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Abstract

64-bitaddressspacexomeat theprice of pointersrequiringtwiceasmuc memory
as 32-bit addressspacesresultingin increasedmemoryusage. Increasedmemoryus-
ageis especiallyof concernon madinesthatare heavilyloadedwith memory-intensive
applications;overall systenperformancecan quickly deterioate oncephysicalmem-
ory is exhausted.

Thispaperreduceshememoryusage of 64-bitpointersin thecontext of Javavirtual
madinesthroughpointercompessioncalled Object-RelativeAddressing({ORA).The
ideais to compess64-bit raw pointers into 32-bit offsetsrelative to the refelencing
object's virtual address.Unlike previous work on the subjectusing a constantbase
addressfor compessegointers, ORAallowsfor applyingpointercompiessiorno Java
programsthat allocatemotre than4GB of memory

Our experimentalresultsusing Jikes RVM and the SPECjbband DaCapobend-
markson an IBM POWER4madine showthat the overheadintroducedby ORAis
statistically insigni cant on avelage compaked to raw 64-bit pointer representation,
while reducingthe total memoryusage by 10% on average and up to 14.5%for some
applications.

1 Intr oduction

In our recentwork [1], we reportedthat Java objectsincreaseby 40% in size when
comparings4-bitagainsB2-bitJavavirtual machinesAbouthalf of thisincreasecomes
from the increasedeademhich doublesin size.The otherhalf comesfrom increased
object elds containingpointersor references.

Running64-bit Java virtual machinesanthusbe costlyin termsof memoryusage.
This is a seriousconcernon heary-loadedsystemsawith mary simultaneouslyunning
programsthat are memory-intensie. In fact, overall systemperformancecanquickly
deterioratebecausef memorypageswappingoncephysicalmemorygetsexhausted.
Oneway of dealingwith the excessve memoryusageon 64-bit systemss to have more
physicalmemoryin the machineasonewould provide on a 32-bit system.However,
thisis costlyasphysicalmemoryis a signi cant costin today's computersystems.

This paperproposedo addresshe increasednemoryusagein 64-bit Java virtual
machinesthrough Object-RelativeAddressing(ORA) Object-relatve addressings a
pointer compressioriechniquethat compressegointersin object elds as 32-bit off-
setsrelative to the currentobject's addressThe 64-bit virtual addres®of thereferenced
objectis thenobtainedby addingthe 32-bit offsetto the 64-bit virtual addresof the



referencingobject.In casethereferencedbijectis furtheraway thanwhatcanberep-
resentedy a 32-bit offset, objectrelative addressindnterpretsthe 32-bit offsetasan
index in the Long AddressTable (LAT) that translateghe 32-bit offset into a 64-bit
virtual address.

The advanceof object-relatve addressingver prior work on the subjectby Adl-
Tabatabakt al. [2], is that object-relatve addressindgs not limited to Java programs
thatconsumeéessthan4GB of heap or the 32-bitvirtual addresspaceObject-relatve
addressingnablegpointer compressiono be appliedto all Java programsijncluding
Java programghatallocatemorethan4GB of memory

We ervisionthatobject-relatve addressings to beusedn conjunctionwith amem-
ory managemernstratgy that strivesat limiting the numberof inter-objectreferences
that crossthe 32-bit addresgange.Crossingthe 32-bit addressangeincursoverhead
becausedhe LAT needsto be accessedor retrieving the 64-bit addresscorrespond-
ing to the 32-hit offset. Limiting the numberof LAT accessethuscallsfor amemory
allocatorandgarbagecollectorthat strivesat allocatingobjectswithin a virtual mem-
ory region thatis reachablehroughthe (signed)32-bit offset. Suchmemoryallocators
and garbagecollectorscan be built usingtechniquessimilar to objectcolocation[3],
connectvity-basedmemoryallocationand collection[4,5], region-basedsystemg6],
etc

The experimentakesultsusingthe SPECjbb200@ndthe DaCapobenchmarkand
theJikesRVM onanIlBM POWNVER4machineshav thatobject-relatve addressingloes
not incur a run time overhead Someapplicationsexperiencea performancemprove-
mentup to 4.0% while otherapplicationsexperiencea slovdown of at most3.5%;0n
averagethough,no statisticallysigni cant performancémpactis obsened.Thebene t
of ORA comesin termsof memoryusagetheamountof allocatednemoryreducesy
10%on averageandfor someapplicationaup to 14.5%.

This paperis organizedas follows. After having discussedprior work in object
pointercompressiotn section2, wewill presenbbject-relatve addressingn section3.
Section4 will thendetail our experimentalsetup.The evaluationof ORA in termsof
overall performancememoryhierarchyperformanceand memoryusagewill be pre-
sentedn sectionb. Finally, we will discusgelatedwork in section6 beforeconcluding
in section?.

2 Object pointer compression:Prior work

The prior work on the subjectby Adl-Tabatabaiet al. [2] proposea straightforvard
compressioschemdor addressinghe memoryusagen 64-bit Java virtual machines.
They represenB4-bit pointersas 32-bit offsetsfrom a baseaddressof a contiguous
memoryregion. Dereferencingor decompressin@ pointer then involves addingthe
32-bit offsetto a baseaddresyielding a 64-bit virtual addessReverse ,compressing
64-bit virtual addressnto a 32-bit offsetrequiressubstractinghe 64-bit addresgrom
thebaseaddressthelower 32 bits arethenstored A similar approactwasproposedy
LattnerandAdve[7] for compressingointersin linkeddatastructures.

The factthat 64-bit virtual addressearerepresenteds 32-bit offsetsfrom a base
addresgmplies that this pointer compressiortechniqueis limited to Java programs
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Fig. 1. lllustratingthebasicideaof object-relatve addressingon theright) comparedigainsthe
traditional64-bit addressingon theleft).

that consumeessthan 4GB of storagelf a Java programallocatesmore than 4GB
of memory the virtual machinehasto revert to the 64-bit pointerrepresentationThis
couldfor examplebe doneby settingthe maximumheapsizethrougha commandine
option:if themaximumheapsizeis largerthan4GB, uncompressegointersareused;
if smallerthan4GB, compressegointersareused.

Adl-Tabatabaetal. applytheir pointercompressiomethodto bothvtablepointers
andpointersto otherJava objects,so calledobjectreferencesT he 32-bit objectrefer
encesarethenrelative offsetsto the heaps baseaddressthe 32-bit vtable pointersare
relative offsetsto thevtablespaces baseaddress.

In this paperwe focuson compressingbjectreferencesnddo notaddresvtable
pointercompressionThereasoris thatvtablepointersarenotthatbig of anissuewhen
it comesto pointercompressionThe 32-bit vtable pointer offsetsare highly likely to
besufcient evenfor programghatallocateverylargeamountsof memory;it is highly
unlikely to requiremorethan4GB of memoryfor allocatingvtablesIn otherwords,the
pointercompressiomethodby AdI-Tabatabaétal. is likely to work properlywhenap-
pliedto vtablepointers Moreover, recentwork by Venstermanstal. [8] hasproposec
techniquehatcompletelyeliminatesthe vtablepointerfrom the objectheadeithrough
typedvirtual addressingWe alsorefer to the relatedwork sectionof this paperfor a
discussioron objectheadereductiontechniques.

3 Object-Relative Addressing

Object-RelativeAddressing(ORA)is a pointer compressioriechniquefor 64-bit Jasa
virtual machineshat doesnot suffer from the 4GB heaplimitation in Adl-Tabatabai
et al.'s method.The goal of ORA is to enableheappointercompressiorfor all Jasa
programsgvenfor programghatallocatemorethan4GB of memory

3.1 Basicidea

Figure 1 illustratesthe basicidea of object-relatve addressindORA) and compares
ORA againsthetraditionalway of referencingobjectsin 64-bit Java virtual machines.



read 32-bit object reference;

if (least significant bit of 32-bit reference is NOTset) ({
/* 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 pseudocodér decompressing2-bit objectreferences.

We call the referencingobjectthe objectthat containsa pointerin its data elds. The
objectbeingreferenceds calledthereferenceabject. ORA referencesbjectsthrough
32-bit offsets.The “fast' decompressiopaththenaddsthis 32-bit offsetto the refer
encingobjectsvirtual addresg$or obtainingthevirtual addres®f thereferenceabject.
This is the casewhenboth the referencingobjectandthe referencedbjectare close
enoughto eachothersothata 32-bit offsetis sufciently large.In casebothobjectsare
further away from eachotherin memorythanwhat canbe addressethrougha 32-bit
offset, ORA follows the “slow' decompressiopath. The 32-bit offsetis thenconsid-
eredasanindex into theLongAddressTable (LAT) which holds64-bitvirtual addresses
correspondingo 32-bitindexes.

The endresultof object-relatve addressings that only 32 bits of storagearere-
quiredfor storing objectreferencesThis reducesthe amountof memoryconsumed
comparedo thetraditionalway of storingobjectreferencesvhich requires64 bits of
storage We now go throughthe detailsof haw ORA canbeimplementedWe discuss
(i) how pointersaredecompressedii) how to compresgpointersiii) how to dealwith
null pointerrepresentation(jv) how to managahe LAT, (v) whattheimplicationsare
for garbagecollection, (vi) hov ORA comparego Adl-Tabatabakt al.'s methodin
termsof anticipatedruntime overheadand nally (vii) whatthe implicationsarefor
memorymanagement.

3.2 Decompressingpointers

Decompressin@2-bit objectreferencesequiresdeterminingwhetherthe fastor slow
pathis to be taken. Thisis doneat runtimeby inspectingthe leastsigni cant bit of the
32-bitoffset;in casetheleastsigni cant bit is zero,thefastpathis taken; otherwisethe
slow pathis taken. Thisis illustratedin Figure2 showving the high-level pseudocodéor
decompressing2-bit objectreferencednto 64-bitvirtual addresses.

Theway how the high-level pseudocodés translatednto native machineinstruc-
tionshasasigni cant impacton overall performanceAnd in addition,ef cient pointer
decompressiois likely to resultin differentimplementationon platformswith dif-
ferentinstruction-searchitectureg¢lSAs). For example,in casepredicatedexecutionis
availablein the ISA [9], a potentialimplementatiorcould predicatethe fastand slow
paths.Or, in casea "baseplus index plus offset' addressingnodeis availablein the



;7 R4 contains  the referencing

5 object's virtual address
[d4 R1, [R4 + offset] ;7 load 32-bit object offset and

i sign-extend it into R1

;v fast  decompression path

add R2, R4, R1 ;7 compute 64-bit  address
tst R1, 1 ;; test least  significant bit (LSB)
bre L2 ;7 jump to L2 in case non-zero

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

L2: ;7 slow decompression path
mask R1 ;; compute LAT index by masking R1
1d8 R2, [R5 + R1] ;v load 64-bit address from LAT

R5 contains LAT address and
R1 contains LAT index
jmp L1

Fig. 3. Low-level pseudocodéor decompressing2-bit objectreferencestheif-thendecompres-
sionapproach.

ISA, computingthe addresof anobject eld beingaccessedh thereferencedbject
couldbeintegratedinto a singlememoryoperation,.e., the decompressioarithmetic
could be combinedwith the eld accessThereferencingobjects virtual addreslus
the 32-bitoffsetplustheoffsetof theobject eld in thereferenceabjectcouldthenbe
encodedn asingleaddressingnode.

In our experimentalsetupusinga PaverPCsetup,we werenot ableto implement
theseoptimizationsbecausehe PoverPCISA doesnot provide predicationnor does
it supportthe "baseplusindex plus offset' addressingnode.Instead we considertwo
implementationso pointerdecompressiothataregenerallyapplicableacrosdifferent
ISAs. Thesewo decompressioimplementationfiave differentperformancérade-ofs
whichwe discussnow andwhichwe will experimentallyevaluatein section5.

If-then pointer decompression. The if-then implementationis showvn in Figure 3.
Theassemblecodegeneratedor decompressing2-bitobjectreferencesptimizesthe
correspondingpigh-level pseudocodby optimizingfor the mostcommoncasenamely
thefastpath.We (speculatiely) computehevirtual addres®f thereferenceabjectby
addingthe 32-bit offsetwith the referencingobjects virtual addressin casethe least
signi cant bit of the 32-bitoffsetis zero,we thencontinuefetchingandexecutingalong
thefall-throughpath.Only in casetheleastsigni cant bit of the 32-bit offsetis set,we
jumpto theslow path.Theslow pathselectsa numberof bits from the 32-bit offsetthat
will sene asindex into the LAT. The slow paththenindexesthe LAT which readsthe
64-bitvirtual addres®f thereferencedabiject.

Patched pointer decompression. Patchedpointerdecompressionptimizesthe com-
mon caseeven further by assuminghatthe fastpathis alwaystaken. This resultsin



;7 R4 contains  the referencing
5 object's virtual address
[d4 R1, [R4 + offset] ;7 load 32-bit object offset and
i sign-extend it into R1
;v fast  decompression path
add R2, R4, R1 ;7 compute 64-bit  address
L1 .. ;. referenced object's virtual
5 address is in R2 here

Fig. 4. Low-level pseudocoddor decompressin@2-bit objectreferencesthe patcheddecom-
pressiorapproactbeforecodepatchingis applied.

;7 R4 contains  the referencing

i object's virtual address
1d4 R1, [R4 + offset] ;v load 32-bit object  offset and
5 sign-extend it into R1
jmp L2
L1: ;. referenced object's virtual
5 address is in R2 here
L2: add R2, R4, R1 ;7 compute 64-bit address
tst R1, O ;; test least  significant bit (LSB)
bre L1 ;7 jump to L1 in case zero
;v slow decompression path
mask R1 ;7 compute LAT index by masking R1
1d8 R2, [R5 + R1] ;v load 64-bit address from LAT
;. R5 contains  LAT address and
R1 contains  LAT index
jmp L1

Fig.5. Low-level pseudocoddor decompressin@2-bit objectreferencesthe patcheddecom-
pressiorapproactaftercodepatchingis applied.

thecodeshawn in Figure4. In otherwords,the 32-bit offsetis addedo thereferencing
objectsvirtual addresso obtainthereferenceabject'svirtual addressThis avoidsthe
conditionalbranchasneededn theif-then decompressioimplementationin casethe
referencedbjectmay not be reachablausinga 32-bit offset, the decompressionode
needsto be patched.Code patchingis doneat run time whenever pointer compres-
sionrevealsthatobjectsmaynolongerbereachablaisingcompressegointers aswill
be discussedn the next section.The decompressiogodeafter patchingis shavn in
Figure5. Codepatchingreplaceghe addition(of the 32-bit offsetwith thereferencing
objectsvirtual addressvith ajumpto apieceof codethatdoesthepointerdecompres-
sionusingtheif-then approachSincemostobjectreferencewill follow thefastpath,
the patcheddecompressioapproachbeforepatchingis applied)will be substantially
fasterthantheif-then decompressioapproach.



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 pseudocodér compressing4-bit objectreferences.

3.3 Compressingpointers

Compressin@4-bitpointersto 32-bitoffsetsis donetheotherway around seeFigure6.
We rst computethe differencebetweernthe 64-bit virtual addressesf the referenced
andreferencingobjects.If this differenceis smallerthan2GB, i.e., canberepresented
by a 32-bit offset, we then store the differenceas a 32-bit offset in the referencing
objectsdata elds. If ontheotherhandthedifferences largerthan2GB, we allocatea
LAT entry andstorethereferencedbiject's virtual addressn the allocatedLAT entry.
TheLAT entry'sindex is thenstoredin thereferencingbjects data elds while setting
the LSB of the storedLAT index. In caseof the patcheddecompressioapproachall
pointerdecompressiorthiatmayreadthe 32-bit offsetneedto bepatchedThepatching
itselfis doneasdescribedn theprevioussection.Thisrequiresghatthe VM keepdrack
of theaccessew agivendata eld in anobjectof agiventype.

3.4 Null pointer representation

An importantissuewhen compressingeferencess how to deal with null pointers.
Therepresentatioof a null valuein native codeis typically a 64-bit zerovalue.Com-
pressinga 64-bit null valueto a 32-bitrepresentationnderORA is nottrivial. A naive
approachwould representhe compressedull valueasa 32-bit zerovalue.However,
the 32-bit null valuewould thenbe decompressetb thethis  pointer i.e., the pointer
to the objectitself. This would make the null valueindistinguishabldrom the this
pointer

For dealingwith null pointerrepresentationywe take the following approachWe
rst addthe32-bitcompressegointerto thereferencingobject's 64-bitvirtual address.
In casetheleastsigni cant 32 bits of theresultingvaluearezero,we considerthe 32-
bit compressegbointerasthe null value. This meanswe no longerhave a single null



value. As a result, a specialtreatmentis requiredwhen comparingtwo pointers.In
caseboth pointersrepresenthe null value,a simple comparisormay evaluateto not
equal,for example,in caseboth compressegointerscomefrom differentobjects.As
such,we needto capturethis specialcasen thevirtual machines codegeneratowhen
generatingcodethat comparesointers.In addition, giventhat all memoryaddresses
with the 32 leastsigni cant bits setto zerorepresennull values,we cannotallocate
objectsatthese4AGB memoryboundaries.

3.5 Managingthe LAT

Anotherimportantissueto dealwith is how to managehe Long AddressTable (LAT).
Allocating LAT entriesis very straightforvard by advancingthe LAT headpointer
ManagingLAT entriesis doneduringgarbagesollection(GC).Letus rst considemon-
generationabjarbagecollection. A SemiSpaceyarbagecollectorfor example,which
copiesreachablebjectsfrom onespaceto the otherupona GC, requiresthatthe LAT
berecomputedi.e., anew LAT is built up during GC andthe old LAT is discardedA
Mark-Sweepgarbagecollectorthatdoesnot needto copy reachablebjects,in theory
doesnot requirerecomputingthe LAT. However, in ordernot to let the LAT explode
becausef entriespointingto deadobjects,a gooddesignchoiceis to alsorecompute
the LAT upona mark-sweepzollection.

For generationagjarbageollectorswe recommendisingtwo LATS,oneassociated
with the nurseryspaceandanotheroneassociatedvith the maturespace The nursery
LAT containsreferencesn andout of the nurseryspacethe matureLAT containsall
otherreferencesUpon a nurseryGC, all reachablenurseryobjectsare copiedto the
maturespaceassuch,thenurseryLAT canbediscardecandthe matureLAT possibly
needsto be updatedfor the newly copiedobjects.Upona full GC, the samestrategyy
canbe usedasundera non-generationaGC, i.e., the matureLAT needsto be rehuilt
andin addition,thenurseryLAT is discarded.

In caseof the unlikely eventof the LAT runningfull—the LAT canbe chosernto
be sufciently large,and,in addition,a goodobjectallocationstratey would strive at
reducingthenumberof LAT entriesallocated—agarbagecollectioncouldbetriggered
to reclaimunreachablenemory GC will rekuild the LAT, andasa resultthe LAT will
likely shrink (or if neededthe LAT size couldbeincreased)A datastructurelinking
memorypagednakesincreasinghe LAT relatively easyi.e., theLAT doesnotneedto
be copied.

3.6 Implications to copying garbagecollectors

Object-relatve addressingaisesthe following issueto copying garbagecollectors.
Considerthe casewhereobject A hasa referenceto objectB in its data elds. As-
sumeobjectA is reachableby consequencebjectB is alsoreachableThe garbage
collector hasto assumeboth objectsare live and a copying collector will thus have
to copy both objects.Assumethe copying collector rst copiesobjectA. The com-
pressedointerin A referencingto B thenneedsto be updatedbecaus@bjectA was
copiedwhich changeghe compressegointer's baseaddressUpon copying objectB,
thecompressegointerin A referencingo B needgo be computedagainbecausa&ow



B is moved.In otherwords,the compressegointerin A needgo berecomputedwice
underacopying garbagecollector

In ordernotto recomputehe compressegointertwice, we do the following. Dur-
ing garbagecollection,we maintainboth the original objectA anda copiedversionof
objectA in the scanlist, andwe usethe original objectA to retrieve the virtual address
of thereferencedbjectB. As such,we needto recomputehe compressegointeronly
once,namelyuponscanningobjectB.

3.7 Discussion

Note that pointer compressiorand decompression ORA cannotbe optimizedasin
the simple pointer compressioriechniqueproposecby Adl-Tabatabagt al. [2]. AdI-
Tabatabaket al. reportthatit is “crucial to optimizethe unnecessargompressiorand
decompressioin orderto get net performancegains”. This can be doneby consid-
ering the phaseorderingbetweencode optimizationand compression/decompression
arithmeticsto malke surethe additionalcompression/decompressianthmeticggetop-
timizedwheneer possible The optimizationsby the Adl-Tabatabagt al. approachn-
cludefor example:

— load-stoe forwarding: If aloaded32-bit offsetis subsequentlgtored,the 32-bit
offsetdoesnot needto be decompressedndsubsequentlgompressedgain;the
32-bitoffsetcanbestoredright away. Thisis notthecasefor ORA becausé¢hebase
addresgo which the 32-bit offsetrelatesis the virtual addresf the referencing
object.And sincethe objectsfrom which the 32-bit offsetis loadedis likely to be
differentfrom the objectto which the 32-bit offset needsto be stored,the 32-bit
offsetto be storedneedso berecomputed.

— refeencecomparison Comparingobjects'virtual addressesanbe doneeasilyby
comparingthe 32-bit offsetsin the Adl-Tabatabakt al. approachThis is not the
casdfor ORA; the 64-bitvirtual addresseseedto bedecompresseitiom the 32-bit
offsetsheforeallowing for a comparisonthe reasorbeingthatthe baseaddresses
arelikely to bedifferentfor both 32-bitcompressegointers.

— reassociatiorof addressexpressions Computingthe addresof anobject eld or
array elementinvolvestwo additionsin Adl-Tabatabaget al.'s approachthe heap
baseneedgo beaddedo the 32-bitoffsetplustheobject eld' s offset.Undermary
circumstancesyneadditioncanbe pre-computedt compiletime. For example,in
caseof anobject eld accesstheheapbaseaddressandtheobject eld' s offsetare
bothconstantandcanbe pre-computedAgain, thisis anoptimizationthatcannot
beappliedto ORA becaus¢hebaseaddresss not constantA relatedoptimization
is to apply commonsubepressiorelimination. For example,if multiple elds of
the sameobjectareaccessedhenthe heapbaseaddresplusthe 32-bit offsetis a
commonsubepressiorthatcanbeeliminatedj.e., doesnotneedto berecomputed
overandoveragain.ThelatteroptimizationcanalsobeappliedunderORA.

In summarythe pointercompressiorapproachby Adl-Tabatabaket al. allows for
a numberof optimizationsthat cannotbe appliedto ORA. Hence,it is to be expected
thatORAwill performpoorerthanthepointercompressiotechniqueproposedy Adl-
Tabatabakt al. However, ORA canapply pointercompressiorio Java programsthat



allocatemorethan4GB of heapmemory which cannotbe doneusingAdI-Tabatabatai
etal.'smethod.

It is interestingto notethat, in casethe “baseplusindex plus offset’ memoryad-
dressingnodewould be availablein the hostiISA—again,whichis notthe casein our
PaverPCsetup—ORAwould be ableto apply animportantoptimizationthat would
likely close(partof) thegapbetweerORA andAdl-Tabatabaétal.'stechniquePointer
decompressionanthenbecombinedwith eld offsetcomputatiorinto asingleaddress
expressionln thatcase the optimizationdoneby Adl-Tabatabagt al. to pre-compute
constantsvould besubsumedby combiningthe pointerdecompressiowith eld offset
computation.

3.8 Implications for memory management

As mentionedin the introduction,object-relatve addressings ervisionedto be used
in conjunctionwith a dedicatednemorymanagemendapproactfor allocatingobjects
in memoryregions suchthat all inter-objectreferencesvithin a memoryregion can
be representedby a 32-bit offset. To this end, ORA canrely on previously proposed
memorymanagemerapproachethatallocateconnectedbjectsinto memoryregions
while minimizing the numberof referencescrossmemoryregions.Examplememory
managemenapproacheshat sene this needare objectcolocation[3], connectvity-
basedgarbagecollection[4,5] andregion-basedsystemd6]. The smarterthe memory
managemenstratagy, the smallerthe numberof LAT accesseghe smallerthe com-
pression/decompressiomerheadandthusthe higheroverall performance.

In this contet, it is alsoimportantto notethat ORA is e xible in the sensethat
ORA canbe activatedand deactvatedfor particularobjecttypes;or, if neededORA
canevenbeactivated/deactiatedfor particulareferencebetweermpairsof objecttypes.
It wasthis insighton ORA's e xibility thatleadusto our compression/decompression
schemawith patching.The slow decompressiopathis not calledfor at the beginning
of the programexecutionas the heapis small enough—assuchwe always execute
the fastpath and thus eliminate executingthe if-then statementOncean inter-object
references detectedhatcannotberepresentely a 32-bitvalue,all the codethatmay
possiblyreadthe compressegointerneedsto be patchedORA is e xible enoughto
handlesuchcasesasa safetynetin casethe memorymanagemenstratgyy would fail
to allocateobjectssothatall pointerscanberepresenteds32-bit offsets.

4 Experimental setup

We now detail our experimentalsetup:the virtual machine the benchmarksand the
hardware platform on which we perform our measurementd/Ve also detail how we
performedour statisticalanalysison the datawe obtained.

4.1 JikesRVM

TheJikesRVM is anopen-sourcgirtual machinedevelopedby IBM ResearciilQ]. We
usedtherecent64-bit AIX/PowerPCv2.3.5port. We extendedthe 64-bit JikesRVM in



suite benchmarl{description
SPECjbb2000|pseudojbb|modelsmiddletier of athree-tiersystem

antlr parse®neor moregrammai®lesandgenerates parser
andlexical analyzerfor each
bloat performsa numberof optimizationsandanalysison
DaCapo Jarabytecode®les . .
fop takesan XSL-FO ®le, parsest andformatsit,
generatinga PDF®le

hsqldb executesa JDBCbench-like in-memorybenchmarkexecuting

anumberof transactionggainsia modelof abankingapplication

jython interpretsthe pybenchPythonbenchmark

pmd analyzesa setof Java classesor arangeof sourcecodeproblems
Table 1. Thebenchmarksisedin this paper

orderto be ableto supportthe full 64-bit virtual addresgange.In this paper we use
the GenMSgarbagecollector GenMSis a generationatollectorthatcopiesreachable
objectsfrom the nurseryto the maturespaceupona nurseryspacegarbagecollection.
A full heapcollectionthencollectsthe heapausingthe mark-sweestrateyy.

4.2 Benchmarks

The benchmarkghat we usein this study comefrom the SPECjbb200@&nd DaCapo
benchmarlsuites seeTablel. SPECjbb200@s asener-sidebenchmarkhatmodelshe
middletier (the businesdogic) of athree-tiersystem SinceSPECjbb200@s athrough-
putbenchmarkhatrunsfor a x edamountof time, we usepseudojbb which runsfor
a x edamountof work (35,000transactionsandanincreasinghumberof warehouses
goingfrom 1 upto 8 warehousesTheinitial heapsizeis setto 256M andthemaximum
heapsizeis setto 512MB. The DaCapobenchmarksuite[11] is a relatively new set
of open-sourceglient-sideJava benchmarksThe DaCapobenchmarksxhibits more
complex code,richer objectbehaiors and more demandingnemorysystemrequire-
mentsthanthe SPECjvm9&lient-sidebenchmarksWe setthe maximumheapsizeto
512MB with a 100MB initial heapsizein all of our experimentsWe usethe DaCapo
benchmarksinderversionbeta-2006-08Unfortunately we wereunableto run all Da-
Capobenchmark®n JikesRVM v2.3.5;we usethe 6 DaCapobenchmarksnentioned
in Table 1. For bloat andjython we usethe small input—thelarge inputfailedto run.
Theother4 DaCapdbenchmarksrerun with thelarge input.

4.3 Hardwareplatform

Thehardwareplatformonwhichwe have doneour measuremenis thelBM PONER4
which is a 64-bit microprocessothatimplementshe PoverPCISA. The PONER4is
an aggressie 8-wide issuesuperscalaput-of-orderprocessorcapableof processing
over200in- ight instructionsThe PONER4is a dual-processoEMP with privateL1
cachesandasharedl.4MB 8-way set-associate L2 cache.The L3 tagsarestoredon-
chip;the L3 cacheis a 32MB 8-way set-associate off-chip cachewith 512 bytelines.



TheTLB in the PONVER4 s a uni ed 4-way set-associate structurewith 1K entries.
Theeffectiveto realaddressranslationtables(I-ERAT andD-ERAT) operateascaches
for theTLB andare128-entry2-way set-associate arrays.Thestandardnemorypage
sizeonthe POWERA4is 4KB. Our 615 pSeriesnachinehasonesinglePONERA4 chip.
Theamountof RAM-memoryequalslGB.

In the evaluationsectionwe will measuresxecutiontimeson the IBM PONER4
usinghardwareperformanceountersThe AIX 5.1operatingsystenmprovidesallibrary
(pmapi ) to accesghesehardware performancecounters.This library automatically
handlescounterover ows and kernel threadcontext switches.The hardware perfor
mancecounteraneasurédothuserandkernelactiity.

4.4 Statistical analysis

In the evaluationsection,we want to measurethe impacton performanceof ORA.
Sincewe measureon real hardware, non-determinisnin theserunsresultsin slight
uctuationsin the numberof executioncycles.In orderto be ableto take statistically
valid conclusiondrom theseruns,we employ statisticsto determine95% con dence
intervalsfrom 8 measurementins.We usethe unpairedor noncorrespondingetupfor
comparingmeanssee[12] (pagess4—69).

5 Evaluation

In theevaluationsectionof this paperwe rst measurgheperformancémpactof ORA
andsubsequentlfocusonthereductionin memoryusageandits impactonthememory
subsystem.

5.1 Performance

For quantifyingthe performancémpactof ORA appliedto Javaapplicationobjectswe
consider ve scenarioghatwe compareagainsthe basecase Our basecaseis a 64-bit
versionof JikesRVM whichassumeg§4-bitpointerrepresentationis objectdata elds.
Figure7 shavs the performancdor eachof thefollowing ve scenarioselative to the
basecaselnitially, we assumehatall pointercompressionanddecompressionsccur
throughthefastpath,i.e., all inter-objectreferencesanberepresenteds32-bitoffsets.
Wethensubsequentlguantifytheoverheadf pointercompressiomnddecompression
throughthe slow pathaccessinghe LAT.

Compressedbointers with zero heapbase. The ‘compressegointerwith zeroheap
base'isthescenariavhereall 64-bit pointersin objectdata elds arecompressetb 32-
bit pointerswith the heapbaseaddres$eingzero.This meanghatloadingthe 32-bit
compressegbointers(with zeroextension)yields the virtual addresof the referenced
object;storingacompressegointeris doneby storingthefour leastsigni cant bytesof
thevirtual addresgso memory This scenaricshavs the bestpossibleperformanceahat
canbe achieved throughcompressegbointer representationpointersare compressed
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Fig. 7. Evaluatingobject-relatve addressingn termsof performance.

andthereis nocompression/decompressioverheadThe averageperformanceainis
5.0%,andupto 14.2%for hsgldb. Thisperformanceainis adirectconsequencef the
memorysavingsthroughareducechumberof datacachemissesandD-TLB misses.

Compressedbointers with non-zero heapbase. The ‘compressegointerwith non-
zeroheapbase'is similar to the previous scenarioexceptthat the heapbaseaddress
is non-zeroIn otherwords,decompressing 32-bit pointerrequiresaddingthe 32-bit
offsetto the 64-bit heapbaseaddressThis scenariocorrespond$o Adl-Tabatabakt
al.'s approachit assumeshat the heapspaceis no largerthan4GB, and assumes
x ed heapbaseaddressThe averageperformancegain for compressegointerswith
a non-zeroheapbasedropsto 1.7%;the maximumperformancegainis obsened for
hsgldb (11.1%)andthelargestslondown is obsenedfor bloat (-4.6%).

The 1.7% averageperformancegain over the basecaseis smallerthanwhatis re-
portedby Adl-Tabatabakt al. in [2]. The reasonis that our resultsare for the Pow-
erPCISA using Jikes RVM whereasthe resultsby Adl-Tabatabaiet al. are for the
Intel Itanium ProcessoFamily (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-validate the approachpro-
posedby Adl-Tabatabagt al., but ratherto quantify the overheadof pointercompres-
sion/decompressian our framework.

ORA with if-then decompression. The "ORA if-then decompressionscenarioim-
plementsobject-relatve addressingusing the if-then decompressioimplementation.
This scenariancludestestingthe LSB of the 32-bit compressegointerfor determin-
ing whetherto take thefastor the slow path.This scenariancursanaverageslowvdown
of 1.5%.Thehighestslovdown obsenedis 3.5%(bloat); thehighestspeedumbsened
is 4.0% (hsqldb).



ORA with patched decompression. Therearetwo "ORA patcheddecompression'
scenariosThe rst “w/ patching'scenarioassumeshat all loadsare patched,.e., all
pointerdecompressionare doneby jumping to an if-then decompressioschemeas
shavn in Figure5. Thesecondw/o patching'scenaricassumeshatnoneof theloads
arepatchedj.e., all pointerdecompressionaredoneby addingthe 32-bit offsetto the
referencingbjectsvirtual addressisshavnin Figure4. As expectedthe w/ patching'
scenariancursahigheroverheadhanthe “if-then decompressiorbecausef thejump
instruction,however, this overheads very small and not statisticallysigni cant. The
‘w/o patching'scenariowhich eliminatesthe jump instructionin the decompression
schemeandwhich is the mostrealistic scenarian casean appropriatanemoryman-
agemenstrat@y is available,resultsin a statisticallyinsigni cant averageslovdown
of 0.2%.Themaximumslowdown obsenedis 3.4%(pmd) andthe maximumspeedup
obseredis 3.4% (hsqldb).

LAT accessverhead. Sofar, we assumedhatall decompressionsccuralongthefast
path,i.e., theslow decompressiopathis nevertaken.In orderto quantifytheoverhead
of goingthroughthe slow pathwe have setup abenchmarkingxperimentin which the
nurseryandmaturespacerelocatedmorethan4GB away from eachothet Thisbench-
markingexperimentimpliesthatall inter-generationapointers—fromnurseryobjects
to matureobjects andvice versa—hsaeto passhroughtheLAT. In otherwords,aLAT
entry is allocatedfor all inter-generationapointers,andthe slow pathis taken when
compressing/decompressiitder-generationapointers.On average,15.5%of all ref-
erencego throughthe slow path,up to 23.6%(fop) and 36.6% (bloat). The average
slowdown of this benchmarkingxperimentis 4.1%  1.3%.We wantto emphasize
thatthe sole purposeof this benchmarkingxperimentis to quantify the overheaddue
to takingthe slow compression/decompressipath;the goal of this experimentis not
to presenta usecasescenarioln practice,whenan appropriatememorymanagement
stratgy is employedthatlimits the numberof LAT accessesvensmallerslovdowns
areto be expected.

5.2 Cachehierarchy performance

Figures8 and9 shav the numberof L2 andL3 misseser 1K instructionsof the base
run,respectiely. In thesegraphswe normalizethenumberof L2 andL3 missedor the

variousscenariogrom above to the numberof instructionsin the baserun. We clearly

obsene thatthe numberof L2 missesandL3 missegmainmemoryaccesseseduces
throughORA, upto 12.6%and22.4%for pmd andhsqldb. In otherwords,ORA better
utilizesthe cachehierarchyreducingthe pressuremn mainmemory

5.3 Memory usage

We now analyzetheimpactof ORA on memoryusageandquantifytheimpactof ORA
onthenumberof bytesallocatedandthe numberof memorypagegouched.

Figure 10 shaws the reductionin the numberof allocatedbytesthroughobject-
relative addressingCompressing4-bit objectreferenceseducethe numberof allo-
catedbytesby 10% on averageandreductionsupto 14.5%for pmd.
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Figuresl1 and12 shav the numberof memorypagesn useontheverticalaxisas
a function of time (measuredn the numberof allocations)on the horizontalaxis for
pseudojbb andhsqldb, respectrely. Each gure shavs two graphs.onefor the base
64-bit pointerrepresentatioftop graph),andonefor the compressegointerrepresen-
tation throughobject-relatve addressingbottomgraph).(We obsened similar curves
for theotherbenchmarks.Jhecurvesin thesegraphdncreaseasmemorygetsallocated
until agarbagecollectionis triggeredafterwhich the numberof usedpagesdrops.The
smalldropscorrespondo nurserycollectionsithelargedropscorrespondo maturecol-
lectionscollectingthe full heap.Thegraphfor hsqgldb showvs thatthe numberof pages
in useis substantiallyjower underORA thanunderthe base64-bit pointerrepresenta-
tion. The graphfor pseudojbb shows thatthe reducechumberof pagesn usedelays
garbagecollections,.e., it takesalongertime beforea garbagecollectionis triggered.

6 Relatedwork

6.1 Javaprogram memory characterization

DieckmannandHolzle [13] present detailedcharacterizationf the allocationbeha-
ior of SPECjvm9&enchmarksAmongthe numerousspectshey evaluatedthey also
quanti ed objectsizeandtheimpactof objectalignmentontheoverallobjectsize.This
studywasdoneon a 32-bit platform.

Venstermanst al. [1] comparethe memoryrequirementgor Java applicationson
a 64-bit virtual machineversusa 32-bit virtual machine.They concludedthat objects
arenearly40%Ilargerin a 64-bitVM comparedo a 32-bit VM. Therearetwo primary
reasongor this. First,theheadein 64-bitmodeis twice aslargeasin 32-bitmode.This
accountgor approximatelyhalf the objectsizeincrease Seconda referencan 64-bit
computingmodeis twice the sizeasin 32-bit computingmode.This causeghe data
elds thatcontainreferenceso increasethis accountgor roughlythe otherhalf of the
total objectsizeincreasebetween32-bit and 64-bit. Pointercompressioras proposed
in this paperaddressethe sizeincreasebecausef referencedn the objectdata elds.

A numberof relatedresearctstudieshave beendoneon characterizinghe mem-
ory behaior of Java applicationssuchas[14,1516]. Otherstudiesaimedat reducing
the memoryusageof Java applicationsfor example,usingtechniquessuchas heap
compressiolil7], objectcompressioffl8], etc.

6.2 Pointer compression

Mogul etal. [19] studiedtheimpactof pointersizeon overall performancen a Digital
Alpha systemusing a collectionof C programs.They comparecdthe performanceof
thesameapplicationin both64-bitand32-bitmode.They concludedhatwhile perfor
mancewasoftenunafectedby larger pointers someprogramsexperiencedsigni cant
performancelegradationsprimarily dueto cacheandmemorypageissuesThe study
doneby Venstermanstal. [1] con rms these ndings for Java programs.
Adl-Tabataba[2] addresghe increasednemoryrequirementof 64-bit Jasa im-
plementation®y compressing4-bit pointersto 32-bit offsets.They applytheir pointer



compressiomechniqueo boththe TypelnformationBlock (TIB) pointer—or thevtable
pointe—andthe forwardingpointerin the objectheadetandto pointersin the object
itself. As mentionedbefore the approactby Adl-Tabatabaet al. is limited to applica-
tions within a 32-bit addresspace As such,applicationghatrequiremorethan4GB
of memorycannotbene t from pointercompression.

LattnerandAdve[7,20] applyasimilarapproactio compressingointersin linked
datastructuresLinked datastructuresare placedin a memoryregion wherepointers
arerepresentedelative to the memoryregion's baseaddress.

ZhangandGupta[21] compresS82-bitintegervaluesand32-bit pointervaluesinto
15-bitentities,appliedto 32-bit C programsFor integervalues,n casehe 18 mostsig-
ni cant bitsareidentical,i.e., all 1'sor all 0's,theintegervaluecanbecompresseihto
a1l5-bitentity by discardinghe 17 mostsigni cant bits. A pointerin anobjects eld is
compressed the 17 mostsigni cant bits of thereferencingobjects virtual addresss
identicalto the 17 mostsigni cant bits of the referencedbiject's virtual addresspnly
the 15 leastsigni cant bits arethen stored.This is similar to ORA at rst sight, but
thereis a subtlebut importantdifference WhereasORA allows for compressingpoint-
ersin casethe referencedbijectis reachablevith ann-bit offsetfrom thereferencing
object,Zhangand Guptas approachrequiresthat both objectsresidein the same2" -
bit memoryregion. This mayleadto the situationwheretwo objectsarecloseto each
other, i.e., the differencebetweenboth object's virtual addressess smallerthanwhat
canberepresentetby ann-bit offset, yet the pointerscannotbe compressedrPairs of
compressed5-bitentity compressedrepackedtogetheiinto a single32-bitword. Ac-
celeratingcompression/decompressidonethroughdatacompressiomxtensiongo
theprocessos ISA.

Kaehlerand Krasner[22] describethe Large Object-Orientedviemory (LOOM)
techniquefor accessing 32-bit virtual addresspaceon a 16-bit machine Objectsin
secondarynemoryhave 32-bitpointersto otherobjects Primary(main)memorysenes
asa cacheto secondarymemory Objectpointersin main memoryarerepresente@s
short16-bitindicesinto an ObjectTable(OT). This OT containghe full 32-bitaddress
of theobject.Objectsneedto be movedto mainmemorybeforethey canbereferenced.
Translationbetweer32-bit pointersand 16-bit indicesis performedwhenmoving ob-
jectsto mainmemory

6.3 Object headercompression

A numberof studieshave beendoneon compressingbjectheadersvhich we brie y
discusshere.

Baconet al. [23] presenta numberof headercompressioriechniquedor the Java
objectmodelon 32-bitmachinesThey proposeahreeapproachefor reducingthespace
requirement®f the TIB pointerin the headerbit stealing,indirectionandtheimplicit
typemethodBit stealingandindirectionstill requireacondensedbrm of aTIB pointer
to bestoredin the headerimplicit typing on the otherhand,completelyeliminatesthe
TIB pointer Various avors of implicit typing have beenproposedin the literature,
suchasBig Bag of Pages(BiBOP) approachby Steele[24] and Hanson[25], a hy-
brid BiBOP/bit-stealingapproachby Dybvig et al. [26], and Selectve Typed Virtual
Addressind8].



Shufet al. [27] proposethe notion of proli ¢ typesversusnon-proli c types.A
proli ¢ typeis de ned asatypethathasa sufciently large numberof instancesllo-
catedduringa programexecution.In practice atypeis calledproli c if thefractionof
objectsallocatedby the programof this type exceedsa giventhreshold All remaining
typesarereferredto asnon-proli c. Shufet al. found that only a limited numberof
typesaccountfor mostof the objectsallocatedby the program.They thenproposeto
exploit this notion by usingshorttype pointersfor proli ¢ types.Theideais to usea
few typebitsin thestatuseld to encodehetypesof theproli ¢ objects.As such,the
TIB pointer eld canbeeliminatedfrom theobjectheaderTheproli ¢ typecanthenbe
accessethroughatypetable.A specialvalueof thetypebits, for exampleall zeros,is
thenusedfor non-proli ¢ objecttypes.Non-proli ¢ typesstill have a TIB pointer eld
in their objectheadersA disadwantageof this approachs that the numberof proli c
typesis limited by the numberof availablebitsin the statuseld. In addition,comput-
ing the TIB pointerfor proli ¢ typesrequiresanadditionalindirection.The advantage
of theproli ¢ approachs thattheamountof memoryfragmentationis limited sinceall
objectsareallocatedn a singlesegment,muchasin traditionalVMs.

7 Conclusion

Pointersin 64-bit addresspacegequiretwice asmuchmemoryasin 32-bit address
spacesThis resultsin increasednemoryusagewhich degradescacheand TLB per
formance;in addition, physicalmemorygetsexhaustedquicker. This paperpresented
object-relatve addressindORA) for implementatiorin 64-bit Jasa virtual machines.
ORA compresse64-bit pointersin object elds into 32-bit offsetsrelative to therefer
encingobject’s virtual addressTheimportantbene t of ORA over prior work, which
assumed32-hit offsetsrelative to a x ed baseaddressjs that ORA enablespointer
compressiorfor programghat allocatemorethan4GB of memory Our experimental
resultsusing JikessRVM on an IBM PONER4 machineusing SPECjbband DaCapo
benchmarkshaowv that ORA incurs a statisticallyinsigni cant impacton overall per
formancecomparedo raw 64-bit pointerrepresentationyhile reducingthe amountof
memoryallocatedoy 10%on averageandup to 14.5%for someapplications.
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