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Abstract. Sharingof codeamongapplicationsexecutingin separatevirtual ma-
chinescan lead to memoryfootprint reductionsand to performancemprove-
ments.Thedesignof ageneralindacceptablesharingmechanisnis challenging
becausef several constraintsperformanceonsiderationghe possibility of dy-

namicclassloading,dependenciebetweershareccodeandthe runtimesystem,
andthe potentialof adwerseimpacton the runtimes reliability and on easeof

maintenanceThis paperanalyzeghesetradeofs in the contect of two modifi-

cationsto the Java™ virtual machine(JVM™). Thefirst allows for sharingof

bytecodesndclassinformationacrossmultiple virtual machineseachof which

executesn a separateperatingsystemprocessusingsharedmemory The sec-
ondadditionallyenableghe sharingof dynamicallycompiledcode.Their design
andperformanceareevaluatedagainstwo otherapproachesunningeachappli-

cationin a separaténstanceof an unmodifiedvirtual machine,andrunningall

applicationgn a singleinstanceof a multitaskingvirtual machine.

1 Introduction

The ideaof sharingexecutablecodegainedwidespreadhcceptancén the mid-1980s,
with theintroductionof sharedibraries[1, 9]. Sharedibrarieslower the system-wide
memoryfootprintandenablgasterapplicationstart-up Providing supportfor sharedi-
brariesatthe operatingsystem(OS)level freesprogrammerérom having to implement
the sharingthemseles. Today sharedlibraries are an entrenchedconcept,available
in optimizedforms in mostOSes.Due to the popularity of the Jaza™ platform, it is
commonto comeacrossa computerrunningmary applicationswritten in the Java™
programmindanguagg10] atary giventime. Onemight askwhetherin thesesettings
the sharingof executablecodeacrossmultiple virtual machiness asbeneficialfor the
scalabilityof the JVM assharedibrariesarefor OSes.

In the contet of the JVM, executablecodeincludesthe runtimerepresentatioof
classesmethodsandtheir bytecodesand compiledcodefor methodsgeneratedy a
just-in-timeor dynamiccompiler Severalcharacteristicef the Jasa programmindan-
guageandof the JVM make sharingexecutablecodechallenging First, dynamicclass
loading makesthe granularityof sharingsmall, at mosta class.Secondthe size and
format of executablecodeevolve during programexecutionasthe JVM identifiestar-
getsfor optimizationsand compilesthem.Third, executablecodeis oftenintertwined



with the runtime stateof a program(e.g., pointersto objectssubjectto garbagecol-
lection canbe embeddedn executablecode).Despitethesedifficulties, codesharing
remainsattractive becausef its potentialto decrease¢he memoryfootprint of virtual
machinesandto amortizecostsrelatedto on-demandtlassloading(e.g.,parsing,ver
ification, dynamiclink resolution)and the architectureneutrality of classfiles (e.g.,
runtimequickeningof interpretedcodeandruntimecompilations) Jeadingto bothim-
proved applicationexecutiontime and to fasterstart-uptime. This potentialcan be
realizedin differing degreesby sharingvariousforms of code (bytecode quickened
bytecodecompiledcode,etc.)

This paperexploressomeof theseissueshy analyzingShMVM. In ShMVM, each
applicationis executedby a virtual machinerunningin a separaté€DS processExe-
cutablecodeis sharedamongcooperatingvirtual machinesisingsharednemory Two
versionsof ShMVM have beendesignedandimplementedShMVM-B allows for class
information and methodbytecodesharingwhile ShMVM-C additionally allows for
compiledcodesharing.This paperdescribegshe designof ShMVM, highlighting the
rationalefor certaindecisions.ShMVM was implementedby retrofitting an existing
high-performanceirtual machinewith cross-processharingcapabilities;the discus-
sion differentiatesbetweenissuesinherentin the problemof sharingcodeandthose
dueto the choiceof the basevirtual machine.The compleity of the internalsof the
chosenvirtual machineswayedsomedesigndecisiondowardsminimizing the number
of changesandin severalcaseshe outcomemaybe sub-optimal.

Two other architecturesare usedto evaluatethe performanceand robustnessof
ShMVM: (i) thecurrentlystandardvay of executingmultiple virtual machineseachin
a separaterocesswithout ary sharingamongthem,and(ii) MVM [7], which trans-
parentlyco-locateanultiple applicationsn the sameprocessShMVM andMVM are
modificationsof the samevirtual machine.This enablesmeaningfulquantitatve dis-
cussion.We alsoanalyzequalitatively the robustnesof ShMVM. The useof shared
memorymay lead to degradationof robustnessvhen comparedto separatdsolated
JVMs.

This papershouldbe of interestto implementersof resourcesharingvirtual ma-
chines.In particularwe concludethatwhile sharingcodeamongprocessesasits ad-
vantagesthe approachof MVM s betterthanShMVM asa long-termsolutionto the
effective useof resourcedy virtual machinesTherestof this paperis organizedasfol-
lows. Section through4 describehedesignof ShMVM-B andShMVM-C. Sectionb
describeselevantcodesharingdetailsof MVM. Performancés thetopic of Sec.6. Ro-
bustnessssuesarethefocusof Sec.7. A generaldiscussioris presentedn Sec.8. An
overview of relatedwork is givenin Sec.9.

2 Design Overview

Two versionsof ShMVM have beenimplemented ShMVM-B, which allows for shar
ing of classmeta-dataincluding bytecodesamongvirtual machinesand ShMVM-C,
which additionally allows for sharingof compiledcode.No distinctionis madewith
respectto sharingbetweencore (system)classesand applicationclassesThe virtual
machinegarticipatingin the sharingmustbeidenticaland mustusethe sameversion



of the JDK classesBoth systemswvereimplementedas modificationsto the HotSpot
Jaza™ virtual maching[18] (referredto asHSVM from now on) version1.3.1,client
compiler, for the Solaris™ OperatingEnvironmentexecutingon the SPARC™ pro-
cessorDetails specificto the two versionsof ShMVM are describedn the next two
sectionsCommondesignprinciplesarediscussedhere.

In ShMVM eachapplicationis executedby a JVM in a separaté€)S processThe
virtual machinescooperatiely maintaina sharedareathat holds shareddata.When-
everavirtual machineneedsanitem notfoundin the sharedarea,it computegheitem
andstoresit there.The sharedareais implementedcasa memorymappedile. Thefirst
ShMVM processto mapthe file declarestself the primary and initializes the meta-
data.After initialization, all processesre equally privilegedto usethe sharedarea.
Thesharedareais mappedat the samevirtual addressy eachparticipatingJVM. This
ensureghat pointersto sharedobjectsare valid acrossall JVMs. Often, shareddata
structureeedto referto datawhich arecreatedasneededy eachJVM andstoredin
their privatearea.Suchshared-to-priatereferencesnustencodea one-to-mag map-
ping betweeroneshareddatastructureandmary privatedatastructurespneper JVM.
Direct pointersto the privateareacannotbe usedfor suchreferencegor two reasons.
First, it would requireeachprivatedatastructurereferencedrom a sharedobjectto be
mappedat the samevirtual addressn all processeswhich is impractical. Second,t
preventsgarbagecollectionto relocateprivate objectreferencedrom a sharedobject.
Our approaclis to allocateanindirectiontableat a fixed locationin the privatespace
of eachprocess.

Figurel shavs how theaddresspaceof eachprocessexecutingShMVM is divided
up into a privatearea,a sharedarea,andanindirectionarea.The lasttwo mustbe at
thesamevirtual addressn all processesThe sharecareaholdsobjectsthatareshared
acrossall processesThe privateareacontainsall dataprivateto a processjncluding
thegarbage-collectedeapandthreadstacks Objectsin any areacanreferenceobjects
in the sharedareadirectly, usingtheir virtual memoryaddressege.g.,pointersp, and
ps holdsthe addres®f sharedobjecto, in Fig. 1). Objectsin the privateareaof a pro-
cesscan alsodirectly referenceobjectsin the private areaof the sameprocesse.g.,
p1). However, pointersto objectsof the privateareaof any procesge.g.,pointerps, in
procesd, or pay in procesB) cannotbestoredin thesharedarea sincethey holdavir-
tualmemoryaddresshatmaynot correspondo the sameobjectin differentprocesses.
To solve this problem,eachprocessmaintainsa privateindirectiontablemappedat the
samevirtual addresgi1 in Fig. 1): objectsin thesharedareareferencebjectsin thepri-
vateareavia anentryin theindirectiontable(anindirection).Addresseso indirections
(e.g.,ps in Fig. 1) arevalid acrossall processesandtherefore canbe storedin shared
objects(e.g.,01). Eachindirectionsholdsthe virtual addressf the objectassociated
with it, which canbedifferentfor eachprocessFor instancesharedbjecto; refersto
indirectioni, which hasthe sameaddresss in all processesd; holdsthe addres®f 03,
in processA andof oz, in B.

Indirectionsareallocatedasneededwhenshareddatathatneedto referenceprivate
onesarestoredin the sharedarea.A field of a sharedobjectthat references private
objecteither holds a null value or the addresgo an indirection. JVMs initialize the
entriesof their indirectiontableto null. Whena JVM usesa sharedobjectfor the first
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Fig. 1. Thelayoutof memoryareasn ShMVM.

time, it initializestheindirectionsreferencedrom thatobject.Indirectionsmayalsobe
initialized lazily, in which casethe null valueis usedto detectwhetheranindirection
hasbeeninitialized. Thegarbagecollectorrunningin oneprocessanrelocateaprivate
objectreferencedrom thesharedareaindependentlyf otherprocesseby updatinghe
indirectionsof its copy of theindirectiontable.This solutionleveragewirtual memory
to efficiently supportthe one-to-mag mappingbetweersharecandprivatedata.

Appropriatelocks guardinitialization, updatesandlook-upsin the sharedarea.A
crashof oneprocessholding a lock on a sharedresourcamustnot block forever other
processethatarewaiting for thelock to befreed.ShMVM’slockingmechanismselies
on the atomiccompare-and-sapinstructionto implementnon-blockingsynchroniza-
tion. To acquirealock, theidentifier of thelocking processs atomicallystoredin the
lock variableif thelock is not held by anothemprocessThe processwill spin,yielding
theprocessaruntil thelock is available.Processethatterminatedwvhile holdingalock
aredetectedy periodicallyaskingfor the procesgroupsof all lock holders.

We assumehatobjectsallocatedn the sharecareanever becomegarbageandthus
arenever collected.This assumptiornis roughly equivalentto preventingthe unloading
of sharedtlassesandtheir compiledmethods.

Finally, issuescommonto the designof bothversionsof ShMVM andof MVM are
classinitialization barriersand constantpool resolutionbarriers.A classinitialization
barriertestswhetheraclasshasbeeninitialized andtriggersits initializationif it hasnot;
in particular the staticinitializer of this classis executedat this point. A constanpool
resolutionbarriertestswhethera symbolin a classs constanfpool hasbeenresohed,
andif not, proceedso resoheit. Sincebothtypesof barriersalwayssucceedxceptfor
thefirst time the barrieris encountered]VM implementationgommonlyusedynamic
coderewriting technigquessuchasbytecodequickening[13] andnative codepatching
to dynamicallyremove thesebarriersupontheir first execution.Problemscreatedby
thesebarriersandrespectie solutionsaredescribedn the next threesections.



3 ShMVM-B Details

In ShMVM-B classinformationand methodbytecodesare sharedamongvirtual ma-
chines.The designrevolvesaroundthe usein HSVM of a very infrequentlycollected
areaof the heap,called permanent generation, to storethe runtimerepresentatiomf
classeswhich includesdescriptordfor fields and methods symboliclinks, classcon-
stantsand static variables,and methodbytecodesin ShMVM-B the permanengen-
erationis split into a sharedgenerationsharedby all JVM processesand a private
generationEachprocessnapsthe sharedyeneratiorat the sameaddressTo minimize
changedo garbagecollectiondatastructuresthe sharedgenerationis allocatedcon-
tiguouslyto the privategenerationTwo kinds of objectsarestoredin the sharedgen-
eration;(i) summarie®f certaininformationaboutclassesand(ii) methodgincluding
bytecodes).

3.1 Sharing Classes

In HSVM, the majority of the objectsthat collectively malke up the runtimerepresen-
tation of a classare allocatedin the garbage-collectetieap.Eachheapobject starts
with aheadethatincludesa pointerto aklassobject. The klassobjectunderstandghe
layout of a specificobjecttype andknows how to reclaimit. To amortizethe costsof
classloading,we initially attemptedo put asmary objectsof the runtimerepresenta-
tion of a class(mostnotablyklass,constantpool, and methodobjects)as possiblein
the sharedgenerationThis approachpresentedeseral challenges(i) klassednclude
a pointerto a C++ virtual functiontablelocatedin privatespace(ii) theresoheden-
tries of the constantpool of a klasscontainpointersto otherklassesto instancesof
j ava. | ang. St ri ng, andto symbols(specialobjectsusedby HSVM to represent
classsymbols)and(iii) if klassesaresharedthenthe systemdictionary, usedto locate
loadedclassesshouldbe sharedaswell. For thereasonglescribedelow, in eachcase
we decidedagainsisharing.

Thefirst problemis thateachklassobjectcontainsapointerto a C++virtual method
table(or vtable). Sincethevtableis allocatedin the process datasegment,it is in the
private partof the addresspaceIndirectly accessingtablesvia the indirectiontable
would requirechangingthevirtual methoddispatchof C++, whichis notrealistic.One
solutionis to copy the vtableinto the sameareaasthe indirectiontableandto adjust
thevtablepointerof klassobjectsupontheir allocation.Unfortunately the exactsizeof
the vtableis difficult to computewithout compilersupport.Another, arguablyclumsy
solutionwould beto ensurethatthe vtablesareloadedat the sameaddressem all the
virtual machines.

Sharingonly the unresoled part of a constantpool requireschangingits resohed
entriesso thatthey referenceentriesof the indirectiontable.However, the unresohed
partamountgo only afractionof the spaceoccupiedby the constanpool. Soin effect,
allocatingone indirection per resoled constantpool entry is equivalent,in termsof
spaceconsumptionto replicatethe constanpool for eachprocessThealternatveis to
sharethe whole constantpool andto directly referenceresolhed stringsandsymbols.
Thisin turnrequirespulling thosestringsandsymbolsin thesharedarea,aswell asthe



tableusedto internalizethem.Thetableof internedstringsalsorecordsstringsexplic-
itly internedby applicationssiathei nt er n() methodof thej ava. | ang. Stri ng
class.This complicatesharingsubstantiallynot theleastby addingmuchmorecross-
processynchronization.

HSVM keepstrack of all the klassobjectsin a systemdictionary If klassobjects
arestoredin the sharedarea,the systemdictionary needsto move thereaswell. The
systemdictionary containsprivate heap-allocatedbjects.If the systemdictionaryis
shared we mustensurethat classedoadedby customclassloaders(i.e., not by the
bootstrapor systemclassloaders)areisolated;allocatingtheseclassesn privatespace
canaccomplishthis. Also, we would have to ensurethat the protectiondomainof a
classis notshared.

In additionto thedifficultiesit brings,sharingklassandconstanpool objectswould
resultin numerousascadingnodificationgo theexisting run-timesystemwhich goes
againstour goal of minimizing the changedo HSVM. The solutionwe finally opted
for wasto storeklasssummaryobjectsin the sharedarea Klasssummaryobjectscon-
tain all informationfoundin the classfile aswell assizeinformationthatis computed
whena klassobjectis constructedKlassinformationspecificto aninstanceof thevir-
tual machine,suchasthe classinitialization state,and informationthat can be easily
recomputedarenot storedin the summaryobject. Thesystemdictionaryis modifiedto
look up summaryobjectsin the sharedgenerationlf a summaryobjectis found, it is
usedto constructa klassobject; otherwise the runtime attemptsto load the classfile.
To avoid classversioningproblems summaryobjectsareonly addedo thesharecheap
for classedoadedwith the bootstrapor systemclassloader

Theklasssummaryobjectcontainsa pointerto a copy of the classs constanpool.
Unlike a klass object’s constantpool, this copy doesnot have pointersto resolhed
classe®rtoinstance®f St r i ng, sincelink resolutionshouldbeperformedatruntime
by theindividual virtual machinesThecopy containgpointersto symbolsin theshared
heap.Tablesof internedstringsandsymbolsareprivately maintainedoy eachprocess,
anddo not containary of the symbol objectsof the sharedarea.Becauseof this, in
ShMVM, sharedand private symbolsare comparedusingtheir valuesinsteadof their
addresses.

The klasssummaryalso containspointersto sharedsymbolsfor the namesof the
classs superclass,interfaces,andsourcefile. Thesesymbolsare handledin the same
way assharedsymbolspointedto by theconstanpool. Otherobjectspointedto by klass
objects hamelyfield descriptiorarray theinnerclassdescriptiorarray andmethodde-
scriptionsaresharedwith theklasssummaryobject. Thefirst two of theseobjecttypes
areimmutablearraysof integers,so sharingthem poseno problem.Sharingmethod
descriptorss morecomplicatedandwill bediscussedn Sec.3.2.

Letusconsideanobjectin agarbage-collectedeap This objecthasaklasspointer
Sinceall klassegesidein the privateareaof the JVM processif the objectis shared,
its klasspointermustbeindirectedthroughtheindirectiontable.If the objectis private
we do not needthe extra indirectionto accesshe klassobject. However, we do not
necessarilknow staticallyif anobjectis sharedor private.Onealternatve is to check
if anobjectis sharedwhendereferencinghe klasspointer We could alsodo bounds
checkonthesharedspaceTheboundsof thesharedspacearecompile-timeconstants,



sothe checkscanbe implementedvithout any additionalloads.However, atleastone
branchwould be required.Another solution would be to allocatean additionalfield

in the objectheadetthat pointsto the privateklasspointer If the objectis sharedthe

additionalfield pointsto the indirectiontable entry. If the objectis private,the field

pointsto the klasspointerfield in the sameobject. This would increasethe memory
footprintof all heap-allocatedbjectsdiluting oneof thepurpose®f thiswork. Instead,
we allocateanextrasel f field in eachklass.This field containsa pointerbackto the

klassobjectitself. In eachprivateobjectwe storea pointerto its klassobject.In each
sharedbject,weinsteadstoreapointerto theindirectiontableentryfor theklassobject
adjustedby the offsetof thesel f field in a klassobject.Figure2 shaws the layout of

thesedatastructuresTheinstructionsequencédor loadinga klassobject,identicalfor

bothsharedandprivateobjects,addsoneload:

Id [this+4], klass_indirect
Id [klass_indirect + offset], klass

For privateobjects thesecondndirectionis redundantthus,if it is known statically
thatan objectis private,the secondndirectioncanbe eliminated.This is the casefor
all dynamicallycompiledcode(not sharedn ShMVM-B). Objectsinstantiatecby the
application(suchasprogramdataheapobjects)arealsonever sharedandno additional
costis paidto obtaintheir klasspointers.

indirection
table

1
shared area : private area Private object
) | klass object header
shared object E i klass_indirect
header ' <7 é
klass_indirect —| ' ° ~
: . self
e ) X o )
1
1
1
1

Fig. 2. Accessinglassobjectsin ShMVM.

3.2 Sharing Methods

HSVM appenddytecodest the endof objectsrepresentingnethodsOneoption for
sharingbytecodas to split thebytecode®ut of themethodobject. Thisrequiredchang-
ing a considerabl@mountof code.Insteadwe allocatethe entiremethodobjectin the
sharedregion. Otherissuesof interestincludebytecodequickening,sharinginvocation
countersanddealingwith virtual methodtables(vtables).



Bytecode Quickening. Bytecoderewriting, or quickening,is usedto remove classini-
tializationandconstanpool resolutionbarriers Onits first execution,a givenbytecode
instruction executesthe barrier operation,which setsup statefor the corresponding
quickenedoperation andthenoverwritesthe opcodeof the instructionwith thatof an-
otherbytecodeanstruction;on subsequengxecutionsof the fastinstruction,the barrier
operationis not performed.For constantpool resolutionbarriers the statefor the fast
instructionis storedin a constantpool cache.Sincebytecodesare sharedonevirtual
machinemay quickena bytecodeandthenanothemayexecutethequickenedbytecode
without performingthe barrieroperationThiswill causethe secondvirtual machineto
crashsincecertaininitialization actionsarenot performedDisablingquickeningcom-
pletely ensureshe barriersare always executedcorrectly However, quickeningis in-
tegratedtightly into the structureof the HSVM interpreter;the un-quiclenedversions
of thebytecode®nly performthe barrieroperationwhile implementatiorof the actual
bytecodeoperationis left to the quickenedversionof the bytecode Our solutionis to
dynamicallyun-quickenbytecodesf the barrieroperatiorhasnot beenexecuted.

To simplify theimplementationguickeningof the new bytecodeand of the byte-
codesequenceal oad_0; getfi el d wascompletelydisabled.Unlike mostof the
otherbytecodesgquickeningof thesebytecodess not requiredfor correctexecutionof
HSVM. Quickeningof thel dc bytecodefor non-stringconstantsieednot be disabled
atall. The slow versionof thesebytecodess usedsolely to determinethe type of the
constantsothatthe correctload instructionis executedby the quickenedbytecodeln
HSVM, theslow versionof | dc for stringconstantsnayconstructa St r i ng instance
andinstall a pointerto it in the constantpool. In ShMVM-B the fastversionof this
bytecodealsoperformsthis operation.

The otherbytecodeghat may be quickenedperformclassconstanipool resolution
barriersor classinitialization barriers Whenexecutedthesebytecodesipdatethe con-
stantpool cacheandthenrewrite the bytecodeWhenaquickenedbytecodds executed,
we testif theconstanpool cachefor thatbytecodas valid. If the cacheis valid, theex-
ecutionof the quickenedbytecodecancontinue Otherwisethe executionis dispatched
to the un-quiclenedversionof the bytecode The bytecodeis not re-writtenwith the
un-quickenedversionsincethis may resultin a racecondition. The codefor the un-
quickenedbytecodewill rewrite the bytecodewith the fastbytecode but this is safe
sincethe samequickenedopcodewill bewritten. Testingthe constanipool cacheentry
validity requiresonly a null pointercheck.

Sharing of Invocation Counters. HSVM usesmethodinvocationcountersto deter
mine which methodsare frequentlyinvoked. A methodis compiledwhenits counter
reachesa certainthresholdvalue.In ShMVM-B the invocationcounterof a method
may be shared default) or private,dependingn aruntimeflag.

If countersaresharedmethods‘hot” in oneapplicationmay causecompilationof
the methodby anothervirtual machine Hopefully, suchmethodswill be hotin other
applicationsas well. Virtual machinesthat start later will compile hot methodsear
lier thanthey would have with private invocation counters.Lesstime will be spent
executinginterpretedcodewhile the invocationcounterrisestoward the compilation
threshold However, compilationmay occurin severalvirtual machineghat executea



givenmethodevenif in anindividual applicationthe methodwould not have reached
the compilationthreshold.This compilationmay decreas¢he aggreatethroughputIf
the sharedregion exists for along enoughtime, a new virtual machineattachingto it
maybehare asif all of themethodst executegequiredcompilationonfirstinvocation.

Private invocation countersare implementedby creatinga one-elementrrayin
privatespaceanda pointerto it throughtheindirectiontablein the methoddescription
object. This requirestwo extraindirectionsto accesshe countercomparedo the path
length of accessingsharedcounters.Sinceonly the interpreterusesthe countersthe
overheadbf theseextraloadsis negligible.

Method Vtable Index. Klassobjectembeds vtablethatcontaingpointersto method
descriptors Each descriptorincludesthe index to the vtable entry whereits pointer
is stored.Becausemethoddescriptorsare sharedytableindexesmustbe valid for all
virtual machines.

In HSVM, the vtableis orderedby comparingaddressesf the symbolsholding
eachmethodname.Symbolsare allocatedin the permanengeneratiorand their rel-
ative order remainsfixed. However, two processesnay allocatesymbolsat different
addressed hevtablesortingimplementatiorwasconsequentlighangedn ShMVM to
do stringcomparison®n methodnames.

4 Detailson ShAMVM-C

ShMVM-C extendsShMVM-B with theability to sharedynamicallycompiledcode.In
particular avirtual machinecanexecutethe native codeof a methodalreadycompiled
by anothervirtual machine,without having to interpretthe methodat all. In HSVM
compiledmethodqcallednmethodshrestoredin a contiguousareaof memorycalled
the codecache.lIn ShMVM-C this areais mappedat the sameaddressn all virtual
machinesSinceonly methoddescriptionobjects(alreadylocatedin the sharedarea—
Sec.3.2) containreferenceso their correspondingimethodsno new infrastructurefor
finding nmethodshadto be implementedin particular whereasShMVM-B needsan
indirectionfrom a methodobjectto its nmethod,ShMVM-C canusea direct pointer,
like HSVM.

Sharingthe codecacheraisesseveral issues First, the codecacherefersto mary
datastructureslynamicallyallocatedoutsideof the codecacheor thegarbagecollected
heap Examplef suchdatastructuresncludesmallfragmentof code mapsof object
referencesand cachesof exceptionhandlerlocations.Thesedatastructuresmustbe
accessibl¢o all processessingthecodecacheandwerethereforemovedinto thecode
cachefor simplicity. Referencei thesedatastructurego objectsstoredin thegarbage
collectedwereindirected.

Secondthedynamiccompilerembedsgointersto objectsallocatedn the garbage-
collectedheapin the codethatit emits.This includespointersto klassesmethodsjn-
stance®fj ava. | ang. Stri ng andj ava. | ang. d ass, andobjectsimplement-
ing inline cachesln ShMVM-C, all suchembeddedointersmustreferto locations
sharedbetweerprocesses orderfor thecompiledcodeto be sharable.



Methodobjectsarealreadyin thesharedyenerationandthuscanbeleft embedded
in compiledcode.Inline cacheobjectssene anoptimizationthatsignificantlyspeedsip
thedispatclof virtual methodsFor bothsimplicity andefficiency, they weremovedinto
thesharedgeneratiorsothatthey canbereferencedlirectly. Klassobjects for reasons
alreadyexplainedin Sec.3.1, arenot sharedandthereforethe indirectionmechanism
(Sec.?2) is usedto accesghem. That is, pointersto the indirection table entriesfor
instanceof private klassobjectsare embeddedn the compiledcode.The generated
codewasmodifiedto properlyhandlethe doubledereferencingo getto klassobjects.
Wheneer a virtual machineexecutesa methodfor thefirst time andthat methodhas
alreadybeencompiledby anothervirtual machine the first dereferencdfollowing a
pointerembeddedn the compiledcode)will returna null value.In this case the code
is dispatchedo a routinethatfinds the correspondingnethodand properlyinitializes
theentryin theindirectiontable.

Theonlyinstance®f| ava. | ang. St ri ng for whichareferences embeddedh
compiledcodeareresohed stringsfrom the constanipool of the classof the compiled
method.For eachsuchstring,thecorresponding dc bytecodanstructioncontainsthe
constanpool index for this string. As for classespointersto thesestringsarereplaced
with pointersto entriesin theindirectiontable.After eachdereferencef suchapointer,
thecompilerinsertsa null pointertestthatbrancheso anupcallto theruntime.Theup-
call specifiegheindex of the constanpool wherethe stringmaybefound. Thus,when
aprocessiereferencethisembeddegbointerfor thefirst time theupcallto theruntime
will find the correspondindocal string and updatethe indirectiontable entry accord-
ingly beforeresumingexecutionof the compiledcode.With thesechangescompiled
codedoesnotcontainary directpointersto virtual memoryareaghatareprivateto one
processmakingit sharableacrossvirtual machines.

Anotherissueis relatedto classinitialization barriers.Eachklasswhosepointer
canbe embeddedn compiledcodeis associatedvith two consecutie entriesin the
indirectiontable. Eachof theseentriescan containeithera null value or the pointer
to the klassobject private to the currentprocess.The first entry correspondgo the
loadedstatus(the null valueindicatesthatthe classhasnot beenloadedyet) andthe
secondoneto theinitialized status(the null valueindicatesthatthe classhasnot been
initialized yet). Upon loading of a classthe “loaded” entry is updatedwith the klass
pointer, but its “initialized” entryis left setto the null value.Compiledcodemusttest
thevalueof thesecondentryatplaceghatmaytriggertheinitialization of aclassj.e.,in
codegeneratedor new, get st ati c, put stati c, andi nvokest at i ¢ bytecode
instructions.Usingthis organizationaccesgo a classat pointsrequiringtestfor class
initialization addsonly two instructionsto the original sequencgeneratedy HSVM:

sethi hi(ind_tbl _entry addr), entry

Id [entry + lo(ind_tbl _entry_addr)], k
brz,k,a class_initialization_stub

Id [entry+4], k

Theoriginal pair of set hi /add instructionsis replacedwith apairset hi /I d to
embedapointerto anentryin theindirectiontable,insteadof apointerto aklassobject.
A branchon aregistervalueteststheresultof the introducedioad addedto obtainthe
klasspointerfrom the indirection. Whenthe classis not alreadyinitialized, the load



in the annulleddelay slot of the branchinstructionstoresthe contentsof the second
entryin theregister andcontrolis transferredo a stubthatinvokesthe runtime class
initialization routine.

5 Code Sharingin MVM

MVM [7] is animplementationof the JVM capableof executingmary programssi-
multaneouslywithin a single OS processMVM supportsall the featuresand APIs of
the Java platform. Multiple invocationsof the standardinvocation API within a sin-
gle processactuallyresultin the creationof multiple instance®of the JVM within that
processgachcapableof executinga program.EachJVM instance referredasa task
hereafteris a setof datastructureshat captureshe part of the executioncontext of
a programthat cannotbe shared(e.g., staticvariables classinitialization status.etc.).
Theaggressie sharingof the JVM datastructuresandof the runtimerepresentatioof
classesincluding dynamicallycompiledcode,contributesto makingthe size of a pro-
gramexecutioncontext small. Privilegedprogramscancreateandcontroltasksusinga
preliminaryversionof theapplicationisolationAPI [12].

For the purposeof comparisorwith the otherapproacheso codesharingexplored
in this paperonly thechangeso theruntimerepresentationf classesto theinterpretey
andto the dynamiccompileraredescribedn whatfollows.

5.1 Shared Class Runtime Representation

Sharingheap-allocateduntime representationsf classess problematicin ShMVM
becaus@achprogramexecutesn differentaddresspace MVM doesnot suffer from
this sinceall tasksexecutein the sameaddressspaceand have accesdo the heap.
Therefore sharingdataaccrosgasksdoesnot requireusinga differentpointerformat
or removing objectsfrom underthe contol of the garbagecollector As aresult, MVM
barelychangesheruntimerepresentatioof classesisedin HSVM.

Mostof theruntimerepresentationf aclasss alreadyindependendf ary particular
executioncontext andcanthereforebe sharedasis. This sharablgoortionincludesthe
constanpool, dehugginginformation,thedescription®of methodsandfields,including
informationresolhed at runtime suchasthe offset of aninstancevariablefrom the be-
ginning of anobjector theindex of a methodin a virtual table,and,givenappropriate
changeso theinterpreterthebytecodeof methodsTheruntimeconstanpool cachea
subsebf the runtime constanipool optimizedfor useby boththe interpreterandcode
producedby theruntimecompiler)canalsobe sharedafterafew minor modifications.

Data that cannotbe sharedacrossprogramexecution contexts, that is, the task-
dependentlata, are relatively small, and include the storagefor static variables,the
objectsthat constitutethe program-visiblerepresentationf classessuchasinstances
of j ava. | ang. d ass andotherrelevant objects(e.g., classloader signers,etc.),
and datadescribingthe initialization stateof the class.In HSVM, all of the above is
eitherembeddedh, or referencedrom, asingleheap-allocate#llassobject(Sec.3.1).

MVM replaceghetask-dependertataof eachklassobjectwith a singlereference
to anarrayof referenceso taskKlassMirrorobjects(TKMs). EachTKM encapsulates



the task-dependerpart of a classfor a given task.Both TKM tablesand TKMs are
heap-allocatedTKM tablesaresizedto correspondo the maximumnumberof tasks
supportedTasksare uniquelyidentified within the virtual machineusinganindex to
atasktablethatkeepstrack of ongoingtasks.Eachprogramthreadis taggedwith the
unigueidentifier of its taskandalwaysrunsin the context of the sametask.Obtaining
the TKM correspondindo a giventaskis a matterof indexing the TKM table of the
correspondindglasswith the currenttask’s identifierstoredin the currentthread.

5.2 Task-reentrant Initialization Barriers

Classinitialization barrierscannotbe entirely eliminatedin MVM becauséoth byte-
codesandthe codegeneratedy the dynamiccompilerare sharedby multiple tasks,
whichmayeachbeat differentstage®f initialization for agivenclass.Testingwhether
ataskhasinitialized a classamountsto checkingwhetherthe entry in the classs task
tablefor thattaskis non-null. The testingpart of the classinitialization barriertakes
threeinstructionsloadinga unigueinternaltaskidentifier from the currentthreaddata
structure)oadingtheaddres®f thecorrespondingd KM from theclasss tasktable(in-
dexed by the taskidentifier), andthenbranchingto the appropriateclassinitialization
codeif thereturnedaddresss null.

Both theinitialization statusof a classandthe threadinitializing it arekeptin the
TKM. Themainissueis to locatethe TKM correspondingo theinitializing taskwhen
oneof its threadsis dispatchedo the runtimeto initialize the class.The entryin the
TKM tablecannotbe usedto storethe TKM createdby the taskduring classload but
beforetheclassis initialized for this task,becausehis would invalidatethe null pointer
testperformedupona classinitialization barrier A schemesimilarto the onedescribed
in Sec.4 addressethis issue:the TKM table holdstwo referencego the sameTKM
for eachtask.Eachreferencas setup at a differenttime: thefirst oneis setup during
classloading,andthe secondoneoncethe classis fully initialized. Classinitialization
barrierstestthe secondentry only: when the test performedby the barrierfails, the
TKM for the currenttaskcanbe simply obtainedfrom thefirst entry Thefirst entryis
alsousefulfor accessinghe staticvariablesof a classfor a giventaskwhenthetaskis
notfully initialized (e.g.,anaccesgo the staticvariablemay berequiredby thethread
initializing the classwhile executinga staticinitializer of theclass).

5.3 Bytecode Interpretation

MVM leavestheinterpretatiorof all standardytecodesinchangedModificationsare
requiredonly for the interpretationof someof the quick versionsof bytecodesand
for the handlingof synchronizedtaticmethodswhich requiresfinding theinstanceof
j ava. | ang. d ass thatrepresentshe classfor the currenttaskin orderto enterits
monitor.

As explainedin Sec.5.2,all classinitialization barriersthatareeliminatedby byte-
codequickeningneedto be re-introducedThis affectsfour bytecodeonly: the quick
versionsof new, i nvokest ati c,get stati c,andput stati c. Thefirsttwo re-
quireanadditionalloadinstructionbeforethebarriercodedescribedn Sec.5.2in order



to fetchthe TKM tableof the class.The netincreasen the path-lengthof thesebyte-
codess thus4 instructions The quickenedversionsof get st at i ¢ andput st ati c
needjn additionto theclassinitialization barrier the TKM of thecurrenttaskto access
the staticvariablesof the class.A cost-freeside effect of the barrieris to seta regis-
ter to the TKM of a class.Thus, oncethe barrieris passedthe staticvariablecanbe
obtainedwith a singlememoryload. This only adds3 instructionsto the path-length
of getstati c andput st ati ¢ becausehe constantpool cacheentriesfor these
instructionshave beenmodifiedto storeareferenceo aclasss TKM tableinsteadof a
referenceo aklass.

5.4 Sharing Compiled Code

BecauseMVM executesall programsin the sameaddressspace|t did notintroduce
mary of the compilerrelatedproblemsthat were encounterediuring the designof
ShMVM-C. In particular no changesvere necessaryo deal with embeddedoint-
ers(seeSec.4). Thecodeoriginally emittedby HSVM'’s compilercanalmostbe shared
asis betweertasks.Theonly aspecthatneedectareis classinitialization barriers.

MVM addressethis problemby augmentinghe compilerwith asetof simpleopti-
mizationsthatdetermineindependentlpf any runtimestate whenaclassinitialization
barrieris necessaryandgeneratea taskre-entrantclassinitialization barrierif so.In
particular classinitialization barriersare omittedif their targetis oneof (i) the class
defining the methodbeing compiled, (ii) a superclassof the above, (iii) a classini-
tialized at virtual machinestartupwhoseinitialization wasnot triggeredby the method
being compiled,or (iv) a classfor which a barrier hasbeenalreadyemittedupward
the instructionstreamof the methodbeing compiled.Becausehe dynamiccompiler
now generatesodethatdoesnot make ary assumptiongbouttheinitialization stateof
classesnaw tasksenteringthe systemcanimmediatelystartexecutingthe native code
of amethodalreadycompiledby othertaskswithout having to interpretthe methodat
all.

Two additional modificationsto the compiler make the compiled code task re-
entrant.First, codegeneratedo accessstatic variablesis modifiedto obtainthe ref-
erenceto the TKM correspondingo the currenttask, wherethe static variablesare
stored.Thereferencdo the TKM is eitherobtainedvia a classinitialization barrier (if
present)or moredirectly, by indexing the classs TKM tablewith the currenttask’s
identifier Secondcodegeneratedo enterandto exit a classs monitoris modifiedto
locatethe appropriatanstanceof j ava. | ang. Cl ass.

6 Performance

To gaininsightinto the performanceof ShMVM, we measuredts start-uptime, the
performancef the SPECJVM98 benchmark$17], andthefootprint savings. The ex-
perimentalsetupconsistsof a Sun Enterprisé™ sener with four UltraSRARC™ 1|

processorswith 4GB of main memory running the Solaris OperatingEnvironment,
version8. The codebaseof HSVM (Sec.2) is usedasthe implementatiorbasisfor
ShMVM andfor MVM.



6.1 Start-up Latency

We definestart-uplatengy asthetime elapsedetweenissuingthe java commandand
the momentwhenthe main methodof the classspecifiedin commandine argument
begins execution.For HSVM this wasmeasuredy recordingthe total executiontime
requiredto executeJustReturn, an applicationthat hasonly the returnstatementn its
main method.This captureghe processstartuptime andthe bootstrappingf the vir-
tual machinepresentin eachexecution.The sameapproachwasusedto measurghe
start-uplateng of ShMVM. Thetypical useof ShMVM is asa numberof virtual ma-
chinescollectively maintaininga sharedarea;sinceonly thefirst of themwill initialize
bootstrap-relatethformationin the sharedarea,the start-uplateng reportedhereis
for a subsequengxecutionof ShMVM. For MVM the following stratgly wasused:a
simpleapplicationmanagerwhich executesasatask,listenson a soclet. Wheneer a
requestarrives,the manageimmediatelystartsa new taskto executeJustReturn and
replieswith an“ok” messageponterminationof thattask.Thetime elapsingbetween
sendingthe requestandreceving thereply is reportedas MVM’ s start-uptime. This
reflectstheintendeduseof MVM asa multi-taskingvirtual machinejn contrasto the
HSVM and ShMVM models,in which JVM OS processesre startedfor eachnew
application.

Theresultsrelativeto thestart-uptime of HSVM arepresenteéh Fig. 3. Themodest
decreas@ainedin ShMVM is aresultof a fasterbootstrapsequencewhich doesnot
require loading systemclassessharedin this architecture However, the bulk of the
startuplateny is relatedto startinganOSprocessandinitializing theruntime.ln MVM
theseissuesare not presentin the start-upof a task. As a consequencehe start-up
lateng resultis only 2.7%of thetime necessaryo startup HSVM.

100%
90%
80% +——
70% +——
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ShMVM-B ShMVM-C MVM

Fig. 3. Startuplateny of ShMVM-B, ShMVM-C, andMVM relatve to HSVM.

6.2 Application Performance

Total applicationexecutiontime is anothermeasureof performancempact. The same
experimentaktratgyy aswith start-uplatenyy measurementsasusedto executeSPEC



JVM98 benchmarksThe executiontime may differ dependingon how mary timesa
givenbenchmarkhasbeenexecutedbefore.

For ShMVM-B, thefirst executionwill typically belonger, asit needso compute
the datastoredin the sharedarea.Sinceno new classesreloadedafter the first exe-
cution of the benchmarkthe executiontime of the secondand subsequengéxecutions
(instancesdf thebenchmarlarethesameFor ShMVM-C, theexecutiontime of any in-
stanceof thebenchmarlcanbefasterthanthe previousoneasmorecompiledmethods
maybecomeavailable.Similar effectscanbe obsenedfor MVM for thesamereasons.
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Fig. 4. Performancef ShMVM-B, ShMVM-C, andMVM relative to HSVM.

We ranbothversionsof ShMVM with sharedandwith privateinvocationcounters
(Sec.3.2).We have notnoticedary significantdifference$n theexecutiontime between
thesetwo schemeswhich impliesthatfor theseprogramsthe effect of sharednvoca-
tion counterss negligible. Resultsarereportedon Fig. 4. For ShMVM andfor MVM
the numbersin parenthesemdicatewhich instanceof the benchmarlwas measured.
Severalobsenationscanbe made.First, for bothMVM andShMVM-C the difference
in executiontime betweenthe secondand the fiftieth instanceof ary of the bench-
marksis much smallerthanthe differencebetweenthe first andthe secondinstance.
This indicatesthat all the “hot” methodsare compiledduring the first executionand
the subsequentompilationsof “colder” methodsdo notimpactperformancdor these
programsThe situationmay be differentfor otherprogramswith more dynamicand
lesspredictableclassloadingand methodexecutionbehaior. SecondMVM is faster
thanary of theversionsof ShMVM for all but onebenchmarkThereasorfor mtrt be-
having thisway is notclear In thecaseof ShMVM-B theslowdown relatveto MVM is
understandablejnceit doesnotenjoy thebenefitof shareccompiledcode.Shared-to-



privatereferencegplantedin the generatecodemake ShMVM-C slower thanMVM.
In particular two suchreferencesrefollowedon a non-statiomethodinvocation.

Thesemeasuremenisdicatethatthe costsof handlingshared-to-priatereferences
outweighthe benefitsof sharingcompiledcode.Finally, whencomparedo HSVM, the
first executionof abenchmarlunderMVM executentheaveragein thesametime as
with HSVM, while ShMVM-B andShMVM-C aretypically slower thanHSVM. This
is dueto the costof storingdatain thesharecarea.

6.3 Memory Footprint

Thesizesof sharedcareasareshovn in Tablel. Thefirst columncontainghesizeof the

sharedyeneratiorin ShMVM-B afterthe executionof thefirstinstanceof abenchmark.
Thisdoesnotchangeafterlaterexecutiongor the samebenchmarksincefor the SPEC
JVM98 programshe setof loadedclassess alwaysthe same.The next threecolumns
contain,respectiely: the sizeof the codecacheafterthe executionof thefirst, second,
andfiftieth executionof the benchmarkn ShMVM-C (to getthe total size of shared
codein ShMVM-C, thesevaluesmustbe addedo thefirst column,asShMVM-C is an

extensionof ShMVM-B).

The memorysavings dueto sharingbytecodesare uniform acrossthe benchmark
programsin therangeof 300-500KB.For ShMVM-C, thesizeof thecodecachevaries
muchmoreacrosghebenchmarlprogramsThis indicatesghatthe sizeof loadedbyte-
codesandthe sizeof compiled“hot” methodsarenot strictly correlated Moreover, in
somescenarioghe sizeof datain the sharedgeneratioris largerthanthe total size of
compiledcodebut in someothersis smaller which precludesgiving a clear verdict
on whatis moreimportantto sharefrom a footprint standpointbytecodeor compiled
code.

Table 1. Size(in KB) of thesharedyeneratiorandcodecachein ShMVM.

ShMVM-B|ShMVM-C (1)|ShMVM-C (2)|ShMVM-C (50)
compress 297 96 96| 96
db 304 126 137 686
jack 363 858 859 921
javac 492 1487 1500 1629
jess 392 409 415 582
mpegaudig 364 510 511 577
mtrt 340 396 434 467
JustReturrL 266 42 42 42

Thesavingsreportedn Tablel areeffective whenatleasttwo instanceof thesame
programexecutesimultaneouslyHowever, bootstrapclassesre necessaryor execut-
ing ary application.The lastrow reportstheir size (the datawas obtainedby running
JustReturn). Bootstrappingstoresabout266KB-worth of methodsandklasssummaries
in the sharedgenerationanda further 42KB of compiledmethodsin the codecache.



Thesesavings areapplicableto any applicationexecutedn ShMVM. For applications
using large setsof classessuchasthe Swing package the savings would be much
bigget

It is interestingto comparethesenumbersand the memoryfootprint of a virtual
machineprocessFor instancethe pmaputility reportsthatfor HSVM runningJustRe-
turn, the size of residentmemorypagesdueto C/C++ libraries(both systemlibraries,
suchaslibc andlibCrun, and JVM-specificones)is 5.06MB, out of which 4.14MB
are attributed to sharedpages.This meansthat startinga new instanceof ShMVM
(eitherShMVM-B or ShMVM-C) incursalmost1MB of memoryfootprintdueto non-
shareabldprivate)segmentsof librariesnecessaryor virtual machines startup.Thus,
unlessanapplicationgenerates large amountof code the savingsrealizedby sharing
in ShMVM aresmallerthanthe footprint of a new processThis shouldbe contrasted
with MVM, where,in additionto sharingclassinformation (including bytecode)and
compiledcode, privatesegmentsof librariesaresharedaswell.

7 Robustness

ShMVM sacrificesrobustnesdor scalabilitywhencomparedo executingeachappli-
cationin its own JVM OS processwith no sharingamongthe JVMs. First, errantnative
codein ary of the virtual machinesmay write over the sharedarea,corruptingit and
potentiallycausingothervirtual machineprocessew crash.This problemcanbesome-
what mitigatedby write-protectingthe sharedareabetweenwritesto it. However, this
solutiononly decreasethewindow of opportunityfor the problemoccurringatthe ex-
penseof potentiallyhigh performanceverheadWealenedrobustnesss mostlyaresult
of having awriteablesharedarea but onthe otherhandthelargestwin in memoryfoot-
print reductioncomesfrom sharingthingsthatarewriteable e.g.,theresohedconstant
pool, compiledcode,the systemdictionary, etc. The largestgainin termsof runtime
costresultsfrom eliminatingcompilationandinterpretatiorby sharingcompiledcode.
However, in HSVM aswell asin ShMVM, compiledcodeevolvesat runtime (inline
cachessafe-pointrapsandfix-up of embeddegbointersat garbagecollectiontime are
the main examplesof this; recompilationsand de-optimizationsare other, more elab-
oratepossiblecases)Frequentcoderewriting is very likely to make the useof virtual
memoryprotectionin orderto improve robustnessoo expensve.
Severalapproachemaybeusedto addresshis problem.First, read-onlymeta-data
imagescanbe generatecandthenmemory-mappedy virtual machinesFor instance,
desktopapplicationsusinga large numberof GUI componentsanbenefitfrom such
a solutionasall the Swing classesanbe put into the sharedarea.Anotherapproach
would beto storemeta-datan a sener processandaccesst via copying inter-process
communication.This will not decreasehe footprint, but performancemay improve.
A more difficult problemis surviving virtual machinecrasheswvhen at the point of
crasha sharedresourcewas accessedWhile we can detectand deal with locks on
sharedresourcedeingheld during crashesa limitation of our locking schemas that
a processholding a lock candie, leaving a shareddatastructurein an inconsistent
state.Usingrecoverablememory suchasRVM [15] or Rio Vista[14], canaddresshis
problem.Recwerablememoryprovidesatomicupdatesandpersistencéor aregion of



virtual memory andallows programgo manipulatepermanentiatastructuresafelyin

their native, in-memoryform. A simple, lightweight layer that handlesatomicity and
persistenceés alsoprovided. Thesetransactionafjuaranteesimplify programmingoy

restrictingthe numberof statesin which a crashcanleave the system.The feasibility
of implementingsharedmeta-datareasfor ShMVM with alow-overheadecoverable
memorysystemgdepend®n whatis actuallyshared.

Yet anotheralternatve would be to encodesharedmeta-datan sharedlibraries.
Immutablepartsof sharedibrariescanbeusedto storepre-quiclenedoytecodesywhile
themutableparts lazily turnedfrom sharedo privateby the copy-on-writemechanism,
would storeresolheddataformingtheconstanpool cache Someof thepropertieof the
sharedibrary mechanisnandthe optimizedsupportprovided by modernOSesmakes
thisapproactpromising,especiallyfor classmeta-dataSharingcompiledcodemaybe
moreproblematicespeciallyin the presencef coderewriting.

8 Discussion

Eventhoughimprovementsarecertainlypossibleto our designandimplementationywe
have enoughdatafor a generasummaryof the opportunitiesandbroadlydefinedcosts
associatedvith designssimilar to ShMVM. In the following discussionpropertiesof
ShMVM arecontrastedvith thoseof MVM, sinceboth systemsim atimproving the
resourceutilization of the JVM.

Letusfirstlook attheeffort associatewvith modifyingahigh-performanceandustrial-
strengthvirtual machine Lessdesignandimplementatioreffort wasrequiredfor MVM
thanfor ShMVM. Splitting klassdatastructuresn MVM wasgreatlysimplified by not
having to dealwith differentaddressspaceissues,andby leaving the resultingdata
structuresin the garbage-collectetieap.This led to virtually no modificationsto the
garbagecollector Also, becauseof the single addressspaceassumptionpractically
the entireruntime representationf a classwas sharedand sharingof compiledcode
wassimpler For instanceno changesverenecessaryo theinline cacheoptimization,
and embeddingof pointersinto compiledcodewasleft unchangedxceptfor places
requiring accesdo static variablesandto classinitialization barriers.In thesecases,
embeddedointersto klassobjectswere simply replacedwith embeddedointersto
TKMs. Dealing with classinitialization barriersin MVM was relatively simple: the
only difficulty wasaugmentinghe compilerwith ananalysisto eliminateunnecessary
barriers.Implementingthe other partsof MVM, suchasfastpathsfor classloading,
linking, andinitializing, andaccessingnutablepartsof classesvasmuchsimplerthan
thecorrespondinghangesor ShMVM.

Theuseof multiple addresspacefiasbeenthemainsourceof problemin ShMVM.
Codesharingwas particularlychallenging.In ShMVM splitting klassesproved much
moredifficult becausef datastructuredocatedn thegarbage-collectedeapin HSVM
thathadto bemovedto thesharedareain ShMVM. Thisresultedn substantiathanges
to boththegarbageollectorandthedynamiccompiler Althoughbytecodesreshared,
mostof theruntimerepresentationf a classhadto bereplicated aswell symboltables,
systendictionaryetc.As aconsequencetherissuessuchasthecomputatiorof virtual
methodtables.emegedandhadto beaddressed.



ChoosingMVM or ShMVM shifts the optimizationeffort to differentpartsof the
virtual machine For instancejn ShMVM the mainissueis handlingshared-to-priate
pointers.Optimizingfor this andminimizing the numberof indirectreferencesansig-
nificantly impactthe designof klassobjects,of inline cachespf the codeexecutecdto
interpretquickenedbytecodesandof the mechanisnto detectwhethera classinitial-
izationbarriercanberemoved.Only the last of theseissueds presenin the designof
MVM. However, MVM virtualizesnon-constanpartsof classesandoptimizing their
accesyathis important.The differencedn designandoptimizationfocusesarelikely
to becomeeven more pronouncedvhenrolling both systemdsorwardto targeta more
sophisticatedompiler For instancea larger numberof directreferencessuchasref-
erenceso Javaobjectsontheheap canbeembeddedh thecompiledcode.Optimizing
ShMVM is challengingin this case.Certainoptimizations beneficialin the caseof a
singlenon-sharechddresspace aredifficult to dealwith in the presencef both the
sharedand private areas,and the approachof ShMVM may precludesomeof these
optimizationsBoth MVM andShMVM would beimpactedby moreaggressie virtual
methodnlining andby de-optimizingwhenanoptimisticassumptionsuchasassuming
aclasshasonly onesubclassfails.

MVM is betterthaneitherversionof ShMVM on all performance-relatethetrics
(moredataon MVM canbe foundin [7]). It is alsoworth pointing out that ShMVM
currentlydoesnot have ary schemeo changeprotectionof the sharedareas pageso
increasaobustnesswhichwould have anegativeimpactonits performanceespecially
for ShMVM-C. However, the following three points mustalso be weighedin. First,
MVM is just anotherOS processwith a single setof permissiondor accessinghe
file systemetc. This is not anissuefor the constructionof MVM-basedWeb seners,
applicationseners,andfor single-usedesktopscenariosbut the constructiorof multi-
userernvironmentsis more challenging.In ShMVM, eachvirtual machinecan have
its own setof permissionsyhich facilitatesthe handlingof multi-userrequirements.
Secondin MVM usersuppliednative codetransparentlgxecutesn aseparat@rocess,
which may adwerselyimpactperformanceln ShMVM this may alsobe anissuesince
errantnative codecanclobberthe sharedarea.Protectingandun-protectingheseareas
maybe expensveif theshareddatais frequentlyupdatedThird, robustnesss anissue
in the presenceof virtual machinebugs: a bug in the runtime systemcan corruptor
crashall the tasksco-locatedn MVM. This is alsothe issuefor ShMVM althoughit
hasa lower lik elihoodthatthe effectsof sucha bug arenotisolatedto oneapplication
only.

Achieving as much sharingas accomplishedvith MVM but with cross-address
spacesharingd la ShMVM requiresa greatdeal of changeso the underlying vir-
tual machine;so muchin fact that a from-scratchre-designlooks like an attractve
option.MVM waseasierto engineerandrequiredfewer changegor betterresultsthan
ShMVM. Following the ShMVM modelmay quickly turn into a slipperyslope:when
oneitem is shared,t is temptingto shareobjectspointedto by thatitem. No matter
how the graphof referencesamongruntime datastructuress cut by the boundaries
of sharedand private addressspacesthe issueof dealingwith referencesanddepen-
denciesspanningthesespacess difficult, especiallygiventhe complexity of modern
high-performanceirtual machinesMinimizing the numberof suchinter-spacerefer



encesds importantfor performancefor implementatiorcompleity, andfor robustness
(if thesharedareais writeable).Our experiencesuggestshatremoving inter-spaceref-
erencesndco-locatingall of themin asingleaddresspacdn aMVM-lik e styleis the
mostattractve long-termsolution.

9 Redated Work

Quiteanumberof projectshave aimedat conservingesourceonsumptiorof the JVM.
The majority of theseefforts focuson co-locatingapplicationsn the samevirtual ma-
chine.Detailedoverview of theseefforts canbefound, for instancejn [2, 3,5,6,11].

The only accountof work similar to ourswe have found s [8], which describes
IBM’s implementationof the JVM for OS/390.This system,aimedat sener appli-
cations,is interestingin several respectsMultiple JVMs cansharesystemdata(e.g.,
classesmethodtables,constantpools, etc) storedin a sharedmemoryregion, called
the sharednheap.The sharedheapis designedo storesystemdatabut canalso store
applicationdatathat can be reusedacrossmultiple instancesf the JVM. The shared
heapis never garbagecollected,and cannotbe expanded.The JVMs usethe shared
heapto load, link, andverify classesA JVM neednot performary of theseactionsfor
ary classthathasbeenloadedby anotherJVM; thisincludesthe bootstrapandsystem
classesA commonclassloaderis usedto sharenamespacesacrossa setof JVMs.
Compiledcodeis not shared.The accountpresentedn [8] briefly discussesheseis-
suesat a high level, without expoundingon challengesand alternatves; it alsodoes
not discusghe performancef the systemlt would bevery interestingto comparethe
designand problemsfacedin that work with the issueswe hadin building ShMVM.
This systempresentsanotherinterestingapproacto conservingeesourceseachJVM
is executedin a large outerloop, which acceptsequestso executeprogramsAfter a
programhasbeenexecutedandit is determinedhatit hasnotleft ary residuaresources
behind(e.g.,threadsppenfiles, etc),the JVM canbeimmediatelyusedto executean-
otherrequestThus,multiple virtual machinesanconcurrentlyshareresourceshrough
the sharedheap,but additionally eachof themreducesstart-uplateng via sequential
executionof applications.

A similar systemis describedn [4]. Performancalatapresentedhereare promis-
ing from the perspectie of reducedstart-uptime, but monitoring and managingthe
transitionto “clean slate”virtual machinecanbe a challengingtask. Compiledcodeis
sharedn [4], but no accountis given of the complexity and benefitsof this featurein
their system.

The Quicksilver quasi-staticcompiler[16] aimsat removing mostof the costsof
compiling bytecodes Pre-compiledcode imagesof methodsare generatedff-line.
During loadingthey needto be“stitched”, thatis, incorporatednto thevirtual machine
usingrelocationinformation generatealuring the compilation. Stitchingremovesthe
needfor anextralevel of indirectionsincerelevantoffsetsin stitchedcodearereplaced
with the actualaddressesf datastructuredn the virtual machine Thesedesigndeci-
sionsform aninterestingcomparisorwith ShMVM, wherecode compiledon-line is
sharedn orderto lower memoryfootprint andwherethe sharingof compiledcodein-
troducesanextralevel of indirectionin certaincasesTheapproachof Quicksilver may



alsobe complementaryo ShMVM andto MVM: certainmeta-datacanbe computed
off-line andusedto pre-populatesharedareas.

10 Summary

This paperdiscusseshe design,selectedmplementatiordetails,and performanceof

ShMVM, an architecturethat allows Java virtual machinego shareexecutablecode.
The implementatioris basedon an existing high-performanceirtual machine.Parti-

tioningtheruntimedatastructurescrossharedlocatedn sharednemory)andprivate
heap<reatesiumerougproblemswhenintroducednto a comple, well-tunedruntime
designedwith an implicit, inherent,and penasive assumptiorof a single, uniform,

non-sharedddresspace After addressingheseissuesandafterthe evaluationof our

resultswe concludethat JVM architecturepromotingmultitaskingin a singleprocess
aremuchmoreattractve asalong-termapproacho improving the scalabilityof thevir-

tual machineThis s, in away, a negative resultof significantvalue,asvariousgroups
have recentlycontemplatedmproving the efficiency of their virtual machinesby de-

signssimilar to ShMVM. Hopefully our findingswill leadto faster leaner andmore
robustfuturevirtual machinearchitectures.
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