude an extra
heademord which containghelengthof thearray

All objectmodelswe implementedde ne the hashcodeto be an object's address,
shiftedright by two. For the copying semispaceollector, we usethetri-statehashcode
encodingdescribedn Section3.3.

4.1 Two-word Header Object Model

Eachscalarobjectin this objectmodelhasa two-word headerThe rst word contains
the TIB pointer andthe secondword containsall the otherperobjectstate:lock state
(24 bits) andgarbagecollectionstate(2 bits). Additionally, for the semispaceollector,
the secondword holdstwo bits for the tri-statehashcodeinformation. The remaining
bitsareunused.

Theadwantage®f thetwo-word headeiobjectmodelarethatit is relatively simple,
allows direct accesdo the TIB with a singleload instruction,and only requirestwo
wordsof overheador non-arraysandthreewordsof overheador arrays.

If acopying collectorchange$C bits duringmutation this modelfacesanatomic-
ity issuesincethe GC statebits andthehashcodebitsresidein thesamebyte. The Jikes
RVM generationatollectorsfacethis problem,sincethewrite barriersmay mutatethe
GC bit for objectsin maturespace Oneoptionwould beto alwaysupdatethe hashbits
and GC statebits with atomic operationsjut this solutionhampersallocatorswhich
mustsetthe GC stateinsideof a write barrier

4 The diagramsshaw the dataasalwaysfollowing the headerbut in factin the JikesRVM the
dataprecedeghe headerfor non-arraysandfollows the headerfor arrays.This allows trap-
basecdhull checkingandoptimizedarrayacces$6].
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[ TIBPointer | TIB Pointer [{¢
| ThinLock [{f

{  Thin Lock
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(a) Two-word Object Model (b) Bit-stealing Object Model
Y TIBIndex | TIBPointer |
Thin Lock Thin Lock
Hash Hash
(c) Index-based Object Model (d) Pointer-only Object Model

Fig. 1. Objectmodelscomparedn this paper Fieldsin dashedines are optional and usually
absentjncluding the thin lock in models(b), (c), and(d), in which it is treatedasan instance
variable.GC andHS aretwo-bit elds encodinggarbagecollectionandhashcodestate.

4.2 Single-Word Header Object Models

Theremainingobjectmodelsall usethetechniqueslescribedn Section3.2to eliminate
synchronizatiorstatefrom objectsthatdo not have synchronized methodslf the pro-
graminvokessynchronized blocksupontheseobjects,the synchronizatiorproceeds
via alock nursery

Theseobjectmodelsalsousea combinationof compressionechniquego remove
the needfor a secondheademvord to hold the hashcodeandgarbagecollectionstate.
Therefore the perobjectoverheads two wordsfor arraysand objectswith synchro-
nized methods,and one word for all other objects.Since most objectshave no syn-
chronizedmethodsthis amountsto a savings of almostoneword for every allocated
object.

Bit-stealing Object Model Thebit-stealingobjectmodelstealsthelow-ordertwo bits
from the TIB pointerandusesthemfor thegarbagecollectionstate Thesebits mustbe
maskedfrom theword beforeit canbeusedasa TIB pointer

In addition,for thecopying collectorswe needto encodehehashcodestate In our
implementationsye did this by aligningall TIBs on 16-byteboundariestnakingthe 4
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low-orderbitsof TIB pointersavailableto theobjectmodel.SinceTIBs areof moderate
sizeandoccurinfrequentlyrelative to instanceobjects the spacecostis negligible.

Notethatfor agenerationatopying collector, if thehashcodeandGC bitsresidein
thesamebyte,thismodelfaceghesameatomicityissuebetweerGC bitsandhashcode
statebits asdescribedn Section4.1.However, if the high-orderbit of the TIB address
is guaranteedo be x ed (e.g.0), andthe TIB addresds x ed, thenthe systemcan
updatethis high-orderbit with non-atomicbyte operationswithout introducinga race
conditionwith the hashbits. The currentJikesRVM admitsthis solutionby allocating
all TIBs in anon-maoving spacen alow memorysegment.

Indexed Object Model Theindexedobjectmodelusesa TIB index insteadof a TIB
pointer, requiringanextraload instructionto obtainthe TIB pointerindirectly.

The advantagesof this object model are that more statecan be pacled into the
heademword. Furthermorejn ourimplementatiorfor the generationatopying collec-
tor, we usethe high-order bits for hashcodestateandthe low-order bits for GC state.
Sincethetwo logical elds do notinhabitthe samebyte of memory therearenoissues
with atomicupdateduringmutation.

Sincethe TIB index doesnot changethe JIT compilercouldfold the TIB index as
a compile-timeconstantfurtherimproving the speedf dynamictypetests.

TIB Pointer Only TheTIB-only objectmodelprovidesaminimalistobjectmodelthat
applieswhenboth the GC andhashcodestatecanbe eliminatedfrom the object.An
exampleis a mark-and-sweegollectorthat usesside-arrayof bits to mark objects,
ratherthanmarkingthe objectsthemseles.

Sincea mark-and-sweepollectordoesnot move objects,it canusea function of
theobjectaddressasthe hashcode eliminatingthe needfor thehashcodestate.

The JikesRVM includesjust sucha collector;in factit usesa sidearray of bytes
ratherthan bits; this allows parallelizationof the marking phasewithout the needfor
atomicoperationgo updatethe markbits (sincethetargetarchitecturdas byte-atomic).
In this casetheincreasegbarallelgarbagecollectorperformancéusti ed thecostof an
extra byteperobject.

5 Measurements

To evaluatethe differentobjectmodels,we implementedhemin a commonmodular
framework in the JikesRVM version2.0.4[15]. All measurementrefor the JikesJIT
compilerat optimizationlevel 2, andarerunin anon-adaptre con gurationto remove
non-deterministiceffects due to the adaptve samplingwhich drives re-compilation.
Otherthanthe object model, all otherfacetsof the implementationand the machine
ervironmentwereheld constant.
All performanceesultsreportedbelonv wereobtainedon anIBM RS/6000Enter

prise Sener model F80 running AlX ® 4.3.3. The machinehas4GB of main memory
andsix 500MHz PonverPCRS64l11l processorsgachof whichhasa4MB L2 cache.

5 AIX ™ is atrademarlor registeredrademarlof InternationaBusinesdviachinesCorporation
in the United Statespthercountriesor both.
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Program Description Applic.|Allocation|Avg. Ob;j. Lock

Size (MB) Size Operations
jBYTEmark |Syntheticbenchmark | 71KB 35.5 36.2 336,933
CaffeineMark |Syntheticbenchmark | 33KB 966.1 307.Q 1,606,778
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. 31.7 15,109,145
222.mpgaudiagMPEG coder/decoder|120KB 1.1 34.4 17936
227.mtrt Multithreadedraytracef 57 KB 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. The benchmarksisedto evaluatethe objectmodels.The benchmarksncludethe com-
plete SPECjvm98suite and represent wide rangeof applicationcharacteristicsThe average
objectsizereportedassumes two-word headerfor scalarsandathree-vord headeffor arrays.

Table 1 lists the benchmarksisedto evaluatethe variousobjectmodels.They in-
cludethefull SPECjvm9g25] benchmarlsuite,the SPECjbb2000 [26] benchmark
which is commonlyusedto measurenulti-processotransactionaworkloads,andtwo
commonlycitedsynthetichenchmarksTheresultsreporteddo not conformto the of -
cial SPECrunrules,soourresultsdo notdirectly or indirectly represena SPECmetric.
Notethatthe averageobjectsizerangesetweer22 and36 bytes,exceptfor two codes
thatmostly createlargearrays(compress andCaffeineMark ).

With the exceptionof SPECjbb2000 , thelock, spaceusageandhashcodestatis-
ticsreportedbelon weregathereduisingameasuremertarnesshatranthebenchmark
multiple times, clearingthe countersafter eachrun. This enablesusto remove distor
tions causedvy JikesRVM duringthe rst run (in particularoptimizing compilation)
andaccuratelyeportstatisticsor only thebenchmarktself. SinceSPECjbb2000 ran
for over 30 minutes the startupeffectsof compilationshouldnot signi cantly impact
the overall statistics.Sincethe JikesRVM itself is implementedn Java, the statistics
doincludelocks,allocationsandhashcodeoperationgperformedby the JVM itself on
behalfof applicationcode.

5.1 Use of Lock Nursery

Figure 2 shaws the distribution of lock operationspusinga lock nurseryfor synchro-
nized blocksthat operateon objectsthat have no synchronized methods.The gure
reportshepercentagef dynamiclock operationdy type:nurserylock, fat(contended)
lock, slow thin lock (recursve,no contention)andfastthin lock (non-recursie,nocon-
tention).

Nurserylocks accountfor about0.5% of all lock operationson SPECjbb2000 .
For all otherbenchmarksthe numberof nurserylocksis sosmallasto beinvisible on
thegraph.Thisindicatesthatthe useof alock nurseryshouldhave a negligible impact
on performance.
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Fig. 2. Lock Usage.Thelock nurseryaccountdor 0.5% of lock operationsn SPECjbb2000
andis insigni cant for all otherprogramsindicatingthatperformancempactwill beminimal.

Basedontheseresults,wereliedon anexceedinglysimplelock nurseryimplemen-
tation:a hashtableguardedoy a singlegloballock.

The otherstatisticsfor locking operationsare consistentvith thosereportedn our
andotherrelatedwork onfastlocking: morethan95%of all lock operationsarehandled
by theinlined fastpath;virtually all of theremainingcasesarehandledy theslow path
for thin locksthathandlesestedocking. Contention(andthe correspondeniseof fat
locks)is negligible.

5.2 Space Savings

Figure 3 shavs how well two single-word object modelsreducespaceconsumption.
The rst barshavsthe percentagef allocatedobjectswhosesizewe have reducecdby
aword: arraysandobjectswithout synchronized methodsClearly, thesimpleheuristic
effectively savtesheadesspaceAlthoughwe almostneverresortto thelock nurserywe
have eliminatedthe spacdor thethin lock from 97.5%of all objectsin the system.
The secondbar reportsthe spacesavings, as a percentagef the total numberof
bytesallocated.The one-word object modelsreducemeanallocatedspaceby about
7%, althoughon somebenchmarkghe savings was as high as 21%. Excluding the
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M Lock-Free Objects
M Space Savings

Fig. 3. Objectcompactionandits effects. Overall 97.5% of objectscanbe allocatedwithout a
lock word; theresultis a meanspacesavings of about7%. Excludingthe two codesthatmainly
creatdargearrays themeanspacesavingsis 14.6%.

two array-basedodescompress andCaffeineMark ,the(geometricimeanspace
savingsis 14.6%;we believethis gure moreaccuratelyepresenttheexpectedsavings
from codeswrittenin anobject-orientedstyle.

5.3 Hash Codes

In a copying collectorwherethe hashcodecannot simply be a function of the object's
addresswe usethetwo-bit encodingdescribedn Section3.3. Table2 shavstheeffec-
tivenessof this hashcodecompressiorniechniquefor our benchmarksn a semispace
copying collector

Firstof all, eachof thebenchmarksve measuredxerciseshe defaulthashCode()
methodvery rarely: no codetakesthe default hashcodeon morethan1.3%of all ob-
jects,andthe percentagés only thathigh in benchmarkshatperformverylittle object
allocation,while thevirtual machineperforms469hashCode() operationsnternally.

Of thesecodesonly SPECjbb2000 incurredgarbagecollectionduringthe mea-
surementuns.The copying collectormovedonly 9, 736 (0.0011%)of the hashedb-
jects on SPECjbb2000 . This indicatesthat at leastfor SPECjbb2000 , the extra
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Objects hashCode()

Program Allocated | Hashed Operations
jBYTEmark 1,184,687 488 0.0419 2,636
CaffeineMark 3,483,406 469 0.0139 2,515
201.compress 37,419 469 1.2539 2,515
202.jess 7,959,679 469 0.0069 2,515
209.db 3,247,129 469 0.0149 2,515
213.javac 7,517,852 9,961 0.1329 1,961,83%
222.mpegaudi 37,018 469 1.2679 2,515
227.mtrt 4,565,881 0 0% 0
228.jack 8,225,623 469 0.0069 2,515
SPECjbb2000| 852,907,648.,053,3770.1249 21,363,400

Table 2. HashCodeCompressionOf all objectsallocated)essthan1.3% ever have their default
hashcodesaken.

spaceoverheadncurredby hashed-and-maedobjectsis nggligible. Of course these
numberswvould vary dependingon heapsizeandary generationatollectionstrateyy.

Thesemeasurementgrovide someusefulinsights. Thesebenchmarksisedefault
hashcodegarely, indicatingthatthevirtual machineshouldplacea premiumonacom-
pacthashcodeepresentatioanda simpleimplementationWhile thetwo-bit encoding
schemave measuredvorkswell, in somecaseghe extra two bits maynotbeavailable
in the objectheaderjn this casejt maybe betterto representhe hashcodestatewith
multiple TIBs asdescribedn Section3.3. Unfortunatelythis stratgyy would somevhat
complicateotherportionsof thevirtual machine.

For future languagedesignsijt might be betterto omit hashingasa featureof all
objectsin thesystemandinsteadequireanexplicit declarationThenhashcodescould
betreatedik einstanceelds, aswe do for lock words.

5.4 Run-time Performance: Non-moving Collector

Figure4 shaws the performancef the variousobjectmodels relative to the two-word
headerobjectmodel. Thesemeasurementare all takenin a non-movsing mark-and-
sweepcollector

Figure4 shavs thatnoneof the single-word headeobjectmodelsintroducesmore
thana 8% slowdown on any benchmarkas comparedo the two-word headerobject
model.However, we did obsene slovdowns of 4% and 12% for the Bit-stealingand
Index objectmodels respectiely, ontheMethod componenbf the CaffeineMark
micro-benchmarkThis componentrepresents worst-casemeasuremendf object-
model inducedvirtual dispatchoverhead.However, the overall performanceresults
indicatethat betweencompiler optimizationsthat eliminateredundanfTIB loadsand
instruction-level parallelismin the hardware that can performthe extra ALU opera-
tions, packingthe TIB pointerin with otherinformationonly hasa minor performance
impacton normalworkloads.This goesagainsthecommonfolklore of object-oriented
run-timesystemslesign.
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Fig. 4. Speedupbtainedby the one-word objectmodelswith a non-coying mark-and-sweep
collector relative to the standardwo-word JikesRVM objectmodel.Measurementarefor opti-
mizedcode.

Secondlyacrosghesebenchmarkspne-word headersmprove performancemore
oftenthanthey degradeperformanceThis indicatesthat bettercachelocality andless
frequentgarbagecollection can have a signi cant positive performanceampact. The
jBYTEmark ,202.jess ,and209.db benchmarkshaw signi cant speedupsgover
4%) with the TIB-only objectmodel.

In somesectionsof the micro-benchmarksywe sav large performancencreases
(23%onFloat in CaffeineMark and14%onLU Decomposition injBYTE-
mark for TIB-only). This probablyresultsfrom increasedcachelocality and more
effective useof memorybandwidthfor codeshatmake heary useof smallobjects.

Krall andTomsich[18] have arguedthatthe headesizeof Java objectsshouldnot
imposea signi cant performancegyenaltyon Java oating point codes,sincethey will
mostly usearrays.However, our measurementisdicatethatin somecasesxactly the
oppositeholds:headersize mattersmostfor oating point codesthatmanipulatdarge
numbersof smallarraysor objects(suchascomplex numbers).

Overall,theTIB-only objectmodelleadsto ameanspeedumf 2.3%(notsurprising

sinceit hasthe bene t of smallheadersut paysno extra costfor TIB lookup), while
thebit-stealingobjectmodelachievzesa meanspeedupmf 0.6%.Takentogethemith the
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spacesavings,theseobjectmodelsarea clearimprovementover the baselinewo-word
objectheader

The indexed objectmodelsuffers a 0.9% meanrun-time slovdown, andthe space
saving may justify this implementatiorchoicein somescenariosHowever, on codes
wheretheTIB eld isfrequentlyaccessedheindexedobjectmodelpaysamuchhigher
pricethanthe bit-stealingobjectmodel.

Formtrt , wheretheindexedmodelsuffersalmost8% slovdown, the TIB accesses
areprimarily dueto guardednlining performedwith themethodtest[9]; onIA32 Jikes
RVM inlinesthesemethodswith a codepatchingguard[14] andthusdoesnot access
the TIB. Alternatively, theinlining could be performedwith atype testwhich simply
comparedhe TIB indexesinsteadof a methodtest, which would also eliminatethe
additionalcost.

The 1.2%slowdown on 201.compress  for all one-word objectmodelsandthe
4.7% slovdown on 222.mpegaudio  for the bit-stealingobject model are due to
cacheeffects.

Eventhoughit 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 spacesared by the oneword objectmodelsenablesa
13%decreasén the numberof garbagecollections.

5.5 Run-time Performance: Copying Collector

Figure 5 shows the performanceof the Bit-stealingandIndex objectmodels,relative
to the object modelwith a two-word header Thesemeasurementare all takenin a
non-generationaemispaceopying collectot

We did notimplementthe TIB-only objectmodelin the copying collectorbecause
the copying collectordoesnot naturally have mark arraysexternalto the objects,al-
thoughthis couldcertainlybedone.

Overall, the performancerendsare similar to thoseobtainedwith the mark-and-
sweepcollector The bit-stealingobjectmodelimproved meanperformanceby 0.4%,
while the indexed objectmodeldegradedperformanceby 1.6%. The differencein rel-
ative performancewhen comparedo the sameobject modelsunderthe non-maoving
collector may be dueto the costof checkingfor forwardingpointerson TIB access
within thevirtual machinerun-timesystemclassesor may simply betheresultof vari-
ationsin locality andsimilar effects.

Theperformancénversionson201.compress and222.mpegaudio obsened
with the mark-and-sweepollector did not occur with the semispacecollector, but
227.mtrt  onceagainpayeda high costfor TIB lookupwith guardednlining.

6 RelatedWork

To our knowledgethis work is the rst comprehensie studyto explorealternatve im-
plementation®f the Java objectmodel. Previous work hasbeenimplicit in work on
otherpartsof the systemprimarily locking andgarbagecollection.
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Fig. 5. Speedumbtainedby the one-word objectmodels,with a semi-space&opying collector
relative to the standardtwo-word Jikes RVM object model. Measurementsre for optimized
code.

Most closely relatedto this paperis the work of Shufet al. [22], in which they
studiedtheopportunitiefor spacesavingsmadepossibleby theclassi cationof certain
typesasproli ¢ . Proli ¢ typesareassigned short(4-bit) typeindex, which is stored
in a compressedheademword alongwith lock, hash,and garbagecollection state.|f
thetypeindex is 0, anextra heademword is thefull 32-bit TIB pointer They presented
measurementsf potentialspacesavings that agreewith ours, but did not implement
thescheme.

Oneway of understandinghedifferencebetweerour work andthatof Shufetal. is
thatthey areusuallycompressinghe TIB pointer, while we areusuallyeliminatingthe
thin lock word. The maindisadwantageof their schemas thatif the numberof proli ¢
typesexceedsl 6, performancen bothspaceandtime will beadwerselyaffected.

DieckmannandHolzle [10] performeda detailedstudy of the allocationbehaior
of the SPECjvm9&enchmarksTheir measurementsereall in termsof anidealized,
abstracbbjectmodelin which eachinstanceobjecthada classpointerandeacharray
objecthada classpointeranda length— note that this resultsin virtually the same
objectspaceoverheadsaaswe achiese in our actualimplementationThey found that
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instanceobjectshave a mediansizeof 12-24bytes,andchar arrayshave a mediansize
of 10-72bytes,indicatingthatmostspacesavingswill comefrom theseobjecttypes.
The initial Java virtual machinefrom Sunusedhandles(a level of indirection)to

avoid the needto recomputeobjectreferencesn the copying collector, and usedan
additionalword for the hashcodeand garbagecollection state.Locking was always
performedvia a hashtablewith a globallock. The resultwasan objectmodelwhich
imposedthreewords of overheadper object(handle,classpointe; andhashcode/GC
state)andhadpoorperformancédor synchronizationwhich turnedoutto beubiquitous
in mary Java programsTheuseof handleded eachobjectto residein two cachdines,
signi cantly reducingeffective cachesize.

6.1 Run-time Monitor Optimizations

Krall andProbst{17] werethe rst to attackthe synchronizatioroverheadn a system-
atic mannerin the CACAO JIT compilet Sincetheir locks wererepresentedsthree-
word structuresijt wasunacceptabléo placetheminline in the objectheaderinstead,
thesystemaccessethelocksvia anexternalhashtable,severelylimiting the potential
speedup.

With thin locks Baconetal. [7] attacledthe synchronizatiomverheady allocating
24 bitswithin eachobjectfor lock state andusingatomiccompare-and-sapoperations
to handlethemostcommoncasestocking unlockedobjectsandlocking objectsalready
ownedby the currentthread.In thesecasesthe lock wasin its thin state,andthe 24
bits representedhe threadidenti er of the lock owner andthe lock nestinglevel. In
rarecasegdeeplynestedocking, contentiorbetweerthreadspr useof wait andnotify
operations)the high bit of thelock stateis setto 1, indicatingthatthelock is afatlock,
andtheother23 bits areanindex into atableof fatlocks.

To make room for the thin lock, the systememployed the two-bit hashcodestate
encodingdescribedn Section3.3,andthe remainingb bits of the word wereresened
for garbagecollectionstate. Theimplementatiorwasdonein a Sun-denvedJVM mod-
i ed bythelBM Tokyo Researclhabto eliminatehandlesTheresultansystemhadan
objectmodelwith two wordsof spaceoverheadperobjectandgoodlock performance.

Thin lockshavethepotentialdravbacksof excessie spaceconsumptiordueto lack
of de ation andexcessve spinningdueto busy-waiting onin ation. Subsequentvork
by OnoderaandKawachiya[20] attemptedo ameliorateheseproblemsattheexpense
of complicatingthelocking protocolandrequiringanextrabit in the objectheadetn a
separatevord from thelock. SubsequentlyGagnonrandHendren13] shavedhow the
extra bit couldbe storedon a perthreadratherthana perobjectbasis.

The alternatve approachto lightweight Java locking that is most similar to thin
locksis thatof Yangetal. [28] in the LaTTe virtual machine which useda 32-bitlock
word in eachobject.Unlike thin locks, the formatof thelock word never changesand
includesa countof waiting threadsIf the countis non-zerothe queueis foundvia a
hashtable.

In the meta-lok approachof Agesenet al. [1] in the Sun ExactVM, one 32-bit
word in theheadenormallycontainsa 25 bit hashcode,a ve bit age(for generational
collection),andatwo bit lock (whichis 0 in the normalstate).Whenthelock is non-
zero,the other30 bits point to an auxiliary structure githeralock structureor athread
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structureof the threadthatis changingthe lock state.In the latter casethe objectis

consideredneta-locled,andtheperobjectlock, hashcode andgarbagesollectionstate
aretemporarilyunavailable. Meta-locled objectsarealwaysin the procesof making
shorttransitionsbetweerotherstatesWhenthe objectis locked, the auxiliary structure
containstherelocatechashcodeandgarbagecollectionstate.

Fitzgeraldetal. [12] describehe Marmotstaticcompilerfor Java, which usesatwo
word objectheadethatincludesa classpointerandaword containingsynchronization
stateandhashcode.

All of thesevarioustechniquesare compatiblewith the objectcompressiortech-
niquesdescribedin this paper which could be usedto generatesingle-word object
modelsthatusedifferentsynchronizatioechniques.

6.2 Compile-time Monitor Optimizations

Therehasalso beensigni cant work on eliminationof synchronizatiorvia compile-
time analysig2, 3, 8, 21]. Thiswork canin somecasede highly effective atreducing
or (in the caseof single-threadegbrograms)eliminating synchronizatioroperations.
Thereforetheseoptimizationsarecomplementaryo the run-timetechniqueslescribed
above.

While noneof the citedwork investigatedhe potentialfor reducingobjectsize,this
couldcertainlybedone,complementinghe work presentedh this paper

6.3 Other Languages

Previouswork [23, 19] describeobjectmodelsfor C++, primarily addressingompli-
cationsdueto multipleinheritanceC++doesnotsupportsynchronizationhashingand
garbagecollectionatthelanguagdevel.

Tip andSweeng [27] describehow C++ classhierarchyspecializatiorcanimprove
theef ciency of objectlayout.In a subsequenstudy[24], they shav thata signi cant
numberof datamembersarenever actuallyusedat run-time,andcanbeidenti ed and
removedat compile-time.

7 Conclusions

We have showvn thatafundamentapieceof folklore aboutthe designof object-oriented
run-time systemsis wrong: when engineerecdcarefully in conjunctionwith a high-
quality optimizing JIT compiler encodingthe methodtable pointer doesnot leadto
ary signi cant performancepenalty Our techniquesdo not dependon ary particular
implementatiorof lightweightsynchronizatioror garbagecollection,andsolong asa
high-qualitycompileris used shouldapplyto otherobject-orientedanguages.
Experimentatesultsshov thatheadeicompressiortanyield signi cant spacesav-
ingswhile simultaneousleitherimproving run-timeperformanceby a meanof 2.3%
or atworstdegradingit by 1.6% (dependingon the detailsof the implementedobject
model).Programghatuselargenumberof smallobjectsshav signi cant performance
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improvement.The availability of space-etient Javarun-timesystemsshouldencour
ageprogrammerso morefreely apply object-orientecbstractiorto smallobjects.

We have alsoshown thattreatingthelock asaninstanceeld, implicitly de ned by
synchronized methodsjs a highly effective way of eliminatingthe spaceoverheadf
in-objectlocks,while retainingtheir performancéene tsin 99%of thecases.

As an addedbene t, we have shavn how to engineera high performancevirtual
machinewith a pluggable parameterizeadbject model, without ary lossin run-time
efciency. This featureallows animplementerto substitutevariousobjectmodelsac-
cordingto their t with therestof the systemdesign,especiallythe garbagecollector
Theobjectmodelplug-insareavailablevia theIBM JikesRVM open-sourceeleasdo
encouragduture experimentaktudiesof objectmodelvariants.
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