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Abstract. Sharingof codeamongapplicationsexecutingin separatevirtual ma-
chinescan lead to memoryfootprint reductionsand to performanceimprove-
ments.Thedesignof a generalandacceptablesharingmechanismis challenging
becauseof severalconstraints:performanceconsiderations,thepossibilityof dy-
namicclassloading,dependenciesbetweensharedcodeandtheruntimesystem,
and the potentialof adverseimpacton the runtime’s reliability andon easeof
maintenance.This paperanalyzesthesetradeoffs in the context of two modifi-
cationsto theJavaT M virtual machine(JVMT M). Thefirst allows for sharingof
bytecodesandclassinformationacrossmultiple virtual machines,eachof which
executesin a separateoperatingsystemprocess,usingsharedmemory. Thesec-
ondadditionallyenablesthesharingof dynamicallycompiledcode.Theirdesign
andperformanceareevaluatedagainsttwo otherapproaches:runningeachappli-
cationin a separateinstanceof an unmodifiedvirtual machine,andrunningall
applicationsin a singleinstanceof a multitaskingvirtual machine.

1 Introduction

The ideaof sharingexecutablecodegainedwidespreadacceptancein the mid-1980s,
with the introductionof sharedlibraries[1, 9]. Sharedlibrarieslower thesystem-wide
memoryfootprintandenablefasterapplicationstart-up.Providingsupportfor sharedli-
brariesat theoperatingsystem(OS)level freesprogrammersfrom having to implement
the sharingthemselves.Today, sharedlibraries are an entrenchedconcept,available
in optimizedforms in mostOSes.Due to the popularityof the JavaT M platform, it is
commonto comeacrossa computerrunningmany applicationswritten in theJavaT M

programminglanguage[10] atany giventime.Onemightaskwhetherin thesesettings
thesharingof executablecodeacrossmultiple virtual machinesis asbeneficialfor the
scalabilityof theJVM assharedlibrariesarefor OSes.

In thecontext of theJVM, executablecodeincludesthe runtimerepresentationof
classes,methodsandtheir bytecodes,andcompiledcodefor methodsgeneratedby a
just-in-timeor dynamiccompiler. Severalcharacteristicsof theJava programminglan-
guageandof theJVM make sharingexecutablecodechallenging.First,dynamicclass
loadingmakesthe granularityof sharingsmall, at mosta class.Second,the sizeand
formatof executablecodeevolve duringprogramexecutionastheJVM identifiestar-
getsfor optimizationsandcompilesthem.Third, executablecodeis often intertwined



with the runtimestateof a program(e.g.,pointersto objectssubjectto garbagecol-
lection canbe embeddedin executablecode).Despitethesedifficulties, codesharing
remainsattractive becauseof its potentialto decreasethe memoryfootprint of virtual
machinesandto amortizecostsrelatedto on-demandclassloading(e.g.,parsing,ver-
ification, dynamic link resolution)and the architectureneutrality of classfiles (e.g.,
runtimequickeningof interpretedcodeandruntimecompilations),leadingto bothim-
proved applicationexecutiontime and to fasterstart-uptime. This potentialcan be
realizedin differing degreesby sharingvariousforms of code(bytecode,quickened
bytecode,compiledcode,etc.)

This paperexploressomeof theseissuesby analyzingShMVM. In ShMVM, each
applicationis executedby a virtual machinerunning in a separateOS process.Exe-
cutablecodeis sharedamongcooperatingvirtual machinesusingsharedmemory. Two
versionsof ShMVM havebeendesignedandimplemented:ShMVM-B allowsfor class
information and methodbytecodesharingwhile ShMVM-C additionally allows for
compiledcodesharing.This paperdescribesthe designof ShMVM, highlighting the
rationalefor certaindecisions.ShMVM was implementedby retrofitting an existing
high-performancevirtual machinewith cross-processsharingcapabilities;the discus-
sion differentiatesbetweenissuesinherentin the problemof sharingcodeand those
dueto the choiceof the basevirtual machine.The complexity of the internalsof the
chosenvirtual machineswayedsomedesigndecisionstowardsminimizing thenumber
of changes,andin severalcasestheoutcomemaybesub-optimal.

Two other architecturesare usedto evaluatethe performanceand robustnessof
ShMVM: (i) thecurrentlystandardwayof executingmultiplevirtual machines,eachin
a separateprocess,without any sharingamongthem,and(ii) MVM [7], which trans-
parentlyco-locatesmultiple applicationsin thesameprocess.ShMVM andMVM are
modificationsof the samevirtual machine.This enablesmeaningfulquantitative dis-
cussion.We alsoanalyzequalitatively the robustnessof ShMVM. The useof shared
memorymay lead to degradationof robustnesswhen comparedto separateisolated
JVMs.

This papershouldbe of interestto implementersof resourcesharingvirtual ma-
chines.In particularwe concludethatwhile sharingcodeamongprocesseshasits ad-
vantages,theapproachof MVM is betterthanShMVM asa long-termsolutionto the
effectiveuseof resourcesby virtual machines.Therestof thispaperis organizedasfol-
lows.Sections2 through4 describethedesignof ShMVM-B andShMVM-C.Section5
describesrelevantcodesharingdetailsof MVM. Performanceis thetopicof Sec.6.Ro-
bustnessissuesarethefocusof Sec.7. A generaldiscussionis presentedin 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-data,includingbytecodes,amongvirtual machines,andShMVM-C,
which additionallyallows for sharingof compiledcode.No distinctionis madewith
respectto sharingbetweencore(system)classesandapplicationclasses.The virtual
machinesparticipatingin thesharingmustbe identicalandmustusethesameversion



of the JDK classes.Both systemswereimplementedasmodificationsto the HotSpot
JavaT M virtual machine[18] (referredto asHSVM from now on) version1.3.1,client
compiler, for the SolarisT M OperatingEnvironmentexecutingon the SPARCT M pro-
cessor. Detailsspecificto the two versionsof ShMVM aredescribedin the next two
sections.Commondesignprinciplesarediscussedhere.

In ShMVM eachapplicationis executedby a JVM in a separateOSprocess.The
virtual machinescooperatively maintaina sharedareathat holdsshareddata.When-
evera virtual machineneedsanitem not foundin thesharedarea,it computestheitem
andstoresit there.Thesharedareais implementedasa memorymappedfile. Thefirst
ShMVM processto map the file declaresitself the primary and initializes the meta-
data.After initialization, all processesare equally privileged to usethe sharedarea.
Thesharedareais mappedat thesamevirtual addressby eachparticipatingJVM. This
ensuresthat pointersto sharedobjectsarevalid acrossall JVMs. Often, shareddata
structuresneedto referto datawhich arecreatedasneededby eachJVM andstoredin
their privatearea.Suchshared-to-privatereferencesmustencodea one-to-many map-
pingbetweenoneshareddatastructureandmany privatedatastructures,oneperJVM.
Direct pointersto theprivateareacannotbeusedfor suchreferencesfor two reasons.
First, it would requireeachprivatedatastructurereferencedfrom a sharedobjectto be
mappedat the samevirtual addressin all processes,which is impractical.Second,it
preventsgarbagecollectionto relocateprivateobjectreferencedfrom a sharedobject.
Our approachis to allocatean indirectiontableat a fixed locationin theprivatespace
of eachprocess.

Figure1 showshow theaddressspaceof eachprocessexecutingShMVM is divided
up into a privatearea,a sharedarea,andan indirectionarea.The last two mustbe at
thesamevirtual addressin all processes.Thesharedareaholdsobjectsthatareshared
acrossall processes.The privateareacontainsall dataprivateto a process,including
thegarbage-collectedheapandthreadstacks.Objectsin any areacanreferenceobjects
in thesharedareadirectly, usingtheir virtual memoryaddresses(e.g.,pointersp2 and
p4 holdstheaddressof sharedobjecto2 in Fig. 1). Objectsin theprivateareaof a pro-
cesscanalsodirectly referenceobjectsin the privateareaof the sameprocess(e.g.,
p1). However, pointersto objectsof theprivateareaof any process(e.g.,pointerp3a in
processA, or p3b in processB) cannotbestoredin thesharedarea,sincethey holdavir-
tualmemoryaddressthatmaynotcorrespondto thesameobjectin differentprocesses.
To solve thisproblem,eachprocessmaintainsaprivateindirectiontablemappedat the
samevirtual address(i1 in Fig.1): objectsin thesharedareareferenceobjectsin thepri-
vateareavia anentryin theindirectiontable(anindirection).Addressesto indirections
(e.g.,p3 in Fig. 1) arevalid acrossall processes,andtherefore,canbestoredin shared
objects(e.g.,o1). Eachindirectionsholds the virtual addressof the objectassociated
with it, which canbedifferentfor eachprocess.For instance,sharedobjecto1 refersto
indirectioni, which hasthesameaddressp3 in all processes;i holdstheaddressof o3a

in processA andof o3b in B.

Indirectionsareallocatedasneeded,whenshareddatathatneedto referenceprivate
onesarestoredin the sharedarea.A field of a sharedobjectthat referencesa private
object either holds a null valueor the addressto an indirection.JVMs initialize the
entriesof their indirectiontableto null. Whena JVM usesa sharedobjectfor thefirst
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Fig. 1. Thelayoutof memoryareasin ShMVM.

time, it initializestheindirectionsreferencedfrom thatobject.Indirectionsmayalsobe
initialized lazily, in which casethe null valueis usedto detectwhetheran indirection
hasbeeninitialized.Thegarbagecollectorrunningin oneprocesscanrelocateaprivate
objectreferencedfrom thesharedareaindependentlyof otherprocessesby updatingthe
indirectionsof its copy of theindirectiontable.Thissolutionleveragesvirtual memory
to efficiently supporttheone-to-many mappingbetweensharedandprivatedata.

Appropriatelocks guardinitialization, updatesandlook-upsin the sharedarea.A
crashof oneprocessholdinga lock on a sharedresourcemustnot block forever other
processesthatarewaitingfor thelock to befreed.ShMVM’slockingmechanismsrelies
on theatomiccompare-and-swapinstructionto implementnon-blockingsynchroniza-
tion. To acquirea lock, the identifierof the locking processis atomicallystoredin the
lock variableif thelock is not heldby anotherprocess.Theprocesswill spin,yielding
theprocessor, until thelock is available.Processesthatterminatedwhile holdinga lock
aredetectedby periodicallyaskingfor theprocessgroupsof all lock holders.

Weassumethatobjectsallocatedin thesharedareaneverbecomegarbage,andthus
arenever collected.This assumptionis roughlyequivalentto preventingtheunloading
of sharedclassesandtheir compiledmethods.

Finally, issuescommonto thedesignof bothversionsof ShMVM andof MVM are
classinitialization barriersandconstantpool resolutionbarriers.A classinitialization
barriertestswhetheraclasshasbeeninitializedandtriggersits initializationif it hasnot;
in particular, thestaticinitializer of this classis executedat this point.A constantpool
resolutionbarriertestswhethera symbolin a class’s constantpool hasbeenresolved,
andif not,proceedsto resolveit. Sincebothtypesof barriersalwayssucceedexceptfor
thefirst time thebarrieris encountered,JVM implementationscommonlyusedynamic
coderewriting techniques,suchasbytecodequickening[13] andnative codepatching
to dynamicallyremove thesebarriersupon their first execution.Problemscreatedby
thesebarriersandrespectivesolutionsaredescribedin thenext threesections.



3 ShMVM-B Details

In ShMVM-B classinformationandmethodbytecodesaresharedamongvirtual ma-
chines.Thedesignrevolvesaroundthe usein HSVM of a very infrequentlycollected
areaof the heap,calledpermanent generation, to storethe runtimerepresentationof
classes,which includesdescriptorsfor fields andmethods,symbolic links, classcon-
stantsandstaticvariables,andmethodbytecodes.In ShMVM-B the permanentgen-
erationis split into a sharedgeneration,sharedby all JVM processes,anda private
generation.Eachprocessmapsthesharedgenerationat thesameaddress.To minimize
changesto garbagecollectiondatastructures,the sharedgenerationis allocatedcon-
tiguouslyto theprivategeneration.Two kindsof objectsarestoredin thesharedgen-
eration:(i) summariesof certaininformationaboutclasses,and(ii) methods(including
bytecodes).

3.1 Sharing Classes

In HSVM, themajority of theobjectsthat collectively make up the runtimerepresen-
tation of a classareallocatedin the garbage-collectedheap.Eachheapobject starts
with a headerthatincludesa pointerto a klassobject.Theklassobjectunderstandsthe
layoutof a specificobjecttypeandknows how to reclaimit. To amortizethe costsof
classloading,we initially attemptedto put asmany objectsof the runtimerepresenta-
tion of a class(mostnotablyklass,constantpool, andmethodobjects)aspossiblein
the sharedgeneration.This approachpresentedseveral challenges:(i) klassesinclude
a pointerto a C++ virtual function tablelocatedin privatespace,(ii) the resolveden-
tries of the constantpool of a klasscontainpointersto otherklasses,to instancesof
java.lang.String, andto symbols(specialobjectsusedby HSVM to represent
classsymbols),and(iii) if klassesareshared,thenthesystemdictionary, usedto locate
loadedclasses,shouldbesharedaswell. For thereasonsdescribedbelow, in eachcase
we decidedagainstsharing.

Thefirst problemis thateachklassobjectcontainsapointerto aC++virtual method
table(or vtable). Sincethevtableis allocatedin theprocess’s datasegment,it is in the
privatepartof the addressspace.Indirectly accessingvtablesvia the indirectiontable
would requirechangingthevirtual methoddispatchof C++,which is not realistic.One
solutionis to copy the vtableinto the sameareaasthe indirectiontableandto adjust
thevtablepointerof klassobjectsupontheirallocation.Unfortunately, theexactsizeof
thevtableis difficult to computewithout compilersupport.Another, arguablyclumsy
solutionwould beto ensurethat thevtablesareloadedat thesameaddressesin all the
virtual machines.

Sharingonly theunresolvedpartof a constantpool requireschangingits resolved
entriesso that they referenceentriesof the indirectiontable.However, theunresolved
partamountsto only a fractionof thespaceoccupiedby theconstantpool.Soin effect,
allocatingone indirection per resolved constantpool entry is equivalent,in termsof
spaceconsumption,to replicatetheconstantpool for eachprocess.Thealternative is to
sharethe whole constantpool andto directly referenceresolvedstringsandsymbols.
This in turnrequirespulling thosestringsandsymbolsin thesharedarea,aswell asthe



tableusedto internalizethem.Thetableof internedstringsalsorecordsstringsexplic-
itly internedby applicationsvia theintern() methodof thejava.lang.String
class.This complicatessharingsubstantially, not theleastby addingmuchmorecross-
processsynchronization.

HSVM keepstrack of all the klassobjectsin a systemdictionary. If klassobjects
arestoredin the sharedarea,the systemdictionaryneedsto move thereaswell. The
systemdictionarycontainsprivateheap-allocatedobjects.If the systemdictionary is
shared,we must ensurethat classesloadedby customclassloaders(i.e., not by the
bootstrapor systemclassloaders)areisolated;allocatingtheseclassesin privatespace
canaccomplishthis. Also, we would have to ensurethat the protectiondomainof a
classis not shared.

In additionto thedifficultiesit brings,sharingklassandconstantpoolobjectswould
resultin numerouscascadingmodificationsto theexistingrun-timesystem,whichgoes
againstour goal of minimizing the changesto HSVM. The solutionwe finally opted
for wasto storeklasssummaryobjectsin thesharedarea.Klasssummaryobjectscon-
tain all informationfoundin theclassfile aswell assizeinformationthat is computed
whena klassobjectis constructed.Klassinformationspecificto aninstanceof thevir-
tual machine,suchasthe classinitialization state,andinformationthat canbe easily
recomputed,arenotstoredin thesummaryobject.Thesystemdictionaryis modifiedto
look up summaryobjectsin the sharedgeneration.If a summaryobjectis found, it is
usedto constructa klassobject;otherwise,the runtimeattemptsto load the classfile.
To avoid classversioningproblems,summaryobjectsareonly addedto thesharedheap
for classesloadedwith thebootstrapor systemclassloader.

Theklasssummaryobjectcontainsa pointerto a copy of theclass’s constantpool.
Unlike a klassobject’s constantpool, this copy doesnot have pointersto resolved
classesor to instancesof String, sincelink resolutionshouldbeperformedatruntime
by theindividualvirtual machines.Thecopy containspointersto symbolsin theshared
heap.Tablesof internedstringsandsymbolsareprivatelymaintainedby eachprocess,
anddo not containany of the symbolobjectsof the sharedarea.Becauseof this, in
ShMVM, sharedandprivatesymbolsarecomparedusingtheir valuesinsteadof their
addresses.

The klasssummaryalsocontainspointersto sharedsymbolsfor the namesof the
class’s superclass,interfaces,andsourcefile. Thesesymbolsarehandledin thesame
wayassharedsymbolspointedto by theconstantpool.Otherobjectspointedto by klass
objects,namelyfield descriptionarray, theinnerclassdescriptionarray, andmethodde-
scriptions,aresharedwith theklasssummaryobject.Thefirst two of theseobjecttypes
are immutablearraysof integers,so sharingthemposeno problem.Sharingmethod
descriptorsis morecomplicatedandwill bediscussedin Sec.3.2.

Letusconsideranobjectin agarbage-collectedheap.Thisobjecthasaklasspointer.
Sinceall klassesresidein the privateareaof theJVM process,if theobjectis shared,
its klasspointermustbeindirectedthroughtheindirectiontable.If theobjectis private
we do not needthe extra indirection to accessthe klassobject.However, we do not
necessarilyknow staticallyif anobjectis sharedor private.Onealternative is to check
if an object is sharedwhendereferencingthe klasspointer. We could alsodo bounds
checksonthesharedspace.Theboundsof thesharedspacearecompile-timeconstants,



sothecheckscanbe implementedwithout any additionalloads.However, at leastone
branchwould be required.Another solution would be to allocatean additionalfield
in theobjectheaderthatpointsto theprivateklasspointer. If the objectis shared,the
additionalfield points to the indirection tableentry. If the object is private,the field
points to the klasspointerfield in the sameobject.This would increasethe memory
footprintof all heap-allocatedobjects,diluting oneof thepurposesof thiswork. Instead,
we allocateanextraself field in eachklass.This field containsa pointerbackto the
klassobjectitself. In eachprivateobjectwe storea pointerto its klassobject.In each
sharedobject,weinsteadstoreapointerto theindirectiontableentryfor theklassobject
adjustedby theoffsetof theself field in a klassobject.Figure2 shows thelayoutof
thesedatastructures.The instructionsequencefor loadinga klassobject,identicalfor
bothsharedandprivateobjects,addsoneload:

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

For privateobjects,thesecondindirectionis redundant;thus,if it is knownstatically
thatan objectis private,thesecondindirectioncanbeeliminated.This is thecasefor
all dynamicallycompiledcode(not sharedin ShMVM-B). Objectsinstantiatedby the
application(suchasprogramdataheapobjects)arealsonevershared,andnoadditional
costis paidto obtaintheir klasspointers.
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3.2 Sharing Methods

HSVM appendsbytecodesat theendof objectsrepresentingmethods.Oneoption for
sharingbytecodeis to split thebytecodesoutof themethodobject.Thisrequiredchang-
ing a considerableamountof code.Instead,we allocatetheentiremethodobjectin the
sharedregion.Otherissuesof interestincludebytecodequickening,sharinginvocation
counters,anddealingwith virtual methodtables(vtables).



Bytecode Quickening. Bytecoderewriting, or quickening,is usedto removeclassini-
tializationandconstantpool resolutionbarriers.On its first execution,agivenbytecode
instructionexecutesthe barrier operation,which setsup statefor the corresponding
quickenedoperation,andthenoverwritestheopcodeof theinstructionwith thatof an-
otherbytecodeinstruction;on subsequentexecutionsof thefastinstruction,thebarrier
operationis not performed.For constantpool resolutionbarriers,the statefor the fast
instructionis storedin a constantpool cache.Sincebytecodesareshared,onevirtual
machinemayquickenabytecodeandthenanothermayexecutethequickenedbytecode
withoutperformingthebarrieroperation.Thiswill causethesecondvirtual machineto
crashsincecertaininitialization actionsarenot performed.Disablingquickeningcom-
pletely ensuresthe barriersarealwaysexecutedcorrectly. However, quickeningis in-
tegratedtightly into thestructureof theHSVM interpreter;theun-quickenedversions
of thebytecodesonly performthebarrieroperationwhile implementationof theactual
bytecodeoperationis left to thequickenedversionof thebytecode.Our solutionis to
dynamicallyun-quickenbytecodesif thebarrieroperationhasnot beenexecuted.

To simplify the implementation,quickeningof thenew bytecodeandof thebyte-
codesequenceaload 0; getfield wascompletelydisabled.Unlike mostof the
otherbytecodes,quickeningof thesebytecodesis not requiredfor correctexecutionof
HSVM. Quickeningof theldc bytecodefor non-stringconstantsneednot bedisabled
at all. Theslow versionof thesebytecodesis usedsolely to determinethe typeof the
constantso that thecorrectload instructionis executedby thequickenedbytecode.In
HSVM, theslow versionof ldc for stringconstantsmayconstructaString instance
and install a pointer to it in the constantpool. In ShMVM-B the fast versionof this
bytecodealsoperformsthis operation.

Theotherbytecodesthatmaybequickenedperformclassconstantpool resolution
barriersor classinitializationbarriers.Whenexecuted,thesebytecodesupdatethecon-
stantpoolcacheandthenrewrite thebytecode.Whenaquickenedbytecodeis executed,
wetestif theconstantpoolcachefor thatbytecodeis valid. If thecacheis valid, theex-
ecutionof thequickenedbytecodecancontinue.Otherwise,theexecutionis dispatched
to the un-quickenedversionof the bytecode.The bytecodeis not re-writtenwith the
un-quickenedversionsincethis may result in a racecondition.The codefor the un-
quickenedbytecodewill rewrite the bytecodewith the fastbytecode,but this is safe
sincethesamequickenedopcodewill bewritten.Testingtheconstantpool cacheentry
validity requiresonly a null pointercheck.

Sharing of Invocation Counters. HSVM usesmethodinvocationcountersto deter-
mine which methodsarefrequentlyinvoked.A methodis compiledwhenits counter
reachesa certainthresholdvalue. In ShMVM-B the invocationcounterof a method
maybeshared(default)or private,dependingona runtimeflag.

If countersareshared,methods“hot” in oneapplicationmaycausecompilationof
the methodby anothervirtual machine.Hopefully, suchmethodswill be hot in other
applicationsas well. Virtual machinesthat start later will compile hot methodsear-
lier than they would have with private invocationcounters.Lesstime will be spent
executinginterpretedcodewhile the invocationcounterrisestoward the compilation
threshold.However, compilationmayoccurin severalvirtual machinesthatexecutea



givenmethodeven if in an individual applicationthe methodwould not have reached
thecompilationthreshold.This compilationmaydecreasetheaggregatethroughput.If
the sharedregion exists for a long enoughtime, a new virtual machineattachingto it
maybehaveasif all of themethodsit executesrequiredcompilationonfirst invocation.

Private invocationcountersare implementedby creatinga one-elementarray in
privatespaceanda pointerto it throughtheindirectiontablein themethoddescription
object.This requirestwo extra indirectionsto accessthecountercomparedto thepath
lengthof accessingsharedcounters.Sinceonly the interpreterusesthe counters,the
overheadof theseextra loadsis negligible.

Method Vtable Index. Klassobjectembedsa vtablethatcontainspointersto method
descriptors.Eachdescriptorincludesthe index to the vtable entry whereits pointer
is stored.Becausemethoddescriptorsareshared,vtableindexesmustbe valid for all
virtual machines.

In HSVM, the vtable is orderedby comparingaddressesof the symbolsholding
eachmethodname.Symbolsareallocatedin the permanentgenerationandtheir rel-
ative order remainsfixed. However, two processesmay allocatesymbolsat different
addresses.Thevtablesortingimplementationwasconsequentlychangedin ShMVM to
do stringcomparisonson methodnames.

4 Details on ShMVM-C

ShMVM-C extendsShMVM-B with theability to sharedynamicallycompiledcode.In
particular, a virtual machinecanexecutethenativecodeof a methodalreadycompiled
by anothervirtual machine,without having to interpretthe methodat all. In HSVM
compiledmethods(callednmethods)arestoredin a contiguousareaof memorycalled
the codecache.In ShMVM-C this areais mappedat the sameaddressin all virtual
machines.Sinceonly methoddescriptionobjects(alreadylocatedin thesharedarea–
Sec.3.2)containreferencesto theircorrespondingnmethods,no new infrastructurefor
finding nmethodshadto be implemented.In particular, whereasShMVM-B needsan
indirectionfrom a methodobjectto its nmethod,ShMVM-C canusea direct pointer,
likeHSVM.

Sharingthe codecacheraisesseveral issues.First, the codecacherefersto many
datastructuresdynamicallyallocatedoutsideof thecodecacheor thegarbagecollected
heap.Examplesof suchdatastructuresincludesmallfragmentsof code,mapsof object
references,andcachesof exceptionhandlerlocations.Thesedatastructuresmustbe
accessibleto all processesusingthecodecacheandwerethereforemovedinto thecode
cachefor simplicity. Referencesin thesedatastructuresto objectsstoredin thegarbage
collectedwereindirected.

Second,thedynamiccompilerembedspointersto objectsallocatedin thegarbage-
collectedheapin thecodethat it emits.This includespointersto klasses,methods,in-
stancesof java.lang.String andjava.lang.Class, andobjectsimplement-
ing inline caches.In ShMVM-C, all suchembeddedpointersmust refer to locations
sharedbetweenprocessesin orderfor thecompiledcodeto besharable.



Methodobjectsarealreadyin thesharedgeneration,andthuscanbeleft embedded
in compiledcode.Inlinecacheobjectsserveanoptimizationthatsignificantlyspeedsup
thedispatchof virtual methods.Forbothsimplicityandefficiency, they weremovedinto
thesharedgenerationsothatthey canbereferenceddirectly. Klassobjects,for reasons
alreadyexplainedin Sec.3.1,arenot shared,andthereforetheindirectionmechanism
(Sec.2) is usedto accessthem.That is, pointersto the indirection table entriesfor
instancesof privateklassobjectsareembeddedin the compiledcode.The generated
codewasmodifiedto properlyhandlethedoubledereferencingto get to klassobjects.
Whenever a virtual machineexecutesa methodfor the first time andthatmethodhas
alreadybeencompiledby anothervirtual machine,the first dereference(following a
pointerembeddedin thecompiledcode)will returna null value.In this case,thecode
is dispatchedto a routinethatfinds thecorrespondingmethodandproperlyinitializes
theentryin theindirectiontable.

Theonly instancesof java.lang.String for whichareferenceis embeddedin
compiledcodeareresolvedstringsfrom theconstantpool of theclassof thecompiled
method.For eachsuchstring,thecorrespondingldc bytecodeinstructioncontainsthe
constantpool index for this string.As for classes,pointersto thesestringsarereplaced
with pointersto entriesin theindirectiontable.After eachdereferenceof suchapointer,
thecompilerinsertsanull pointertestthatbranchesto anupcallto theruntime.Theup-
call specifiestheindex of theconstantpoolwherethestringmaybefound.Thus,when
aprocessdereferencesthisembeddedpointerfor thefirst timetheupcallto theruntime
will find the correspondinglocal string andupdatethe indirectiontableentry accord-
ingly beforeresumingexecutionof the compiledcode.With thesechanges,compiled
codedoesnotcontainany directpointersto virtual memoryareasthatareprivateto one
process,makingit sharableacrossvirtual machines.

Another issueis relatedto classinitialization barriers.Eachklasswhosepointer
canbe embeddedin compiledcodeis associatedwith two consecutive entriesin the
indirection table.Eachof theseentriescancontaineithera null valueor the pointer
to the klassobject private to the currentprocess.The first entry correspondsto the
loadedstatus(the null valueindicatesthat the classhasnot beenloadedyet) andthe
secondoneto the initialized status(thenull valueindicatesthat theclasshasnot been
initialized yet). Upon loadingof a classthe “loaded” entry is updatedwith the klass
pointer, but its “initialized” entry is left setto thenull value.Compiledcodemusttest
thevalueof thesecondentryatplacesthatmaytriggertheinitializationof aclass,i.e.,in
codegeneratedfor new, getstatic, putstatic, andinvokestatic bytecode
instructions.Usingthis organization,accessto a classat pointsrequiringtestfor class
initialization addsonly two instructionsto theoriginal sequencegeneratedby HSVM:

sethi hi(ind_tbl_entry_addr), entry
ld [entry + lo(ind_tbl_entry_addr)], k
brz,k,a class_initialization_stub
ld [entry+4], k

Theoriginal pair of sethi/add instructionsis replacedwith a pairsethi/ld to
embedapointerto anentryin theindirectiontable,insteadof apointerto aklassobject.
A branchon a registervalueteststheresultof the introducedloadaddedto obtainthe
klasspointer from the indirection.Whenthe classis not alreadyinitialized, the load



in the annulleddelayslot of the branchinstructionstoresthe contentsof the second
entry in the register, andcontrol is transferredto a stubthat invokesthe runtimeclass
initialization routine.

5 Code Sharing in MVM

MVM [7] is an implementationof the JVM capableof executingmany programssi-
multaneouslywithin a singleOSprocess.MVM supportsall the featuresandAPIs of
the Java platform. Multiple invocationsof the standardinvocationAPI within a sin-
gle processactuallyresultin thecreationof multiple instancesof theJVM within that
process,eachcapableof executinga program.EachJVM instance,referredasa task
hereafter, is a setof datastructuresthat capturesthe part of the executioncontext of
a programthat cannotbe shared(e.g.,staticvariables,classinitialization status,etc.).
Theaggressivesharingof theJVM datastructuresandof theruntimerepresentationof
classes,includingdynamicallycompiledcode,contributesto makingthesizeof a pro-
gramexecutioncontext small.Privilegedprogramscancreateandcontroltasksusinga
preliminaryversionof theapplicationisolationAPI [12].

For thepurposeof comparisonwith theotherapproachesto codesharingexplored
in thispaper, only thechangesto theruntimerepresentationof classes,to theinterpreter,
andto thedynamiccompileraredescribedin whatfollows.

5.1 Shared Class Runtime Representation

Sharingheap-allocatedruntimerepresentationsof classesis problematicin ShMVM
becauseeachprogramexecutesin differentaddressspace.MVM doesnot suffer from
this sinceall tasksexecutein the sameaddressspaceand have accessto the heap.
Therefore,sharingdataaccrosstasksdoesnot requireusinga differentpointerformat
or removing objectsfrom underthecontolof thegarbagecollector. As a result,MVM
barelychangestheruntimerepresentationof classesusedin HSVM.

Mostof theruntimerepresentationof aclassis alreadyindependentof any particular
executioncontext andcanthereforebesharedasis. This sharableportion includesthe
constantpool,debugginginformation,thedescriptionsof methodsandfields,including
informationresolvedat runtimesuchastheoffsetof an instancevariablefrom thebe-
ginningof anobjector theindex of a methodin a virtual table,and,givenappropriate
changesto theinterpreter, thebytecodeof methods.Theruntimeconstantpoolcache(a
subsetof theruntimeconstantpool optimizedfor useby boththe interpreterandcode
producedby theruntimecompiler)canalsobesharedaftera few minormodifications.

Data that cannotbe sharedacrossprogramexecutioncontexts, that is, the task-
dependentdata,are relatively small, and include the storagefor static variables,the
objectsthat constitutethe program-visiblerepresentationof classes,suchasinstances
of java.lang.Class andother relevant objects(e.g.,classloader, signers,etc.),
anddatadescribingthe initialization stateof the class.In HSVM, all of the above is
eitherembeddedin, or referencedfrom, asingleheap-allocatedklassobject(Sec.3.1).

MVM replacesthetask-dependentdataof eachklassobjectwith a singlereference
to anarrayof referencesto taskKlassMirrorobjects(TKMs). EachTKM encapsulates



the task-dependentpart of a classfor a given task.Both TKM tablesandTKMs are
heap-allocated.TKM tablesaresizedto correspondto the maximumnumberof tasks
supported.Tasksareuniquely identifiedwithin the virtual machineusingan index to
a tasktablethatkeepstrackof ongoingtasks.Eachprogramthreadis taggedwith the
uniqueidentifierof its taskandalwaysrunsin thecontext of thesametask.Obtaining
the TKM correspondingto a given taskis a matterof indexing the TKM tableof the
correspondingklasswith thecurrenttask’s identifierstoredin thecurrentthread.

5.2 Task-reentrant Initialization Barriers

Classinitialization barrierscannotbeentirelyeliminatedin MVM becausebothbyte-
codesandthe codegeneratedby the dynamiccompileraresharedby multiple tasks,
whichmayeachbeatdifferentstagesof initialization for agivenclass.Testingwhether
a taskhasinitialized a classamountsto checkingwhethertheentry in theclass’s task
tablefor that task is non-null.The testingpart of the classinitialization barrier takes
threeinstructions:loadinga uniqueinternaltaskidentifierfrom thecurrentthreaddata
structure,loadingtheaddressof thecorrespondingTKM from theclass’s tasktable(in-
dexedby the taskidentifier),andthenbranchingto the appropriateclassinitialization
codeif thereturnedaddressis null.

Both the initialization statusof a classandthe threadinitializing it arekept in the
TKM. Themainissueis to locatetheTKM correspondingto theinitializing taskwhen
oneof its threadsis dispatchedto the runtimeto initialize the class.The entry in the
TKM tablecannotbeusedto storetheTKM createdby thetaskduringclassloadbut
beforetheclassis initializedfor this task,becausethiswould invalidatethenull pointer
testperformeduponaclassinitializationbarrier. A schemesimilar to theonedescribed
in Sec.4 addressesthis issue:the TKM tableholdstwo referencesto the sameTKM
for eachtask.Eachreferenceis setup at a differenttime: thefirst oneis setup during
classloading,andthesecondoneoncetheclassis fully initialized.Classinitialization
barrierstest the secondentry only: when the testperformedby the barrier fails, the
TKM for thecurrenttaskcanbesimply obtainedfrom thefirst entry. Thefirst entry is
alsousefulfor accessingthestaticvariablesof a classfor a giventaskwhenthetaskis
not fully initialized (e.g.,anaccessto thestaticvariablemayberequiredby thethread
initializing theclasswhile executinga staticinitializer of theclass).

5.3 Bytecode Interpretation

MVM leavestheinterpretationof all standardbytecodesunchanged.Modificationsare
requiredonly for the interpretationof someof the quick versionsof bytecodes,and
for thehandlingof synchronizedstaticmethods,which requiresfinding theinstanceof
java.lang.Class thatrepresentstheclassfor thecurrenttaskin orderto enterits
monitor.

As explainedin Sec.5.2,all classinitializationbarriersthatareeliminatedby byte-
codequickeningneedto bere-introduced.This affectsfour bytecodesonly: thequick
versionsof new, invokestatic, getstatic, andputstatic. Thefirst two re-
quireanadditionalloadinstructionbeforethebarriercodedescribedin Sec.5.2in order



to fetch theTKM tableof theclass.Thenet increasein thepath-lengthof thesebyte-
codesis thus4 instructions.Thequickenedversionsof getstatic andputstatic
need,in additionto theclassinitializationbarrier, theTKM of thecurrenttaskto access
the staticvariablesof the class.A cost-freesideeffect of the barrier is to seta regis-
ter to the TKM of a class.Thus,oncethe barrier is passed,the staticvariablecanbe
obtainedwith a singlememoryload.This only adds3 instructionsto the path-length
of getstatic andputstatic becausethe constantpool cacheentriesfor these
instructionshavebeenmodifiedto storea referenceto aclass’s TKM tableinsteadof a
referenceto a klass.

5.4 Sharing Compiled Code

BecauseMVM executesall programsin the sameaddressspace,it did not introduce
many of the compiler-relatedproblemsthat were encounteredduring the designof
ShMVM-C. In particular, no changeswere necessaryto deal with embeddedpoint-
ers(seeSec.4). Thecodeoriginally emittedby HSVM’scompilercanalmostbeshared
asis betweentasks.Theonly aspectthatneededcareis classinitializationbarriers.

MVM addressesthisproblemby augmentingthecompilerwith asetof simpleopti-
mizationsthatdetermine,independentlyof any runtimestate,whenaclassinitialization
barrier is necessary, andgeneratea taskre-entrantclassinitialization barrier if so. In
particular, classinitialization barriersareomittedif their target is oneof (i) the class
defining the methodbeing compiled,(ii) a super-classof the above, (iii) a classini-
tializedat virtual machinestartupwhoseinitializationwasnot triggeredby themethod
beingcompiled,or (iv) a classfor which a barrierhasbeenalreadyemittedupward
the instructionstreamof the methodbeingcompiled.Becausethe dynamiccompiler
now generatescodethatdoesnotmakeany assumptionsabouttheinitializationstateof
classes,new tasksenteringthesystemcanimmediatelystartexecutingthenative code
of a methodalreadycompiledby othertasks,without having to interpretthemethodat
all.

Two additional modificationsto the compiler make the compiled code task re-
entrant.First, codegeneratedto accessstatic variablesis modified to obtain the ref-
erenceto the TKM correspondingto the currenttask,wherethe static variablesare
stored.Thereferenceto theTKM is eitherobtainedvia a classinitialization barrier(if
present),or moredirectly, by indexing the class’s TKM tablewith the currenttask’s
identifier. Second,codegeneratedto enterandto exit a class’s monitor is modifiedto
locatetheappropriateinstanceof java.lang.Class.

6 Performance

To gain insight into the performanceof ShMVM, we measuredits start-uptime, the
performanceof theSPECJVM98 benchmarks[17], andthefootprint savings.Theex-
perimentalsetupconsistsof a Sun EnterpriseTM server with four UltraSPARCT M II
processors,with 4GB of main memory, running the SolarisOperatingEnvironment,
version8. The codebaseof HSVM (Sec.2) is usedas the implementationbasisfor
ShMVM andfor MVM.



6.1 Start-up Latency

We definestart-uplatency asthe time elapsedbetweenissuingthe java commandand
the momentwhenthe main methodof the classspecifiedin commandline argument
beginsexecution.For HSVM this wasmeasuredby recordingthe total executiontime
requiredto executeJustReturn, anapplicationthathasonly the returnstatementin its
main method.This capturesthe processstartuptime andthe bootstrappingof the vir-
tual machinepresentin eachexecution.The sameapproachwasusedto measurethe
start-uplatency of ShMVM. Thetypical useof ShMVM is asa numberof virtual ma-
chinescollectively maintaininga sharedarea;sinceonly thefirst of themwill initialize
bootstrap-relatedinformation in the sharedarea,the start-uplatency reportedhereis
for a subsequentexecutionof ShMVM. For MVM the following strategy wasused:a
simpleapplicationmanager, which executesasa task,listenson a socket.Whenever a
requestarrives,the managerimmediatelystartsa new taskto executeJustReturn and
replieswith an“ok” messageuponterminationof thattask.Thetimeelapsingbetween
sendingthe requestandreceiving the reply is reportedasMVM’ s start-uptime. This
reflectstheintendeduseof MVM asa multi-taskingvirtual machine,in contrastto the
HSVM andShMVM models,in which JVM OS processesare startedfor eachnew
application.

Theresultsrelativeto thestart-uptimeof HSVM arepresentedin Fig.3.Themodest
decreasegainedin ShMVM is a resultof a fasterbootstrapsequence,which doesnot
require loading systemclassessharedin this architecture.However, the bulk of the
startuplatency is relatedto startinganOSprocessandinitializing theruntime.In MVM
theseissuesare not presentin the start-upof a task.As a consequence,the start-up
latency resultis only 2.7%of thetimenecessaryto startup HSVM.

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

ShMVM-B ShMVM-C MVM

Fig. 3. Startuplatency of ShMVM-B, ShMVM-C, andMVM relative to HSVM.

6.2 Application Performance

Total applicationexecutiontime is anothermeasureof performanceimpact.Thesame
experimentalstrategy aswith start-uplatency measurementswasusedto executeSPEC



JVM98 benchmarks.The executiontime may differ dependingon how many timesa
givenbenchmarkhasbeenexecutedbefore.

For ShMVM-B, thefirst executionwill typically be longer, asit needsto compute
the datastoredin the sharedarea.Sinceno new classesareloadedafter the first exe-
cutionof the benchmark,theexecutiontime of thesecondandsubsequentexecutions
(instances)of thebenchmarkarethesame.For ShMVM-C,theexecutiontimeof any in-
stanceof thebenchmarkcanbefasterthanthepreviousoneasmorecompiledmethods
maybecomeavailable.Similareffectscanbeobservedfor MVM for thesamereasons.
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Fig. 4. Performanceof ShMVM-B, ShMVM-C, andMVM relative to HSVM.

We ranbothversionsof ShMVM with sharedandwith privateinvocationcounters
(Sec.3.2).Wehavenotnoticedany significantdifferencesin theexecutiontimebetween
thesetwo schemes,which implies that for theseprogramstheeffect of sharedinvoca-
tion countersis negligible. Resultsarereportedon Fig. 4. For ShMVM andfor MVM
the numbersin parenthesesindicatewhich instanceof the benchmarkwasmeasured.
Severalobservationscanbemade.First, for bothMVM andShMVM-C thedifference
in executiontime betweenthe secondand the fiftieth instanceof any of the bench-
marksis muchsmallerthanthe differencebetweenthe first andthe secondinstance.
This indicatesthat all the “hot” methodsarecompiledduring the first executionand
thesubsequentcompilationsof “colder” methodsdo not impactperformancefor these
programs.The situationmaybedifferentfor otherprograms,with moredynamicand
lesspredictableclassloadingandmethodexecutionbehavior. Second,MVM is faster
thanany of theversionsof ShMVM for all but onebenchmark.Thereasonfor mtrt be-
having thiswayis notclear. In thecaseof ShMVM-B theslowdown relativeto MVM is
understandable,sinceit doesnotenjoy thebenefitsof sharedcompiledcode.Shared-to-



privatereferencesplantedin the generatedcodemake ShMVM-C slower thanMVM.
In particular, two suchreferencesarefollowedon a non-staticmethodinvocation.

Thesemeasurementsindicatethatthecostsof handlingshared-to-privatereferences
outweighthebenefitsof sharingcompiledcode.Finally, whencomparedto HSVM, the
first executionof abenchmarkunderMVM executesontheaveragein thesametimeas
with HSVM, while ShMVM-B andShMVM-C aretypically slower thanHSVM. This
is dueto thecostof storingdatain thesharedarea.

6.3 Memory Footprint

Thesizesof sharedareasareshown in Table1. Thefirst columncontainsthesizeof the
sharedgenerationin ShMVM-B aftertheexecutionof thefirst instanceof abenchmark.
Thisdoesnotchangeafterlaterexecutionsfor thesamebenchmark,sincefor theSPEC
JVM98 programsthesetof loadedclassesis alwaysthesame.Thenext threecolumns
contain,respectively: thesizeof thecodecacheaftertheexecutionof thefirst, second,
andfiftieth executionof the benchmarkin ShMVM-C (to get the total sizeof shared
codein ShMVM-C, thesevaluesmustbeaddedto thefirst column,asShMVM-C is an
extensionof ShMVM-B).

The memorysavings dueto sharingbytecodesareuniform acrossthe benchmark
programs,in therangeof 300-500KB.For ShMVM-C, thesizeof thecodecachevaries
muchmoreacrossthebenchmarkprograms.This indicatesthatthesizeof loadedbyte-
codesandthesizeof compiled“hot” methodsarenot strictly correlated.Moreover, in
somescenariosthesizeof datain thesharedgenerationis larger thanthetotal sizeof
compiledcodebut in someothersis smaller, which precludesgiving a clear verdict
on what is moreimportantto sharefrom a footprint standpoint:bytecodeor compiled
code.

Table 1. Size(in KB) of thesharedgenerationandcodecachein 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
mpegaudio 364 510 511 577
mtrt 340 396 434 467
JustReturn 266 42 42 42

Thesavingsreportedin Table1 areeffectivewhenat leasttwo instanceof thesame
programexecutesimultaneously. However, bootstrapclassesarenecessaryfor execut-
ing any application.The last row reportstheir size(the datawasobtainedby running
JustReturn). Bootstrappingstoresabout266KB-worthof methodsandklasssummaries
in the sharedgeneration,anda further42KB of compiledmethodsin the codecache.



Thesesavingsareapplicableto any applicationexecutedin ShMVM. For applications
using large setsof classes,suchas the Swing package,the savings would be much
bigger.

It is interestingto comparethesenumbersand the memoryfootprint of a virtual
machineprocess.For instance,thepmaputility reportsthatfor HSVM runningJustRe-
turn, thesizeof residentmemorypagesdueto C/C++ libraries(bothsystemlibraries,
suchas libc and libCrun, andJVM-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-
shareable(private)segmentsof librariesnecessaryfor virtual machine’s startup.Thus,
unlessanapplicationgeneratesa largeamountof code,thesavingsrealizedby sharing
in ShMVM aresmallerthanthe footprint of a new process.This shouldbecontrasted
with MVM, where,in additionto sharingclassinformation(including bytecode)and
compiledcode,privatesegmentsof librariesaresharedaswell.

7 Robustness

ShMVM sacrificesrobustnessfor scalabilitywhencomparedto executingeachappli-
cationin its own JVM OSprocesswith nosharingamongtheJVMs.First,errantnative
codein any of the virtual machinesmay write over the sharedarea,corruptingit and
potentiallycausingothervirtual machineprocessesto crash.Thisproblemcanbesome-
whatmitigatedby write-protectingthesharedareabetweenwrites to it. However, this
solutiononly decreasesthewindow of opportunityfor theproblemoccurringat theex-
penseof potentiallyhighperformanceoverhead.Weakenedrobustnessis mostlyaresult
of having awriteablesharedarea,but ontheotherhandthelargestwin in memoryfoot-
print reductioncomesfrom sharingthingsthatarewriteable,e.g.,theresolvedconstant
pool, compiledcode,the systemdictionary, etc.The largestgain in termsof runtime
costresultsfrom eliminatingcompilationandinterpretationby sharingcompiledcode.
However, in HSVM aswell as in ShMVM, compiledcodeevolvesat runtime(inline
caches,safe-pointtrapsandfix-up of embeddedpointersat garbagecollectiontime are
the main examplesof this; recompilationsandde-optimizationsareother, moreelab-
oratepossiblecases).Frequentcoderewriting is very likely to make theuseof virtual
memoryprotectionin orderto improverobustnesstoo expensive.

Severalapproachesmaybeusedto addressthisproblem.First, read-onlymeta-data
imagescanbegeneratedandthenmemory-mappedby virtual machines.For instance,
desktopapplicationsusinga large numberof GUI componentscanbenefitfrom such
a solutionasall the Swing classescanbe put into the sharedarea.Anotherapproach
would beto storemeta-datain a server processandaccessit via copying inter-process
communication.This will not decreasethe footprint, but performancemay improve.
A more difficult problemis surviving virtual machinecrasheswhen at the point of
crasha sharedresourcewas accessed.While we can detectand deal with locks on
sharedresourcesbeingheldduringcrashes,a limitation of our locking schemeis that
a processholding a lock can die, leaving a shareddatastructurein an inconsistent
state.Usingrecoverablememory, suchasRVM [15] or Rio Vista[14], canaddressthis
problem.Recoverablememoryprovidesatomicupdatesandpersistencefor a regionof



virtual memory, andallowsprogramsto manipulatepermanentdatastructuressafelyin
their native, in-memoryform. A simple,lightweight layer that handlesatomicity and
persistenceis alsoprovided.Thesetransactionalguaranteessimplify programmingby
restrictingthe numberof statesin which a crashcanleave the system.The feasibility
of implementingsharedmeta-dataareasfor ShMVM with a low-overheadrecoverable
memorysystem,dependson whatis actuallyshared.

Yet anotheralternative would be to encodesharedmeta-datain sharedlibraries.
Immutablepartsof sharedlibrariescanbeusedto storepre-quickenedbytecodes,while
themutableparts,lazily turnedfrom sharedto privateby thecopy-on-writemechanism,
wouldstoreresolveddataformingtheconstantpoolcache.Someof thepropertiesof the
sharedlibrary mechanismandtheoptimizedsupportprovidedby modernOSesmakes
thisapproachpromising,especiallyfor classmeta-data.Sharingcompiledcodemaybe
moreproblematic,especiallyin thepresenceof coderewriting.

8 Discussion

Eventhoughimprovementsarecertainlypossibleto ourdesignandimplementation,we
haveenoughdatafor ageneralsummaryof theopportunitiesandbroadlydefinedcosts
associatedwith designssimilar to ShMVM. In the following discussion,propertiesof
ShMVM arecontrastedwith thoseof MVM, sincebothsystemsaim at improving the
resourceutilizationof theJVM.

Letusfirst lookattheeffort associatedwith modifyingahigh-performance,industrial-
strengthvirtual machine.Lessdesignandimplementationeffort wasrequiredfor MVM
thanfor ShMVM. Splittingklassdatastructuresin MVM wasgreatlysimplifiedby not
having to dealwith differentaddressspaceissues,andby leaving the resultingdata
structuresin the garbage-collectedheap.This led to virtually no modificationsto the
garbagecollector. Also, becauseof the single addressspaceassumption,practically
the entireruntimerepresentationof a classwassharedandsharingof compiledcode
wassimpler. For instance,no changeswerenecessaryto theinline cacheoptimization,
andembeddingof pointersinto compiledcodewas left unchangedexcept for places
requiringaccessto static variablesand to classinitialization barriers.In thesecases,
embeddedpointersto klassobjectsweresimply replacedwith embeddedpointersto
TKMs. Dealing with classinitialization barriersin MVM was relatively simple: the
only difficulty wasaugmentingthecompilerwith ananalysisto eliminateunnecessary
barriers.Implementingthe otherpartsof MVM, suchas fastpathsfor classloading,
linking, andinitializing, andaccessingmutablepartsof classeswasmuchsimplerthan
thecorrespondingchangesfor ShMVM.

Theuseof multipleaddressspaceshasbeenthemainsourceof problemin ShMVM.
Codesharingwasparticularlychallenging.In ShMVM splitting klassesprovedmuch
moredifficult becauseof datastructureslocatedin thegarbage-collectedheapin HSVM
thathadto bemovedto thesharedareain ShMVM. Thisresultedin substantialchanges
to boththegarbagecollectorandthedynamiccompiler. Althoughbytecodesareshared,
mostof theruntimerepresentationof aclasshadto bereplicated,aswell symboltables,
systemdictionaryetc.As aconsequence,otherissues,suchasthecomputationof virtual
methodtables,emergedandhadto beaddressed.



ChoosingMVM or ShMVM shifts the optimizationeffort to differentpartsof the
virtual machine.For instance,in ShMVM themain issueis handlingshared-to-private
pointers.Optimizingfor thisandminimizing thenumberof indirectreferencescansig-
nificantly impactthe designof klassobjects,of inline caches,of thecodeexecutedto
interpretquickenedbytecodes,andof themechanismto detectwhethera classinitial-
izationbarriercanberemoved.Only the lastof theseissuesis presentin thedesignof
MVM. However, MVM virtualizesnon-constantpartsof classes,andoptimizing their
accesspathis important.Thedifferencesin designandoptimizationfocusesarelikely
to becomeevenmorepronouncedwhenrolling bothsystemsforwardto targeta more
sophisticatedcompiler. For instance,a largernumberof direct references,suchasref-
erencesto Javaobjectsontheheap,canbeembeddedin thecompiledcode.Optimizing
ShMVM is challengingin this case.Certainoptimizations,beneficialin the caseof a
singlenon-sharedaddressspace,aredifficult to dealwith in the presenceof both the
sharedandprivateareas,and the approachof ShMVM may precludesomeof these
optimizations.BothMVM andShMVM wouldbeimpactedby moreaggressivevirtual
methodinlining andbyde-optimizingwhenanoptimisticassumption,suchasassuming
a classhasonly onesubclass,fails.

MVM is betterthaneitherversionof ShMVM on all performance-relatedmetrics
(moredataon MVM canbe found in [7]). It is alsoworth pointing out that ShMVM
currentlydoesnot have any schemeto changeprotectionof thesharedarea’s pagesto
increaserobustness,whichwouldhaveanegativeimpactonits performance,especially
for ShMVM-C. However, the following threepointsmust also be weighedin. First,
MVM is just anotherOS process,with a single setof permissionsfor accessingthe
file system,etc.This is not an issuefor theconstructionof MVM-basedWeb servers,
applicationservers,andfor single-userdesktopscenarios,but theconstructionof multi-
userenvironmentsis more challenging.In ShMVM, eachvirtual machinecan have
its own setof permissions,which facilitatesthe handlingof multi-userrequirements.
Second,in MVM user-suppliednativecodetransparentlyexecutesin aseparateprocess,
which mayadverselyimpactperformance.In ShMVM this mayalsobeanissuesince
errantnativecodecanclobberthesharedarea.Protectingandun-protectingtheseareas
maybeexpensiveif theshareddatais frequentlyupdated.Third, robustnessis anissue
in the presenceof virtual machinebugs:a bug in the runtimesystemcancorruptor
crashall the tasksco-locatedin MVM. This is alsothe issuefor ShMVM althoughit
hasa lower likelihoodthat theeffectsof sucha bug arenot isolatedto oneapplication
only.

Achieving as much sharingas accomplishedwith MVM but with cross-address
spacesharing

�

a la ShMVM requiresa greatdeal of changesto the underlyingvir-
tual machine;so much in fact that a from-scratchre-designlooks like an attractive
option.MVM waseasierto engineer, andrequiredfewerchangesfor betterresultsthan
ShMVM. Following theShMVM modelmayquickly turn into a slipperyslope:when
oneitem is shared,it is temptingto shareobjectspointedto by that item. No matter
how the graphof referencesamongruntime datastructuresis cut by the boundaries
of sharedandprivateaddressspaces,the issueof dealingwith referencesanddepen-
denciesspanningthesespacesis difficult, especiallygiven the complexity of modern
high-performancevirtual machines.Minimizing thenumberof suchinter-spacerefer-



encesis importantfor performance,for implementationcomplexity, andfor robustness
(if thesharedareais writeable).Our experiencesuggeststhatremoving inter-spaceref-
erencesandco-locatingall of themin asingleaddressspacein aMVM-lik estyleis the
mostattractive long-termsolution.

9 Related Work

Quiteanumberof projectshaveaimedatconservingresourceconsumptionof theJVM.
Themajority of theseefforts focuson co-locatingapplicationsin thesamevirtual ma-
chine.Detailedoverview of theseeffortscanbefound,for instance,in [2, 3,5,6,11].

The only accountof work similar to ourswe have found is [8], which describes
IBM’ s implementationof the JVM for OS/390.This system,aimedat server appli-
cations,is interestingin several respects.Multiple JVMs cansharesystemdata(e.g.,
classes,methodtables,constantpools,etc) storedin a sharedmemoryregion, called
the sharedheap.The sharedheapis designedto storesystemdatabut canalsostore
applicationdatathat canbe reusedacrossmultiple instancesof the JVM. The shared
heapis never garbagecollected,andcannotbe expanded.The JVMs usethe shared
heapto load,link, andverify classes.A JVM neednot performany of theseactionsfor
any classthathasbeenloadedby anotherJVM; this includesthebootstrapandsystem
classes.A commonclassloaderis usedto sharenamespacesacrossa setof JVMs.
Compiledcodeis not shared.The accountpresentedin [8] briefly discussestheseis-
suesat a high level, without expoundingon challengesandalternatives; it alsodoes
not discusstheperformanceof thesystem.It would bevery interestingto comparethe
designandproblemsfacedin that work with the issueswe hadin building ShMVM.
This systempresentsanotherinterestingapproachto conservingresources:eachJVM
is executedin a largeouterloop, which acceptsrequeststo executeprograms.After a
programhasbeenexecutedandit is determinedthatit hasnotleft any residualresources
behind(e.g.,threads,openfiles,etc),theJVM canbeimmediatelyusedto executean-
otherrequest.Thus,multiplevirtual machinescanconcurrentlyshareresourcesthrough
thesharedheap,but additionally, eachof themreducesstart-uplatency via sequential
executionof applications.

A similar systemis describedin [4]. Performancedatapresentedtherearepromis-
ing from the perspective of reducedstart-uptime, but monitoringandmanagingthe
transitionto “cleanslate”virtual machinecanbea challengingtask.Compiledcodeis
sharedin [4], but no accountis givenof thecomplexity andbenefitsof this featurein
their system.

The Quicksilver quasi-staticcompiler [16] aimsat removing mostof the costsof
compiling bytecodes.Pre-compiledcode imagesof methodsare generatedoff-line.
During loadingthey needto be“stitched”, thatis, incorporatedinto thevirtual machine
usingrelocationinformationgeneratedduring the compilation.Stitchingremovesthe
needfor anextra level of indirectionsincerelevantoffsetsin stitchedcodearereplaced
with theactualaddressesof datastructuresin the virtual machine.Thesedesigndeci-
sionsform an interestingcomparisonwith ShMVM, wherecodecompiledon-line is
sharedin orderto lower memoryfootprint andwherethesharingof compiledcodein-
troducesanextra level of indirectionin certaincases.Theapproachof Quicksilvermay



alsobe complementaryto ShMVM andto MVM: certainmeta-datacanbecomputed
off-line andusedto pre-populatesharedareas.

10 Summary

This paperdiscussesthe design,selectedimplementationdetails,andperformanceof
ShMVM, an architecturethat allows Java virtual machinesto shareexecutablecode.
The implementationis basedon an existing high-performancevirtual machine.Parti-
tioningtheruntimedatastructuresacrossshared(locatedin sharedmemory)andprivate
heapscreatesnumerousproblemswhenintroducedinto a complex, well-tunedruntime
designedwith an implicit, inherent,and pervasive assumptionof a single, uniform,
non-sharedaddressspace.After addressingtheseissuesandaftertheevaluationof our
resultswe concludethatJVM architecturespromotingmultitaskingin a singleprocess
aremuchmoreattractiveasalong-termapproachto improving thescalabilityof thevir-
tual machine.This is, in a way, a negativeresultof significantvalue,asvariousgroups
have recentlycontemplatedimproving the efficiency of their virtual machinesby de-
signssimilar to ShMVM. Hopefully our findingswill leadto faster, leaner, andmore
robustfuturevirtual machinearchitectures.
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