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Article summary. Developinglarge-scalenide-areaapplicationgequiresan
infrastructurethatis presentlylacking. Currently mostinternetapplications
have to bebuilt on top of raw communicatiorservicessuchasTCP connec-
tions. All additionalservicesjncludingthosefor naming,replication,migra-
tion, persistenceaulttoleranceandsecurity have to beimplementedor each
applicationanav. Not only is this a wasteof effort, it alsomakesinteroper
ability betweenrdifferentapplicationdifficult or evenimpossible.

The authorspresenta novel, object-basedramevork for developing wide-
areadistributed applications. The framework is basedon the conceptof a
distributedsharedbject,which hasthe characteristi¢eaturethatits statecan
bephysicallydistributedacrossnultiple machinestthesameime. All imple-
mentationaspectsincluding communicatiorprotocols replicationstratgies,
anddistribution andmigrationof state arepartof eachobjectandarehidden
behindits interface.

The currentperformanceproblemsof the World-Wide Web are taken as an
exampleto illustrate the benefitof encapsulatingtate,operations.andim-
plementatiorstratgies on a perobjectbasis. The authorsdescribehow dis-
tributedobjectscanbeusedio implementworldwidescalableNebdocuments.

Keywords: wide-aea systemsdistributed systemsdistributed objects,Inter-
net,middlevare
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Thespectaculagrowth of theInternethasthepotentialof connectingabillion
computergogetherwithin the next decadento an integrateddistributed system
offering numerousapplicationdor sciencecommercegducationandentertain-
ment. The hardware andcommunicationsnfrastructureneededs rapidly being
deployed. However, the software infrastructureis still lacking. We proposea
novel scalabilityinfrastructureor a massve worldwide distributedsystem.

At presentwe arebuilding applicationson top of a limited numberof com-
municationservices. In the Internet,for example,this meansthat applications
communicatenainly throughTCP connectionshut otherwisehave to implement
all additionalserviceghemseles,includingservicedor naming,replication,mi-
gration,faulttoleranceandsecurity

As anexample,considerthe World-Wide Weh The Web implementsts own
communicatiorprotocol,HTTPR, ontop of TCP It usesatailor-madenamingsys-
tembasedon URLs. Replicationis supportedn the form of cacheghatarepart
of Webproxies,but cannotbe usedfor otherapplicationsascachecoherencero-
tocolsrely on attributefieldsof WebpagesHardly any measurebave beentaken
to handlebrokenlinks andsener crashesFinally, securityhasbeenproposedn
the form of an extensionto HTTPR, but thereare also proprietarysolutionssuch
asSSL from Netscape Otherinternetapplicationssuchase-mailandUSENET
News eachhave their own softwaremodelsandinfrastructurewith no common-
ality amongary of them.

As a consequencdyuilding nev wide-areaapplicationgs difficult. First,too
much effort is repeatedlyspenton implementingcommonor standardservices
that shouldalreadyhave beenthereto startwith. Secondpy usingapplication-
specificservices,nteroperabilitybetweendifferentapplicationscan be difficult
or evenimpossible.

Insteadwe proposea differentapproachRatherthandevelopingapplications
directly on top of the transportiayer, we wantto createa softwareinfrastructure
thatprovidesuswith asetof commondistributionservicesThemainrequirement
is that this infrastructure,or middlevare, canscaleto supportin the orderof a
billion usersall overtheworld.

Requirementsfor ScalableMiddleware

Our solution lies in the developmentof a wide-areadistributed systemcalled
Globe.Weaimto meetthreemajordesignobjectives: (1) provideauniformmodel
for distributedcomputing,(2) supporta flexible implementatiorframewvork, and
(3) ensureworldwide scalability
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A Uniform Model for Distrib uted Computing

A distributed systemshould provide a consistentand uniform view of how to
organizeapplicationsbuilt ontop of it. DCOM® andDCE ? for example,support
client—serer computingusingonly RPCs. CORBA * provides a remoteobject
modelfor all its applications Applicationsbuilt ontop of AFS' areofferedawide-
areafile systembasedon location-transparemtaming. The Web, finally, offersa
modelof worldwidedistributeddocumentsied togethetthroughhyperlinks.

A uniformmodelcontributesto asingle-systemview. In addition,it shouldin-
tegratecommonservicessuchascommunicationnaming,replication,etc. More-
over, theseserviceshouldbeincludedin suchaway thatall aspectselatedto the
distribution of data,computationsand coordinationare effectively hiddenfrom
users.In otherwords,a modelshouldprovide distribution transpaency World-
wide systemghatintegratecommonservicesandsupportall typesof distribution
transparencdo not exist at present.

Moreimportantly atpresentlistributionservicegyenerallyhave asinglegeneral-
purposepolicy wiredin. For example,all proxy cachesn the Webwork thesame
way. Thesameholdsfor cachingin AFS.In CORBA andDCE, clientproxiesare
alwaysthe same:all they do is forward requestandhandlereplies. Thereis no
straightforvardway to build moresophisticategbroxies.

We argue that we needmechanismgor implementingobject-specifigoli-
cies. Suchpoliciesshouldbe entirely encapsulatetty an object. In Globe,we
tackletheseproblemsby providing a modelof distrib uted shared objects The
main distinction with existing modelsis that (1) our objectscan be physically
distributed,and(2) eachobjectfully encapsulategs own policy for replication,
migration,etc. In otherwords,in Globe,an objectis completelyself-contained,
so that objectsfor differentapplicationscan have replicationand often policies
carefullytailoredto their needs Neverthelessall implementatioraspectsrehid-
denbehindits interfacesto achieve distribution transparenc The Globe object
modelis explainedin detailbelow.

A Flexible Implementation Framework

The heterogeneitynherentto a wide-areasystemshouldpreferablybe transpar
entto applications.However, completetransparengcis not alwaysa goodidea.
For example for somecomputationsve maywantto make useof a parallelcom-
puter soit mattersvherethecomputationis done.A wide-arealistributedsystem
shouldthusmalke specializedacilitiesavailableto applicationsvhenneededFor
similarreasonsaspect®f theunderlyingnetwork shouldbemadevisible. For ex-
ample ,whenbandwidthis scarcat maybe betterto move dataandcomputations
from senerto client, asin the caseof Javaapplets.
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Whatwe needis a flexible implementatiorframevork: a setof cooperating
mechanismghat make up a reusabledesignfor wide-areadistributed applica-
tions.” It is herethatan object-base@pproactwill help. By strictly separating
an objects interfacefrom its implementationwe canconstructreusabledesigns
by consideringonly interfaces.A designcanbetailoredtoward a specificappli-
cationby choosingheappropriatebjectimplementationsand,wherenecessary
extendingthe designwith otherobjects® This is theapproacHollowedin Globe.

Worldwide Scalability

The real challengeis that we may eventually have to supportone billion users,
eachhaving thousand®f objects,andrequiringservicedrom all over theworld.

A worldwide scalabledistributed systemis capableof offering adequateerfor

mancein thefaceof high network latenciescongestionpverloadedseners,lim-

ited resourcecapacity unreliablecommunicationetc. To achiere worldwidescal-
ability we atleastneedto provide extensve supportfor partitioningandreplicat-
ing objects’

Adequatesupportfor scalingtechniquess preciselywhatis lackingin current
middlevare. DCOM, DCE, andCORBA do not provide thetoolsfor replicating
objects.In thosecasesvherecachingor replicationis supportedsuchasin AFS
andtheWeb, policiesarefixed. However, efficient solutionsthatscaleworldwide
canbe found only by taking application-l&el consisteng into account. Again,
this callsfor flexibility .

The Globe System

To supportthe next generatiorof large-scalevide-areaapplicationswe arecur-
rently developing Globe. Globeis a wide-areadistributed systemthat is con-
structedasa middlevarelayeron top of the Internet.It is designedo run ontop
of variousUNIX systemsandWindows NT. We have recentlyfinishedour initial
architecturadesign,which consistsof an objectmodelanda collectionof basic
supportservices.Theobjectmodelallowsfor the constructiorof worldwidescal-
ableobjectsthat canbe sharedby a vastnumberof processesSupportservices
include,amongothers servicedor namingandlocatingobjects.

The Globe Object Model

In Globe, processeinteractand communicateghroughdistrib uted shared ob-
jects. Eachobjectoffersoneor moreinterfaces eachinterfaceconsistingof aset
of methods.A Globeobjectis physicallydistributed, meaningthatits statemay



TheArchitectumal Designof Globe: MAIN TEXT
A Wde-AraDistributedSystem Page 4 of 22

be partitionedandreplicatedacrossnultiple machineatthesametime. However,
processesarenot awareof this: stateandoperationsn that statearecompletely
encapsulatedy the object. All implementatioraspectsincluding communica-
tion protocols,replicationstratgies,anddistribution and migrationof state,are
partof theobjectandarehiddenbehindits interface.

In orderfor athreadin a procesgo invoke an objects method,it mustfirst
bind to that objectby contactingit at oneof the objects contactpoints. A con-
tact addressdescribesucha contactpoint, specifyinga network addressanda
protocolthroughwhichthebindingcantake place.Bindingresultsin aninterface
belongingto the objectbeingplacedin the client’s addresspace alongwith an
implementatiorof that interface. Suchan implementations calleda local ob-
ject. Thismodelis illustratedin Figurel, which shavs a Globeobjectdistributed
acrosdour addresspaces.

Distributed
object
Al A2
/ Local \ | Address
object ’ space
< [ Network [ >
Contgct —

point @ @

A3 jA4
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Figurel: Exampleof anobjectdistributedacrosghreeaddresspaces.

A distributed objectis built from local objects. A local object residesin a
singleaddresspaceandcommunicatesvith local objectsin otheraddresspaces.
It formsa particularimplementatiorof aninterfaceof the distributedobject. For
example, a local object may implementan interface by forwarding all method
invocationsasin RPCclient stubs.A local objectin anotheraddresspacemay
implementhatsamenterfacethroughoperation®nareplicaof theobjects state.

Our aimis to let applicationdevelopersconcentraten designingandimple-
mentingfunctionalityin termsof objects.Distribution is a differentconcernand
shouldbe treatedseparately For this reason Jocal objectsare constructedn a
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Figure2: Thegeneraimplementatiorof adistributedobject.

modularway, to separatéssuesuchasreplicationandcommunicatiorirom what
the objectactuallydoes(i.e., its semantics).We distinguishthe following four
subobjectsasshowvn in Figure2:

e A semanticssubobject containingthe methodsthat implementthe func-
tionality of thedistributedsharedbject

e A communication subobject for sendingand receving message$rom
otherlocal objects

¢ A replication subobjectcontainingthe implementatiorof a specificrepli-
cationpolicy

e A control subobjecthandlingtheflow of controlwithin thelocal object

Thesefour subobjectsare designedor building scalabledistributed sharedob-

jects. Of course,we alsoneedsupportfor securityand persistenceaswell as

otherserviceswhich, in our approachare handledby separatesubobjects.As

scalabilityis the focus of this paper we discussonly the four listed subobjects
here.

Semanticssubobject. Thesemanticsubobjects comparabl¢o objectsn mid-
dlewaresuchasDCOM andCORBA. It implementgpartof) thefunctionalitythe
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Tablel: Interfaceof thereplicationsubobjecasusedby the controlsubobject

Replication interface

Method | Description

start Calledto synchronizaeplicasof the semanticsubobjectspbtain
locksif necessaryetc.

invoked Calledafterthe controlsubobjechasinvokeda specificmethodat the
semanticsubobject

send Provide marshallecargumentsof a specificmethodandpass
invocationto local objectsin otheraddresspaces

finish Calledto synchronizehereplicasagain,releasdocks, etc.

distributed sharedobject has, therebyignoring distribution issues. In Globe, a
semanticsubobjecttanbeimplementedn ary languagejts methodsaremade
availableby meansof oneor moreinterfaces.We expectthateachsubobjecim-
plementshe standad objectinterface which hasa similar role asthe lunknown
interfacein COM. Lik e lunknown, the standardabjectinterfaceprovidesa method
getinterface which returnsa pointerto a specifiednterface.

In principle, the semanticssubobjectsare the only subobjectsa developer
needdo construcpersonally All otherpartscaneitherbeobtainedrom libraries,
or aregeneratedrom interfaceandobjectdescriptions.The only restrictionwe
currentlyimposeis that a threadof controlis not allowed to block inside a se-
manticssubobjectinstead a methodshouldreturnindicatinga conditiondid not
hold. In that case,the control subobjectwill block the invoking threadas we
explain shortly.

Replication subobject. The global stateof the distributed objectis madeup
of the stateof its varioussemanticsubobjectsin our approachreplicationand
cachingof thesemanticsubobjectareimportanttechniquesor scalability How-
ever, having several copiesleadsto a consisteng problem: changedo onecopy
make that copy differentfrom the others. To what extent suchinconsistencies
canbetolerated,dependsn the distributedobjectandthe way it is used. Con-
sequentlywe needto supportcoherenceprotocolson a perobjectbasis. The
replicationsubobjectctsasa placeholdefor differentprotocolsanda variety of
protocolimplementations.

Our basicassumptiornis that coherenceprotocolscanbe expressedn terms
of whenspecificmethodsof a local copy of a semanticssubobjectcan be in-
voked. The replicationsubobjecthus decideswhenlocal invocationscan take
place. Omitting specificdetails, it offers an interfaceto the control subobject
shovnin Tablel.
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In principle,all invocationrequestswhetherthey comefromthelocalclientor
from the network, arefirst passedo the replicationsubobjecbeforethe method
is invoked at the semanticssubobject. Whenthe control subobjectreceves an
invocationrequestrom thelocal client, it first callsstart to allow the replication
subobjectto synchronizethe copiesof the semanticssubobject. For example,
the coherenceprotocol may requirethat a token is acquiredbeforearny method
invocationat the semanticsubobjectakesplace.

The start methodreturnsa set of actionsthat the control subobjectshould
take. The returnvalueINVOKE tells the control subobjecto invoke the method
at the semanticssubobject. Likewise, SEND instructsthe control subobjectto
passthe marshalledargumentsof the invocationto the replicationsubobjectby
subsequentlyalling send. So, for example, with a replicationstratgy where
a methodhasto be invokedat all replicas,animplementatiorof start may return
{INVOKE,SEND}, telling thecontrolobjectto (1) doalocalinvocation,and(2) pass
themarshallednvocationrequessothatit canbe sentto the otherreplicas.

The final stepis invoking finish, allowing the replicationsubobjectto syn-
chronizethe replicasagain (if needed). Again, whenfinish is to be invoked is
determinedby thereplicationsubobjectfor which it returnsriNISH afterthein-
vocationof start or send. Invoking finish generallyreturns{RETURN} telling the
controlsubobjecthatit canpassthereturnvalueof the methodinvocationto the
local client.

A distinctive featureof our modelis thatwe allow methodinvocationsat the
semanticsubobjecto block on conditionfailures. For example,appendinglata
to a boundedbuffer may fail whenthe buffer is full. Concurrentaccesgo the
semanticsubobjecis controlledby the replicationsubobject.After invoking a
methodat the semanticssubobject,the control object always calls invoked, in-
formingthereplicationsubobjectvhetheror noraconditionfailureoccurredand
passingcontrolbackto the replicationsubobject.If necessarythe currentthread
blocksinsidethereplicationsubobject.Thereplicationsubobjectanthenallow
otherinvocationdo take place whichmaypossiblychangehestateof theseman-
tics subobjecsuchthatthe blockedthreadcanlateron continuesuccessiely.

Control subobject. Themethodf thesemanticsubobjectrealwaysinvoked
by the controlsubobject.This subobjectontrolstwo type of invocationrequests:
thosecoming from the local client, and thosecomingin throughthe network.
The controlsubobjecis alsoresponsibldor (un)marshallingnvocationrequests
thatarepassedetweentself andthe replicationsubobject. Theinterfaceof the
controlsubobjecbfferedto thelocal clientis thesameasthe (userdefined)inter-
faceof the semanticsubobjectln addition,it offersthe callbackinterfaceto the
replicationsubobjecshowvn in Table2.
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Table2: Thecallbackinterfaceof the controlsubobjecsusedby thereplication
subobject

Control callback interface
Method | Description
handle_request | Calledto invoke the specifiedmethodat the semanticsubobject
getState Returnghe (marshalledstateof the semanticsubobject
setState Replacecurrentstateof semanticsubobjectvith statepassedis
argument

In generalwhena local clientinvokesa methodat the control subobjectthe
latter will eventuallyinvoke that methodat its local copy of the semanticsub-
objectafter receving permissionfrom the replicationsubobject. Remoteinvo-
cationrequeststhatis, requestghat have beenpassedy replicationsubobjects
in remoteaddresspacesare eventuallypassedo the control subobjecthrough
handle_request. The controlsubobjecthensimply doesthelocal invocationatthe
semanticsubobject.

Communicationsubobject. Thecommunicatiorsubobjectfinally, is responsi-
ble for handlingcommunicatiorbetweermpartsof thedistributedobjectthatreside
in differentaddressspaces.lt is generallya system-proided local object. De-
pendingon whatis neededrom the othercomponentsthe communicatiorsub-
objectoffersreliable or best-efort communicationconnection-orientedr con-
nectionlesscommunication and point-to-pointor multicastfacilities. Like the
replicationsubobijectjt offersa standardnterface,but allows mary differentim-
plementationsf thatinterface. Themostimportantmethodsarethosefor sending
andreceving messagesaswell asmethodsto supportrequest/replysemantics.
Consideringts similarity to interfacesfor communicatioribraries,we omit fur-
therdiscussion.

Discussion

We have choserfor this organizationasit providesthe minimum framework for
implementingscalablalistributedobjectsin aflexible way. A key roleis resered
for the replicationsubobject. In our view, the only way to achieve wide-area
scalabilityof distributedobjectsis to concentrat®n the distribution of their state.
With theenormouwarietyof objectsit is clearthatageneral-purposépne-size-
fits-all” distribution policy will never suffice, which callsfor perobjectsolutions.
Themainrole of ourcommunicatiorsubobjectss thatthey provide auniform
interfaceto underlyingnetworksandoperatingsystemsoncerningheir commu-



TheArchitectumal Designof Globe: MAIN TEXT
A Wde-AraDistributedSystem Page 9 of 22

nicationfacilities. By providing a standardnterface,we candevelop otherlocal
objectsin a platform-independenivay. An importantobsenationis that com-
municationandreplicationsubobjectareunavareof themethodsandstateof the
semanticsubobjectThisindependencallowsusto definestandardnterfacedor
all replicationsubobjectsandcommunicatiorsubobjects.Consequentlywe can
implementdifferentpolicies, but keepthe interfacesthe same. This alsomeans
thatwe cannow easilyadopta policy by choosinganappropriatemplementation
from alibrary of classobjects which containthe implementatiorof subobjects,
anddynamicallydownloadthatimplementationnto ourlocal objectframenork.
We have omittedthe descriptionof otherimportantsubobjectsnotablythose
that handlepersistencend security However, it is obvious that any worldwide
distributedsystemshouldtake bothissuednto accounfrom the start.

Process—to—ObjecBinding

To communicatehrougha distributedobject,it is necessaryor a procesgo first
bind to thatobject. The resultof bindingis thatthe processcandirectly invoke
the object’s methods. In otherwords, a local objectimplementingan interface
of the distributedobjectis placedin the addresspaceof the requestingprocess.
Binding itself consistsoughly of two distinctphases(1) finding the distributed
object,and(2) installing a local object. This is illustratedin Figure3. Finding
adistributedobjectis separateihto a namelook-upanda locationlook-up step;
installingthelocal objectrequireghatwe selecta suitablecontactaddressaswell
asanimplementatiorfor thatinterface.

Finding a Distrib uted Object

To find a distributedobject,a procesanustpassa nameof the objectto a nam-
ing service. The namingservicereturnsan object handle, which is a location-
independenand universally uniqueobjectidentifier, suchasa 128-bit number
which is usedto locateobjects. It canbe passedreely betweernprocesseasan
objectreferencelt neverchange®vertime andis guaranteetb referto thesame
object,evenyearslater (if the objectstill exists). The objecthandleis givento a
locationservice which returnsoneor morecontactaddressesGlobethususesa
two-level naminghierarchy

This organizationallows usto separatéssueselatedto namingobjectsfrom
thoserelatedto contactingobjects.In particular it is now easyto supporimultiple
andindependenhamedor anobject. Becauseinobjecthandledoesnot change
onceit hasbeenassignedo anobject,a usercaneasilybind a private,or locally
sharednameto an objectwithout ever having to worry thatthe name—to—object
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binding changesvithout notice. On the otherhand,an objectcanupdateits con-
tactaddresseat alocationservicewithout having to considerunderwhich name
it canbereachedy its clients.

We cannow remove all locationinformationfrom namesthusmakingit eas-
ier to realizedistributiontransparenc However, we dorequireascalabldocation
servicethatcanhandlefrequentupdatesf contactaddressem anefficient man-
ner. We have designedsuchaservicé€ andarecurrentlyimplementinga prototype
versionthatis beingtestedon the Internet.

Installing a Local Object

Oncea procesknows whereit cancontactthe distributedobject,it needdo se-
lect a suitableaddresdgrom the onesreturnedby the locationservice.A contact
addressnaybeselectedor its locality, but theremaybe othercriteriaaswell for
preferringoneaddres®ver another For example,someaddressemay belongto
subnetghat are difficult to reach,or to which only low-bandwidthconnections
canbeestablishedOtherquality of serviceaspectsnay needto be consideredas
well. Notethatanaddresselectionserviceis a local servicethatbuilds its own
administratiorconcerninghe quality of contactaddresses.

A contactaddresslescribesvhere andhowtherequestedbjectcanbereached.
The latter is expressedas a protocol identifier. It specifiesa completestackof
protocolsthatshouldbeimplementedat the client’s sidein orderto communicate
with thedistributedobject.

Of course,implementationselectionmay fail if a (trusted)implementation
cannotbefound. In thatcasethebindingprocesgeturnsto theaddresselection
step,wherethe next bestaddresss considered.

Curr ent Status

We have built aninitial prototypeimplementatiorof our systemgconcentratingpn
the supportfor distributedsharedobjects. Our initial prototypehasbeenimple-
mentedn ANSI C. We arecurrentlydevelopinga Jara-basedmplementation.
Interfacesare written in an interfacedefinitionlanguage (IDL). The proto-
type hasan interface compiler which createsa C headerfile for eachinterface
definition. The interfacecompileralsogenerateskeletonsfor (class)objectim-
plementationsA skeletonprovidesthenecessarglueto turnamethodnvocation
on a (local) objectinto a C functioncall. The programmenpnly hasto implement
oneC functionfor eachmethod.
Theinterfacecompileralsogeneratesompositeobjects.A compositeobject
encapsulatea collectionof subobjectandallows themto be treatedasa single
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entity. For example,our local objectis a constructedas a compositionconsist-
ing of the four subobjectshavn in Figure2. Thesefour subobjectsarewritten
manuallywith the help of generatedkeletons. Generally replicationand com-
municationsubobjectareselectedrom a collectionof subobjectsuppliedwith

the prototype.

A classobject (containingthe implementationof a subobject)is storedon
the local file system,andis loadedat runtimeinto a process’addresspace.A
configuratiorfile specifiedor eachclassnamethefile in whichthecorresponding
classobjectis stored.

Persistendistributedsharedobjectsare supportedoy objectrepositories An
objectrepositoryprovides a distributed objectwith supportfor storingits state
persistentlyon disk). It canactivateobjectsthathave beenpassvated thatis, re-
movedfrom addresspacesAn objectrepositoryalsoprovidesa factory object:
a distributedobjectthat createsnew persistenbbjects. An objectrepositoryis a
simpleUnix processhatstoreghe stateof the objectit manage filesin aUnix
file system.In theprototype eachfactorycreateonly onetype of object.During
the configurationof an objectrepository it is specifiedwhat objecttypesit can
create.

An applicationusesa distributedobjectby bindingto it. The prototypepro-
videssimple (Unix style) programshat createanddeletedistributedobjects list
the contentsof directorieswrite andreadobjects,etc. Our largestapplicationso
faris a Web proxy that corvertsHTTP requestsnto methodinvocationson dis-
tributedsharedobjects. To bind to an object,applicationsusea locationservice
andanameservice.Thelocationserviceis implementedasa simple,centralized
databaseThe nameserviceis constructedisa collectionof distributeddirectory
objects.

Initial Prototyping Experiences

To allow concurrentaccesgo objects,Globesupportanultithreading.However,
it is well known that correctly programmingmultithreadedapplicationsis diffi-
cult. To minimizeproblemswe follow anapproachn whichtwo typesof threads
are strictly separated.Pop-upthreadswhich are usedto handlerequestom-
ing in throughthe network, are allowed to invoke only methodsfrom callback
interfacesgxceptfor method=f thesemanticsubobjectLik ewise,threadsorig-
inating from the local client caninvoke only methodsfrom regular interfaces.
Furthermoresubobjectareprogrammedn suchaway thatcritical regionsneed
never belockedwhile acall is beingmadeto anothersubobject.

As we explained,we have developedandimplementedaninterfacedefinition
language(IDL). Our IDL is similar to, for example, CORBA IDL, exceptthat
we canalsosupportinterfacespecificationgor local objects.Interfacesin C and
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Javaaregeneratedrom IDL descriptionsThis approacthasshown to be highly
effective leadingto well-designedubobjectsNeverthelessthe controlsubobject
currentlyhasto be madeby hand,which unnecessarilgomplicatesobjectcon-
struction. It is betterto specifythe semanticsubobjectin an ObjectDefinition
Languagg(ODL), from which, togetherwith IDL descriptionswe cangenerate
the controlsubobjectWe arecurrentlydevelopingan ODL for Globe.

Being able to implementpolicieson a perobject basisproved to be highly
effective. For example,becausave wereinitially not interestedn persistence,
we useda singledatabaseéo storethe stateof differentdistributedsharedbijects.
The problemwith this approachyhichis basicallythe sameasthe onefollowed
in CORBA, wasthattoomary policy decisionshadto beimplementedutsidethe
control of the objectbeingstored. Later, we decidedto follow morecloselythe
Globeparadigmpy which eachobjectis in full controlof handlingits own state.
In our currentprototype eachobjectimplementdts own persistencéacilities,as
well asthe policy thatgo alongwith it. Thisapproactasturnedoutto bemuch
moreflexible and,in fact,easierto implementandmaintain.

The performancef our prototype,whichis currentlydominatedoy the time
it takesfor a procesgo bind to an object,confirmedthat the granularityof dis-
tributedsharedbjectsshouldberelatively large. For wide-areaobjects,network
speedanddelaywill additionallydetermineperformance.Granularityis deter
mined by the size of the semanticssubobject. Unfortunately in our model, a
replication stratgy operateson the entire stateas containedin this subobject.
This approachs not alwaysappropriate For example,whena semanticsubob-
jectis built from anumberof Webpagesincludingicons,imagesgtc.,we would
like to apply differentstratgiesfor differentpartsof the subobject.Developing
eachpartasa separatelistributedsharedbjecthasanunacceptablperformance
penalty We arecurrentlyinvestigatinghow we cansupportcompositesemantics
subobjectsvhoseelementsanhave separateeplicationstratejies.

A Java-basedPrototype for the Web

Basedon our first prototypingexperienceswe are currently developingan im-
plementatiorof Globetailoredto supportscalableWeb documents® A Globe
Webdocuments a collectionof logically relatedWebpagesA pagemayconsist
of text, icons,images,sounds,animationsetc., aswell asapplets,scripts,and
otherforms of executablecode. EachGlobe Web documents constructechsa
distributedsharedbiject.

Insteadof using C, we have chosenJava as our implementationlanguage.
Constructionof a Globe Web documentroceedsasfollows. The elementghat
comprisethe document(i.e., text, icons,applets.etc.) aregroupedtogethernto
whatis calleda statearchive As its namesuggestsa statearchive containsthe
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stateof the semanticsubobject.

A semanticsubobjecbffersa standardnterface. For example,it is possible
to add,remove, or replaceelements At presentgachelements representedsa
byteimage,andhasanassociatedIME type. Besidesa standardnterfacefor a
semanticsubobjectwe offer a standardmplementatiorof a control subobject,
andimplementationsor theinterfacesof thereplicationandcommunicatiorsub-
objects. Theseimplementationgointly constitutea templatefor alocal objectof
a GlobeWebdocument.

Finally, a developerhasto chooseJava classeghatimplementthe interfaces
of thereplicationandcommunicatiorsubobjectsThis leadsto oneor moreclass
archives Basically a classarchve containsa Java implementatiorof a specific
replicationstrat@y. The statearchive, local objecttemplate anda classarchive
arethengroupedtogetherinto a singlefile from which alocal objectcanbein-
stantiatedIf no suitableclassis available,theimplementeis freeto write a new
one.

To integrateour documentsnto the currentWeb infrastructure we usea fil-
tering gatavay that communicatesvith standardWeb clients(e.g.browvsers),as
showvnin Figure4. Thegatevayis a proxythatrunsonalocal senermachineand
acceptgegular HTTP requestdor a document.In our model, Globe Web doc-
umentsare distinguishedrom other Web resourceghroughnaming. A Globe
nameis written as a URL with globe as schemeidentifier So, for example,
globe://cs.vu.nli~steen/globe/ could be the nameof our projects homedocument,
constructedhsa distributedsharedbject.

Client browser Gateway
Local object

HTTP connection

>
el

Interface

Document representative \ Globe Web document
in client’s browser . -

Figure4: The generalorganizationfor integrating Globe Web servicesinto the
currentWeh

The gatevay acceptsall URLs. Normal URLs are simply passedo exist-
ing (proxy) seners,whereasGlobeURLs areusedto actuallybind to the named
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distributedsharedobject. Unfortunately existing browserscannothandleGlobe
namesfor whichreasorwe embedhesenamesn URLswith http asschemeden-
tifiers. In addition,we useJava appletsto supportinteractve documentsWe are
investigatingthe useof browserplug-insto allow browserextensiondor support
of Globes distributedsharedbjects.

Discussion

With the exponentialgrowth of the Web, it is clearthatwe needa highly scalable
infrastructurefor implementinga wide variety of applications. Globe provides
suchaninfrastructure.

An importantaspecbf our modelis that partitioning,replication,andmigra-
tion of anobjects stateis supportedn a perobjectbasis. Differentobjectscan
usedifferentstratgies: eachobjectfully containsanimplementatiorof its own
stratgy, independentf otherobjects. This makesit mucheasierto have very
differentobjectsinteroperatefor the simplereasonthat eachhidesits internals
from the otherbehindwell-definedinterfaces.More importantly is that by pro-
viding a mechanisnfor implementingdistribution policieson a perobjectbasis,
we cantackleworldwidescalability In ourview, thenext generatiorof distributed
systemawill have to supporta wide variety of objectsthat canbe invoked from
anywhere.Theonly way to achieze worldwide scalabilityis to provide extensve
supportfor partitioningandreplicatingobjects,andallow very differentconsis-
teng stratgiesto co-exist.” Globeprovidesthis flexibility .

We have finishedtheinitial architecturatlesignof our systemJeaving anum-
berof subjectsopenfor furtherresearchFor example,we arecurrentlyworking
onthedesignof asecurityarchitecture Furthermoreywe areconcentratingnspe-
cific schemegor wide-areaeplicationandpersistencemnechanismshatsupport
large-scaleapplicationscomposedf mary distributed objects,and persistence.
Our currentefforts concentrateon developing a Java-basedmplementatiorfor
constructingscalableNeb documentsMore informationon Globecanbe found
atour homepagenttp://www.cs.vu.nl/~steen/globe/.
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An Example: ScalableWorld-W ide Web Documents

To illustratethe benefitsof our approachwe considehow Globeoffersthefacil-
ities for supportof scalableWeb documents.A Web documents takento be a
collectionof logically relatedpagesincludingtheiricons,soundsappletsgtc.

Proposalgor cachingor replicatingWebdocumentsendto treatpagesalikein
thesensehatthe semantic®f adocumentrenottakeninto accountDocuments
andtheir pagesaretreatedifferentlyonly by consideringnetadatauchasaccess
statistics timesof modification,etc. Alternatively, somesolutionsaretailoredto
a specificclassof document@andarenotuniversallyapplicable.

As Web documentarebecomingmorediverse,it is clearthatit will be hard
to find a single solutionthat can be usedin all situations. For example, cur-
rent cachingandreplicationschemedor the Web assumehat pagesare modi-
fied at only onelocation. They arenot suitedto supportWeb pageshatareac-
tively sharedby severaluserssuchassharedvhiteboardsandpagesmanipulated
throughgroupwareeditors. Likewise, it is hardto tailor a replicationschemeo
justasingledocumentasis neededvith mail distribution lists.

TheapproacHollowedin Globeis radically different. Ratherthansearching
for generallyapplicablereplicationschemesgachdistributedobjectcanadoptits
own stratgy. Globeoffersa library of differentreplicationsubobject{seeFig-
ure2 in themaintext) thatcanbeadoptedandsubsequentlfine-tunedseparately
for eachdistributedobject. Whenrequired new onescanbe constructed.

For example,considerthe currentmajorapplicationof the Web, namelypro-
viding informationthrougha logical Web site, alsocalledhomepages.A home
pageis relatedio apersonproject,consortiumprganizationgetc.,andis generally
theentrypointof anentirehypertext documentonsistingof multiple pagesTyp-
ically, in Globe,thisdocumentvould bemodeledasonedistributedsharedbject.
The stateof sucha documentonsistsof the rooteddirectedgraphof individual
pageghatmalke up the hypertext document.

Web sitescan be very differentwith respectto the kind of documentshey
manage Pagesof a personakite would generallyhardly requireary replication,
and possiblyonly short-lved caching. In Globe, the owner of a personalsite
would groupthe pagesnto a singledocumentandprovide only a singlecontact
addressWhena userbindsto thatdocumentjts pageqincludingicons,images,
etc.) aretransferredo the users browser possiblyin partsasin currentpractice,
andaresubsequentlyrittento the users privatecache.Notethatthereis gener
ally no needto write pagesf suchadocumento a site-widecacheasis doneby
Webproxies.

On the otherhand,an organizations Web site may be of an entirely differ-
entnature. First, we may assumehatits popularityis muchhigherthanthat of
personalWebsites. Also, in the caseof multinationalorganizationsreaderswill
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comefrom all overtheworld. In thesecasesa primary—backumpproachwhere
pagesarereplicatedo a numberof mirror sitesis useful. The organizations Web
site could be constructedaisoneor more Web documentswhereeachdocument
IS registeredat the locationservicewith multiple contactaddressesThe nearest
addresss alwaysreturnedo auser Notethat,in Globe,thenameof aWebdocu-
mentcanbethe sameaverywhere Also, thereis no needto tell theuserthatthere
aremirror sites,andwherethesesitesare.In contrasto personalWWebdocuments,
site-widecachingasis doneby currentWeb proxies,maynow be useful.

Thereare also Web siteswhosecontentchangerapidly and which may re-
quire actve replicationschemes.For example,Web documentsf online news
providersmay wantto usea publish/subscribé&ype of replicationby which sub-
scribersto a provider’'s documentare notified when news updatesoccur This
alsoholdsfor Web documentgelatedto conferencesnd othertypesof timely
events. In the currentinternetinfrastructure automaticnotificationis oftendone
by makinguseof mailinglists. Suchlistsarehighly inefficient. In Globe,notifica-
tion would be anintegral partof the Web documentusinga multicastingscheme
appropriatefor that document. Of course,notification could be combinedwith
actively replicatingthe updatesbut this maynot beappropriaten all cases.

Whatwe seeherearesimilar Web documentsbut thatrequirevery different
replicationstratgies. Personahomepageseednot bereplicatedandshouldbe
cachednaperuserbasis.Organizationahomepagescanapplyprimary—backup
replication,andshouldbe cachedper site. Home pagesrelatedto timely events
may benefitfrom a publish/subscribéype of replicationwhereclientsare noti-
fied whenupdatesccur Otherexampleswheredifferentreplicationpoliciesare
requiredcaneasily be thoughtof. Unfortunately suchdistinctionsare presently
impossibleto make. In Globe,however, eachWebdocumentanuseareplication
stratgyy tailoredto its own characteristics.
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RelatedWork

Thereis much academicand industrial actvity on the designandimplementa-
tion of shareddataandobjects.A shared-datanodeloffersa small setof primi-
tivesfor readingandwriting bytesto sharedegionsof storage Typical examples
of shared-datanodelsare network file systemsand distributed sharedmemory
(DSM) implementations.The main problemis achiezing performanceandscal-
ability while keepingdata consistent. Distributed sharedmemoryand storage
systemssuchasMunin' andKhazana’ respectiely, follow an approactsimilar
to Globe by attachingreplicationpolicieson a perregion basis. In mostDSM
systemsperformancas improved by relaxingmemoryconsisteng. ® The main
dravback of the shared-datanodelis thatit simply doesnot provide the level
of abstractiomeededor developingdistributed applications. Therefore,much
attentionis beingpaidto object-basedpproaches.

Objectscomewith anarchitecturamodelthatlendsitself well for distributed
systemsAn objectcanbe seemasa fine-grainedserviceprovider. To mostdevel-
opers,this meanghatan objectis naturallyimplementedhroughits own sener
processwhichhandlesequestérom clients. Thisview leadsto theremote-object
modelin which a remote-methodhvocationis madetransparentisingRPC-like
techniquesasis donein DCOM.* However, this approachis the major obsta-
cle to scaleworldwide. The problemis that remote-objecinvocationscannot
adequatelydealwith network latencies. Additional mechanismsuchasobject
replicationandasynchronoumethodinvocationsarethereforenecessary

In the Legion system? objectsare locatedin differentaddressspacesand
methodinvocationis implementednontransparentlghrough messagepassing.
TheLegionapproachs oneof thefew which explicitly addressewide-areascal-
ability. The Globus projecthasdevelopedglobal pointersto supportflexible im-
plementations’ A globalpointeris areferenceo a remotecomputeobject. The
pointeridentifiesa numberof protocolsto communicatavith theobject,of which
oneis to be selectedy theclient. Globalpointersoffer a higherdegreeof flexi-
bility thanthe Legionapproach.

When it comesto distribution transpareng Legion and Globus fall short.
Transparengis explicitly addressetly objectrequesbrokers(ORBs). An ORB
is amediatorbetweerobjectsandtheir clients.BasicORBsprovide only support
for language-independeandlocation-transparemhethodinvocation. CORBA-
compliantORBs’ offer additionaldistribution servicessuchas naming, persis-
tence,transactionsetc. Unfortunately CORBA hasnot yet definedservicesfor
transparentlyeplicatingobjects,or for keepingreplicasconsistent.

Whenan ORB is responsibldor distribution serviceswe requireadditional
mechanisméndependenof the core objectmodel. One suchmechanisnis the
subcontractisedin the Springsystem® A subcontracimplementsaninvocation
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protocot it describeghe effect of a methodinvocationat the client sidein terms
of themethodinvocation(s)at the objects side. For example,in the caseof repli-
cation,methodnvocationby aclientmayresultin theinvocationof thatmethodat
eachreplica. Replicatingthe invocationis encapsulatedh the subcontracandis
hiddenfrom theclient. As ageneraimechanismsubcontractaretoo limited. For
example,it is hardto developsubcontractthatkeepa groupof objectsconsistent
thatarebeingsharedoy severalclients.

An alternatve approachs to fully encapsulatdistributionin anobject,lead-
ing to a model of partitioned objects Partitionedobjectsappearedn SOSin
theform of fragmentecdbjects’® Globe’s distributedsharedbjectsform another
implementatiorof partitionedobjects,and have beenderived from the Orca™
programmindanguage.

Fragmentedbjectsin SOSare mostly languageindependent.Distribution
is achieved manuallyby allowing interfacesto act asobjectreferenceshat can
be freely copiedbetweerdifferentaddresspaces An importantdifferencewith
Globesdistributedsharedbjects s thatfragmentedbjectsmake useof relative
objectreferences.In contrast,Globe’s objecthandlesare absoluteand globally
unique.Fragmenteabjectshave not beendesignedor wide-areanetworks. For
example therearenofacilitiesfor incorporatingobject-specificeplicationstrate-
gies. Likewise,the communicatiorobjectshave beendesignedandimplemented
for local-areanetworks only. Furthermorethe modeldoesnot provide facilities
for implementingdifferentcoherencgolicies,nor doesit addresshe problemof
platformheterogeneity
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