
���������	�	��

���	�����������
��������������� �	�!��
#"$�&%'


GercoBallintijn (contact)
Maarten van Steen

Vrije Universiteit
Departmentof Mathematics& ComputerScience

DeBoelelaan1081a,NL-1081HV, Amsterdam,TheNetherlands
tel: +31 204447734/ fax: +31 204447653

e-mail: ( gerco,steen) @cs.vu.nl

InternalreportIR-464,October1999

Article summary.
Middlewaresystemsthat are distributed worldwide are difficult to build due to all
kinds of scalabilityissues.Problemsalreadystartwhenconsideringhow namingis
to be done. It is commonlythoughtthat organizingsymbolicnamesinto a hierar-
chicalnamespace,andsubsequentlydistributing theimplementationof thatspacein
a hierarchicalfashionas well, is appropriatefor worldwide naming. This solution
is adoptedby DNS. We arguethat suchapproachesarenot suitedfor namingin fu-
tureglobalmiddlewaresystems.Instead,namespaceimplementationsshouldmake
heavily useof flexible andlarge-scalereplicationin orderto exploit locality asmuch
aspossible.Currentsolutionscannotbeeasilyadaptedto this extent. We describea
novelapproachto implementingnamingsystemsin large-scale,worldwidedistributed
middleware.
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ScalableNamingin GlobalMiddleware

1 Intr oduction

To facilitatethedevelopmentof distributedapplications,middlewaresystemsprovide a high degree
of distribution transparency. Currentmiddlewaresolutionsaredesignedto beprimarily usedin local-
areanetworks. If a communityusingadistributedapplicationis entirelylocatedin a smallarea,then
suchsolutionswill work just fine. However, to assumethata groupof usersis dispersedonly across
a relatively small areais graduallybecomingunrealistic. Global communitiesthat operateacrossa
worldwidenetwork areemerging,suchasvirtual enterprises,Internetsocialcommunities,etc.These
globalcommunitiesneedthesamefunctionalityanddistribution transparency asofferedby traditional
middleware,but arealsoin needfor scalablesolutions.

Unfortunately, approachesusedin currentmiddlewarearenot suitablefor globalmiddlewaredueto
their inherentlimited scalability. As we argueelsewhere[20], a major sourceof scalingproblems
is causedby the fact that most solutionsare still basedon a single-server, multiple-clientmodel.
This modelis not suitedfor wide-areacommunication,which is characterizedby long latenciesand
unreliabletransportmechanisms,leadingto aconsiderablelossof performance.

Anothermajor sourceof scalingproblemscomesfrom the limitations of servicesthat form part of
middleware. In this paper, we addressoneparticularimportantservice,namelynaming. A naming
serviceallows differentusersto find, access,andsharedistributedresources.No middlewarecando
without a propernamingservice.Consequently, if scalingthe implementationof thenamingservice
fails, it hardly makes senseto put any effort in attemptingto scaleotherpartsof the middleware
system.

As we arguein this paper, all currentlyimplementednamingsystemslack properscalabilityin face
of generalnamingrequirements.Thesesystemsnot only includethoseimplementedfor middleware
suchasCORBA [12] andDCE [14], but even the Internet’s DomainNameSystem(DNS) [1, 7].
Theirmainproblemis thatnameresolutionis staticallyboundto specificlocations.Thisdependency
prohibitsscalablesolutionsfor objectsthatarenotstaticallytied to asinglelocation,evenif anobject
changeslocationonly oncein its lifetime. Thelocation-dependency problemsoccuratdifferentlevels
of abstraction:from low-level objectreferencesto high-level symbolicnames.

In thispaper, weshow whatis wrongwith currentnamingsystems,includingthosefor wide-areanet-
works,andwhy their implementationsareunsuitablefor globalmiddlewarewhereageneral-purpose
namingsolutionis needed.We proposea new namingarchitecturesupportinguser-definedlocation-
independentnames.The architectureusesthe location independenceto storenamesat convenient
locationsandimplementscalablenameresolution.Wefurthershow how to implementscalableworld-
wide namingsystemsusingthis architecture.For thesake of our discussion,we concentratein this
paperonobject-basedmiddlewaresystemsonly.

The restof this paperis structuredasfollows. Section2 describeshow namingis usedin different
placesin middleware, and what problemscan occur. Section3 describesthe namespacemodel
we supportandothernamingservicecharacteristics.In Section4, we describethe architectureof
our namingservice. Section5 thendiscusseshow our namingarchitecturesupportsscalability. In
Section6 wediscussrelatedwork andwedraw ourconclusionsin Section7.
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2 Namesin Middleware Systems

Namesareusedin middlewaresystemsat differentlevels of abstraction.At the lowestlevel of ab-
straction,objectsarenamedthroughlocal interfacepointers.Thesepointersallow a client to invoke
methodson theobjectandareusuallydirectly interpretedby thehardware. At a higherlevel of ab-
straction,objectsarenamedthroughsystemwideobjectreferences.Objectreferencesallow a client
processto bind to anobject.Thisbindingprocedureeffectively resolvesanobjectreferenceto a local
interfacepointer.

At yet a higher level of abstraction,objectsare referredto throughuser-definedsymbolic names.
Normally, thesenamesareorganizedin hierarchicalnamespaces,suchasthe UNIX file systemor
DNS. Besidessymbolic-namingsystems,therearealsoproperty-basednamingsystems.Thesesys-
temsarealsoknown asdirectoryservices,traders,etc.A well-known exampleis theX.500directory
service[13].

In thispaper, wedonotconsiderdirectoryservicesor local interfacepointers.Instead,weconcentrate
onobjectreferencesandsymbolic-namingsystemsonly.

2.1 Scalability Problemswith Object References

To useanobject,wefirst needto resolveits objectreferenceto alocalinterfacepointer. Theresolution
processresultsin the creationof a local implementationof that object’s interface. A pointerto the
implementationis subsequentlyreturned.We assume,for this discussion,without lossof generality,
that local implementationsaremereproxiesthatcommunicatewith a remoteimplementationof the
object.

To makeresolutionof theobjectreferencesimpleandefficient,anobjectreferencegenerallycontains
all informationneededto contactthereferredobject. In CORBA [12], for example,objectadapters
generatereferencesfor the objectsthey manage.In thesereferences,they encodethe network ad-
dressof the server at which they reside.As we arguein [19], encodinglocation-dependentcontact
informationin anobjectreferencecannever scaleworldwide.

Themainproblemwith encodinglocationinformationis thatoncetheobjectmovesto anotherloca-
tion thereferencebecomesinvalid. Middlewaresystemsusetechniquessuchasforwardingpointers
or broadcastto dealwith thissituation(see,for example,[2, 11,15]). However, bothtechniqueshave
inherentscalabilityproblemsthatmake themunsuitablefor globalmiddleware.It is alsounclearhow
forwardingpointerscandealwith heavily-replicatedobjects.

Oursolutionto theseproblemsis theintroductionof persistentlocation-independent objectidentifiers.
To useanobject,welet a locationserviceresolve theobject’s objectidentifierto whatwecall contact
addresses.A contactaddressdescribesexactly how andwhereanobjectcanbecontacted.Contact
addressesaretransientandareactuallytheanalogof objectreferencesin systemslike CORBA.

An importantpropertyof our locationserviceis thatwhenit looksfor anobject’s contactaddresses,
it startsto searchin the proximity of the client. It basicallyusesanefficient expanding-ringsearch
algorithm. Using this property, our locationserviceexploits locality to guaranteescalability. The
implementationof ourwide-arealocationserviceis describedin [21].
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2.2 Scalability Problemswith SymbolicNames

Existing namingsystemsthat supportsymbolicnameshave a numberof scalabilityproblemsthat
make themunsuitablefor globalmiddlewaresolutions.Theproblemsarenot immediatelyobvious,
andarebestillustratedby takinga look at DNS.

DNS providesanextensiblehierarchicalnamespacewhich is primarily usedto nameInternethosts.
In the naminghierarchy, moregeneralnamingauthoritiesdelegateresponsibilityfor partsof their
namespace(subdomains)to morespecificnamingauthorities. For example,the namingauthority
responsiblefor the VXW@Y[Z domain,delegatestheresponsibilityfor the \=]_^a`Ub#VXW@Y[Z domainto theIntel
company. Thisallows Intel to createwhatever hostnameit wantsin its domain.

Resolvinga hostnamein DNS consists,conceptually, of contactinga sequenceof nameservers.The
domainsstoredby thesequenceof nameserversareincreasinglyspecific,allowing theresolutionof an
increasingpartof thehostname.Forexample,to resolvethehostnamec_cdc,VX\']U^e`eb#VfWgYhZ , theresolution
processvisits, in turn, the nameservers responsiblefor the root (i.e. “ V ”), WgY[Z , and \=]_^a`Ub#VXW@Y[Z
domain,respectively. Thelastnameserver will beableto resolve thecompletehostname.

DNS is claimedto scaleworldwide if it canbeassumedthatname-to-addressmappingsdo not fre-
quentlychange.Thereasonis thatwhenthenameresolutionis performedrecursively, intermediate
serverscaneffectively cachemappingsandintermediateresults.Thiscachedinformationcanbeused
to resolve namesmoreefficiently the next time. This approachhasindeedshown to work for the
currentnamespace.

However, theefficiency of DNSreliesnotonly ontheassumptionthatmappingshardlychange.It also
reliesontheimplicit assumptionthattheownerof anamedobjectis in thevicinity of thenameserver
thatstorestheobject’s address.Thisassumptionis generallycorrectfor Internethosts,andallows for
anefficient andscalabledistribution of the namespaceimplementation.Underthis assumption,an
updateoperation—whichis carriedoutby theownerof anobject—isthena localoperation.

Theassumptionthata namecanbestoredin onefixedlocationis wrongwhentalkingaboutgeneral-
purposemiddleware systems. The assumptionis particularly wrong when consideringlong-lived
objects. For instance,whenan objectmovesa greatdistancebecauseits owner moves, it will be
useful if the namewould “follow” the objectanduserin the sensethat resolvingthat namewould
still exhibit locality. Whena usermovesfrom Amsterdamto New York, its homedirectoryshould
bemovedto New York aswell. Thesamereasoningaboutlocality appliesto replicatedobjects.An
object’s nameshouldbestorednearevery replicaof theobjectto provide local nameresolution.For
example,if a web-sitehasreplicasin LondonandTokyo, the directorythat namesthepagesin the
web-siteshouldhave replicasin LondonandTokyo aswell.

Theproblemwearethusfacedwith is to inventanamingservicethatcancontinueto supportlocality
in nameresolutionin thepresenceof objectmobility andreplication.

3 Naming Model

The goal of our global middleware is to support1012 objects,distributed worldwide. Our naming
systemthereforehastodealwith alargenumberof names,aswell aslargegeographicaldistances.The
objectsthemselveshave two importantcharacteristicsthatinfluencethedesignof thenamingservice:
(1) objectsmight bereplicated;(2) objectsarenot staticallyboundto a singlelocation.Eventhough
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(mostof) theproblemscreatedby thesecharacteristicsaresolvedthroughlocation-independent object
identifiersandtheuseof a locationservice(asdiscussedin Section2.1),theprevioussectionclearly
shows this is notenough.A namingservicehasto bedesignedwith thesecharacteristicsin mind.

Thegoalof our namingserviceis to bind symbolicnamesto persistentlocation-independent object
identifiers.In ourmodel,anobjectidentifierwill subsequentlybefurtherresolvedto acontactaddress
by meansof a locationservice.As we discusslater, in our model,the locationserviceis alsoused
for the implementationof thenamingservice.However, sincethe locationservicedealswith name
changesdueto mobility andreplication,wecansafelyassumethatname-to-objectidentifiermappings
arerelatively stable.

Thestructureof our namespaceis a directedgraphwith labeledarcs.Thestructureis basedon the
directoryconcept,asfound in the UNIX file systemandthe Prosperonamingsystem[8]. Interior
nodesof the graphrepresentdirectories,whereasleaf nodesrepresentuserobjectssuchasfiles. A
directory is basicallya tableof references,or morespecifically, object identifiers. Eachreference
pointsto anotherdirectoryor a userobject,of whicha contactaddresscanbelookedupby meansof
our locationservice.Eachreferencein adirectoryis indexedby a simplename(i.e.,a label).

A namein thenamespaceis asequenceof labels.Thelabelsindicateapaththroughthenaminggraph.
Nameresolutionthusconsistsof step-wisetraversingthe graph,eachstepresultingin a reference.
Nameresolutionstartsat a predefinedstartingdirectory. At this directory, the headlabel of the
sequenceis usedto look-upthereferenceto thenext directory. Resolutionrecursively continueswith
therestof thesequence.Thelastlabelof thesequencefinally mapsto thereferencerequestedby the
client.

We do not give a completedescriptionof our namespacemodelin this paper, but defineonly those
partsneededfor understandingour architecture.For instance,animportantaspectleft unspecifiedis
how to choosethestartingdirectoryneededto resolve a name.Otherimportantaspectsleft out deal
with thequestionwhetherto restrictthenaminggraphto atree,or moremundanequestionsregarding
charactersets.

4 Implementation Ar chitecture

Thenamingarchitecturepresentedin thissectionmaylook similar to architecturespresentedin previ-
ouswork. It differs,however, significantlyin thatit providesaloosecouplingbetweendirectoriesand
theserversthatstorethem.A loosecouplingallows thenamingsystemto movedirectoriesto servers
wherethey canprovide thebestperformance.Previousarchitectureshave alwaysuseda strongcou-
pling betweendirectoriesandnameservers,tying a directoryto a fixedlocation.A secondimportant
distinctionwith previouswork, is thatourarchitectureallows everydirectoryto have its own replica-
tion strategy (tailor made,if necessary).In the following discussion,we ignoresecurityaspectsfor
thesake of brevity.

4.1 Dir ectories

DirectoriesareimplementedusingGlobe’s DistributedSharedObject(DSO)paradigm,asdescribed
in [20]. In this paradigm,a setof replicaswork togetherto provide thenotionof oneconceptual(dis-
tributed)object(seeFigure3). Theobjectis identifiedusinganobjectidentifier. Replicasprovide the
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contactpointsneededto contacttheDSO.To allow a replicato berun anywhere,its implementation
is completelyself-contained,thatis, a replicacontainsall thecodethatcontrolsits behavior.

A1 A2

A3 A4

Space

Replica

Network

Distributed Shared
Object

Address

A5

Figure1: A distributedsharedobjectin anetwork

To invoke operationson a directory, a client mustfirst bind to that directory. An importantpart of
thebindingprocessis findinganearbyreplica.Hereweuseour locationservice.Rememberthatour
locationserviceexploits locality by startingits searchin theproximity of theclient. Consequently,
in our namingapproach,whena client wantsto bind to a directory, the locationservicereturnsthe
addressof thenearestcontactpoint, thatis, theaddressof thereplicathatis closestto theclient. The
client thenusesthiscontactpoint to contactthedirectory.

The binding processfinisheswith the creationof a proxy for the directory in the client’s address
space.Thisproxy implementsthesameinterfaceasthatof thedirectory, sothattheclientcaninvoke
operationson thedirectory.

4.2 Dir ectory Replicas

As in any otherGlobeobject,a directoryreplicais implementedby meansof four local subobjects,
asshown in Figure2. Thesemanticssubobject is a local subobjectthat implementstheactualfunc-
tionality of thedirectoryandcontainsits currentstate.For example,it maycontaina tablecontaining
themappingsbetweenlabelsandobjectidentifiers.Thesemanticssubobjectcontainsno codethatis
relatedto how its contentis distributedacrossanetwork.

Thestateof thedirectoryasa whole is madeup of thestatein its varioussemanticssubobjects.Se-
manticssubobjectsmaybereplicatedfor reasonsof fault toleranceor performance.It is the replica-
tion subobjectthatis responsiblefor keepingthesereplicasconsistentaccordingto some(directory-
specific)coherencestrategy. A key observationis thatdifferentdirectoriesmayhavedifferentreplica-
tion subobjects,usingdifferentreplicationalgorithms.Having thereplicationalgorithmencapsulated
in a subobject(with standardizedinterfaces)allows to easilychangethereplicationalgorithm,when
needed.

The communication subobject is a system-provided subobjectthat offers a standardinterface to
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Interface to replica
as a whole

Interface to semantics
subobject

subobject
Communication

subobject

subobject
Control

subobject
Replication Semantics

Figure2: Internalstructureof adirectoryreplica

the underlyingnetwork, somewhat comparableto socketsandtheir implementation.However, this
subobjectcanprovidemorefunctionalityif needed,suchasreliablemulti-casting,or reliabledatagram
services.

Thecontrol subobject, finally, takescareof invocationsfrom clientprocesses,andcontrolstheinter-
actionbetweenthesemanticssubobjectandthereplicationsubobject.Theinterfacesof thereplication
subobjectarestandardandindependentof thoseof thesemanticssubobject.Consequently, thecontrol
subobjectis neededto bridgethegapbetweentheuser-definedinterfacesof thesemanticssubobject,
andthestandardinterfacesof thereplicationsubobject.

4.3 Dir ectory Operations

Every directory provides, as minimal functionality, two standarddirectory interfaces,the look-up
interfaceandthe updateinterface. The look-up interfaceallows clients to query the directory. Its
mainmethodis the iU`aj@Yeb[ke` methodthatresolvesagivennameto anobjectidentifier. The ie`ejgYebhka`
methodtraversesthenaminggraphto find theobjectidentifierof thenamedobject.Thetraversalcan
beimplementedin two ways,usinga recursive or iterative approach,but hybrid approachesarealso
possible.

In the recursive fashion,a client binds to the startingdirectory to invoke the iU`ajgYUb[ke` methodto
resolve the completename. The startingdirectoryperformsthe nameresolutionby retrieving the
objectidentifierof thefirst labelandbindingto thedirectoryit designates.Usingthisnew bindingthe
startingdirectory(recursively) invokesthe ie`ejgYUb[ka` methodwith therestof thename.Therecursion
stopswhena directoryis requestedto recursively resolve a singlelabel(the lastone). Thedirectory
cansimply returnthelabel’s objectidentifier, sinceit is theobjectidentifierwearelooking for.

Unfortunately, recursive nameresolutionis alsorelatively expensive,sinceit requiresthedirectoryto
make andkeeptrackof bindingsto otherdirectories.Theresourcesusedto managethesebindings
might bebetterusedto storemoredirectoriesandhandlemore(iterative) nameresolutionrequests.
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For this reasonour directoriesareallowed to refuserecursive nameresolutionandsupportiterative
nameresolutiononly. DNStop-level serverstypically refuseto recursively resolvenamesfor thesame
reason.

In theiterativefashion,aclientalsobindsto thestartingdirectory, but in thiscaseinvokesthe ie`ejgYebhka`
methodwith thefirst labelof thenameonly. This invocationresultsin anobjectidentifier. Theclient
thenbindsto thedirectorydesignatedby thisobjectidentifierto resolve thesecondlabelof thename.
Theclient bindsto a new directoryfor every labelof thename.Theobjectidentifierresultingfrom
themethodinvocationwith thelastlabelof thenameis objectidentifierwearelooking for.

The updateinterfaceconsistof two methods: \=]Ljg`lil^ and me`ebg`g^e` . The \']nj@`lid^ operationallows
a client to inserta pair consistingof a label andan object identifier into a directory. The iU`[ZEY@ka`
operationdeletesa oDbgp@qM`Ub�rs\[me`[]U^E\[tE\@`liEu -pair from a directorygiven the label. The replica(’s) at
which the \=]Ljg`lil^ or me`Ubl`g^e` is actuallyperformedduringan invocationis determinedby therepli-
cationsubobjectsof thedirectory. Thesereplicationsubobjectsalsodeterminehow statechangesare
subsequentlypropagatedbetweenreplicas.

4.4 NameServers

To run directoryreplicas,we introducea setof genericnameservers. Thesenameserversplacethe
aforementionedfour subobjectsin their addressspacesandallow themto run. Nameserversprovide
directoryreplicaswith thenecessaryresourcesandsupport.They provide, for instance,thenecessary
meansfor a replicato communicatewith otherreplicas,andoffer an interfaceto theGlobelocation
service.In addition,anameserver canprovide fault-tolerantpersistentstorage(if needed).

The nameserversaredistributedacrossthenetwork in sucha way that every client alwayshasone
or moreserverslocatednearby. As anexample,Figure3 shows sevennameservers v –w , with three
directories,p , q , and x . Directory p hasreplicasat nameserver y , z , and w . Directory q is replicated
at { and | . Directory x consistsof asinglereplicaat nameserver v .

Layeredaroundthegrid of nameserversarenamingserviceresolvers, implementingtheinterfaceto
thenamingserviceasawhole.Resolversareresponsiblefor implementingiterative nameresolution,
whendirectoriesrefuserecursive resolution.Placingthis responsibilityat theresolversmakesimple-
mentingnameserver clientseasier. Figure3 shows threeresolvers. Resolver v and } areeachusing
onedirectory( p and q , respectively), while resolver { is usingbothdirectories.

5 Scalability of our Approach

In this sectionwe focusspecificallyon how thevariousaspectsof our namingarchitectureallow for
scalability.

5.1 Efficient Look-up Operations

The desireto make nameresolutionexploit locality hasplayedan importantpart in the designof
our nameservicearchitecture.Using locality wherepossibleis the primary meansto make name
resolutionscalable.Thearchitecturepreservesthelocality of look-upoperationsby usingthelocation
servicewhenbindingto directories.By usingthelocationservice,traversingthenamespacealways
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Figure3: Thenameserver grid.

involvescontactingnearbydirectoryreplicas.In particular, if a directoryis neededto resolve partof
a full name,andthatdirectoryhasareplicalocatedin theneighborhood,preciselythatreplicawill be
used.

Consequently, regardlessof whethernameresolutionis doneiteratively or recursively, our approach
ensuresthateachnext stepof theresolutionprocessis carriedout at a nameserver that is ascloseas
possibleto theserver wherethecurrentstephadbeencarriedout. Optimally, thenext stepis carried
out the sameserver asthe currentone. In contrast,DNS canensurelocality only throughcaching.
Withoutcaching,resolutionalwaysproceedstowardthelocationof thenamedobject.

To make our point clear, first considerthesituationwhereresolver 3 wantsto recursively resolve the
namexdp_x[qMxaW in Figure3. Resolver 3 will startby bindingto theonly replicaof directory x located
at nameserver v . Resolver 3 will thenusethebinding to invoke the ie`ejgYUb[ka` method,with p_x[qMxaW
asparameter. To resolve the name,the replicaof x at v usesthe first label p to retrieve the object
identifierof directory p . Usingtheobjectidentifierit will thenbind to directory p .

Thelocationserviceensuresthat thereplicaof x at v bindsto nearestreplicaof directory p , namely
theonelocatedat nameserver z . Thereplicaof x will theninvoke the ie`ejgYebhka` methodwith qMxaW as
parameter. Thereplicaof directory p will beboundto thenearestreplicaof directory q to resolve the
last label W . Thenearestreplicaof q is locatedat nameserver { . Onecanseethat thenameservers
usedin thisexampleareall locatedneareachother.

Now considerthesituationthat recursionis iterative. In thatcase,it canbeseenthatresolver 3 will
first bind to thereplicaof x at server v . It will thenbind to a replicaof directory p that is nearestto
itself, which is thereplicaat w , to finally bind to thereplicaof directory q atserver { .
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5.2 NewReplicas

To havelocalnameresolutionrequiresthattherearedirectoryreplicaslocatedatnameserversnearby.
Thenamingservicearchitectureallowsusto easilycreatenew directoryreplicasnearby, by providing
a loosecouplingbetweendirectoriesandthenameservers. If a directorybecomespopularin anarea
whereit hasnoreplica,anew replicacanbecreatedin anameserver in thatarea.Thisnew replicacan
thenprovide local access.Nameresolver provide theperfectplaceto recognizepopulardirectories.
Eachof themcanthustake theappropriateactionsto createanew local replicas,whenneeded.

Whentwo directoriesare logically closelyrelated,the creationof a new replica for onedirectory,
might result in the creationof a new replicafor the otherdirectoryaswell. Consider, for instance,
thefollowing situationin Figure3. Assumethatdirectory p becomespopulararoundnameserver } .
Sincethereis currentlyno replicaof p at } , thenameservicecreatesoneat } . Furthermore,assume
thattheonly way to accessdirectory p is via the x directory, which is currentlylocatedonly at name
server v . In that case,it makessenseto createa replicaof directory x at } , aswell. It is clearthat
thenameserviceneedsto obtainandmaintaininformationaboutthesekind of relations,if it wantsto
exploit locality for scalablenameresolution.

5.3 Efficient UpdateOperations

While addingreplicasincreaseslocality, it comesatthepriceof anincreasein resources.Wecanlimit
theresourceusageby choosinganefficientreplicationstrategy for thedirectoryathand.A replication
strategy is efficient if it provides the desiredcombinationof consistency andresourceusage. The
actualcombinationis determinedby thetypeof directory.

Consider, for example,a personalhomedirectory. Sucha directorywill often containonly a few
entries,andtherewill be relatively few clients. In this case,it might be easiestto usemaster-slave
replication,wherethecompletedirectorystateis shippedfrom themasterreplica(probablynearthe
owner)to slavereplicas.However, whenconsideringa“root” directory, likethe VfWgY[Z domainin DNS,
adifferentpictureemerges.Suchadirectorywill containmany entries,andwill beaccessedby avast
numberof clientsworldwide. In this case,a form of active replicationmight beuseful. With active
replication,insteadof shippingstate,only theupdateoperationson thedirectoryareforwardedto all
replicas.In our example,immediatepropagationof updatesmaynot benecessary. Instead,updates
maybebatchedandperiodicallymulticastto all replicas.

The fact that a replica’s implementationis self-containedallows us to usenew replicationmethods
when they comeavailable. By allowing efficient updateoperations,directory-specificreplication
strategiesenhancethescalabilityof ournamingservice.

5.4 Caching

To avoid traversalthroughthenameservers,thenameservicecancacheboth intermediateandfinal
results(directoryanduser-objectidentifiers,respectively). Thearchitectureprovidestwoplaceswhere
resultscanbecached:in directoriesandin theresolver.

If the iU`aj@Yeb[ke` methodis executedrecursively, thenameserviceresolver anddirectoriesin thepath
traversedduring nameresolution,have the possibility to cachethe object identifier of the resolved
name. If extra informationis returnedafter nameresolution,asin DNS, intermediateresultscould
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alsobecached.It is thusseenthat recursionnaturallyleadsto the mostconvenientplacesto cache
results.Unfortunately, recursionis relatively expensive anddirectoriescanchoosenot to provide it,
asexplainedin Section4.3.

If the ie`aj@Yebhka` methodis implementediteratively, thenameserviceresolverbecomestheonlyplaceto
cacheintermediateandfinal results.By combiningintermediateresults,nameresolvercaneffectively
build short-cutsin thenaminggraph.Unfortunately, theseshort-cutswill beusedonly by clientsof
thesameresolver.

6 RelatedWork

Thereis alreadya considerablebody of experiencewith large-scalenamingsystems.The Internet
Domain NameSystem(DNS) is perhapsthe best-known example[7, 1]. We describedthe DNS
namingandresolutionmodel in Section2, andhave alreadyarguedthat DNS cannotbe usedasa
general-purposenamingsystemfor globalmiddleware.Also notethatDNS is usedto name56 ~ 106

hostsin July 1999.1 which is significantlylessthanthe1012 objectswe intendto support.We doubt
thatDNScanscaleto very largenumbersof hosts.

The Prosperofile systemsupportsa namingmodel similar to ours [9, 8]. However, the focus of
the Prosperosystemis completelydifferent. The goal of Prosperois to examinehow scaleaffects
users,specificallyhow scaleaffectsthe usability of a large system.To enhanceusability, Prospero
allows usersto build their own personalvirtual systemby customizingtheir view of thenamespace.
The customizationuses,what arecalled,filters andunion links. Sincethesemethodsarebasedon
directories,theProsperonamingmodelcanthusbeseen,andpossiblyimplemented,asanextension
of ournamingmodel.Prosperousesforwardingpointersto dealwith directoriesthatchangedlocation.
Forwardingpointersscalepoorly, asdemonstrated,for example,in theWeb.

Lampsonhasdesigneda globalnameservicewith a focuson scalability, high availability, andcon-
tinuing evolution [5]. The nameserviceusesa tree-shapednamespacelike DNS, but distinguishes
at the implementationlevel betweenlocal andglobaldirectories.Theglobaldirectoriesguidename
resolutionfrom the root directorydown to local directories. The global directoriesare replicated
andmaintainconsistency throughtheuseof asweepoperationthatpropagatesstatechangesbetween
replicas.The local directoriesallow furthernameresolutionto retrieve thevalueswe areinterested
in. Theuseof locality (outsidecaching)or mobility of directoriesis notconsidered.

Cheritonand Mann take Lampson’s ideasfor replicatedglobal directories,and add two layersof
directories[3]. The top level of the namespace(containingthe root directory) is calledthe global
level, directoriesat the intermediatelevel arepart of the administrational level, andthe directories
at thebottomareat managerial level. Every level usesits own techniquesto implementdirectories
optimizedto requirementssetby that level. The threelayersin the systemarefixed,no new types
of directoriescanbe added. Namedobjectsarestoredneartheir names,but sincethe managerial
directoriescannotmove,objectsarefixedto onelocation.

The namingserviceproposedis similar to the nameservicein Amoeba[18]. Directoriesin the
Amoebanaminggraphcanresideanywherein thesystem.Referencesto directoriesanduserobjects
areimplementedusingcapabilities. Apart from beingusedasareferencemechanism,capabilitiesare
alsopartof thesecuritysystemof Amoeba.Amoebausesabroadcastmechanismto locatereferenced

1Source:InternetSoftwareConsortium(http://www.isc.org/)
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objects,insteadof usinga separatelocationservice. The Amoebaapproachis thereforeinherently
limited to small-scalesystems.Directoriesarenot replicated,but sinceaccessesarealreadylocal,
replicationis not reallyanissue.

TheCORBA namingspecificationsprovideahigh-level descriptionof theCORBA namingmodel[10].
This modelis compatiblewith thenamingmodelwe use.In theCORBA model,directoriesaredis-
tributedobjectsandnameresolutionmeanstraversingagraphof directoryobjects.A scalableimple-
mentationof the specificationwill dependheavily on the scalabilityof the underlingobjectrequest
broker (ORB).Wearenotawareof animplementationhaving thesamescalabilitycapabilitiesasour
approach.

Our approachto namingand locatingobjectshasstronglinks to the developmentanddeployment
of Uniform ResourceNames(URNs) [16, 6]. A URN is a location-independent namingscheme,in
which namesare to be resolved into URLs. However, discussionsconcerningthe way that URNs
shouldbeimplemented,andin particularhow they shouldberesolved,hardlyaddressthescalability
concernswehavepresentedin thispaper. In fact,proposalsactuallyignoretheissueby concentrating
only on how appropriateresolvers shouldbe identified [4, 17]. We claim that our approachwill
provideauniqueandscalablesolutionto implementingURNs.

7 Conclusionand Future Work

Globalmiddlewarerequirestheimplementationof ascalablenamingservice.For anamingserviceto
scale,it needsto take theuseof locality anddirectory-specificreplicationstrategiesinto account.We
have designeda namingarchitecturethatmakesuseof thesetwo designprinciples,andshown how
they enhanceits scalability.

Our futurework consistsof extendingthenamingmodeldescribedin this paperto becomplete,and
using the specificationto implementa namingservice. We are currently laying the groundwork
for the nameserver implementation.A locationserviceprototypeis alreadyimplemented.Using
thespecificationwe canimplementthedirectorysemanticssubobjects,andstartexperimentingwith
differentreplicationsubobjects.
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