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Abstract

64-bitaddressspacescomeat thepriceof pointersrequiringtwiceasmuch memory
as32-bit addressspaces,resultingin increasedmemoryusage. Increasedmemoryus-
ageis especiallyof concernonmachinesthatareheavilyloadedwith memory-intensive
applications;overall systemperformancecanquickly deteriorateoncephysicalmem-
ory is exhausted.

Thispaperreducesthememoryusageof 64-bitpointersin thecontextof Javavirtual
machinesthroughpointercompression,calledObject-RelativeAddressing(ORA).The
idea is to compress64-bit raw pointers into 32-bit offsetsrelative to the referencing
object's virtual address.Unlike previous work on the subjectusing a constantbase
addressfor compressedpointers,ORAallowsfor applyingpointercompressionto Java
programsthatallocatemore than4GBof memory.

Our experimentalresultsusingJikesRVM and the SPECjbband DaCapobench-
markson an IBM POWER4machine showthat the overheadintroducedby ORA is
statistically insigni�cant on average compared to raw 64-bit pointer representation,
while reducingthetotal memoryusage by 10%on average andup to 14.5%for some
applications.

1 Intr oduction

In our recentwork [1], we reportedthat Java objectsincreaseby 40% in sizewhen
comparing64-bitagainst32-bitJavavirtualmachines.Abouthalf of thisincreasecomes
from theincreasedheaderwhich doublesin size.Theotherhalf comesfrom increased
object�elds containingpointersor references.

Running64-bit Javavirtual machinescanthusbecostlyin termsof memoryusage.
This is a seriousconcernon heavy-loadedsystemswith many simultaneouslyrunning
programsthat arememory-intensive. In fact,overall systemperformancecanquickly
deterioratebecauseof memorypageswappingoncephysicalmemorygetsexhausted.
Onewayof dealingwith theexcessivememoryusageon64-bitsystemsis to havemore
physicalmemoryin the machineasonewould provide on a 32-bit system.However,
this is costlyasphysicalmemoryis asigni�cant costin today'scomputersystems.

This paperproposesto addressthe increasedmemoryusagein 64-bit Java virtual
machinesthroughObject-RelativeAddressing(ORA). Object-relative addressingis a
pointercompressiontechniquethat compressespointersin object�elds as32-bit off-
setsrelative to thecurrentobject'saddress.The64-bit virtual addressof thereferenced
objectis thenobtainedby addingthe 32-bit offset to the 64-bit virtual addressof the



referencingobject.In casethereferencedobjectis furtheraway thanwhatcanberep-
resentedby a 32-bit offset,objectrelative addressinginterpretsthe32-bit offsetasan
index in the Long AddressTable (LAT) that translatesthe 32-bit offset into a 64-bit
virtual address.

The advanceof object-relative addressingover prior work on the subjectby Adl-
Tabatabaiet al. [2], is that object-relative addressingis not limited to Java programs
thatconsumelessthan4GBof heap,or the32-bitvirtual addressspace.Object-relative
addressingenablespointercompressionto be appliedto all Java programs,including
Java programsthatallocatemorethan4GB of memory.

Weenvisionthatobject-relativeaddressingis to beusedin conjunctionwith amem-
ory managementstrategy that strivesat limiting thenumberof inter-objectreferences
that crossthe32-bit addressrange.Crossingthe32-bit addressrangeincursoverhead
becausethe LAT needsto be accessedfor retrieving the 64-bit addresscorrespond-
ing to the32-bit offset.Limiting thenumberof LAT accessesthuscalls for a memory
allocatorandgarbagecollectorthatstrivesat allocatingobjectswithin a virtual mem-
ory region thatis reachablethroughthe(signed)32-bit offset.Suchmemoryallocators
andgarbagecollectorscanbe built usingtechniquessimilar to objectcolocation[3],
connectivity-basedmemoryallocationandcollection[4,5], region-basedsystems[6],
etc.

TheexperimentalresultsusingtheSPECjbb2000andtheDaCapobenchmarksand
theJikesRVM onanIBM POWER4machineshow thatobject-relativeaddressingdoes
not incur a run time overhead.Someapplicationsexperiencea performanceimprove-
mentup to 4.0%while otherapplicationsexperiencea slowdown of at most3.5%;on
averagethough,nostatisticallysigni�cant performanceimpactis observed.Thebene�t
of ORA comesin termsof memoryusage:theamountof allocatedmemoryreducesby
10%onaverageandfor someapplicationsup to 14.5%.

This paperis organizedas follows. After having discussedprior work in object
pointercompressionin section2,wewill presentobject-relativeaddressingin section3.
Section4 will thendetail our experimentalsetup.The evaluationof ORA in termsof
overall performance,memoryhierarchyperformanceandmemoryusagewill be pre-
sentedin section5. Finally, wewill discussrelatedwork in section6 beforeconcluding
in section7.

2 Object pointer compression:Prior work

The prior work on the subjectby Adl-Tabatabaiet al. [2] proposea straightforward
compressionschemefor addressingthememoryusagein 64-bit Java virtual machines.
They represent64-bit pointersas32-bit offsetsfrom a baseaddressof a contiguous
memoryregion. Dereferencingor decompressinga pointer then involvesaddingthe
32-bit offsetto a baseaddressyielding a 64-bit virtual addess.Reverse,compressinga
64-bit virtual addressinto a 32-bit offset requiressubstractingthe64-bit addressfrom
thebaseaddress;thelower32bitsarethenstored.A similarapproachwasproposedby
LattnerandAdve [7] for compressingpointersin linkeddatastructures.

The fact that64-bit virtual addressesarerepresentedas32-bit offsetsfrom a base
addressimplies that this pointer compressiontechniqueis limited to Java programs
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Fig.1. Illustratingthebasicideaof object-relativeaddressing(on theright) comparedagainstthe
traditional64-bit addressing(on theleft).

that consumelessthan 4GB of storage.If a Java programallocatesmore than 4GB
of memory, thevirtual machinehasto revert to the64-bit pointerrepresentation.This
couldfor examplebedoneby settingthemaximumheapsizethrougha commandline
option:if themaximumheapsizeis largerthan4GB,uncompressedpointersareused;
if smallerthan4GB,compressedpointersareused.

Adl-Tabatabaietal. applytheirpointercompressionmethodto bothvtablepointers
andpointersto otherJava objects,socalledobjectreferences.The32-bit objectrefer-
encesarethenrelative offsetsto theheap's baseaddress;the32-bit vtablepointersare
relativeoffsetsto thevtablespace'sbaseaddress.

In this paper, we focusoncompressingobjectreferencesanddo notaddressvtable
pointercompression.Thereasonis thatvtablepointersarenot thatbig of anissuewhen
it comesto pointercompression.The 32-bit vtablepointeroffsetsarehighly likely to
besuf�cient evenfor programsthatallocateverylargeamountsof memory;it is highly
unlikely to requiremorethan4GBof memoryfor allocatingvtables.In otherwords,the
pointercompressionmethodby Adl-Tabatabaietal. is likely to work properlywhenap-
pliedto vtablepointers.Moreover, recentwork by Venstermansetal. [8] hasproposeda
techniquethatcompletelyeliminatesthevtablepointerfrom theobjectheaderthrough
typedvirtual addressing.We alsorefer to the relatedwork sectionof this paperfor a
discussiononobjectheaderreductiontechniques.

3 Object-Relative Addressing

Object-RelativeAddressing(ORA)is a pointercompressiontechniquefor 64-bit Java
virtual machinesthat doesnot suffer from the 4GB heaplimitation in Adl-Tabatabai
et al.'s method.The goal of ORA is to enableheappointercompressionfor all Java
programs,evenfor programsthatallocatemorethan4GBof memory.

3.1 Basicidea

Figure1 illustratesthe basicideaof object-relative addressing(ORA) andcompares
ORA againstthetraditionalwayof referencingobjectsin 64-bit Java virtual machines.



read 32-bit object reference;
if (least significant bit of 32-bit reference is NOT set) {

/* fast decompression path */
add 32-bit object reference to 64-bit object

virtual address to form 64-bit object address;
}
else {

/* slow decompression path */
index LAT for reading 64-bit object address;

}

Fig.2. High-level pseudocodefor decompressing32-bit objectreferences.

We call the referencingobjecttheobjectthat containsa pointerin its data�elds. The
objectbeingreferencedis calledthereferencedobject.ORA referencesobjectsthrough
32-bit offsets.The `fast' decompressionpaththenaddsthis 32-bit offset to the refer-
encingobject'svirtual addressfor obtainingthevirtual addressof thereferencedobject.
This is the casewhenboth the referencingobjectandthe referencedobjectareclose
enoughto eachothersothata32-bitoffsetis suf�ciently large.In casebothobjectsare
furtheraway from eachotherin memorythanwhatcanbeaddressedthrougha 32-bit
offset,ORA follows the `slow' decompressionpath.The 32-bit offset is thenconsid-
eredasanindex into theLongAddressTable(LAT) whichholds64-bitvirtual addresses
correspondingto 32-bit indexes.

The endresultof object-relative addressingis that only 32 bits of storagearere-
quired for storing object references.This reducesthe amountof memoryconsumed
comparedto the traditionalway of storingobjectreferenceswhich requires64 bits of
storage.We now go throughthedetailsof how ORA canbeimplemented.We discuss
(i) how pointersaredecompressed,(ii) how to compresspointers,(iii) how to dealwith
null pointerrepresentation,(iv) how to managetheLAT, (v) what the implicationsare
for garbagecollection, (vi) how ORA comparesto Adl-Tabatabaiet al.'s methodin
termsof anticipatedruntimeoverhead,and�nally (vii) what the implicationsarefor
memorymanagement.

3.2 Decompressingpointers

Decompressing32-bit objectreferencesrequiresdeterminingwhetherthefastor slow
pathis to betaken.This is doneat runtimeby inspectingtheleastsigni�cant bit of the
32-bitoffset;in casetheleastsigni�cant bit is zero,thefastpathis taken;otherwise,the
slow pathis taken.This is illustratedin Figure2 showing thehigh-levelpseudocodefor
decompressing32-bit objectreferencesinto 64-bit virtual addresses.

Theway how thehigh-level pseudocodeis translatedinto native machineinstruc-
tionshasasigni�cant impactonoverallperformance.And in addition,ef�cient pointer
decompressionis likely to result in different implementationson platformswith dif-
ferentinstruction-setarchitectures(ISAs).For example,in casepredicatedexecutionis
availablein the ISA [9], a potentialimplementationcouldpredicatethe fastandslow
paths.Or, in casea `baseplus index plus offset' addressingmodeis available in the



;; R4 contains the referencing
;; object's virtual address

ld4 R1, [R4 + offset] ;; load 32-bit object offset and
;; sign-extend it into R1
;; fast decompression path

add R2, R4, R1 ;; compute 64-bit address
tst R1, 1 ;; test least significant bit (LSB)
bre L2 ;; jump to L2 in case non-zero

L1: ... ;; referenced object's virtual
;; address is in R2 here

...
L2: ;; slow decompression path

mask R1 ;; compute LAT index by masking R1
ld8 R2, [R5 + R1] ;; load 64-bit address from LAT

;; R5 contains LAT address and
;; R1 contains LAT index

jmp L1

Fig.3. Low-level pseudocodefor decompressing32-bitobjectreferences:theif-thendecompres-
sionapproach.

ISA, computingtheaddressof an object�eld beingaccessedin thereferencedobject
couldbeintegratedinto a singlememoryoperation,i.e., thedecompressionarithmetic
couldbecombinedwith the �eld access.Thereferencingobject's virtual addressplus
the32-bitoffsetplustheoffsetof theobject�eld in thereferencedobjectcouldthenbe
encodedin asingleaddressingmode.

In our experimentalsetupusinga PowerPCsetup,we werenot ableto implement
theseoptimizationsbecausethePowerPCISA doesnot provide predication,nor does
it supportthe `baseplus index plusoffset' addressingmode.Instead,we considertwo
implementationsto pointerdecompressionthataregenerallyapplicableacrossdifferent
ISAs.Thesetwo decompressionimplementationshavedifferentperformancetrade-offs
whichwediscussnow andwhichwewill experimentallyevaluatein section5.

If-then pointer decompression. The if-then implementationis shown in Figure 3.
Theassemblercodegeneratedfor decompressing32-bitobjectreferencesoptimizesthe
correspondinghigh-levelpseudocodeby optimizingfor themostcommoncase,namely
thefastpath.We(speculatively) computethevirtual addressof thereferencedobjectby
addingthe32-bit offsetwith the referencingobject's virtual address.In casethe least
signi�cant bit of the32-bitoffsetis zero,wethencontinuefetchingandexecutingalong
thefall-throughpath.Only in casetheleastsigni�cant bit of the32-bit offsetis set,we
jumpto theslow path.Theslow pathselectsanumberof bits from the32-bitoffsetthat
will serve asindex into theLAT. Theslow paththenindexestheLAT which readsthe
64-bit virtual addressof thereferencedobject.

Patchedpointer decompression. Patchedpointerdecompressionoptimizesthecom-
mon caseeven further by assumingthat the fastpath is alwaystaken.This resultsin



;; R4 contains the referencing
;; object's virtual address

ld4 R1, [R4 + offset] ;; load 32-bit object offset and
;; sign-extend it into R1
;; fast decompression path

add R2, R4, R1 ;; compute 64-bit address
L1: ... ;; referenced object's virtual

;; address is in R2 here

Fig.4. Low-level pseudocodefor decompressing32-bit object references:the patcheddecom-
pressionapproachbeforecodepatchingis applied.

;; R4 contains the referencing
;; object's virtual address

ld4 R1, [R4 + offset] ;; load 32-bit object offset and
;; sign-extend it into R1

jmp L2

L1: ... ;; referenced object's virtual
;; address is in R2 here

...
L2: add R2, R4, R1 ;; compute 64-bit address

tst R1, 0 ;; test least significant bit (LSB)
bre L1 ;; jump to L1 in case zero

;; slow decompression path
mask R1 ;; compute LAT index by masking R1
ld8 R2, [R5 + R1] ;; load 64-bit address from LAT

;; R5 contains LAT address and
;; R1 contains LAT index

jmp L1

Fig.5. Low-level pseudocodefor decompressing32-bit object references:the patcheddecom-
pressionapproachaftercodepatchingis applied.

thecodeshown in Figure4. In otherwords,the32-bitoffsetis addedto thereferencing
object'svirtual addressto obtainthereferencedobject'svirtual address.Thisavoidsthe
conditionalbranchasneededin theif-then decompressionimplementation.In casethe
referencedobjectmaynot bereachableusinga 32-bit offset, thedecompressioncode
needsto be patched.Codepatchingis doneat run time whenever pointer compres-
sionrevealsthatobjectsmaynolongerbereachableusingcompressedpointers,aswill
be discussedin the next section.The decompressioncodeafter patchingis shown in
Figure5. Codepatchingreplacestheaddition(of the32-bit offsetwith thereferencing
object'svirtual address)with ajumpto apieceof codethatdoesthepointerdecompres-
sionusingthe if-then approach.Sincemostobjectreferenceswill follow thefastpath,
thepatcheddecompressionapproach(beforepatchingis applied)will besubstantially
fasterthantheif-thendecompressionapproach.



compute difference between 64-bit virtual addresses
of the referenced object and the referencing object;

if (difference is smaller than 2GB) {
/* fast compression path */
store 32-bit offset;

}
else {

/* slow compression path */
allocate entry in LAT;
store the referenced object's address in the

LAT in allocated entry;
store LAT index as a 32-bit value while setting

the LSB of 32-bit value being stored;

/* for the patched approach */
patch pointer decompressions that need to;

}

Fig.6. High-level pseudocodefor compressing64-bit objectreferences.

3.3 Compressingpointers

Compressing64-bitpointersto 32-bitoffsetsis donetheotherwayaround,seeFigure6.
We �rst computethedifferencebetweenthe64-bit virtual addressesof the referenced
andreferencingobjects.If this differenceis smallerthan2GB, i.e., canberepresented
by a 32-bit offset, we then storethe differenceas a 32-bit offset in the referencing
object'sdata�elds. If on theotherhandthedifferenceis largerthan2GB,weallocatea
LAT entryandstorethereferencedobject's virtual addressin theallocatedLAT entry.
TheLAT entry's index is thenstoredin thereferencingobject'sdata�elds while setting
theLSB of thestoredLAT index. In caseof thepatcheddecompressionapproach,all
pointerdecompressionsthatmayreadthe32-bitoffsetneedto bepatched.Thepatching
itself is doneasdescribedin theprevioussection.ThisrequiresthattheVM keepstrack
of theaccessesto a givendata�eld in anobjectof a giventype.

3.4 Null pointer representation

An important issuewhen compressingreferencesis how to deal with null pointers.
Therepresentationof a null valuein native codeis typically a 64-bit zerovalue.Com-
pressinga64-bit null valueto a 32-bit representationunderORA is not trivial. A naive
approachwould representthecompressednull valueasa 32-bit zerovalue.However,
the32-bit null valuewould thenbedecompressedto thethis pointer, i.e., thepointer
to the object itself. This would make the null valueindistinguishablefrom the this
pointer.

For dealingwith null pointerrepresentation,we take the following approach.We
�rst addthe32-bitcompressedpointerto thereferencingobject's64-bitvirtual address.
In casetheleastsigni�cant 32 bits of theresultingvaluearezero,we considerthe32-
bit compressedpointerasthe null value.This meanswe no longerhave a singlenull



value.As a result,a specialtreatmentis requiredwhen comparingtwo pointers.In
caseboth pointersrepresentthe null value,a simplecomparisonmay evaluateto not
equal,for example,in casebothcompressedpointerscomefrom differentobjects.As
such,weneedto capturethisspecialcasein thevirtual machine'scodegeneratorwhen
generatingcodethat comparespointers.In addition,given that all memoryaddresses
with the 32 leastsigni�cant bits set to zerorepresentnull values,we cannotallocate
objectsat these4GB memoryboundaries.

3.5 Managing the LAT

Anotherimportantissueto dealwith is how to managetheLong AddressTable(LAT).
Allocating LAT entriesis very straightforward by advancingthe LAT headpointer.
ManagingLAT entriesisdoneduringgarbagecollection(GC).Letus�rst considernon-
generationalgarbagecollection.A SemiSpacegarbagecollector for example,which
copiesreachableobjectsfrom onespaceto theotherupona GC, requiresthattheLAT
berecomputed,i.e., a new LAT is built up duringGC andtheold LAT is discarded.A
Mark-Sweepgarbagecollectorthatdoesnot needto copy reachableobjects,in theory,
doesnot requirerecomputingthe LAT. However, in ordernot to let the LAT explode
becauseof entriespointing to deadobjects,a gooddesignchoiceis to alsorecompute
theLAT upona mark-sweepcollection.

Forgenerationalgarbagecollectors,werecommendusingtwo LATs,oneassociated
with thenurseryspaceandanotheroneassociatedwith thematurespace.Thenursery
LAT containsreferencesin andout of thenurseryspace;thematureLAT containsall
other references.Upon a nurseryGC, all reachablenurseryobjectsarecopiedto the
maturespace;assuch,thenurseryLAT canbediscardedandthematureLAT possibly
needsto be updatedfor the newly copiedobjects.Upon a full GC, the samestrategy
canbe usedasundera non-generationalGC, i.e., thematureLAT needsto be rebuilt
andin addition,thenurseryLAT is discarded.

In caseof the unlikely eventof the LAT runningfull—the LAT canbe chosento
besuf�ciently large,and,in addition,a goodobjectallocationstrategy would strive at
reducingthenumberof LAT entriesallocated—agarbagecollectioncouldbetriggered
to reclaimunreachablememory. GC will rebuild theLAT, andasa resulttheLAT will
likely shrink (or if needed,theLAT sizecouldbe increased).A datastructurelinking
memorypagesmakesincreasingtheLAT relatively easy, i.e., theLAT doesnotneedto
becopied.

3.6 Implications to copying garbagecollectors

Object-relative addressingraisesthe following issueto copying garbagecollectors.
Considerthe casewhereobjectA hasa referenceto objectB in its data�elds. As-
sumeobjectA is reachable;by consequence,objectB is alsoreachable.The garbage
collector hasto assumeboth objectsare live and a copying collector will thus have
to copy both objects.Assumethe copying collector �rst copiesobject A. The com-
pressedpointerin A referencingto B thenneedsto be updatedbecauseobjectA was
copiedwhich changesthecompressedpointer's baseaddress.Uponcopying objectB,
thecompressedpointerin A referencingto B needsto becomputedagainbecausenow



B is moved.In otherwords,thecompressedpointerin A needsto berecomputedtwice
underacopying garbagecollector.

In ordernot to recomputethecompressedpointertwice,we do thefollowing. Dur-
ing garbagecollection,we maintainboththeoriginal objectA anda copiedversionof
objectA in thescanlist, andwe usetheoriginalobjectA to retrievethevirtual address
of thereferencedobjectB. As such,weneedto recomputethecompressedpointeronly
once,namelyuponscanningobjectB.

3.7 Discussion

Note that pointercompressionanddecompressionin ORA cannotbe optimizedasin
the simplepointercompressiontechniqueproposedby Adl-Tabatabaiet al. [2]. Adl-
Tabatabaiet al. reportthat it is “crucial to optimizetheunnecessarycompressionand
decompressionin order to get net performancegains”. This can be doneby consid-
ering the phaseorderingbetweencodeoptimizationandcompression/decompression
arithmeticsto makesuretheadditionalcompression/decompressionarithmeticsgetop-
timizedwheneverpossible.Theoptimizationsby theAdl-Tabatabaiet al. approachin-
cludefor example:

– load-store forwarding: If a loaded32-bit offset is subsequentlystored,the 32-bit
offsetdoesnot needto be decompressedandsubsequentlycompressedagain;the
32-bitoffsetcanbestoredright away. Thisis notthecasefor ORA becausethebase
addressto which the 32-bit offset relatesis the virtual addressof the referencing
object.And sincetheobjectsfrom which the32-bit offset is loadedis likely to be
differentfrom the object to which the 32-bit offset needsto be stored,the 32-bit
offsetto bestoredneedsto berecomputed.

– referencecomparison: Comparingobjects'virtual addressescanbedoneeasilyby
comparingthe 32-bit offsetsin the Adl-Tabatabaiet al. approach.This is not the
casefor ORA; the64-bitvirtual addressesneedto bedecompressedfrom the32-bit
offsetsbeforeallowing for a comparison,thereasonbeingthat thebaseaddresses
arelikely to bedifferentfor both32-bit compressedpointers.

– reassociationof addressexpressions: Computingtheaddressof anobject�eld or
arrayelementinvolvestwo additionsin Adl-Tabatabaiet al.'s approach:theheap
baseneedsto beaddedto the32-bitoffsetplustheobject�eld' soffset.Undermany
circumstances,oneadditioncanbepre-computedat compiletime.For example,in
caseof anobject�eld access,theheapbaseaddressandtheobject�eld' soffsetare
bothconstantsandcanbepre-computed.Again, this is anoptimizationthatcannot
beappliedto ORA becausethebaseaddressis notconstant.A relatedoptimization
is to apply commonsubexpressionelimination.For example,if multiple �elds of
thesameobjectareaccessed,thentheheapbaseaddressplusthe32-bit offsetis a
commonsubexpressionthatcanbeeliminated,i.e., doesnotneedto berecomputed
overandoveragain.ThelatteroptimizationcanalsobeappliedunderORA.

In summary, the pointercompressionapproachby Adl-Tabatabaiet al. allows for
a numberof optimizationsthat cannotbeappliedto ORA. Hence,it is to beexpected
thatORA will performpoorerthanthepointercompressiontechniqueproposedby Adl-
Tabatabaiet al. However, ORA canapply pointercompressionto Java programsthat



allocatemorethan4GB of heapmemory, which cannotbedoneusingAdl-Tabatabatai
et al.'smethod.

It is interestingto notethat, in casethe `baseplus index plus offset' memoryad-
dressingmodewould beavailablein thehostISA—again,which is not thecasein our
PowerPCsetup—ORAwould be ableto apply an importantoptimizationthat would
likely close(partof) thegapbetweenORA andAdl-Tabatabaietal.'stechnique.Pointer
decompressioncanthenbecombinedwith �eld offsetcomputationinto asingleaddress
expression.In thatcase,theoptimizationdoneby Adl-Tabatabaiet al. to pre-compute
constantswouldbesubsumedby combiningthepointerdecompressionwith �eld offset
computation.

3.8 Implications for memory management

As mentionedin the introduction,object-relative addressingis envisionedto be used
in conjunctionwith a dedicatedmemorymanagementapproachfor allocatingobjects
in memoryregionssuchthat all inter-object referenceswithin a memoryregion can
be representedby a 32-bit offset.To this end,ORA canrely on previously proposed
memorymanagementapproachesthatallocateconnectedobjectsinto memoryregions
while minimizing thenumberof referencesacrossmemoryregions.Examplememory
managementapproachesthat serve this needare object colocation[3], connectivity-
basedgarbagecollection[4,5] andregion-basedsystems[6]. Thesmarterthememory
managementstrategy, the smallerthe numberof LAT accesses,the smallerthe com-
pression/decompressionoverhead,andthusthehigheroverallperformance.

In this context, it is also importantto note that ORA is �e xible in the sensethat
ORA canbe activatedanddeactivatedfor particularobjecttypes;or, if needed,ORA
canevenbeactivated/deactivatedfor particularreferencesbetweenpairsof objecttypes.
It wasthis insighton ORA's �e xibility that leadusto our compression/decompression
schemewith patching.Theslow decompressionpathis not calledfor at thebeginning
of the programexecutionas the heapis small enough—assuchwe always execute
the fastpathandthuseliminateexecutingthe if-then statement.Oncean inter-object
referenceis detectedthatcannotberepresentedby a 32-bit value,all thecodethatmay
possiblyreadthe compressedpointerneedsto be patched.ORA is �e xible enoughto
handlesuchcasesasa safetynet in casethememorymanagementstrategy would fail
to allocateobjectssothatall pointerscanberepresentedas32-bit offsets.

4 Experimental setup

We now detail our experimentalsetup:the virtual machine,the benchmarksand the
hardwareplatform on which we perform our measurements.We also detail how we
performedourstatisticalanalysison thedataweobtained.

4.1 JikesRVM

TheJikesRVM is anopen-sourcevirtualmachinedevelopedby IBM Research[10]. We
usedtherecent64-bitAIX/PowerPCv2.3.5port.We extendedthe64-bit JikesRVM in



suite benchmarkdescription
SPECjbb2000 pseudojbb modelsmiddletier of a three-tiersystem

DaCapo

antlr parsesoneor moregrammar®lesandgeneratesa parser
andlexical analyzerfor each

bloat performsa numberof optimizationsandanalysison
Java bytecode®les

fop takesanXSL-FO®le, parsesit andformatsit,
generatinga PDF®le

hsqldb executesa JDBCbench-like in-memorybenchmark,executing
a numberof transactionsagainsta modelof abankingapplication

jython interpretsthepybenchPythonbenchmark
pmd analyzesa setof Java classesfor a rangeof sourcecodeproblems

Table 1. Thebenchmarksusedin thispaper.

orderto be ableto supportthe full 64-bit virtual addressrange.In this paper, we use
theGenMSgarbagecollector. GenMSis a generationalcollectorthatcopiesreachable
objectsfrom thenurseryto thematurespaceupona nurseryspacegarbagecollection.
A full heapcollectionthencollectstheheapsusingthemark-sweepstrategy.

4.2 Benchmarks

The benchmarksthat we usein this studycomefrom the SPECjbb2000andDaCapo
benchmarksuites,seeTable1.SPECjbb2000isaserver-sidebenchmarkthatmodelsthe
middletier (thebusinesslogic) of a three-tiersystem.SinceSPECjbb2000is a through-
put benchmarkthatrunsfor a �x edamountof time,we usepseudojbb which runsfor
a �x edamountof work (35,000transactions)andanincreasingnumberof warehouses
goingfrom 1 upto 8 warehouses.Theinitial heapsizeis setto 256Mandthemaximum
heapsize is set to 512MB. The DaCapobenchmarksuite[11] is a relatively new set
of open-source,client-sideJava benchmarks.The DaCapobenchmarksexhibits more
complex code,richer objectbehaviors andmoredemandingmemorysystemrequire-
mentsthantheSPECjvm98client-sidebenchmarks.We setthemaximumheapsizeto
512MB with a 100MB initial heapsizein all of our experiments.We usetheDaCapo
benchmarksunderversionbeta-2006-08.Unfortunately, we wereunableto run all Da-
Capobenchmarkson JikesRVM v2.3.5;we usethe6 DaCapobenchmarksmentioned
in Table1. For bloat andjython we usethesmall input—thelarge input failedto run.
Theother4 DaCapobenchmarksarerun with thelarge input.

4.3 Hardwareplatform

Thehardwareplatformonwhichwehavedoneourmeasurementsis theIBM POWER4
which is a 64-bit microprocessorthat implementsthePowerPCISA. ThePOWER4is
an aggressive 8-wide issuesuperscalarout-of-orderprocessorcapableof processing
over200in-�ight instructions.ThePOWER4is a dual-processorCMP with privateL1
cachesanda shared1.4MB 8-wayset-associativeL2 cache.TheL3 tagsarestoredon-
chip; theL3 cacheis a 32MB 8-wayset-associativeoff-chip cachewith 512bytelines.



TheTLB in thePOWER4is a uni�ed 4-way set-associative structurewith 1K entries.
Theeffectiveto realaddresstranslationtables(I-ERAT andD-ERAT) operateascaches
for theTLB andare128-entry2-wayset-associativearrays.Thestandardmemorypage
sizeon thePOWER4is 4KB. Our 615pSeriesmachinehasonesinglePOWER4chip.
Theamountof RAM-memoryequals1GB.

In the evaluationsectionwe will measureexecutiontimeson the IBM POWER4
usinghardwareperformancecounters.TheAIX 5.1operatingsystemprovidesa library
(pmapi ) to accessthesehardwareperformancecounters.This library automatically
handlescounterover�ows andkernel threadcontext switches.The hardwareperfor-
mancecountersmeasurebothuserandkernelactivity.

4.4 Statistical analysis

In the evaluationsection,we want to measurethe impact on performanceof ORA.
Sincewe measureon real hardware,non-determinismin theseruns resultsin slight
�uctuations in thenumberof executioncycles.In orderto be ableto take statistically
valid conclusionsfrom theseruns,we employ statisticsto determine95% con�dence
intervalsfrom 8 measurementruns.Weusetheunpairedor noncorrespondingsetupfor
comparingmeans,see[12] (pages64–69).

5 Evaluation

In theevaluationsectionof thispaper, we�rst measuretheperformanceimpactof ORA
andsubsequentlyfocusonthereductionin memoryusageandits impactonthememory
subsystem.

5.1 Performance

For quantifyingtheperformanceimpactof ORA appliedto Javaapplicationobjects,we
consider� vescenariosthatwecompareagainstthebasecase.Ourbasecaseis a 64-bit
versionof JikesRVM whichassumes64-bitpointerrepresentationsin objectdata�elds.
Figure7 shows theperformancefor eachof thefollowing � ve scenariosrelative to the
basecase.Initially, weassumethatall pointercompressionsanddecompressionsoccur
throughthefastpath,i.e., all inter-objectreferencescanberepresentedas32-bitoffsets.
Wethensubsequentlyquantifytheoverheadof pointercompressionanddecompression
throughtheslow pathaccessingtheLAT.

Compressedpointers with zero heapbase. The`compressedpointerwith zeroheap
base'is thescenariowhereall 64-bitpointersin objectdata�elds arecompressedto 32-
bit pointerswith theheapbaseaddressbeingzero.This meansthat loadingthe32-bit
compressedpointers(with zeroextension)yields thevirtual addressof the referenced
object;storingacompressedpointeris doneby storingthefour leastsigni�cant bytesof
thevirtual addressto memory. This scenarioshows thebestpossibleperformancethat
canbe achieved throughcompressedpointer representation:pointersarecompressed
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Fig.7. Evaluatingobject-relative addressingin termsof performance.

andthereis nocompression/decompressionoverhead.Theaverageperformancegainis
5.0%,andupto 14.2%for hsqldb. Thisperformancegainis adirectconsequenceof the
memorysavingsthroughareducednumberof datacachemissesandD-TLB misses.

Compressedpointers with non-zero heapbase. The`compressedpointerwith non-
zeroheapbase' is similar to the previous scenarioexcept that the heapbaseaddress
is non-zero.In otherwords,decompressinga 32-bit pointerrequiresaddingthe32-bit
offset to the 64-bit heapbaseaddress.This scenariocorrespondsto Adl-Tabatabaiet
al.'s approach:it assumesthat the heapspaceis no larger than4GB, andassumesa
�x ed heapbaseaddress.The averageperformancegain for compressedpointerswith
a non-zeroheapbasedropsto 1.7%; the maximumperformancegain is observed for
hsqldb (11.1%)andthelargestslowdown is observedfor bloat (-4.6%).

The1.7%averageperformancegainover thebasecaseis smallerthanwhat is re-
portedby Adl-Tabatabaiet al. in [2]. The reasonis that our resultsare for the Pow-
erPCISA using Jikes RVM whereasthe resultsby Adl-Tabatabaiet al. are for the
Intel ItaniumProcessorFamily (IPF) usingORPandStarJIT. As a result,not all opti-
mizationsimplementedby Adl-Tabatabaiet al. may be implementedin our system.
Note however that the goal of this scenariois not to re-validatethe approachpro-
posedby Adl-Tabatabaiet al., but ratherto quantify theoverheadof pointercompres-
sion/decompressionin our framework.

ORA with if-then decompression. The `ORA if-then decompression'scenarioim-
plementsobject-relative addressingusing the if-then decompressionimplementation.
This scenarioincludestestingtheLSB of the32-bit compressedpointerfor determin-
ing whetherto takethefastor theslow path.Thisscenarioincursanaverageslowdown
of 1.5%.Thehighestslowdown observedis 3.5%(bloat); thehighestspeedupobserved
is 4.0%(hsqldb).



ORA with patched decompression. Thereare two `ORA patcheddecompression'
scenarios.The �rst `w/ patching' scenarioassumesthat all loadsarepatched,i.e., all
pointerdecompressionsaredoneby jumping to an if-then decompressionschemeas
shown in Figure5. Thesecond̀ w/o patching'scenarioassumesthatnoneof theloads
arepatched,i.e., all pointerdecompressionsaredoneby addingthe32-bit offsetto the
referencingobject'svirtual addressasshown in Figure4.As expected,the`w/ patching'
scenarioincursahigheroverheadthanthe`if-thendecompression'becauseof thejump
instruction,however, this overheadis very small andnot statisticallysigni�cant. The
`w/o patching' scenario,which eliminatesthe jump instructionin the decompression
schemeandwhich is the mostrealisticscenarioin casean appropriatememoryman-
agementstrategy is available,resultsin a statisticallyinsigni�cant averageslowdown
of 0.2%.Themaximumslowdown observedis 3.4%(pmd) andthemaximumspeedup
observedis 3.4%(hsqldb).

LAT accessoverhead. Sofar, weassumedthatall decompressionsoccuralongthefast
path,i.e., theslow decompressionpathis nevertaken.In orderto quantifytheoverhead
of goingthroughtheslow pathwehavesetupabenchmarkingexperimentin whichthe
nurseryandmaturespacearelocatedmorethan4GBawayfrom eachother. Thisbench-
markingexperimentimplies thatall inter-generationalpointers—fromnurseryobjects
to matureobjects,andviceversa—haveto passthroughtheLAT. In otherwords,aLAT
entry is allocatedfor all inter-generationalpointers,andthe slow path is taken when
compressing/decompressinginter-generationalpointers.On average,15.5%of all ref-
erencesgo throughthe slow path,up to 23.6%(fop) and36.6%(bloat). The average
slowdown of this benchmarkingexperimentis 4.1% � 1.3%.We want to emphasize
that thesolepurposeof this benchmarkingexperimentis to quantify theoverheaddue
to takingtheslow compression/decompressionpath;thegoalof this experimentis not
to presenta usecasescenario.In practice,whenanappropriatememorymanagement
strategy is employedthat limits thenumberof LAT accesses,evensmallerslowdowns
areto beexpected.

5.2 Cachehierarchy performance

Figures8 and9 show thenumberof L2 andL3 missesper1K instructionsof thebase
run,respectively. In thesegraphs,wenormalizethenumberof L2 andL3 missesfor the
variousscenariosfrom above to thenumberof instructionsin thebaserun.We clearly
observe thatthenumberof L2 missesandL3 misses(mainmemoryaccesses)reduces
throughORA,upto 12.6%and22.4%for pmd andhsqldb. In otherwords,ORA better
utilizesthecachehierarchyreducingthepressureonmainmemory.

5.3 Memory usage

Wenow analyzetheimpactof ORA onmemoryusageandquantifytheimpactof ORA
on thenumberof bytesallocatedandthenumberof memorypagestouched.

Figure 10 shows the reductionin the numberof allocatedbytesthroughobject-
relative addressing.Compressing64-bit object referencesreducethe numberof allo-
catedbytesby 10%onaverageandreductionsup to 14.5%for pmd.
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Figures11 and12 show thenumberof memorypagesin useon theverticalaxisas
a function of time (measuredin the numberof allocations)on the horizontalaxis for
pseudojbb andhsqldb, respectively. Each�gure shows two graphs,onefor thebase
64-bit pointerrepresentation(top graph),andonefor thecompressedpointerrepresen-
tation throughobject-relative addressing(bottomgraph).(We observedsimilar curves
for theotherbenchmarks.)Thecurvesin thesegraphsincreaseasmemorygetsallocated
until a garbagecollectionis triggeredafterwhich thenumberof usedpagesdrops.The
smalldropscorrespondto nurserycollections;thelargedropscorrespondto maturecol-
lectionscollectingthefull heap.Thegraphfor hsqldb shows thatthenumberof pages
in useis substantiallylower underORA thanunderthebase64-bit pointerrepresenta-
tion. Thegraphfor pseudojbb shows that the reducednumberof pagesin usedelays
garbagecollections,i.e., it takesa longertimebeforea garbagecollectionis triggered.

6 Relatedwork

6.1 Java program memory characterization

DieckmannandHölzle [13] presentadetailedcharacterizationof theallocationbehav-
ior of SPECjvm98benchmarks.Amongthenumerousaspectsthey evaluated,they also
quanti�edobjectsizeandtheimpactof objectalignmentontheoverallobjectsize.This
studywasdoneona32-bit platform.

Venstermanset al. [1] comparethememoryrequirementsfor Java applicationson
a 64-bit virtual machineversusa 32-bit virtual machine.They concludedthat objects
arenearly40%largerin a64-bitVM comparedto a 32-bitVM. Therearetwo primary
reasonsfor this.First,theheaderin 64-bitmodeis twiceaslargeasin 32-bitmode.This
accountsfor approximatelyhalf theobjectsizeincrease.Second,a referencein 64-bit
computingmodeis twice the sizeas in 32-bit computingmode.This causesthe data
�elds thatcontainreferencesto increase;this accountsfor roughlytheotherhalf of the
total objectsizeincreasebetween32-bit and64-bit. Pointercompressionasproposed
in this paperaddressesthesizeincreasebecauseof referencesin theobjectdata�elds.

A numberof relatedresearchstudieshave beendoneon characterizingthe mem-
ory behavior of Java applications,suchas[14,15,16]. Otherstudiesaimedat reducing
the memoryusageof Java applications,for example,using techniquessuchas heap
compression[17], objectcompression[18], etc.

6.2 Pointer compression

Mogul etal. [19] studiedtheimpactof pointersizeonoverallperformanceonaDigital
Alpha systemusinga collectionof C programs.They comparedthe performanceof
thesameapplicationin both64-bitand32-bitmode.They concludedthatwhile perfor-
mancewasoftenunaffectedby largerpointers,someprogramsexperiencedsigni�cant
performancedegradations,primarily dueto cacheandmemorypageissues.Thestudy
doneby Venstermanset al. [1] con�rms these�ndings for Javaprograms.

Adl-Tabatabai[2] addressthe increasedmemoryrequirementsof 64-bit Java im-
plementationsby compressing64-bitpointersto 32-bitoffsets.They applytheirpointer



compressiontechniqueto boththeTypeInformationBlock (TIB) pointer—or thevtable
pointer—andthe forwardingpointerin theobjectheaderandto pointersin theobject
itself. As mentionedbefore,theapproachby Adl-Tabatabaiet al. is limited to applica-
tionswithin a 32-bit addressspace.As such,applicationsthat requiremorethan4GB
of memorycannotbene�t from pointercompression.

LattnerandAdve[7,20] applyasimilarapproachto compressingpointersin linked
datastructures.Linked datastructuresareplacedin a memoryregion wherepointers
arerepresentedrelative to thememoryregion'sbaseaddress.

ZhangandGupta[21] compress32-bit integervaluesand32-bitpointervaluesinto
15-bitentities,appliedto 32-bitC programs.For integervalues,in casethe18mostsig-
ni�cant bitsareidentical,i.e., all 1'sor all 0's,theintegervaluecanbecompressedinto
a15-bitentityby discardingthe17mostsigni�cant bits.A pointerin anobject's�eld is
compressedif the17 mostsigni�cant bits of thereferencingobject's virtual addressis
identicalto the17 mostsigni�cant bits of thereferencedobject's virtual address;only
the 15 leastsigni�cant bits are thenstored.This is similar to ORA at �rst sight, but
thereis asubtlebut importantdifference.WhereasORA allows for compressingpoint-
ersin casethereferencedobjectis reachablewith ann-bit offset from thereferencing
object,ZhangandGupta's approachrequiresthat both objectsresidein the same2n -
bit memoryregion.This may leadto thesituationwheretwo objectsarecloseto each
other, i.e., thedifferencebetweenboth object's virtual addressesis smallerthanwhat
canberepresentedby ann-bit offset,yet thepointerscannotbe compressed.Pairsof
compressed15-bitentitycompressedarepackedtogetherinto asingle32-bitword.Ac-
celeratingcompression/decompressionis donethroughdatacompressionextensionsto
theprocessor's ISA.

Kaehlerand Krasner[22] describethe Large Object-OrientedMemory (LOOM)
techniquefor accessinga 32-bit virtual addressspaceon a 16-bit machine.Objectsin
secondarymemoryhave32-bitpointersto otherobjects.Primary(main)memoryserves
asa cacheto secondarymemory. Objectpointersin main memoryarerepresentedas
short16-bit indicesinto anObjectTable(OT). This OT containsthefull 32-bit address
of theobject.Objectsneedto bemovedto mainmemorybeforethey canbereferenced.
Translationbetween32-bit pointersand16-bit indicesis performedwhenmoving ob-
jectsto mainmemory.

6.3 Object headercompression

A numberof studieshave beendoneon compressingobjectheaderswhich we brie�y
discusshere.

Baconet al. [23] presenta numberof headercompressiontechniquesfor theJava
objectmodelon32-bitmachines.They proposethreeapproachesfor reducingthespace
requirementsof theTIB pointerin theheader:bit stealing,indirectionandtheimplicit
typemethod.Bit stealingandindirectionstill requireacondensedform of aTIB pointer
to bestoredin theheader. Implicit typing on theotherhand,completelyeliminatesthe
TIB pointer. Various�a vors of implicit typing have beenproposedin the literature,
suchasBig Bag of Pages(BiBOP) approachby Steele[24] andHanson[25], a hy-
brid BiBOP/bit-stealingapproachby Dybvig et al. [26], andSelective TypedVirtual
Addressing[8].



Shuf et al. [27] proposethe notion of proli�c typesversusnon-proli�c types.A
proli�c type is de�ned asa typethathasa suf�ciently largenumberof instancesallo-
catedduringa programexecution.In practice,a typeis calledproli�c if thefractionof
objectsallocatedby theprogramof this typeexceedsa giventhreshold.All remaining
typesarereferredto asnon-proli�c. Shuf et al. found that only a limited numberof
typesaccountfor mostof theobjectsallocatedby theprogram.They thenproposeto
exploit this notion by usingshorttypepointersfor proli�c types.The ideais to usea
few typebits in thestatus�eld to encodethetypesof theproli�c objects.As such,the
TIB pointer�eld canbeeliminatedfrom theobjectheader. Theproli�c typecanthenbe
accessedthrougha typetable.A specialvalueof thetypebits, for exampleall zeros,is
thenusedfor non-proli�c objecttypes.Non-proli�c typesstill have a TIB pointer�eld
in their objectheaders.A disadvantageof this approachis that thenumberof proli�c
typesis limited by thenumberof availablebits in thestatus�eld. In addition,comput-
ing theTIB pointerfor proli�c typesrequiresanadditionalindirection.Theadvantage
of theproli�c approachis thattheamountof memoryfragmentationis limited sinceall
objectsareallocatedin a singlesegment,muchasin traditionalVMs.

7 Conclusion

Pointersin 64-bit addressspacesrequiretwice asmuchmemoryasin 32-bit address
spaces.This resultsin increasedmemoryusagewhich degradescacheandTLB per-
formance;in addition,physicalmemorygetsexhaustedquicker. This paperpresented
object-relative addressing(ORA) for implementationin 64-bit Java virtual machines.
ORA compresses64-bit pointersin object�elds into 32-bit offsetsrelative to therefer-
encingobject's virtual address.The importantbene�t of ORA over prior work, which
assumed32-bit offsetsrelative to a �x ed baseaddress,is that ORA enablespointer
compressionfor programsthatallocatemorethan4GB of memory. Our experimental
resultsusingJikesRVM on an IBM POWER4 machineusingSPECjbbandDaCapo
benchmarksshow that ORA incursa statisticallyinsigni�cant impacton overall per-
formancecomparedto raw 64-bit pointerrepresentation,while reducingtheamountof
memoryallocatedby 10%onaverageandup to 14.5%for someapplications.
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