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Abstract. We arebuilding a wide-aredocationservicethattracksthe currentlocationof mobile
and replicatedobjects. The location serviceshouldsupportup to 10 objectson a worldwide
scale.To supportthis hugenumberof objects the workloadof thelocationserviceis distributed
overmultiple nodes.Ourloaddistribution methods uniguein thatit is awareof the(geographical)
location of nodesit uses. Using this location knowledgethe distribution mechanisncanforce
locality by the way it distributesthe workload. Forcing locality minimizesthe useof network
resourcedy the location serviceand therebyenhancesdts scalability We also shav how this
location-avareloaddistribution mechanisntanbeimplemented.
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1 Intr oduction

Objectsprovide an easyway to modelboth applicationsandsystemservices.It is thereforeeasyto
understandhatthe useof objectsasa designandimplementatiormethodhasbecomepopular for
examplein CORPBA [1] andDCOM [2, 3]. Importantfeaturebject-basedistributedsystemshould
have aresupportfor replicationandmobility. Replicationis frequentlyusedto increaseperformance
and fault tolerance. Mobility hasbecomeincreasinglyprominent,both in hardware (for instance
mobile phonesandlaptops)andin software(for instancemobileagents).

Whena client processvantsto contacta distributed object, it usuallyneedsto know wherethe
distributed objectis. Making this locationpartof anobjectreferences problematicfor two reasons.
First, encodingocationsmalkessenseonly if objectshardly or never move. Thisis generallyunreal-
istic. Seconda replicatedobjectmay resideat severallocations.To allow a clientto locate,saythe
nearesteplica,requireshatall locationsarestoredin the objectreference.

A locationservicecanbe usedto supportobjectreplicationandmobility. Thetaskof alocation
serviceis to trackthe currentsetof locationswherean objectresides A clientprocessanquerythe
locationserviceto obtainthe mostcurrentsetof locationsof the object. As partof our researcton
a worldwide distributed systemcalled Globe[4], we arebuilding a wide-aredocationservice. Our
currentgoalis alocationservicethatsupportsa worldwidedistributedsystenwith in the orderof 10°
usersand10'? (distributed)objects.

A centralizedocationserviceis clearlyimpossible giventhesheemumberof distributedobjects.
Formsof load distribution arethereforeneededhroughouthe locationservice.In addition,we also
wantto minimize the usageof network resourceshy localizing processingasmuchaspossible.The
main contrikution of this paperis that we describehowv a worldwide location servicecanbe made
scalableby distributing andlocalizingworkload.

Therestof this paperis structuredasfollows. Section2 describefionv namingis donein Globe,
andgivesthe generalarchitectureof our locationservice.Section3 describesiowv we distribute the
workloadwithin the locationservice followed by specificdetailsin Section4. Section5 shavs howv
we canminimize the network usageby localizing the workload. Section6 describeiow our ideas
canbeimplementedSection7 describeselatedwork, andin Section8 we drav our conclusions.

2 A Wide-Arealocation Sewice

In ourmodel,acontactaddressspecifiesvhere andhow to contactadistributedobject. An example
of a contactaddresss a URL. It consistsof a schemeidentifier that specifiesthe communication
protocol(how) andanaddresgwhere)relatedto the scheme.The relationshipbetweenra distributed
objectandits contactaddresss transientsincethe objectcanmove to anotherhostandthe contact
addressanbereusedy otherobjects.

Objectreplicationandmobility have a significantimpacton the relationshipbetweerobjectsand
contactaddressesReplicationimpliesthatan objectcanbe contactedat multiple locations.A single
objectcanthushave a setof contactaddressesSinceobjectsareallowedto changdocation,the set
of contactaddressesf anobjectcanchangdrequently

Naming serviceslike the InternetDomain Name System(DNS) [5] and the X.500 Directory
service[6] aretraditionally usedto provide this kind of object-to-addresmapping. Unfortunately
servicessuchastheseassumae relatively stableobject-to-addressmappingto enableefficientimple-
mentationsGivenour desireto supportmobility, a differentsolutionis needed.



2.1 Naming Ar chitecture

To supporthighly mobile objects we useseparateaming andlocation servicegseeFigurel), and
introduceobject handles An objecthandleuniquelyidentifiesa distributed object,throughoutthe

objects entire life time. The objecthandleis locationindependentsinceit is not allowedto change
whenthe objectchangests location. The namingservicebindsuserfriendly (e.g. ASCIIl) namego

anobjecthandle.Thelocationservicemapsanobjecthandleto a setof contactaddressedzindingan

objectconsistof two phasesusinga namingserviceto find the objects objecthandle andusingthe

locationserviceto find the objects currentsetof contactaddresses.

Name Name Name Name

Object handle

Location service

Contact address Contact address Contact address

Figurel: Two-level namingscheme

Thelocationserviceprovidesthreebasicoperationsiook-up,insert,anddeletecontactaddresses
for a given object. Its primary functionis to look up (someof) the contactaddressesf an object
handle.Theinsertanddeleteoperationarereferredto asupdateoperations.

2.2 Location Sewice Structure

To implementefficient look-up and updateoperations pur wide-arealocation servicepartitionsthe
underlyingnetwork into a hierarchyof (geographicalldomains(seeFigure 2). At the top of the
hierarchyis theroot domainthatcompriseghe whole network. At the bottomof the hierarchyreside
theleaf domains Leafdomainsconsistfor instancepf afew interconnectedl ANs. Associatedvith
every domainis a directorynode.A directorynodestoredocationinformationfor the objectswithin
its associatedomain.Thedirectorynodegogetheiform a distributedsearchree.

The root directory
node dir(T)

Directory nod
dir(S) of domain S

4
A subdomain S A leaf domain \ Top-level
of domain T domain T

Figure2: Hierarchicalnetwork partition



A directorynodeassociatea contactrecordwith every known objecthandle. Thecontactrecord
storesthe locationinformationof the objecthandle.A contactrecordstoreseithercontactaddresses
from the domainof the the records directorynodeor forwarding pointers. A forwarding pointer
pointsto a child node (subdomain)f the nodecontainingthe forwarding pointer The forwarding
pointerindicateghatcontactaddressesf the objecthandlecanbe foundin the subtreerootedby the
child node. Every contactaddressanbe found by following a pathof forwardingpointersfrom the
rootnodedown to theleaf nodestoringthe contactaddress.

Figure3 shavs asanexamplethe contactrecordsor oneobjecthandle.In thisexample rootnode
NO hasoneforwardingpointerfor the objecthandle jndicatingthatcontactaddressesanbefoundin
its left subtreeyrootedat nodeN1. NodeN1, in turn, hastwo forwardingpointers,pointingto nodes
N2 andN3. Both of thesenodeshave a forwarding pointerto a leaf nodewherean actualcontact
addresss stored. To simplify the discussionwe assumehat contactaddresseare alwaysstoredin
leafnodes.t is, however, alsopossibleto storecontactaddresseatintermediatanodeq7].

Empty contact field
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Contact field with forwarding pointer

l Contact field with address(es)
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Figure3: Example:searchreefor onedistributedobject

When a client wantsto know the contactaddresof an object, it initiates a look-up operation
attheleaf nodein the domainin which it resides.The client providesthe objects objecthandleas
parameterThelook-upoperatiorstartsby checkingf theleafnodehasa contactrecordfor theobject
handle. If the leaf nodehasa contactrecord,the operationreturnsthe contactaddresfoundin the
contactrecord. Otherwise|t recursvely checksnodeson the pathfrom the leaf nodeto theroot. If
the look-up operationfinds a contactrecordat ary of thesenodes,the pathof forwarding pointers
startingat this nodeis followed dovnwardsto a leaf nodewherea contactaddresss found. If no
contactrecordis foundatary of thenodesonthe pathfrom theleafnodeto theroot, theobjecthandle
is unknavn.

Thegoalof theinsertoperatiorno storea contactaddressndcreatea pathof forwardingpointers
to the contactaddressWhenan objecthasa newv contactaddressn aleaf domain,the objectinserts
this new contactaddresst the nodeof the leaf domain. Theinsertoperationstartsby insertingthe
contactaddressn the contactrecordof the leaf node. The insertoperationthenrecursvely requests
theparentnodedo installaforwardingpointer Therecursiorstopswhenanodeis foundthatalready
containsa forwarding pointer or otherwiseat the root. The insertoperationthatinsertsan object
handles first contactaddresss referredto asthe objecthandles initial registration. Thedeleteop-
erationremovesthe contactaddressandpathof forwardingpointersanalogouso theinsertoperation.
Algorithmic detailscanbefoundin [8].



3 NodePartitioning

Thedesignof ourlocationservicecontaingwo scalabilityproblemspothof which aremostapparent
in theroot nodeof thetree.

Thefirst problemis thatthe root nodeof the searchiree hasto storecontactrecordsandhandle
look-upandupdaterequestgor all objecthandlescurrentlyin use.This occursbecausevery contact
addresof every objectneedsto be reachabldgrom the root node. Sincewe wantto support10t?
objects the root nodewill contain10'? contactrecords.If the sizeof a contactrecordis 100 bytes,
the storagecapacityneedsto be 100 terabytes.The numberof accesseto the root nodeis aneven
biggerproblem. Evenif every contactrecordat therootis accessednly oncea year theroot node
still needsto ableto handleapproximately3.2 x 10* accesseper second.The solutionis to divide
thework andusemultiple hoststo handlethe workloadof therootnode.

The secondproblemis thatthe childrenof the root nodeare distrituted over the surfaceof the
earth. Using a centrallocationfor the logical root nodewould imply long-distanceeommunication
for atleasta subseof its children.For instanceijf thechildrenof therootrepresentedontinentsand
major countriesandthe root nodewaslocatedin London,all requestdrom Australiawould have to
travel half way aroundthe world. The solutionis to alsousemultiple hoststo implementthe logical
rootnode butin this caseto placehostsnearto thechildrenwith whichthey communicatdrequently

A combinationof both solutionsis neededo keepthelocationservicescalable.The problemis
thusto find away to distribute theloadin sucha way thathostswhich communicateftenwith each
otherarein eachothergeneralicinity. In therestof this papemwe usetheterm(logical) tr eenodeto
referto alogical nodein thetree,anda physical nodeto referto anactualphysicalhost.

4 Load Distribution

We first focuson the problemof load distribution. To distribute the load of a tree nodeefficiently

over its physicalnodes,we needto fulfill the following requirements.First, every physicalnode
shouldbeableto handleits workloadindependentlyf otherphysicalnodes.A dependenchetween
physicalnodesimplies extra communicationwhich would introduceextra overheadfor operations
in thetree. Secondjt shouldbe easyto transferandredistritute the workloadover a setof physical

nodes.Thisis neededo dealwith changedn theusageof thesystem Whenphysicalnodesareadded
or removed, the workloadneedgo beredistritutedto adaptto the new situation. Third, it shouldbe

easyto determinevhich physicalnodehandlesvhich partof thetotalworkload. Specifically asender
shouldbe ableto determindocally, thatis without ary furthercommunicationwith which physical

nodeto communicate.

To fulfill theserequirementsye proposethe following solution (which we further refinein the
restof this paper).Theloaddistribution will usethe contactrecordasa unit of work. Theworkload
of atreenodeis thusthe setof all the contactrecordsit stores. Every physicalnodewill handlea
subsetof this workload. For easeof discussionwe considerthe subsetdo be disjoint. A special
physicalnodeselectionfield will be addedto the objecthandle. This selectionfield will be usedto
determineat which physicalnodeto storea contactrecord.By choosinghe contentsf the selection
field carefully we caninfluencethe choiceof the physicalnodeto be usedby the associatedontact
record.Notethatthis field is usedonly to guidethe searchwithin thelocationservice.lt hasnothing
to dowith wherethe objectis currentlylocated.

This generalarchitecturefulfills the requirementsstatedabove. Since operationson contact
recordsareindependentaindthe subsetsstoredby physicalnodesare disjoint, the first requirement



is easilyfulfilled. Thecontactrecordis alsoeasilytransferablesinceit is asimpleself-containedlata
structure fulfilling the secondrequirementBy basingthe choiceof a physicalnodeon the selection
field of the objecthandle,a sendercandetermineby itself which physicalnodeto contact,fulfilling
thethird requirementTheactuallyselectionprocessat the sendeishouldof coursebelightweight.

Figure4 shavs the contactrecordsof oneobjecthandleplacedat onephysicalnodein every tree
node.

physical
nodes

(logical)
tree node

Figure4: Treewith contactrecordsof onespecificobjecthandle

5 Nearby Communication

Thediscussiorin Section4 doesnot specifya specificplacemenstratgy. It doesnot specifywhich
contactrecordto placeon which physicalnode. In this section,we first shav a simple placement
stratg@y and explain whatis wrong with it. We thendescribeour proposedsolutionand shav its
improvements.

5.1 Hashing

A naie approachwould beto placecontactrecordsat physicalnodesin arandomfashion.This can
be doneby insertinga randomvaluein the selectionfield of the objecthandle. This valuecanthen
beusedin a hashingscheme This approactasexcellentload balancingcharacteristicssinceit can
provide a uniform work distribution. Unfortunately it hasalsopoor communicatiompatterns. This
canbeexplainedby thefollowing scenario.

Considera searchtree with threelevels: state,continent,andworld (seeFigure5). In thetree,
thereis an Atlantaleaf node,which consistof just onephysicalnode. Its parentthe U.S.treenode,
consistsof two physicalnodes,onein SanFranciscocandonein WashingtonD.C.. Theroot node
consistof a numberof physicalnodes pneof themlocatedin New York. Now considemwhatcould
happenwhenanew contactaddresgor anobjecthandleis insertedin the Atlantaleaf node.For the
logical treenodeof the U.S. domain,the objecthandlehashedo the physicalnodein SanFrancisco,
andthe contactrecordis thusstoredin SanFrancisco.For the worldwide domain,the objecthandle
hashego the physicalnodein New York, andthe root contactrecordis storedthere. The insert
operationthereforevisits nodesin Atlanta, SanFranciscoandNew York (in thatorder)to insertthe
contactaddres@ndcreatea pathof forwardingpointers.

This exampleshavs a very inefficient communicatiorpattern.We would like to avoid this erratic
crisscrosattern. In fact, we simply want to usethe physicalnodein WashingtonD.C., not the
physicalnodein SanFrancisco.Iln moregeneralterms,we would like to usephysicalnodesin the
generalicinity of Atlanta. To ensurethis, we needto augmenthe load distribution solutionwith a
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Figure5: Communicatiordirectionwhile goingupin thetree

solutionfor nearbycommunication.This bringsus backto the secondscalabilityproblemdescribed
in Section3.

5.2 Forcing Locality

To explain our proposedsolutionfor ensuringnearbycommunicationye first look atthe communica-
tion patternsn thetreeduringanobjects initial registration.We thengeneralizeourideasto include
all thepossiblecommunicatiorfor anobjecthandle.

5.2.1 Registration Communication Pattern

Whenperformingtheinitial registrationof anobjecthandle we wantto storeour new contactrecords
(on the path of the leaf nodeto the root node)at physicalnodesthat are preferablygeographically
nearto eachother By using physicalnodesthat are geographicallyclose by, we canavoid using
long-distancenetworks andkeepthe distancetraveled small whentraversingthe tree. This, in turn,
enhancethe scalabilityof ourlocationservice.

We male the assumptiorthat a large geagraphical distancebetweenphysicalnodesimplies a
large networkdistance.We feel thatin currentwide-areanetworks this assumptioris realisticwhen
talking aboutlarge distancesn the orderof a 1000km or more. We expectthatgiventhe increasing
prevalenceof the networks, this assumptiorwill becomevalid for smallerdistancesn thefuture.

By placing contactrecordsat differentlevels at physicalnodesthat arein eachothers general
vicinity, onecreatesa kind of virtual columnthroughthe tree (seeFigure6). The objects physical
rootnodeis thetop andtheleafnodeis thebottomof the column.Wethereforevantthegeographical
locationof the leaf nodeto determinethe physicalnodesusedat every tree nodeon the pathfrom
leaf to root. We cando this by encodingthe geographicalocationin the selectionfield of the object
handle. The placementtratgy would thenbe ableto placea contactrecordat the physicalnode
closestto the locationin the objecthandle. The locationcan, for example,be encodedasthe leaf
nodes longitudeandlatitude.

5.2.2 General Communication Patterns

Thecolumnnotionis specificto theinitial registrationof anobject. The notionof avoiding the criss-
crosscommunicatiorpatternis, however, moregeneralandshouldapplyto all communicationThe
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Figure6: Columnfor oneobjecthandlein a partitionedtree

vicinity requirementanbe generalizednformally by sayingthatthe communicatiorbetweerievels
in the treeshouldat leastnot switch geographiairectionwhencommunicatingat longerdistances.
If aleaf nodeandphysicalroot nodearefar apart,thenthe pathtraveledwhile going higherin the
treeshouldalwaysgo in the samegeneraldirection(seeFigure7). By goingup onelevel in thetree
the physicalnodethatstoresthe contactrecordshouldeitherbein the generalicinity of the calling
(child) node,or becloserto the objects physicalroot node.

ntl

Communiction direction

Figure7: Communicatiordirectionwhile goingupin thethree

As in the hashingexample above, going to SanFranciscofrom Atlanta, and coming back to
New York is not efficient. If the addressvasinsertedin Los Angeles,the patternLos Angeles,San
FranciscoNew York would be acceptablesincethe generadirectiondoesnotchange Theresulting
requiremenbn physicalnodesusedcanbe depictedasa pyramid-like shape.Thetop of the pyramid
canstill be the geographicalocation of the leaf nodeusedfor the initial registrationof the object
handle.

Figure 8 shavs an exampleof the pyramid shape. The centerof the pyramid is determinedoy
the objecthandle.The grey squaresepresenthe physicalnodesusedby the objecthandle.Thetree
hasthreelevels: theroot, intermediateandleaflevel. Therootlevel hasonetreenodeconsistingof
sixteenphysicalnodes. The intermediatdevel hasfour tree nodes,eachconsistingof four physical
nodes.The leaf level hassixteenunpartitionedeaf nodes.At theroot level only one physicalnode



is usedto storethe objecthandles associatedontactrecord. At the intermediatdevel, every tree
nodehasonephysicalnodethatstoreshe contactrecord. The physicalnodesarelocatedcloseto the
physicalnodeattherootlevel. At theleaflevel, no partitioningis used,soevery leaf nodewill store
acontactrecordof the objectif appropriate.

root node
physical nodes

registration column

P P A
leaf nodes——— <l <> >
A A A
A A A

Figure8: Pyramidfor oneobjecthandlein a partitionedtree

Adding a locationto the objecthandledoesnot endangethe objecthandles locationindepen-
dence.The objecthandlecanstill be usedto insertcontactaddresseat every leafin thetree. From
the (logical) tree’s viewpoint, thelocationis just somerandombits of the objecthandle.

6 Implementation

Thedesignof a physicalnodecanbe dividedinto threelayers:the algorithm,distribution, andcom-
municationlayer (seeFigure9). Thealgorithmlayer containsthe implementatiorof the updateand
look-up operations.The operationsuseonly the logical searchireeandhave no knovledgeof node
partitioning. They areimplementedisingthe RPCprimitive. Thedistribution layerprovidesanRPC
interfaceto the algorithmlayer It contains,however, only the coderesponsiblefor selectingthe
properphysicalnode. The communicatiorayeris responsibleor the actualcommunication.The
distribution layertakesatree nodeidentifier andan objecthandleandcorvertsthoseto a physical
node identifier. The communicatiorayerimplementsghe RPCsemanticdy exchangingmessages
with the physicalnodeselectedy thedistribution layer Thecommunicatiorlayeris responsibldor
resolvingphysicaltreenodeidentifiersto network addresses.

Algorithm Layer

Distribution Layer

Communication Laye

I

Network

Figure9: Layeringin aphysicalnode



The distribution layer works conceptuallyasfollows. Whenan operationin the algorithmlayer
needsto communicatewith a certaintree node,for instance the parent,the operationinvokes the
RPCprimitive provided by the distribution layer Thedistribution layercomputedor every physical
nodeof theparentthedistancebetweerthe physicalnodeandthelocationin the objecthandle. When
all distancesareknown, the distribution layer selectghe physicalnodewith shortestdistanceto the
locationin the objecthandle,and subsequentlynitiatesa messagexchangeat the communication
layer To computethe distanceghe distritution layer needg¢o maintainthe setof physicalnodesof
thetreenodeswith whichit will communicatefor instancethe parentandchild nodes.

6.1 Requirements

Thelocation-basedelectiormethodhasto fulfill certainrequirements.

R1 Theselectionprocesshouldbe deterministicandunique.As long asthe treedoesnot change,
the samephysicalnodeshouldbe returned. Moreover, to avoid ambiguity only one physical
nodeshouldbereturned.lt is inefficientto have to checkmultiple physicalnodes.

R2 Thelocationinformationshouldbe durable.Sinceobjectsareallowedto exist for long periods
of time, we canexpectobjecthandlesto have a longerlive spanthana single configuration
or evenimplementatiorof the locationservice. The locationinformationshouldthereforebe
usablein differentconfiguration®f thetreeandacrossew versionsof thelocationservice.

R3 Thethird requirements thatthe locationinformationshouldusea small numberof bits in the
objecthandle asobjecthandlesareusedasgenerakeferencedn our system.

R4 The selectionprocessshouldbe fast (andthuslocal). Sincethe selectionprocesss on the
critical path,it shouldtake aslittle time aspossible.

R5 It shouldbe easyto add,remove, or move physicalnodes. Sincewe canimaginethe logical
treeandits partitioningbeingadaptedegularly to suitthe currentsituation thesemodifications
shouldnotrequiremuchwork or have alargeimpactonthetreeasawhole.

R6 The storageoverheadntroducedby partitioningandselectinga physicalnodeshouldbe rea-
sonable.

R7 Theadditionalcommunicatioroverheadn bothbandwidthandlateng, shouldalsobereason-
able.

RequiremenR6andR7,basicallystatethattheextra storageandcommunicatioroverheadshould
notendangethe usability of thelocationservice.

6.2 Generallmplementation

Theconceptuaimplementatiorrecomputeshedistancedor the sameor similarlocationsevery time
thelocationis usedin communication.If we considerthatthe root nodemight have on the orderof
10° or 10* physicalnodes computingall distancess clearly undesirablegivenrequiremenf4. We
can,however, take the distancecomputationstepout of the critical communicatiorpath,by creating
alocation-mappindable off-line andusingthelocationasanindex in thistable.



We createthe location-mappindable,asfollows. We divide the surfaceof the earthinto a large
numberof small disjoint elementaryareas. This division is, in principle, independenof the parti-
tioning usedby the searchtree, but will, in general,be similar. If a specifictreenodeN hasbeen
partitionedinto physicalnodesPNy, ..., PN, we assignPN to elementanareaA if PN isin, or clos-
estto A. Eachtuple (A,PN) forms an entryin the mappingtable of nodeN. The mappingtable
of nodeN is distributedto all physicalnodesthat may needto communicatevith nodeN. Whena
physicalnodeis addedo or removedfrom the setof physicalnodesof nodeN, all mappingsf node
N needberecomputednddistributedagain.A versioningschemes neededo ensurehatcallerand
calleeusethe mostup-to-dateversionof the mappingtable.

6.3 Naive Implementation

A straightforvard way to createelementarnyareason the surfaceof the earthis by creatinga grid on

the surfaceusinglongitudeandlatitude. Thelongituderangesrom 180 westto 180 east,andthe
latituderangesrom 9C° northto 90° south.If we use,for example,1° x 1° degreeareasthis results
in 64800elementaryareas.The (longitude,latitudefoordinateof the elementaryareascanbe used
asalocationdatastructure.We implementthe mappingtableusinga 2-dimensionahrray The (X,y)

coordinatds theindex of thearray

This implementatiorfulfills mostrequirement&asily The mappingtableensureghatthe selec-
tion processs deterministicandunique,fulfilling requiremenR1. Thelongitudeandlatitudevalues
arevery stableandthusfulfill requiremenR2 (durability). Thethird requirementsizeof locationin-
formation)depend$ieaily ontheresolution(sizeof anelementanarea)used.In the exampleabore
the sizeis 17 bits. RequiremenR4 (fastexecution)is fulfilled by usingan efficient table-indeing
operation.Sinceaddingor remaving a physicalnodesimply requiresrecomputingandredistrituting
the mappingtable,requirement5 is easilymet. MeetingrequiremenfR6 andR7 dependsjust like
R3, hearily on theresolutionused. If we usea 4-byte physicalnodeidentifier the exampleabove
givestablesthesizeof 64800x 4 = 253kilobytes.

Therearetwo kindsof problemswith thisnaive solution. First, if wewantato useahigherresolu-
tion for ourlocationinformationthetablesizeincreasesliramatically For instanceif weincreaseour
resolutionto elementanyareas.1° x 0.1° the sizeof the mappingtablebecomes$.5 x 10° x 4 = 25
megabytes.Giventhattreenodesmight have in the orderof 100to 1000children,this implementa-
tion requires2.5to 25 gigabyteof main memory This implementatioralsorequireslarge network
resourcessincemappingtablesaredistributedregularly. The naive implementatiorcanthussupport
only alimited resolution.

The secondbroblemis thatthe useof tablespaceds not very efficient. Thereareseveralreasons
for this. If we considersparselypopulatedareadike oceansanddesertsijt is clearthatwe do not
needthe samekind of resolutionat every location on the surface of the earth. Another sourceof
inefficiengy is thattheactualsize(in km?) of anelementanareadiffersacrossheearth.Sincewe use
aMercatorlike projection therearemoreelementanareagerkn? nearthenorthandsouthpolethan
at the equator Also, large partsof the mappingtablewill containthe samephysicalnodeidentifier
Considera smalldomainwith only afew physicalnodes.Thelocation-mappingablefor thisdomain
will have alarge numberof locationswhich mapto thefew physicalnodeshatcomprisethe domain.
This ratio becomegvenworsewhenusinga higherresolution.
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6.4 Mapping-Table Compression

Thebasicproblemof the naive implementatioris the large size of the mappingtable. The sizeleads
to large main-memoryandcommunicatiorrequirementshreateningequirementf6 andR7. If we

wantto supporthigherresolutionswe needto implementa smallermappingtable. The large size
is theresultof usinga (two-dimensionalprrayto implementthe mappingtable. The arraycontains
large partsstoringthe samephysicalnodeidentifier We wantto compresshosepartsof thetablethat
containthesamephysicalnodeidentifier However, we still wantto have afastindexing operatioron

themappingtable.

We canusea quadtred9] to implementa smallermappingtable. The quadtreerepresentshe
hierarchicapartitioningof the earths surface.Insteadof dividing the surfaceof the earthperdegree,
thesurfaceis repeatediyartitionedn four equallysizedsmallemarts. Thetoplevel surfaceof 360 x
180 thuscontainsfour 180 x 9¢° parts,whichin turn containfour 90° x 45° parts,etc. (seeFigure
10). Thepartitioningstopsatthelevel of elementanareasfor instanceareaf approximatelyl® x 1°.
The leaf nodesof the quadtreerepresenelementaryareas,and storethe physicalnode identifier
associatedvith their elementanarea.Usingthe mappingtableto obtainthe physicalnodeidentifier
of alocationconsistf traversingthe quadtreauntil aleafis reached.

90

45

45

90
180 90 0 90 180

Figure10: Quadtreeoveringthe earths surface

We compresghe informationin the mappingtable by not building the completequadtredo the
elementanareaevel. If all theleafnodedn a subtreestorethe samephysicalnodeidentifierbecause
they areall assignedo thesamephysicalnode only therootnode(storingthe physicalnodeidentifier
of its leaf nodes)needso be created.The heightof the quadtreghusdepend®on the level of detail
requiredatacertainarea.lf weconsidethat70%of thesurfaceof theearthconsistof water thereare
aconsiderablaumberof subtreeshatcover oceansindseasAll thesesubtreesrelikely candidates
for compression.
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7 RelatedWork

Mostexisting locationsystemsanbedividedinto threecatgories: (traditional)nameseners,home-
basedpproachesndsystemausingforwardingaddresses.

Well knovn systemsn the namesener catayory arethe Internets DomainNameSystem(DNS)
[5], DEC’s Global Name Service(GNS) [10], andthe X.500 Directory service[6]. Thesesystems
achiere scalabilitythroughload distribution andsener replication. Load distribution is achieved by
distributing partsof their namespaceover differentseners. Senersarein turn replicatedo increase
their availability. Thesesystemsanalke the assumptiorthatthe name-to-addredsindingis relatively
stable. We cannotmale this assumptionif we wantto supporthighly mobile objects. The systems
provide alsonotcompletdocationindependencesincesinceresolvinga namemeansvisiting several
seners.

Currentdesignsfor location servicesin PersonalCommunicationSystems(PCS) rangefrom
single-level home-basedpproacheto hierarchicalkolutionslike ours. In thehome-basedpproach,
eachobjecthasa designatedener, calledits home,thatkeepstrack of the objects currentlocation.
To locatean object,we needto contactthe objects hometo find out the actuallocation. Obviously,
home-basedpproachesannotscale.The home-basedpproachs alsousedby mobilelP [11].

Someimpravementis madeby introducingmorelevels. In particular mostPCSlocationservices
useatwo-level schemen which thelocal sener is contactedirst, andin the caseof failure, contact
is madewith the home. Proposaldor severallevels have alsobeenintroduced[12, 13]. Apartfrom
functional differenceswith our approachnoneof thesesystemsaddressvorldwide scalability as
discussedh this paper In particular nodepartitioningandloadbalancings not considered.

Two systemsin the forwarding addressesateyory are Location Independentnvocation (LII)
[14] and Stub-ScionPair (SSP)Chains[15]. Thesesystemsausea forwarding addressasthe basis
for their distributed objectreferences.When an object moves from one hostto the next, it leaves
a forwarding address. Objectsare found by following the chain of forwarding address.Sinceno
centralizedcomponenis usedin locatingobjects(in principle), the workloadis evenly distributed.
The systemsare, however, vulnerableto erraticcommunicatiorpatterns,sinceno locality is used.
Whenanobjectmovesfrequentlyacrosdarge distancesfollowing thechainof forwardingreferences
will requiremuchcommunication.The LIl systemdhasanadditionalproblemin thatit usesa name
senerwhenfollowing the chainof forwardingaddressefails.

Theuseof quadtrees ourimplementatiorof thelocation-mappingableis similarto otherspatial
datastructures.Building a tree by recursvely dividing up a spacejs a well-knovn methodto effi-
ciently parallelizeapplicationsasusedby Multi-Grid methoddike Barnes-Huf{16]. Sametlescribes
in [17] animagecompressiotechniqueusingquadtreeshatis similarto ourtablecompression.

8 Conclusion

In this paperwe have describeda uniqueapproachn usinglocationawarenesso increaseghe scala-
bility of awide-aredocationservice.Using(geographicallocationawarenessallowsthenodesn our
locationserviceto reasoraboutdistancesndtherebyavoid erraticcrisscrossommunicatiormpatterns.
We have alsodescribedhow suchideascanbeimplementecfficiently usingalocation-mappingable.

We arecurrentlyimplementingthe location-avareloaddistribution in our locationserviceproto-
type. Thiswill allow usto experimentandvalidateour ideas.Othercurrentandfuturework consists
of finding betterwaysto implementlocation-mappindables,andmoregeneralusinglocality where
possible.
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