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Abstract

This papermproposesandanalyzesnodi cationsto the Land-
markroutingsystenthatmale it bettersuitedto largeadhoc
wirelessnetworks. Most existing ad hoc routing algorithms
scalebadlyin the sensehatthey generatgrotocoloverhead
whosepernodecostgrows linearly with the total numberof
nodes.The Landmarkrouting protocol solves this problem
by useof hierarchicaladdresseshat containrouting hints;
as a result, however, a nodes addresschangesas the net-
work topology changesThe Landmarksystemtracksnode
addressesvith a distributed ID-to-addresdocation service,
but queriesto this servicerequirecommunicationwith ran-
domnon-localnodeswhich scalesbadlyin large networks.

The main contribtution of this paperis a set of modi -
cationsto the Landmarkaddresdookup serviceto malke it
more scalable The paperalsoimprovesthe Landmarkhier
archymaintenanceandroutingalgorithmsto helpthemreact
betterto mobile nodesFinally, it presentsa simulationeval-
uationof theresultingsystemL* , from the point of view of
scalabilityin wirelessadhocnetworks. Theevaluationshovs
that the pernodebandwidthrequiremenif L* grows very
slowly asthe numberof nodesin the network increasesThis
is consistentvith our analysisthatthe pernodecommunica-
tion costof L* isO(logN).

1 Intr oduction

This paperaddressethe problemof scalableroutingin large
adhocwirelessnetworksof mobilenodes Suchnetworksare
of interestbecausehey do not rely on x ed infrastructure.
As aresultthesenetworks cansupporta numberof promis-
ing new technologiesuchasubiquitouscomputing24], sen-
sor networks, rooftop networks [1, 19|, andwirelessPDAs.
A major obstacleto the useof large ad hoc networks is the
lack of anadequatelyscalableouting system This paperde-
scribesand analyzesmodi cations to the Landmarkrouting
system[22, 21, 23] to make it suitablefor largeadhocwire-

lessnetworks.

An importantway in whichwirelessadhocnetworksdif-
fer from wired networks, and wirelessnetworks with wired
backboness thatthey arelikely to have severelyconstrained
capacitiesEachnodesradiois likely to have thesamecapac-
ity; anengineeredigh-capacitywirelessbackbonses likely
to be awkward in mary ad hoc scenariosMore fundamen-
tally, the nodesare embeddedn a plane,with connectvity
only to nearbynodes.Assuminguniform node density the
expecteddistancébetweerarandompair of nodess O(' N)
in bothphysicaldistanceandnumberof hops,whereN is the
total numberof nodes;simjlarly, the crosssectionbandwidth
of the network is alsoO(" N). This meansthatif commu-
nication patternstend to be long-distancepr even random,
the averageamountof trafc that any one node can origi-
natescalesasp% [7, 12). Thatis, the morenodesthereare,
thelesslong-distancéraf c any onenodecanoriginate.This
holdstrueevenif theareaof theuniverse(andthusthedegree
of spectrunre-use)calesvith thenumberof nodes.

As a consequencef this capacityconstraint,the domi-
nanttraf c patternsin large ad hoc networks will probably
needto be local [12]; this would allow eachnodeto origi-
nateanamountof traf ¢ independenof the total size of the
systemHowever, it is notenoughthatthetraf c patternbelo-
cal: the pernodeoverheadyeneratedy the routing protocol
mustalsogrow slowly with total network size. One conse-
quenceof this is that, ideally, the pernoderouting overhead
shouldbe a constantindependenbf the size of the system.
More practically the pernodeoverheadshouldbe a slowly
growing function of the systemsize,suchasO(log N ). For
example,this rulesout standarddistance-ector, which hasa
pernodecommunicationcostof O(N). For reactize proto-
cols, which queryfor routesto destinationonly asneeded,
capacityconstraintssuggesthat queriesshouldtravel a dis-
tanceproportionalto the distancebetweerthe nodesdesiring
to communicateptherwiselocal communicatiorwill gener
ateglobalroutingtrafc, whichwon't scalewell.

Few existing ad hocrouting protocolsconformto there-
strictionsdescribedabove. For example,DSDV [17] usesa



distance-ectoralgorithmthatimposesO(N ) pernodecom-
municationcost,whereN is the numberof nodesin the net-
work, while DSR[4] andAODV [18] ood queriesglobally
evenfor local communicationAs a consequenceye should
expecttheseprotocols'overheado exhaustoderadiocapac-
ities relatively quickly asnetworks grow larger. In practice,
the situationis not this simple.If the network topologydoes
not changetheseprotocol's overheadsanbe madearbitrar

ily small.Evenif thetopologychangesDSRandAODV have

cachingandlocal re-querymechanismshatlimit the costof

nding and repairingroutes.Still, the overall scalingargu-

mentsuggestshattheseprotocolsmight work badlyin very
largeadhocnetworks. Section5 shavs thatthisis true.

More scalablead hoc routing protocolsdo exist. For ex-
ample, the combinationof geographicforwarding and the
GLS location service [13] provides a routing systemthat
scalesas O(log N ). However, both geographicforwarding
andGLS requirethatnodesknow their geographidocations,
perhapsaisingthe GlobalPositioningSystem(GPS).This de-
pendencas likely to beimpracticalfor mary usesof adhoc
networks.

Landmarkrouting is a potentially scalableprotocolthat
doesnot dependon GPS.Insteadof usinggeographidoca-
tionsasaddressed,andmarkaddressesodesusingtheir po-
sitionsin adynamicallymaintainechierarchy Landmarkad-
dresseegffectively encodeanabbreviatedroutein the form of
a pathdown the hierarchy Theseaddresseallow pacletsto
be routedwith very little pernodestate,andthuslittle per
noderoutingoverheadLandmarkimits thenumberof nodes
in the network thatany onenodeknows aboutto O(log N ).
Thusthe pernoderouting overheadis O(log N ). However,
sincea node’s addressnay changewhenthe network topol-
ogy changesthe completeLandmarksystemincludesa dis-
tributeddatabasehat mapseachnodes permanentD to its
currentaddressQueriesto this databaseequireglobalcom-
municationthusthecompleteLandmarksystemasoriginally
describeds notlikely to scalewell in largeadhocnetworks.

This paperintroduces.* , amodi ed Landmarkrouting
systenmdesignedor largeadhocmobilenetworks.L * differs
from Landmarkmainly in its locationservice.Unlike Land-
mark, the numberof hopseachL* location querytakesis
proportionalto the distancebetweenthe senderandthe re-
cewver. Hence,L™ avoids global communicationwhen the
underlyingtrafc patternis local. The location updatetraf-
c in L™ alsofollows the pawerlaw distribution, making
it mostly local. Finally, L* modi es the Landmarkhierar
chy maintenancendrouting algorithmsto make themreact
betterto mobility. In Section5 we usesimulationsto shav
thatL* scaleswell; the pernodebandwidthrequiremenbf
L* growsveryslowly asthenumberof nodesin the network
increasesThis resultis consistenwith our analysisthatthe
pernodecommunicatiorcostof anL ™ nodeis O(log N ). In
addition,L* scalesbetterthanoriginal Landmark,particu-
larly for local communicatiorpatterns.

The restof the paperis structuredasfollows. Section2
describeghe original Landmarkrouting system.Section3
describesthe L* location service.Section4 describesthe
hierarchymaintenanceand routing algorithmsusedin L*.
Section5 analyzegperformanceof L* , andcomparest with
Landmarkand DSR. Section6 discusseselatedwork. Fi-
nally, Section7 concludes.

2 Landmark Overview

This sectionreviews the original designof Landmarkrout-
ing [21, 22, 23]. Landmarkis a distributed routing protocol
designedfor large networks with loose administratve do-
mainsand changingtopology Landmarkcreatesand main-
tainsa hierarchyof nodesthatre ects network topology A
nodes addresss its positionin the hierarchy Routingbased
on theseaddressesequiresvery little state;eachnodeneed
only know its own parent(to forward up towardsthe root)
andits own children(to forwarddown towardsthe leaves).It
is the limited size of the pernodestate,andcorrespondingly
limited stateupdatecommunicationthat allows Landmark
routingto scaleto large network sizes.

Each Landmarknode hasa unique, unchangingidenti-
er (ID); this might be, for example,an IP addressin ad-
dition, eachLandmarknodehasan addressyhich changes.
The Landmarksystemincludesa distributedlocationservice

to mapfrom IDs to addresses.

2.1 Landmark Hierarchy

TheLandmarkhierarchyis atreeof nodescalledlandmarks.
By cornvention,the leavesare calledlevel 0 landmarks Ev-
ery nodestartsout asa level 0 landmark.Eachlevel | land-
mark picks a level |+1 landmarkwithin a radiusof r; hops
asits parent.If nolevel I+1 landmarkexistswithin r; hops,
the node participatesin an electionto choosea new level
I+1 landmark.Thismeanghatroughlyonenodein eacharea
of radiusof r; becomesa level i landmark.Eventually one
nodebecomegherootlandmarkof the entirehierarchy
Theradiusatlevel 0,rg, is 2 network hops.It doublesav-
erylevel,sor; = 2r; ;. Consequentltheradiusof thearea
coveredby thetop level landmark,atlevel H , is O(2H). As
aresult,the numberof landmarklevelsneededor a network
is O(log N ), whereN is thenumberof nodesin thenetwork.
Landmarkdearnabouteachotherby runninga modi ed
distance-ector(DV) routingprotocol.Eachlandmarkplaces
alimit onthenumberof hopsthatits informationpropagates
in the DV protocol; this limit is 2r| for a level | landmark.
This radiusis the advertisementlistance Consequentlythe
numberof nodesthat know abouta particularlandmarkin-
creasessthe level of thatlandmarkincreasesFrancis[21]
shaws that even thoughthe numberof landmarkselectedat
eachlevel I>0 grows asO(N ), the numberof landmarksa
nodeknows aboutat eachlevel | > 0 staysat a constantvalue



Figure 1: Example of a Landmark hierarchy. Node a is a level
0 landmark. Node bis a level 1 landmark, within radius ro of
a. Node cis a level 2 landmark, within radius r1 of b. Node a's
address is a:b:c The two dotted curves represents the adver-
tisement boundary from band a. A packet that d addresses to
a:b:cis forwarded along the path represented by the sequence
of arrows.

until thetotal numberof landmarkselectedin the network at
thatlevel dropsbelow the constantThus,the total numberof
landmarkseachnodeknows aboutis O(log N ).

As the network topology changesthe numberof hops
betweena node and its parentmay increaseto the point
wherethe nodemustchoosea new parent.Similarly, topol-
ogy changesnayrequirenew landmarkgo beelectedor old
onesto be demotedA level | landmarkincrementsts land-
mark level whenthereare no otherl+1 landmarksthat can
cover all the level | landmarksin the vicinity. Similarly, a
level | (I > 0) landmarkdecrementsts level whenall the
levell 1landmarksdn thevicinity canbecoveredby another
level | landmark.

Figure1 shovs anexampleof a simplehierarchy In this
gure, nodea is alevel 0 landmark.Nodebis alevel 1 land-
mark, within rq radiusfrom a. Nodec is alevel 2 landmark,
within r; radiusfrom b. Node d, far away from a, knows
abouttherootlandmarke, but notbor a.

2.2 Landmark Routing

A nodes Landmarkaddresds composedf the nodes ID,
followedby its parentsID, thenthelID of theparentsparent,
andsoon, andeventuallythe root landmarks ID. For exam-
ple,theaddres®f nodea in Figurelis a:b:c

When a noderecevesa paclet that it must forward, it
looks for eachcomponentof the destinationaddressn its
own DV routing table. It will certainly nd a routing table
entryfor therootlandmark As the paclet movestowardsthe
destination,or even towardsthe root, forwardingnodesare
alsolikely to nd otheraddresssomponentsn their routing
tables.A forwarding node usesthe routing table entry cor-

respondingo the left-most(lowestlevel) known component
in the addresslt forwardsthe paclet to the next-hop node
indicatedby thatentry.

A landmarkmay not forward a paclet evenif it is one
of the componentsn the destinationaddressf the paclet.
It is very likely thatbeforethe paclet reacheghis landmark,
it wasredirectedtoward anotherdandmarkto the left of this
landmarkin the destinationaddressFor example,in Figure
1, whennoded sendsa pacletto a, the packet movesalong
thepathformedby thearrovs.d rst sendghepaclettoward
¢. When a forwarding node lessthan 2r; hops(i.e. adwer
tisementdistanceof b, representetly the dottedcurve) from
b recevesthe paclet, it forwardsthe paclet to b. Similarly,
whena forwardingnodelessthan2ry hopsfrom a receves
thepaclet, it forwardsthe pacletto a.

Landmarkrouting doesnot typically forward a paclet
using the shortestpath. Often when a sourcenode sendsa
paclet, the paclet movestowarda higherlevel landmarkbe-
forebeingredirectedowardthedestination[21] providesde-
tailed analysisin termsof pathlengthincreaseasthe size of
thenetwork grows.

It would beundesirabléf apaclethadto getwithin afew
hopsof one of the addrescomponentdeforeit could start
to be forwardedto the next more-speci ccomponentThis
would cause for example,the nodesaroundthe root land-
markto experienceneary forwardingload. Thisturnsout not
to be the case.Supposethat a paclet is moving towardsa
level | landmarkthatis 2r; away (the full lengthof the level
| adwertisemendistance).This paclet canbe redirectedto-
wardsa level | 1 landmarkas soonasit is within the ad-
vertisementangeof thelevel | 1landmark2r, ;. Because
thelevell 1 landmarkis atmostr, ; away from thelevel |
landmark atthe pointwhereredirectionoccursthe pacletis
still, in thebestcase

2r 1 o1

1
2, 2r) = Z 2r (l)

hopsaway from the level | landmark.Therefore,all nodes
thatarewithin % 2r; hopsaway from alevel | landmarkcan
be usedto redirectpacletsto level | 1 landmarks.Sincea
pacletwill beredirectedassoonasit entersthis area,nodes
on the perimeterof this areaassumehe role of the level |

landmark.This ir@pﬂes thatthe load of the root landmarkis
spreacamongO(" N) nodes.

2.3 Landmark Location Sewice

One of the dif culties of Landmarkrouting is that Land-
markaddresseshangeasthetopologychangesTo solve this
problem,Landmarkprovidesan ID-to-addresdocation ser
vice that works asfollows. A nodepicks its locationsener
by taking the hashof its own ID, and usesthe hashresult
asthe Landmarkaddressf its locationsener. Every time a
nodes addresshangesthe nodesendsa locationupdateto



its locationsener. Whena sendemwantsto senda paclet to
arecever, the sendercomputeghe Landmarkaddresof the
recever'slocationsener by takingthe hashof therecever's
ID.

A problemwith this approachs thatthe hashof anodes
ID would mostlikely not mapinto a usableLandmarkad-
dressTo solvethisproblemahashedddresss resohedinto
arealLandmarkaddressevel by level. A nodesendgheloca-
tion updateor querypaclettowardsthe root of the hierarchy
rst. Whenthenodeforwardingthis pacletis closeenoughto
therootthatit knowsaboutall therootlandmarksimmediate
children,it forwardsthe paclettowardsthe child whoselD is
closestto the hashedaddressThis processontinuesat each
level until thepacletis forwardedto alevel 0 landmark.This
level O landmarkis the desiredocationsener.

Thismechanisnfor choosinganodeslocationsenerhas
thefollowing goodpropertieslt distributesthework of stor
ing locationsevenlyacrosghenodesn thenetwork. It allows
ary nodeto nd atargetnodes locationsener, andthusthe
targetnodesaddressgivenonly thetargetnodesID. Finally,
if anodeslocationsenermaovesor fails, everybodyautomat-
ically agreeonhow to nd anew locationsener.

3 Thel™ Location Sewice

The Landmarklocation servicedoesnot scalewell to large
ad hoc wireless networks becauseits location updateand
querytrafc is global. For every locationupdateor query a
nodemustsenda pacletto a sener choseramongall of the
nodesn thenetwgrk. Thismeansnaveragealocationquery
paclettravelsO(' N) hops,evenif thetwo nodesthatwant
to communicateare closeto eachother Landmarklookups
effectively turn scalablelocal communicationpatternsinto
unscalableylobal patterns.

L* providesalocationservicethatscalesvell if thecom-
municationpatternis local. An L™ nodesendslocationup-
datesto morethanonelocationsener. The locationseners
are chosensuchthat the expecteddistanceto eachsener is
exponentiallyfartheraway from the node.Whena nodeper
formsalocationqueryfor adestinationyvith ahigh probabil-
ity, L* resohesthequeryusinganearbylocationsener.

3.1 Sewer Selection

At eachlevel | of the hierarchy a node sendsan update
to a level | landmarkit knows of (in its DV routing ta-
bles) whosehashed D is numericallyclosestto the nodes
hashedID, hash(id). It choosesthis landmarkusing the
choose-landmark( id, ) procedurecall. Pseudocode for

the procedureis shavn in Figure 2. This level | landmark
thensendsthe updatedownward in the hierarchy just asin

theoriginal Landmarklocationsener mechanismto its level

I 1 child with hashedD closestto hash(id) . It obtainsthis
child by calling thechoose-child procedureFor example,

choose-landmark (id, level)
selected= 1
closest= 0
for eachlandmarkl in DV table
if (I:level == level)
d = abs(hash(l:id)-hash(id))
if (d < closestor selected== 1)
closest= d
selected= I:id
return selected

choose-child (id, parent, level)
selected= 1
closest= 0
for eachlandmarkl in DV table

if (I:level == level and |:parent == parent)
d = abs(hash(l:id)-hash(id))
if (d < closestor selected== 1)

closest= d
selected= |:id
return selected

Figure 2: Procedures used when resolving the hash of
an ID into a real Landmark address. Each node uses the
choose-landmark procedure to select a landmark at each
level to send location update or query to. Each landmark, sub-
sequently, uses the choose-child to propagate the update or
query downward in the hierarchy.

whena level 2 landmarka recevesan updatethat needsto
be propagateddownward, it calls choose-child( id, a, 1)

to selectoneof its level 1 children.If this procedureeturns
the level 1 landmarkb, the updateis thensentto b. b, or a
nodenearb, callschoose-child( id, b, 0) to selectthe nal

locationsener.

An updateor querysentto alevel | landmarka doesnot
needto reacha. A forwardingnodecloseto a canstartpush-
ing the updateor querydownwardin the hierarchy(i.e. call-
ing choose-child( id, a, I+1)) if it hasall the children of
a in its DV table.This is alwaysthe caseif the forwarding
nodeis r; 1 hopsaway from a: every child of a is at most
ri 1 hopsaway from a, and eachof thosechildren hasan
adwertisementlistanceof 2r; 1 hops.

When a node a wantsto look up the currentaddress
of a destinationwhoseID is b, it rst sendsa query to
the level 1 landmark it knows of whose hashedID is
closestto hash(b). This landmark, obtained by calling
choose-landmark( b, 1) ,thensendghequerydownwardin
the hierarchyto its level O child with hashed D closestto
hash(b) . If thatchild doesnt know aboutb, a triesagainat
level 2, andsoforth.

Theintuition behindthis schemecomesfrom the obser
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in the picture. Solid lines repre-

sent location updates. Dotted lines represent location queries. Circled nodes are intermediate nodes in the address resolution
process. Boxed nodes are the nal location servers. Circled or boxed nodes with the same shade are part of the same resolution

process. The example is explained in Section 3.2.

vationthat the numberof landmarkstwo nodesboth seede-
pendson the distancebetweenthesetwo nodes.If they are
very closeto eachother, they may seethe samesetof level

1 landmarkslf they areslightly fartherapart,they may see
differentlevel 1 landmarksput the samesetof level 2 land-
marks.Thecloserthetwo nodesare,themorelik ely thatcalls
to choose-landmark would returnthe sameresultat lower

levels of the hierarchy Thus nodesthat are closephysically
canlook up eachothers'addressewith local querycommu-
nication.

3.2 Updating and Querying Location Sewers

Whena nodes Landmarkaddresghangesit only sendsup-
datesto a subsetof its location seners, in a way that en-
suredocalmotionusuallygeneratetcalupdatdrafc. If the
Landmarkaddresshangestartingat thelevel | component,
an updateis sentto the landmarkat level I+1. Eachupdate
containsa timeoutwhich is proportionalto the expectedin-
terval betweersendingupdatego thatlevel of the hierarchy
In addition,nodessendocationupdatesataslow ratepropor
tionalto r| to landmarksat eachlevel, evenwhenstationary
The frequeng at which the addressof nodea changes
dependsn the frequeng at which a changests parentand
thefrequeng at which othercomponentsn the addresof a
changetheir parents A level | landmarkpicks a new parent
whenits old parentis morethanr, hopsaway. Hence,the
frequeng at which the level 1+1 componentof an address
changeslepend®nthemobility raterelativetor,. Therefore,
componentsf anaddresshatcorrespondo thelow levelsof
the hierarchymay changerelatively often.On the otherhand
the higherlevel component®f the addresswill changeless
frequently Becausdow-level changegeneratdocalupdates,
thelocationupdatetraf c follows a powerlaw pattern.
Sendingupdatedessfrequentlyto distantsenersimplies
thatthe addressestoredat distantsenersmaybecomestale.

Therefore,insteadof answeringa querydirectly, eachloca-
tion sener forwardsthe querytowardsthe destinationusing
the addressstoredin the locationdatabaself the addresds
stale,a nodenearthe old locationmay still have the nodein
its DV table.A querywith a staleaddresganalsobeincre-
mentallyre ned to obtaina correctaddress.

The re ning processworks as follows. Assumenodea
sendsa queryfor destinationb very far away. Considerthat
oneof a's queriesreachesa location sener that hasan old
addresdor b. The queryis forwardedto b's old locationin
thehierarchyWhenaforwardingnodecannolongerforward
the queryusingthe staleaddressit may chooseto re ne the
query If forwardingfailed becauséhelevel | 1 component
of theaddresgannotbereachedtheforwardingnodesendsa
locationqueryfor bstartingatlevel | +1 . Theintuition is that
the nodehasnot moved too far away from its old location,
andthereforeconsultinga nearbylocationsener s likely to
producehecorrectaddresskurthermoreif theaddressroke
atlevell 1,thatmeanstislikelythatthelevell 1landmark
changedts parent.In that case,an updatewould have been
sentto alevel I+1 sener.

Figure 3 showvs an exampleof how updatingand query-
ing L™ location seners work. Each node in the network
appearsas hash(ID),level  in the picture. Solid lines
representiocation updates.Dotted lines representiocation
queries. Circled nodesare intermediatenodesin the ad-
dressresolution process.Boxed nodesare the nal loca-
tion seners. Circled or boxed nodeswith the sameshade
are part of the sameresolution process.In a), node 13
selectsthree landmarksto sendlocation updatesto using
choose-landmark( 13, 1),choose-landmark (13,2 ) ,and
choose-landmark( 13, 3). Thethreechosenandmarksare
16, 15, and 41 respectiely. Each of theselandmarksfor-
wardsthe locationupdateby usingthe choose-child pro-
cedure.For example,when node 15 recevesthe update,it



calls choose-child(13 , 15, 1), which returnsnode11.
The updateis then sentto node 11. Node 11 then calls
choose-child(13, 11, 0), whichreturns29. 29isthe -
nal locationsener. In b), node13 movesandacquiresa new
addressl3.16.23.41 . Sincethe level 1 componenf the
addresshangedijt sendsan updateto the level 2 landmark
computedusing choose-landmark(1 3, 2). In this caseit
is still node15. The location updateeventually reachedo-
cation sener 29. In the meantime,node 33 sendsa query
for 13 throughthe root landmark41. The queryis resohed
via 14 rst, then 10. Location sener 19 nally forwards
the queryto 13's old location,13.9.15.41 . Node 9, how-
ever, canno longerforwardto 13. In c), becausdorwarding
failed at level 0, node9 selectsa level 2 landmarkby call-
ing choose-landmark(1 3,2).Thequeryis sentto nodel5
again.It eventuallyreachedocationsener 29. 29 forwards
thequeryto nodel3. Finally, 13 answerghe queryusingthe
sourceaddressn thequerypaclet.

3.3 Scalability of L*

This sectionconsiderghe expectedpernodebandwidthre-
guirementof anL* nodein astaticnetwork with localcom-
munication.

Four items contribute to the pernode bandwidth.First,
the DV protocol used for Landmark hierarchy mainte-
nanceand routing. Francis[21] shaws that this overhead
is O(logN). Second,eachL* locationupdatepacket con-
tributesto the pernodebandwidthof every nodeon its for-
warding path.Becausea nodesendslocation updatesexpo-
nentially lessoften to far away locationseners,the L* lo-
cationupdatetraf ¢ patternfollows the power-law distribu-
tion. Hence the pernodeoverheadrom forwardinglocation
updatess O(log N ). Third, forwardingaL* locationquery
paclet also contributesto pernodebandwidth.If communi-
cationis local, thenwith high probability L* usesa nearby
location sener to resole eachquery Thusthe overheadof
forwardinglocation queriesis O(1). Fourth, the local com-
municationpatterncontributesan overheadof O(1) to the
pernodebandwidth Adding themtogetherthe expectedper
nodebandwidthof anL ™ nodein a staticnetwork with local
communicatiorgrows asO(log N ) in theworstcase.

In original Landmark,the expectedpernodebandwidth
requirementin a static network with local communication
patterncanbedominatedyy theneedto sendggationupdates
andqueriesto randomnodes,mposinga O(' N) pernode
communicatiorcostsin theworstcase.

Mobility complicateghe analysisof the overheadof for-
warding location queries,since queriesto nearbylocation
seners may fail. If the probability is high that a queryfor
anearbydestinationcanberesohedby a nearbysener, then
thepernodebandwidthremainsO(log N ) in theworstcase.

4 Handling Mobility in L*

This sectiondescribesereralchanged. * makesto the hier-
archyandrouting algorithmsof the original Landmarksys-
tem. Thesemodi cations make L* reactbetterto mobility.
In our simulationswe useda Landmarkmplementatiorwith
thesechanges.

Similarto LandmarkL * usesadistancevectoralgorithm
to distribute information aboutlandmarks.Each node peri-
odically adwertisesits own information (i.e. nodelD, land-
marklevel, advertisementadius,how mary potentialparents
it has,a chosenparent,anda secondaryparent)in addition
to thenodesin its routingtable.A routingtableentryis only
adwertisedif the distanceto the nodeis lessthanthe nodes
adwertisedadwertisementistance.Most nodeshave an ad-
vertisemendistanceof 2r; wherel is the nodes Landmark
level. Theroot landmarkandlandmarkswith the threehigh-
estIDs in the secondhighestlevel are designatedas global
landmarksandhave adwertisementadii of in nity .

4.1 Building the Hierar chy

If anodewith Landmarklevel | cannotnd alevel I+1 par
entwithin r; hops,it considersincrementingits Landmark
levelto |+1 . To preventsereralnodeswithin r, of eachother
from incrementingheir Landmarklevels at the sametime, a
nodescandts routingtable rst. It incrementsts Landmark
level only if it hasthe highestID amongall eligible nodes
(i.e.nodeghatadwertise0 asthenumberof potentialparents)
withinr,.

This electionalgorithmtendsto promotejust one land-
markin eachareathatneedone.A disadwantageof thealgo-
rithm is thatit may promotehigherlevel landmarksslowly,
sincea node mustwait long enoughthat news of a distant
high-level landmarks promotionwould reachit beforeit can
promoteitself.

With mobility, alevel | landmarkmaymoveinto aregion
and discover that all landmarksof level | 1 in this region
have parentsalready In L*, alevel | landmarkdecrements
its Landmarkleveltol 1if it seeghateverylevell 1land-
markswithin r; ; hopsaway hasatleast2 potentialparents.
Using 2 insteadof 1 providesboth redundang andstability,
as other level | landmarkscould be moving away. A node
doesnotdecremenits Landmarkevel if it seeghatit will no
longerhave a parentafterdoingso.

Unlike Landmark,L* doesnot requireexplicit registra-
tion betweerparentandchildren.A level | landmarkcanpick
ary level I+1 landmarkwithin r; hopsasits parent.In prac-
tice, to reducethe numberof addresshangesa nodepicks
the nearestandmarkamongits potentialparents Addition-
ally, eachnodealsopickstheseconchearestandmarkamong
its potentialparentsasasecondaryparentlf thereis only one
potentialparentthe secondaryparentis the sameasthe par
ent.



Becausdhe adwertisementadiusof alevel | landmarkis
2r; hops,andevery level | 1 landmarkmusthave a level |
parentwithin r; hops,anodeseesDV updatedrom all of its
ancestorsConsequentlya nodecancomposéts own Land-
markaddresdrom its routingtable.

A nodecomposes$wo Landmarkaddressefor itself. The
rst addresss composedisingthenodes parenthodes par
ent's parent,etc. The secondaddresss composedisingthe
nodes secondaryparent,the secondaryparents secondary
parentetc.In mostcasesthetwo addressediffer atmultiple
componentsTo make routing work better eachnodesends
locationupdatesith bothaddressesAn addres$ookupalso
returnsboth addressesandevery datapacletis taggedwith
bothaddresseaswell.

4.2 Moving Location DatabaseEntries

A changein the Landmark hierarchy may changehow a
nodes hashedD mapsto the nodesthat act asits location
seners,evenif it doesnt changehe nodes addresslf noth-
ing specialwere done,it might take a long time beforethe
nodeupdatedts new locationseners.To addresghis prob-
lem, eachL* nodeperiodicallyscansthe location entriesit
stores]ooking for entriesthatshouldbe storedby oneof the
other children of its parent.It forwardssuchentriesto the
relevantchild.

4.3 RoutinginL™*

The distancevector algorithm usedby L* is similar to

DSDV [17]. It differsfromDSDV inthatL* keepsmorethan
justthe shortestouteto eachdestinationIf the shortestdis-

tanceto a destinationis determinedo bed hops,L* keeps
a list of routeswith distanced hopsor d + 1 hops.If disin

factthe shortestroute,thena routewith a distanceof d + 1

hopscannotcontaina loop, sinceeachloop causesat least
2 additionalhops. The distanceadwertisedfor a destination
is the distanceof the rst routein the routelist. Keepinga
list of routesinsteadof onerouteallows a nodeto usealter

naterouteswhenthe shortestroutebbreaks.To preventloops,
triggerupdateis usedto propagatehe metricchangeijf ary,

whentheshortestouteontheroutelist is removedeitherdue
totimeoutor MAC transmitfeedbacki.e. transmitto thenext

hopindicatedin this routefailed).

Paclket forwardingin L* worksasfollows. Whena node
recevesa pacletthatit mustforward, it looksfor eachcom-
ponentof the destinationaddressn its own routing table. A
forwarding node usesthe routing table entry corresponding
to the left-most (lowestlevel) known componentn the ad-
dress.A routing failure occursif the paclet haspreviously
reachedhe left-mostknown componentin the addressor if
no known componentexists. We switch to the seconddes-
tination addressf a routing failure occurredusingthe rst
destinationaddressWe drop the paclet if a routing failure

occurredusingthesecondaddress.

5 Simulation Results

Thissectionpresentsesultsfromal * implementationin the
ns-2 [14] network simulator using802.11asthe MAC. It

rst shovsthatroutingin L* , with a perfectlocationservice,
scaleswell. Then,usinga static network andlocal commu-
nicationpattern,we isolatethe overheadof locationqueries.
Finally, we demonstratehe scalabilityof L* in two poten-
tial stylesof deployment: a mobile ad hoc network where
all nodesare moving, anda rooftop wirelessnetwork where
routersare stationarybut clients of the network move. For

comparisonyesultsare alsoshavn for DSR [4] andfor the
original Landmarksystemaugmentedvith the routing and
hierarchymaintenancenechanismslescribedn Sectiord.

Ourgoalis to shaw thatpernodecommunicatiomequire-
mentsin L* grow slowly with the total numberof nodes.n
orderto beableto obsenetheamountof pernodebandwidth
requiredto supportlarge networks, we effectively eliminated
the capacitylimit of the simulated802.11radios(by setting
the capacityto 100 Mbps ratherthan 2 Mbps). The actual
bandwidthrecordeds the sumof transmitandreceie band-
width valuesin eachl-secondnterval, countingonly suc-
cessfullyreceved paclets. The bandwidthresultsshov both
the medianand 99th percentilevaluesof all 1-secondnea-
surementsver all nodes.The 99th percentilegivesan indi-
cationof how fastnoderadioswould have to bein orderto
avoid congestioratthe vastmajority of nodes.

In our simulations,the radio rangeis 250 meters.Un-
lessotherwisenoted,eachscenariostartsout with an aver
agenodedensityof 10 nodesper radio range.We increase
the areaof the network accordinglyasthe numberof nodes
increasesMobile nodesfollow the randomwaypointmodel
with no pausetime: initially, eachnode choosesa destina-
tion uniformly at randomin the simulatedregion, choosesa
speeduniformly atrandombetweerD and10 m/s,andmoves
therewith the chosenspeedUponarrival, the nodeimmedi-
atepicksanotherdestinatiorandspeedandrepeatdhe same
process.

Unless otherwise stated, the simulatedcommunication
patternis asfollows. Eachnodein the systemsendstraf ¢
to oneotherrandomlyselectechode;the selectionis donein
a way that ensureghat no noderecevestrafc from more
thantwo othernodes Eachnodesendsatotal of 15 128-byte
paclets at a rate of 3 paclets per second.Eachsimulation
lasts1,200secondsThe starttime of eachof these o ws is
randomlychosenover the last 400 secondsf eachsimula-
tion. This allows the hierarchyto be constructedn the rst
800 secondof the simulation(mostdo not take nearlythis
long).

The DSR codein ns wasmodi ed to have a maximum
routerequestengthof 32 hopsinsteadf thedefault 16 hops;
this allows DSR to reliably nd pathsin the larger simula-
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Figure 4: Per-node bandwidth of L* routing with a perfect lo-
cation service. The dotted line represents 99th percentile val-
ues; the solid line represents median values.

tions.

In the bandwidthgraphspresentedbelow, thedottedlines
represen®9th percentilepernodebandwidthvalues,andthe
solid lines representmedianvalues.Unlessotherwisenoted,
eachpoint representsesultsfrom just one simulationrun.
(Wewill x this;we believe thatlack of multiple runsdoesnt
affecttheresultsmuchbecaus@odemobility causegonstant
changen thetopology)

5.1 ScalableRouting

Figure4 shonvsthebandwidthrequiredto routepacletsusing
L* asafunctionof thenumberof nodesin the network. The
simulationsin this graphoperatedwith no locationservice:
eachnodemagicallyknowsthe currentcorrectaddres®f the
nodeit is sendingdatato. Sincethe location serviceis not
in use,DV routing updatesmake up mostof thetrafc. The
shapeof the requiredbandwidthcurve canbe explainedby
the factthat, in a Landmarkhierarchy the numberof desti-
nationsadwertisedin eachDV updateis O(log N) [21]. Our
simulationreportsthe samerelationshipbetweerthenumber
of Landmarksin eachnodes DV table and the numberof
nodesn the network.

Theslow growth of the99thpercentileshavsthatnonode
or small setof nodesactsasa bottleneck;in particular it is
not the casethatmary packetshave to beroutedthroughthe
rootof thehierarchyor thenodesmmediatelysurroundingt.

Figure5 compareperpackethopcountbetweerl * rout-
ing andshortestpathrouting. Shortestpathrouting was ap-
proximatedusinggeographidorwardingwith a perfectloca-
tion service;thereasorfor not computingthe actualshortest
pathis thatit is not well de ned, sincenodesmove while
pacletsarein transit. The approximationis that eachnode
forwardsa paclet throughthe neighborgeographicallyclos-
estto the destination.The graphshawvs thatL* usesroutes
thatarea few tensof percenfongerthanshortespath.
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Figure 5: The percentage by which L* routes are longer than
geographic shortest paths, as a function of total number of
nodes in the network.
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Figure 6: Per-node bandwidth as the number of nodes in-
creases, for a lattice network with a local communication pat-
tern. All packets were delivered without loss. The per-node
cost of L* grows slowly compared to that of original Land-
mark.

5.2 L* Location Query Performance

Resultsn this sectiondemonstratéow thequerytrafc gen-
eratedby L* scaleswith network size,for alocal communi-
cationpattern.Simulationsin this sectionrun in a staticlat-
tice network, where nodesare 150 metersapart. The local
communicationpatternis producedby eachnodechoosing
a destinationbetween1000and 1400 metersaway, out of a
universesize of 3000m? at 400 nodesto 6700m? at 2000
nodes.

Figure6 shaws thatthe pernodecommunicatiorcostof
L* growsslowly comparedo thatof original Landmark for
localtraf c. Theresultsareconsistentvith theobsenrationin
Section3.3 that Landmarkscalingcanbe dominatedby the
needto sencgogation updatesand queriesto randomnodes,
imposingO( N) pernodecommunicatiorcosts.L * sends
local queriesfor local communicationwhich would scaleas
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Figure 8: Per node bandwidth as the number of nodes in-
creases, for mobile nodes. Dotted lines represent 99th per-
centiles; solid lines represent median values. Per-node band-
widths for L* and Landmark routing grow slowly as the num-
ber of nodes increases. In comparison, per-node bandwidth
for DSR grows linearly.

| Nodes| L2 | L3 | L4 | L5 |
400 66.4s | 125.1s | 238.1s -
800 56.6s | 104.0s | 213.6s -
1200 | 54.9s| 98.0s | 163.8s | 309.9s
1600 | 45.1s| 81.8s| 139.7s | 257.3s

Table 1: Average intervals, in seconds, between updates that
L* nodes send through various landmark levels. These follow
a power law distribution, helping L* avoid non-scalable long-
distance communication.

O(1); however, it senddocationupdatedo eachlevel of the
hierarchyat power-of-two intervalsandhasa O(log N) DV
routing overhead thus its pernode communicationcost is
O(logN).

Figure7 illustratesthe differencebetweerL* andLand-
mark querytrafc by shaving querylengthin hops.Again,
thefactthatL ™ generatefocal queriesfor local communica-
tion meanghatits querylengthsgrow moreslowly thanthose
of Landmark.

5.3 Mobile Network Simulations

This sectiondemonstrateshat L* scaleswell in networks
of mobile nodes.Experimentsn this sectionusea random
communicationpattern,ratherthan the local patternof the
previoussection.

Figure8 shavsthatasthenetwork sizeincreasesheper
node bandwidthincreaseslowly underL* andLandmark.
In contrastpernodebandwidthincreasedinearly with DSR.
The linear increasds causedoy DSR ooding queriesover
thewhole network, sometimesnultiple timesperconnection
ascachedoutesbreakdueto nodemobility.

L* and Landmarkbehae similarly in the mobile net-
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Figure 9: Query success rate as the number of nodes in-
creases drops slightly under both L* and Landmark.

work. Onereasonis that the communicatiorpatternis ran-
dom,sotheL™ locationserviceonly bene tsasmallfraction
of lookups.Anotherreasonis thatnodesfollowing arandom
waypointmovementmodeltendto clusternearthe centerof

the network. The high densityat the centercauseshe DV

broadcasipacletsto be large; thesepaclets dominateper

nodebandwidth,maskingthe savings from the L* location
service.

Table 1 shovs how often eachnode sendsout location
updatesunderL* . Recallthatin additionto periodiclocation
updatesa nodealso sendslocationupdateswvhenit detects
a changen its Landmarkaddresslf the changeoccurredat
thelevel | componenbf the addressthe updateis resolhed
throughalevell+1 landmark.Tablel con rms ourbeliefthat
with this updateschemethe updatetraf c follows a power-
law distribution, since higher level componentf a Land-
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Figure 10: Fraction of packets delivered as the number of
nodes increases. Both L™ and Landmark routing deliver a
high fraction of the packets as the number of nodes increases.
Almost all the packet losses occur due to failed location
queries. In comparison, DSR drops packets due to broken
routes very early on.

markaddressrelesslikely to changewith mobility.

Figure 9 shows that as the network size increasesthe
guerysuccessatedrops.Instability in the Landmarkhierar
chy(i.e.parentthangesnode<lectingthemselesto beland-
marks,andnodesremoving themselesaslandmarks)cause
mostof thequeryfailures Hierarchyinstability alsoincreases
locationupdatefrequenciesFigure 10 shows the fraction of
datapacletsdelivered;thefractionis highfor L* andLand-
mark. Thereasorfor the pacletlosseswith DSRis thatDSR
is vulnerableto brokensourceroutesdueto mobility.

5.4 Rooftop Network Simulations

This sectionevaluateshe performanceof L* in asimulated
rooftop network ervironment.The rooftop network contains
both staticandmobile nodes The staticnodesarelaid outin
a lattice formationwith 150 metersbetweenadjacentnodes.
Only the staticnodesparticipatein the Landmarkhierarchy
andonly the staticnodesforward paclets. The mobile nodes
actassourcesandsinksof data,but do not forward, partici-
patein the Landmarkhierarchy or appeaiin the DSDV up-
datesThemobilenodesdosendocationupdatesandqueries
asdescribedn Section3. TheLandmarkaddres®f aclientis
simply the Landmarkaddresof the landmarkclosestto the
client. Whenalandmarkrecevesa pacletwith its addresas
the destinationaddressput with a differentdestinationiD,
it tries to sendthe paclet to that nodedirectly. If the trans-
mit fails becauseghe nodehasmoved away, eitherthe sec-
ondLandmarkaddressn the pacletis used,or thepacletis
dropped.

In the following simulations,static nodesdo not initi-
ate data o ws themseles. Communicationbetweenmobile
nodesfollows a local model:eachsendersendspacletsto a
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Figure 11: Per node bandwidth as the number of mobile
clients increases for a rooftop network. The number of clients
and number of Landmarks are the same. Landmarks are po-
sitioned in a static grid.
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Figure 12: Fraction of packets delivered as the number of
clients increases for a rooftop network. Landmarks are posi-
tioned in a static grid.

recevver between300 and 1200 metersaway at the time the

communicatiorstarts.In eachscenariahereareequalnum-

ber of staticandmobile nodes.The densityof mobile nodes
is 10 nodesperradiorange.Thex-axisof eachgraphre ects

thenumberof mobilenodesin the network.

Figure 11 shows that asthe network size increasesthe
pernode bandwidth requirementsof L* grow slowly. Its
growth rateis consistentwvith the obsenationin Section3.3
thatL* hasapernodecommunicatiorcostthatis O(log N ).
L* scalesslightly betterthan original Landmark,and sub-
stantially betterthan DSR. Again, DSR bandwidthrequire-
mentsgrow linearly dueto global ooding of querieswhen
sourceroutesbreakdueto mobility. The DSR curve startsto

atten after 1200nodesbecausehe implementatiors maxi-
mumsourceroutelengthis 32 hops,too smallfor thelongest
requiredpathsin networks with 1600 and 2000 nodes.We
werenot ableto run large simulationswith highermaximum
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Figure 13: Per node bandwidth in an 800-node L* rooftop
network as the average interval between successive node fail-
ure increases. Each node failure involves a randomly selected
node dying for 120 seconds.

sourceroutelengthsdueto memoryconstraints.

Figure 12 shows the paclet delivery ratesof L*, Land-
mark, and DSR as the numberof nodesincreasesThe de-
livery ratesfor all three protocolsremainhigh even asthe
network sizeincreasesDSRdoesnotdroptoo mary paclets
eventhoughit hasbadrequiredbandwidthscalingbecauseve
areusing100Mbpsradiosin thesesimulationsBoth L * and
Landmarkhave betterdeliverratein rooftopnetworksthanin
mobile networks becauséghe Landmarkhierarchy and thus
thelocationserviceinfrastructurejs x ed.Mostpacletdrops
by L* andLandmark,however, arestill triggeredby failed
locationqueries.

If aclientis moving away from the landmarkthatit had
pickedasa parentjt mustwait until thatlandmarksinforma-
tion expiresfrom its DV tablebeforepicking anew parent.If
aclientis moving slowly, thereis agoodchancehatat least
oneof thetwo Landmarkaddressei pickedis current.How-
ever, if aclientis moving quickly, it cannotpick new parents
fastenough.This contributesto most of the query failures
in the LandmarkandL* simulations.This problemmay be
x ed by using a smallertimeout value for expiring entries
from the DV table, or by usinga more sensitve metric for
picking parents,suchas signal strength.With varying link
conditions,however, thesetechniquesmay trigger unneces-
saryaddresghanges.

Sometimessendein L* selectdhewrongsenerto use
atlower levels of the hierarchyIf thelocationsenerscorre-
spondingto higherlevels of the hierarchycontainstalead-
dressesl.* countson queryre nementto forwardthequery
to thedestinationWhena clientis moving fast,queryre ne-
mentdoesnot work well: the nodeperformingthe queryre-
nementandtheclientmayobtaindifferentresultswhenthey
call choose-landmark . This contributesto the extra paclet
dropsby L™ .

Figures13 and14 shaw the effect of nodefailuresonthe
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Figure 14:L* query success rate in an 800-node rooftop net-
work as the average interval between successive node fail-
ure increases. Each node failure involves a randomly selected
node dying for 120 seconds.

performanceof L* in arooftop network of 800 mobile and

800 static nodes.We model a nodefailure by turning off a

randomlyselectechodefor 120 secondsEachnodefailure

occursat arandomlychosenrtime duringthe partof the sim-

ulation that involves communication(i.e. last 400 seconds).
Whena failed nodeturnsbackon, all entriesin its DV table

andmostof the entriesin its locationdatabasé&ave expired.

Unexpiredentriescontainstaleaddresses.

Figure 13 shows that as the frequeng of node fail-
ure decreaseqyernodebandwidthrequirementslecreaseas
well. Whennodefailureis frequent the hierarchyconstantly
changestriggering large numbersof location updatesFig-
ure 14 showvs thatasthe frequeng of nodefailure decreases,
the query succesgate increasesWhen node failure is fre-
quent, hierarchy changescauserapid changesin location
senerselectionThesedatashav thatL * canhandleunstable
nodesgracefully

6 RelatedWork

Geographid-orwarding[5, 9, 13, 3] is the only otherrout-
ing protocolwe know of that scaleswell in large wireless
ad hocnetworks. In geographidorwarding,a nodeforwards
a paclet throughthe neighborgeographicallyclosestto the
paclet's destinationEachnodeonly needgo know the posi-
tions of its immediateneighbors;so the communicatiorand
storagecostsscaleasO(1). Geographidorwarding,however,
requireseachnodeto know its geographidocation, perhaps
using the Global Positioning System(GPS); this is gener
ally not corvenient.LandmarkandL* routing arent quite
as scalableas geographicforwarding; they have O(log N)
costs.On the otherhand,their useof a dynamicallychosen
hierarchyis likely to be more practicalthan dependencen
GPS.



Geographidorwardingscaleswell, but requiresghatend-
pointsof corversationsnd eachothers'currentgeographic
location.how a node acquiresthe geographigposition of a
destination.DREAM [2] nodespro-actvely ood position
updateoverthewholenetwork, allowing othernodego build
completepositiondatabased.AR [10] nodeseactvely ood
position queriesover the entire network whenthey wish to

nd the position of a destination Both of thesesystemsn-
volve global ooding, makingthembestsuitedto small net-
works.

GLS is a scalabldocationserviceintendedto track des-
tination nodepositionsin ad hoc networks usinggeographic
forwarding[13]. Eachnodechoosests locationsenersfrom
nodegpositionedat exponentiallyincreasinglistancesloca-
tion updatesusea scalablecommunicatiornpatternthat fol-
lows the power law [12]: frequenyg of updateslowers ex-

ponentiallyas the distanceto the location sener increases.

Location queriesmimic the actual communicationpattern:
queriesfor nearbynodesare answeredoby nearbylocation
seners; whereasqueriesfor distantnodesare answeredy
distant location seners. Landmarkrouting has an organi-
zation similar to that of GLS: both use a location service

combinedwith arouting systemthatlocationsasaddresses.

Again, GLS (aswell asgeographidorwarding)dependn
nodeshaving GPSrecevers,or someequivalent.L* hassim-
ilarly high scalability but is self-containedwith no depen-
denceon anything like GPS.

LANMAR [6] assumesthat nodes move in pre-
determinedgroups,embedsa group numberin eachnode’s
addressandrunsaninter-grouproutingprotocolaswell asan
intra-groupprotocolpergroup.Thismeanghattheamountof
routing statepernodeis relatedto the numberof groupsplus
the numberof nodesin onegroup,ratherthanthetotal num-
ber of nodes.This schemeachievesgoodscalingin applica-
tionswith naturalgroupstructure but may not scaleif nodes
move predominanthasindividualsinsteadof in groups.

A numberof existing ad hoc routing algorithms make
useof globally-distritutedtopologyinformation. For exam-
ple,AODV [18], DSR[4], DSDV [17], andTORA[15] ood
routingqueriesor completeroutingadwertisementso theen-
tire network. Routecachingandlocalrepairreduceheimpact
of this ooding, but thereis asigni cant O(N ) pernodecost
in thesealgorithmsthatdoesnot scalewell.

TheZoneRoutingProtocol(ZRP)[8] nds pathsto nodes
by globally ooding queriesbut ensureghatonly onenode
in ary givenzoneneedgo processeachquery A zoneis de-
ned asascertainradiusof hops.Nodesaccumulate list of
all the nodesin their zoneusing a limited-radiuspro-active
routing protocol, and use that list to answerqueries.The
globalquery ooding suggestshatZRP mighthave a O(N)
pernodecommunicatiorcostcomponentyhich might scale
badlyin large networks.

Fisheye StateRouting(FSR)[16] andFuzzySightedLink
State(FSLS)[20] aretwo protocolsdesignedo scaleto large
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networksby reducingthe frequeng andsizeof topologyup-
datesEverynodelearngsthetopologyof theentirenetwork. In
FSR,routing tableentriesare propagatedvith progressiely
decreasin@requeng asthedistanceso thesenodesncrease.
In FSLS,anodeaggreatedink changesindpropagatethem
at frequencieghat dependon how far the link changesoc-
curredfrom itself. Nodesstill needto keepa quantityof state
that scaleswith the total size of the network, andthat state
may becomestaleif nodesmove quickly; thesefactorsmay
limit thesealgorithmsability to handlevery large networks.
SCOUTJ11] useshelLandmarkhierarchyasa clustering
techniquefor sensometworks. Eachlandmarkpropagates
summaryof the objectsits child sensorsare monitoring. A
remotesensouseghissummaryto redirectqueriedo sensors
with moredetailednformationabouta particularobject,until
thequeryreacheshe mostrelevantsensor

7 Conclusion

This paperintroduced.* , amodi ed Landmarkroutingsys-
tem designedor large ad hoc mobile networks. L* differs
from Landmarkmainly in its locationservice.Unlike Land-
mark, the numberof hopseachL " locationquerytakescor

respondswith the distancebetweenthe senderand the re-
ceiver. Hence,L* avoids global communicationwhen the
underlyingtrafc patternis local. The location updatetraf-

c in L* alsofollows the paowerlaw distribution, makingit

mostly local. Finally, L* modi es the Landmarkhierarchy
maintenancandrouting algorithmsto make themreactbet-
ter to mobility. Simulationresultsshowv thatthe pernodere-
quired bandwidthof L* grows slower thanboth Landmark
andDSR.Theresultsareconsistentvith our analysishatthe
pernodecommunicatiorcostof L* is O(log N ).
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