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Article summary.

Middleware systemsthat are distributed worldwide are difficult to build dueto all
kinds of scalabilityissues.Problemsalreadystartwhen consideringhow namingis
to be done. It is commonlythoughtthat organizingsymbolic namesinto a hierar
chicalnamespaceandsubsequentlgistributing theimplementatiorof thatspacen
a hierarchicalfashionaswell, is appropriatefor worldwide naming. This solution
is adoptedby DNS. We arguethat suchapproachearenot suitedfor namingin fu-
ture global middlewvare systems.Instead hamespaceimplementationshouldmake
heavily useof flexible andlarge-scaleeplicationin orderto exploit locality asmuch
aspossible.Currentsolutionscannotbe easilyadaptedo this extent. We describea

novel approacho implementingnamingsystemsn large-scaleworldwidedistributed
middleware.
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ScalableNamingin GlobalMiddleware

1 Intr oduction

To facilitatethe developmentof distributed applicationsmiddlevare systemsrovide a high degree
of distribution transparenc Currentmiddlevaresolutionsaredesignedo be primarily usedin local-

areanetworks. If acommunityusingadistributedapplicationis entirelylocatedin a smallareathen

suchsolutionswill work justfine. However, to assumehata groupof usersis dispersednly across
arelatively small areais graduallybecomingunrealistic. Global communitiesthat operateacrossa

worldwide network areemeging, suchasvirtual enterprisesinternetsocialcommunitiesetc. These
globalcommunitiesneedthe samefunctionalityanddistribution transparencasofferedby traditional

middlevare,but arealsoin needfor scalablesolutions.

Unfortunately approachesisedin currentmiddlenvareare not suitablefor global middlevaredueto

their inherentlimited scalability As we argue elsavhere[20], a major sourceof scalingproblems
is causedby the fact that most solutionsare still basedon a single-serer, multiple-clientmodel.
This modelis not suitedfor wide-areacommunicationwhich is characterizedby long latenciesand
unreliabletransporimechanismdeadingto a considerabléossof performance.

Anothermajor sourceof scalingproblemscomesfrom the limitations of serviceshatform part of
middlewvare. In this papey we addresone particularimportantservice,namelynaming. A naming
serviceallows differentusersto find, accessandsharedistributed resourcesNo middlevarecando
without a propernamingservice.Consequentlyif scalingthe implementatiorof the namingservice
fails, it hardly makes senseto put ary effort in attemptingto scaleother partsof the middlevare
system.

As we arguein this papery all currentlyimplementechamingsystemdack properscalabilityin face
of generalhamingrequirementsThesesystemsiot only includethoseimplementedor middlevare
suchas CORBA [12] and DCE [14], but even the Internets Domain Name System(DNS) [1, 7].
Their mainproblemis thatnameresolutionis staticallyboundto specificlocations.This dependenc
prohibitsscalablesolutionsfor objectsthatarenot staticallytied to asinglelocation,evenif anobject
changedocationonly oncein its lifetime. Thelocation-dependey problemsoccuratdifferentlevels
of abstractionfrom low-level objectreferenceso high-level symbolicnames.

In this papeywe shav whatis wrongwith currentnamingsystemsincludingthosefor wide-areanet-
works,andwhy theirimplementationsreunsuitabldor globalmiddlevarewherea general-purpose
namingsolutionis neededWe proposea new hamingarchitecturesupportinguserdefinedlocation-
independenhames. The architectureusesthe locationindependencéo storenamesat corvenient
locationsandimplementscalablenameresolution.Wefurthershav how to implemeniscalablevorld-
wide namingsystemausingthis architecture.For the sale of our discussionywe concentratén this
paperon object-basedhiddlevaresystemsonly.

Therestof this paperis structuredasfollows. Section2 describehonv namingis usedin different
placesin middlewvare, and what problemscan occur Section3 describegshe namespacemodel
we supportand other namingservicecharacteristics.In Section4, we describethe architectureof
our namingservice. Section5 thendiscusse$ionv our namingarchitecturesupportsscalability In
Section6 we discusgelatedwork andwe drav our conclusionsn Section?.
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2 Namesin Middlewar e Systems

Namesareusedin middlevare systemsat differentlevels of abstraction.At the lowestlevel of ab-
straction,objectsarenamedthroughlocal interfacepointers. Thesepointersallow a clientto invoke
methodson the objectandare usuallydirectly interpretedby the hardware. At a higherlevel of ab-
straction,objectsare namedthroughsystemwideobjectreferences Objectreferencesllow a client
procesgo bind to anobject. This binding proceduresffectively resohesanobjectreferenceo alocal
interfacepointer

At yet a higherlevel of abstractionobjectsare referredto throughuserdefinedsymbolic names.
Normally, thesenamesare organizedin hierarchicalnamespacessuchasthe UNIX file systemor
DNS. Besidessymbolic-namingsystemstherearealsoproperty-basetdamingsystems.Thesesys-
temsarealsoknown asdirectoryservicestradersgetc. A well-knowvn exampleis the X.500directory
service[13].

In this paperwe do notconsidedirectoryservicesor localinterfacepointers.Insteadwe concentrate
on objectreferenceandsymbolic-namingystemsnly.

2.1 Scalability Problemswith Object References

To useanobject,wefirst needto resoleits objectreferencdo alocalinterfacepointer Theresolution
procesgesultsin the creationof a local implementatiorof that objects interface. A pointerto the
implementationis subsequentlyeturned.We assumefor this discussionwithout lossof generality
thatlocal implementationsire mereproxiesthat communicatevith a remoteimplementatiorof the
object.

To make resolutionof the objectreferencesimpleandefficient,anobjectreferencegenerallycontains
all informationneededo contactthe referredobject. In CORBA [12], for example,objectadapters
generataeferencedor the objectsthey manage.In thesereferencesthey encodethe network ad-

dressof the sener at which they reside. As we aguein [19], encodinglocation-dependerdontact
informationin anobjectreferencecannever scaleworldwide.

Themain problemwith encodingocationinformationis thatoncethe objectmovesto anotheloca-
tion thereferencebecomesnvalid. Middleware systemaisetechniqguesuchasforwardingpointers
or broadcasto dealwith this situation(see for example,[2, 11, 15]). However, bothtechniquehave
inherentscalabilityproblemghatmalke themunsuitablgor globalmiddlevare. It is alsounclearhown
forwardingpointerscandealwith heavily-replicatedobjects.

Oursolutionto theseproblemss theintroductionof persistentocation-independw objectidentifiers.
To useanobject,welet alocationserviceresole theobjects objectidentifierto whatwe call contact
addressesA contactaddressiescribesxactly hov andwherean objectcanbe contacted.Contact
addressearetransientandareactuallythe analogof objectreference# systemdike CORBA.

An importantpropertyof our locationserviceis thatwhenit looksfor anobjects contactaddresses,
it startsto searchin the proximity of the client. It basicallyusesan efficient expanding-ringsearch
algorithm. Using this property our location serviceexploits locality to guaranteescalability The
implementatiorof our wide-aredocationserviceis describedn [21].
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2.2 Scalability Problemswith Symbolic Names

Existing namingsystemsthat supportsymbolic nameshave a numberof scalability problemsthat
malke themunsuitablefor global middlewvare solutions. The problemsare not immediatelyobvious,
andarebestillustratedby takingalook at DNS.

DNS providesan extensiblehierarchicaihamespacewhich is primarily usedto namelnternethosts.
In the naminghierarchy more generalnamingauthoritiesdelegateresponsibilityfor partsof their
namespace(subdomainsjo more specificnamingauthorities. For example,the namingauthority
responsibldor the . com domain,delegatesthe responsibilityfor the intel . com domainto thentel
compan. Thisallows Intel to createwhatever hostnameét wantsin its domain.

Resolvinga hosthnameén DNS consistsconceptuallyof contactinga sequencef nameseners. The
domainsstoredby thesequencef namesenersareincreasinglyspecific allowing theresolutionof an
increasingpartof thehostnameFor example to resohe thehostnamemww . intel . com, theresolution

processvisits, in turn, the namesenersresponsiblefor the root (i.e. “."), com, andintel.com
domain respectiely. Thelastnamesenerwill be ableto resohe thecompletehostname.

DNS is claimedto scaleworldwideif it canbe assumedhatname-to-addresmappingsdo not fre-
quentlychange.The reasoris thatwhenthe nameresolutionis performedrecursvely, intermediate
senerscaneffectively cachemappingsandintermediateesults.This cachednformationcanbeused
to resolhe namesmore efficiently the next time. This approachhasindeedshavn to work for the
currentnamespace.

However, theefficiengy of DNSreliesnotonly ontheassumptionhatmappingshardlychangelt also
reliesontheimplicit assumptionhattheownerof anamedobjectis in thevicinity of thenamesener
thatstoreghe objects addressThis assumptioris generallycorrectfor Internethosts,andallows for
an efficient and scalabledistribution of the namespacemplementation.Underthis assumptionan
updateoperation—whichs carriedout by the ownerof anobject—isthenalocal operation.

Theassumptiorthata namecanbe storedin onefixedlocationis wrongwhentalking aboutgeneral-
purposemiddlenare systems. The assumptioris particularly wrong when consideringlong-lived
objects. For instance when an objectmoves a greatdistancebecauséts owner moves, it will be
usefulif the namewould “follow” the objectanduserin the sensethat resolvingthat namewould

still exhibit locality. Whena usermovesfrom Amsterdamto New York, its homedirectory should
be movedto New York aswell. The samereasoningaboutlocality appliesto replicatedobjects.An

objects nameshouldbe storednearevery replicaof the objectto provide local nameresolution.For

example,if aweb-sitehasreplicasin LondonandTokyo, the directorythatnamesthe pagesin the
web-siteshouldhave replicasin LondonandTokyo aswell.

Theproblemwe arethusfacedwith is to inventa namingservicethatcancontinueto supportocality
in nameresolutionin the presenc®f objectmobility andreplication.

3 Naming Model

The goal of our global middlevareis to support10'? objects,distributed worldwide. Our naming
systenthereforenasto dealwith alargenumbernf namesaswell aslargegeographicatistancesThe
objectsthemseleshave two importantcharacteristicghatinfluencethe designof thenamingservice:
(1) objectsmight bereplicated;(2) objectsarenot staticallyboundto a singlelocation. Eventhough
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(mostof) theproblemscreatedy thesecharacteristicaresolvedthroughlocation-independg object
identifiersandthe useof alocationservice(asdiscussedn Section2.1),the previous sectionclearly
shavs thisis notenough A namingservicehasto be designedvith thesecharacteristicin mind.

The goal of our namingserviceis to bind symbolicnamego persistentocation-independe object
identifiers.In ourmodel,anobjectidentifierwill subsequentipefurtherresohedto acontactaddress
by meansof a locationservice. As we discusdater, in our model, the locationserviceis alsoused
for theimplementatiorof the namingservice. However, sincethe locationservicedealswith name
changeslueto mobility andreplication we cansafelyassuméehatname-to-objeddentifiermappings
arerelatively stable.

The structureof our namespaces a directedgraphwith labeledarcs. The structureis basedon the
directory concept,asfoundin the UNIX file systemandthe Prosperanamingsystem[8]. Interior
nodesof the graphrepresentlirectories, whereadeaf nodesrepresentiserobjectssuchasfiles. A
directoryis basicallya table of referencespr more specifically objectidentifiers. Eachreference
pointsto anothemirectoryor a userobject,of which a contactaddressanbe looked up by meansof
ourlocationservice .Eachreferencen adirectoryis indexed by a simplename(i.e., alabel).

A namen thenamespacas asequencef labels.Thelabelsindicatea paththroughthenaminggraph.
Nameresolutionthus consistsof step-wisetraversingthe graph,eachstepresultingin a reference.
Nameresolutionstartsat a predefinedstarting directory At this directory the headlabel of the
sequencés usedto look-upthereferencedo the next directory Resolutiorrecursvely continueswith
therestof thesequenceThelastlabel of the sequencéinally mapsto thereferenceequestedby the
client.

We do not give a completedescriptionof our namespacemodelin this papey but defineonly those
partsneededor understandingur architecture For instanceanimportantaspecieft unspecifieds
how to choosethe startingdirectoryneededo resole a name.Otherimportantaspectdeft out deal
with thequestiorwhetherto restrictthenaminggraphto atree,or moremundanejuestionsegarding
charactesets.

4 Implementation Ar chitecture

Thenamingarchitecturgresentedh this sectionmaylook similarto architecturepresentedh previ-

ouswork. It differs,however, significantlyin thatit providesaloosecouplingbetweerdirectoriesand
thesenersthatstorethem. A loosecouplingallows the namingsystento move directoriesto seners
wherethey canprovide the bestperformancePreviousarchitecturefiave alwaysuseda strongcou-
pling betweerdirectoriesandnameseners,tying a directoryto afixedlocation. A secondmportant
distinctionwith previouswork, is thatour architectureallows every directoryto have its own replica-
tion strat@y (tailor made,if necessary)ln the following discussionwe ignore securityaspectgor

thesale of brevity.

4.1 Directories

DirectoriesareimplementedisingGlobes Distributed SharedObject(DSO) paradigmasdescribed
in [20]. In this paradigma setof replicaswork togetherto provide the notionof oneconceptua(dis-
tributed)object(seeFigure3). Theobjectis identifiedusinganobjectidentifier Replicagprovide the
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contactpointsneededo contactthe DSO.To allow areplicato be run arywhere,its implementation
is completelyself-containedthatis, areplicacontainsall the codethatcontrolsits behaior.

Distributed Shared

Object
Al t AZ|  Address
N N A -~ Space
| | Network

Replica——-\t@ Q

A3 AS A4

Figurel: A distributedsharedbjectin anetwork

To invoke operationson a directory a client mustfirst bind to thatdirectory An importantpart of
thebindingprocesss finding anearbyreplica. Herewe useour locationservice.Remembethatour
locationserviceexploits locality by startingits searchin the proximity of the client. Consequently
in our namingapproachwhena client wantsto bind to a directory the locationservicereturnsthe
addres®f thenearestontactpoint, thatis, theaddres®f thereplicathatis closesto theclient. The
clientthenuseshis contactpointto contactthedirectory

The binding processfinisheswith the creationof a proxy for the directoryin the client’s address
space This proxy implementghe sameinterfaceasthatof thedirectory sothattheclient caninvoke
operation®onthedirectory

4.2 Directory Replicas

As in ary otherGlobeobject,a directoryreplicais implementedy meansof four local subobjects,
asshavn in Figure2. Thesemanticssubobjectis alocal subobjecthatimplementghe actualfunc-
tionality of the directoryandcontainsts currentstate.For example,it maycontainatablecontaining
themappingshetweenabelsandobjectidentifiers. The semanticsubobjectontainsno codethatis
relatedto how its contentis distributedacrossa network.

The stateof the directoryasa wholeis madeup of the statein its varioussemanticsubobjects Se-
manticssubobjectsnay bereplicatedfor reason®of fault toleranceor performancelt is thereplica-
tion subobjectthatis responsibldor keepingthesereplicasconsistenaccordingo some(directory-
specific)coherencastratgy. A key obsenrationis thatdifferentdirectoriesmayhave differentreplica-
tion subobjectsysingdifferentreplicationalgorithms.Having thereplicationalgorithmencapsulated
in a subobjec(with standardizedhterfaces)allows to easilychangethe replicationalgorithm,when
needed.

The communication subobjectis a system-preided subobjectthat offers a standardinterface to
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Figure2: Internalstructureof adirectoryreplica

the underlyingnetwork, somevhat comparableo soclets andtheir implementation.However, this
subobjectanprovide morefunctionalityif neededsuchasreliablemulti-castingor reliabledatagram
services.

Thecontrol subobject finally, takescareof invocationsrom clientprocessesandcontrolstheinter
actionbetweerthesemanticsubobjecandthereplicationsubobjectTheinterfacesof thereplication
subobjecarestandarandindependentf thoseof thesemanticsubobjectConsequent/ythecontrol
subobjecis neededo bridgethe gapbetweerthe userdefinedinterfacesof the semanticsubobject,
andthe standardnterfacesof thereplicationsubobject.

4.3 Directory Operations

Every directory provides, as minimal functionality two standarddirectory interfaces,the look-up
interface and the updateinterface. The look-up interfaceallows clientsto querythe directory Its
mainmethodis theresolve methodthatresohesa givennameto anobjectidentifier Theresolve
methodtraverseghe naminggraphto find the objectidentifier of the namedobject. Thetraversalcan
beimplementedn two ways,usinga recursve or iterative approachput hybrid approachearealso
possible.

In the recursve fashion,a client bindsto the startingdirectory to invoke the resolve methodto
resol\e the completename. The startingdirectory performsthe nameresolutionby retrieving the
objectidentifierof thefirst labelandbindingto the directoryit designatesUsingthis new bindingthe
startingdirectory(recursvely) invokesthe resolve methodwith therestof thename.Therecursion
stopswhena directoryis requestedo recursvely resole a singlelabel (thelastone). Thedirectory
cansimply returnthelabel’s objectidentifier, sinceit is the objectidentifierwe arelooking for.

Unfortunatelyrecursie nameresolutionis alsorelatively expensve, sinceit requireghedirectoryto
malke andkeeptrack of bindingsto otherdirectories. The resourcesisedto managehesebindings
might be betterusedto storemoredirectoriesand handlemore (iterative) nameresolutionrequests.
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For this reasonour directoriesare allowed to refuserecursie nameresolutionand supportiterative
nameresolutiononly. DNStop-level senerstypically refuseto recursvely resohe namedor thesame
reason.

In theiterative fashionaclientalsobindsto thestartingdirectory but in thiscaseinvokestheresolve

methodwith thefirst labelof thenameonly. This invocationresultsin anobjectidentifier Theclient
thenbindsto thedirectorydesignatedby this objectidentifierto resole the secondabelof thename.
Theclient bindsto a new directoryfor every label of the name. The objectidentifier resultingfrom

themethodinvocationwith thelastlabelof the nameis objectidentifierwe arelooking for.

The updateinterface consistof two methods:insert anddelete. The insert operationallows
a client to inserta pair consistingof a label and an objectidentifierinto a directory The remove
operationdeletesa (1abel, identifier)-pairfrom a directorygiventhe label. Thereplica(s) at
whichthe insert or delete is actuallyperformedduring aninvocationis determinedoy therepli-
cationsubobject®f thedirectory Thesereplicationsubobjectalsodeterminehow statechangesre
subsequentlpropagatedbetweerreplicas.

4.4 NameSewers

To run directoryreplicas,we introducea setof genericnameseners. Thesenamesenersplacethe
aforementionedour subobjectsn theiraddresspaceandallow themto run. Namesenersprovide
directoryreplicaswith the necessaryesourcesindsupport.They provide, for instancethenecessary
meandor areplicato communicatevith otherreplicas,andoffer aninterfaceto the Globelocation
service.In addition,anamesener canprovide fault-tolerantpersistenstoragg(if needed).

The namesenersaredistributed acrossthe network in sucha way that every client alwayshasone
or moresenerslocatednearby As anexample,Figure3 shavs seven nameseners 1—7, with three
directoriesa, b, and/. Directorya hasreplicasat namesener 5, 6, and7. Directoryb is replicated
at2 and4. Directory/ consistf asinglereplicaat namesener 1.

Layeredaroundthe grid of namesenersarenamingserviceresolhers, implementingheinterfaceto
thenamingserviceasawhole. Resolersareresponsibldor implementingterative nameresolution,
whendirectoriesrefuserecursie resolution.Placingthis responsibilityat the resohersmakesimple-
mentingnamesener clientseasier Figure3 shavs threeresohers. Resoher 1 and3 areeachusing
onedirectory(a andb, respecitiely), while resoler 2 is usingbothdirectories.

5 Scalability of our Approach

In this sectionwe focusspecificallyon how the variousaspectof our namingarchitectureallow for
scalability

5.1 Efficient Look-up Operations

The desireto make nameresolutionexploit locality hasplayedan importantpartin the designof
our nameservicearchitecture. Using locality where possibleis the primary meansto make name
resolutionscalable Thearchitecturgreseresthelocality of look-upoperationdy usingthelocation
servicewhenbindingto directories.By usingthe locationservice traversingthe namespacealways
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Figure3: Thenamesener grid.

involvescontactingnearbydirectoryreplicas.In particular if adirectoryis neededo resohe partof
afull name andthatdirectoryhasareplicalocatedin the neighborhoodpreciselythatreplicawill be
used.

Consequent|yregardlessof whethemameresolutionis doneiteratively or recursvely, our approach
ensureshateachnext stepof theresolutionprocesss carriedout ata namesener thatis ascloseas
possibleto the sener wherethe currentstephadbeencarriedout. Optimally, the next stepis carried
out the samesener asthe currentone. In contrast,DNS canensureocality only throughcaching.
Without caching resolutionalwaysproceeds$owardthelocationof the namedobject.

To malke our point clear first considerthe situationwhereresoher 3 wantsto recursvely resolhe the
name/a/b/c in Figure3. Resoher 3 will startby bindingto the only replicaof directory/ located
atnamesener 1. Resoler 3 will thenusethe bindingto invoke the resolve method,with a/b/c
asparameter To resohe the name,the replicaof / at 1 usesthefirst label a to retrieve the object
identifierof directorya. Usingthe objectidentifierit will thenbindto directorya.

Thelocationserviceensureghatthereplicaof / at 1 bindsto nearesteplicaof directorya, namely
theonelocatedat namesener 6. Thereplicaof / will theninvoke theresolve methodwith b/c as
parameterThereplicaof directorya will be boundto the nearesteplicaof directoryb to resohe the
lastlabelc. The nearesteplicaof b is locatedat namesener 2. Onecanseethatthe nameseners
usedin this exampleareall locatedneareachother

Now considerthe situationthatrecursionis iterative In thatcasejt canbe seenthatresoher 3 will
first bind to thereplicaof / atsener 1. It will thenbind to areplicaof directorya thatis nearesto
itself, whichis thereplicaat 7, to finally bind to thereplicaof directoryb atsener 2.
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5.2 NewReplicas

To have localnameresolutionrequireghattherearedirectoryreplicadocatedat namesenersnearby
Thenamingservicearchitectureallows usto easilycreatenew directoryreplicasnearbyby providing

aloosecouplingbetweerdirectoriesandthe nameseners. If adirectorybecomegpopularin anarea
whereit hasnoreplica,anew replicacanbecreatedn anamesenerin thatarea.This new replicacan
thenprovide local accessNameresoher provide the perfectplaceto recognizepopulardirectories.
Eachof themcanthustake the appropriateactionsto createa new local replicas whenneeded.

Whentwo directoriesare logically closelyrelated,the creationof a new replicafor onedirectory
might resultin the creationof a new replicafor the otherdirectoryaswell. Considerfor instance,
thefollowing situationin Figure3. Assumethatdirectorya becomegpopulararoundnamesener 3.
Sincethereis currentlyno replicaof a at 3, thenameservicecreateoneat 3. Furthermoreassume
thatthe only way to accesdlirectorya is via the / directory whichis currentlylocatedonly atname
sener 1. In thatcase,t makessenseo createa replicaof directory/ at 3, aswell. It is clearthat
thenameserviceneeddo obtainandmaintaininformationaboutthesekind of relationsi|f it wantsto
exploit locality for scalablenameresolution.

5.3 Efficient Update Operations

While addingreplicasincreasetocality, it comesatthepriceof anincreasen resourcesWe canlimit

theresourcaisageby choosinganefficientreplicationstrateyy for thedirectoryathand.A replication
stratgy is efficient if it providesthe desiredcombinationof consisteng andresourceusage. The
actualcombinations determinedy thetype of directory

Consider for example,a personalhomedirectory Sucha directorywill often containonly a few
entries,andtherewill berelatively few clients. In this case,it might be easiesto usemastesslave
replication,wherethe completedirectorystateis shippedfrom the mastereplica(probablynearthe
owner)to slave replicas.However, whenconsideringa “root” directory likethe . com domainin DNS,
adifferentpictureemepges.Suchadirectorywill containmary entriesandwill beaccessebtly avast
numberof clientsworldwide. In this case,aform of active replicationmight be useful. With active
replication,insteadof shippingstate only the updateoperationsn the directoryareforwardedto all
replicas. In our example,immediatepropagatiorof updatesnay not be necessarylnstead,updates
may be batchedandperiodicallymulticastto all replicas.

The factthata replicas implementationis self-containedallows usto usenew replicationmethods
whenthey comeavailable. By allowing efficient updateoperationsdirectory-specifiaeplication
stratgiesenhancehe scalabilityof our namingservice.

5.4 Caching

To avoid traversalthroughthe nameseners, the nameservicecancachebothintermediateandfinal
resultg(directoryanduserobjectidentifiers respectiely). Thearchitecturgrovidestwo placesvhere
resultscanbe cachedin directoriesandin theresoher.

If theresolve methodis executedrecursiely, the nameserviceresoher anddirectoriesin the path
traversedduring nameresolution,have the possibility to cachethe objectidentifier of the resolhed
name. If extra informationis returnedafter nameresolution,asin DNS, intermediateresultscould
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alsobe cached.lt is thusseenthatrecursionnaturallyleadsto the mostconvenientplacesto cache
results. Unfortunately recursionis relatively expensie anddirectoriescanchoosenot to provide it,
asexplainedin Sectior4.3.

If theresolve methodsimplementedteratively, thenameserviceresoherbecomesheonly placeto
cachantermediatendfinal results.By combiningintermediateesults nameresoler caneffectively
build short-cutdn the naminggraph. Unfortunately theseshort-cutswill be usedonly by clientsof
thesameresoler.

6 RelatedWork

Thereis alreadya considerabldody of experiencewith large-scalenamingsystems.The Internet
Domain Name System(DNS) is perhapsthe best-knavn example[7, 1]. We describedthe DNS
namingandresolutionmodelin Section2, and have alreadyarguedthat DNS cannotbe usedasa
general-purposeamingsystentor globalmiddlevare. Also notethatDNS is usedto name56 x 10°

hostsin July 19991 which is significantlylessthanthe 10*? objectswe intendto support.We doubt
thatDNS canscaleto very large numbersf hosts.

The Prosperdile systemsupportsa namingmodel similar to ours[9, 8]. However, the focus of

the Prospercsystemis completelydifferent. The goal of Prosperads to examinehow scaleaffects
users,specificallyhow scaleaffectsthe usability of a large system. To enhanceusability Prospero
allows usersto build their own personabirtual systemby customizingtheir view of the namespace.
The customizatioruses,what are called, filters and unionlinks. Sincethesemethodsare basedon

directoriesthe Prospermamingmodelcanthusbe seenandpossiblyimplementedasan extension
of ournamingmodel.Prosperaisedorwardingpointerso dealwith directorieghatchangedocation.
Forwardingpointersscalepoorly, asdemonstratedpr example,in theWeh

Lampsonhasdesigned globalnameservicewith a focuson scalability high availability, andcon-
tinuing evolution [5]. The nameserviceusesa tree-shapedamespacdike DNS, but distinguishes
atthe implementatiorlevel betweerlocal andglobal directories. The global directoriesguidename
resolutionfrom the root directory down to local directories. The global directoriesare replicated
andmaintainconsisteng throughthe useof a sweepperatiorthatpropagatestatechangedetween
replicas. Thelocal directoriesallow further nameresolutionto retrieve the valueswe areinterested
in. Theuseof locality (outsidecaching)or mobility of directorieds notconsidered.

Cheritonand Mann take Lampsors ideasfor replicatedglobal directories,and add two layers of
directories[3]. Thetop level of the namespace(containingthe root directory)is calledthe global
level, directoriesat the intermediatdevel are part of the administational level, andthe directories
atthe bottomareat manaerial level. Every level usesits own techniquego implementdirectories
optimizedto requirementsetby thatlevel. The threelayersin the systemarefixed, no new types
of directoriescanbe added. Namedobjectsare storedneartheir names,but sincethe managerial
directoriescannotmaove, objectsarefixedto onelocation.

The namingserviceproposedis similar to the nameservicein Amoeba[18]. Directoriesin the
Amoebanaminggraphcanresidearywherein the system.Reference$o directoriesanduserobjects
areimplementedisingcapabilities Apartfrom beingusedasa referencanechanisme¢apabilitiesare
alsopartof thesecuritysystemof Amoeba.Amoebausesa broadcasmechanisnto locatereferenced

1sourceiInternetSoftware Consortium(http://wwwisc.og/)
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objects,insteadof usinga separatdocationservice. The Amoebaapproachs thereforeinherently
limited to small-scalesystems.Directoriesare not replicated,but sinceaccesseare alreadylocal,
replicationis notreally anissue.

TheCORBA namingspecificationprovide ahigh-level descriptiorof the CORBA namingmodel[10].

This modelis compatiblewith the namingmodelwe use. In the CORBA model,directoriesaredis-

tributedobjectsandnameresolutionmeandraversinga graphof directoryobjects.A scalableémple-

mentationof the specificatiorwill dependcheaiily on the scalability of the underlingobjectrequest
broker (ORB). We arenot awareof animplementatiorhaving the samescalabilitycapabilitiesasour

approach.

Our approachto namingand locating objectshasstronglinks to the developmentand deployment
of Uniform ResourceNames(URNSs)[16, 6]. A URN is alocation-indeperght namingschemejn
which namesareto be resohed into URLs. However, discussiongoncerningthe way that URNs
shouldbeimplementedandin particularhow they shouldberesohed, hardly addresshe scalability
concernsve have presentedh this paper In fact,proposalsactuallyignoretheissueby concentrating
only on how appropriateresohers shouldbe identified [4, 17]. We claim that our approachwill
provide a uniqueandscalablesolutionto implementingJRNSs.

7 Conclusionand Future Work

Globalmiddlevarerequiregheimplementatiorof a scalablenamingservice.For anamingserviceto
scale,jt needdgo take the useof locality anddirectory-specifigeplicationstratgiesinto accountWe
have designeda namingarchitecturehat makesuseof thesetwo designprinciples,andshavn how
they enhancaets scalability

Our future work consistof extendingthe namingmodeldescribedn this paperto be complete and
using the specificationto implementa namingservice. We are currently laying the groundwork
for the namesener implementation. A location serviceprototypeis alreadyimplemented. Using
the specificationwe canimplementthe directorysemanticsubobjectsandstartexperimentingwith
differentreplicationsubobjects.
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