
L+ : ScalableLandmark Routing and AddressLookup
for Multi-hop Wir elessNetworks

BenjieChen RobertMorris

Laboratory for ComputerScience
MassachusettsInstituteof Technology

Cambridge, Massachusetts,02139
f benjie,rtmg@lcs.mit.edu

Abstract

This paperproposesandanalyzesmodi�cations to theLand-
markroutingsystemthatmake it bettersuitedto largeadhoc
wirelessnetworks. Most existing ad hoc routing algorithms
scalebadly in thesensethatthey generateprotocoloverhead
whoseper-nodecostgrows linearly with thetotal numberof
nodes.The Landmarkrouting protocol solves this problem
by useof hierarchicaladdressesthat containrouting hints;
as a result, however, a node's addresschangesas the net-
work topologychanges.The Landmarksystemtracksnode
addresseswith a distributed ID-to-addresslocation service,
but queriesto this servicerequirecommunicationwith ran-
domnon-localnodes,whichscalesbadlyin largenetworks.

The main contribution of this paperis a set of modi�-
cationsto the Landmarkaddresslookup serviceto make it
morescalable.The paperalsoimprovesthe Landmarkhier-
archymaintenanceandroutingalgorithmsto helpthemreact
betterto mobilenodes.Finally, it presentsa simulationeval-
uationof theresultingsystem,L + , from thepoint of view of
scalabilityin wirelessadhocnetworks.Theevaluationshows
that the per-nodebandwidthrequirementof L + grows very
slowly asthenumberof nodesin thenetwork increases.This
is consistentwith our analysisthat theper-nodecommunica-
tion costof L + is O(log N ).

1 Intr oduction

This paperaddressestheproblemof scalableroutingin large
adhocwirelessnetworksof mobilenodes.Suchnetworksare
of interestbecausethey do not rely on �x ed infrastructure.
As a resultthesenetworkscansupporta numberof promis-
ing new technologiessuchasubiquitouscomputing[24], sen-
sor networks, rooftop networks [1, 19], andwirelessPDAs.
A major obstacleto the useof large ad hoc networks is the
lackof anadequatelyscalableroutingsystem.Thispaperde-
scribesandanalyzesmodi�cations to the Landmarkrouting
system[22, 21, 23] to make it suitablefor largeadhocwire-

lessnetworks.
An importantway in whichwirelessadhocnetworksdif-

fer from wired networks, andwirelessnetworks with wired
backbones,is thatthey arelikely to haveseverelyconstrained
capacities.Eachnode'sradiois likely to havethesamecapac-
ity; an engineeredhigh-capacitywirelessbackboneis likely
to be awkward in many ad hoc scenarios.More fundamen-
tally, the nodesareembeddedon a plane,with connectivity
only to nearbynodes.Assuminguniform nodedensity, the
expecteddistancebetweenarandompairof nodesis O(

p
N )

in bothphysicaldistanceandnumberof hops,whereN is the
total numberof nodes;similarly, thecrosssectionbandwidth
of the network is alsoO(

p
N ). This meansthat if commu-

nication patternstend to be long-distance,or even random,
the averageamountof traf�c that any one nodecan origi-
natescalesas 1p

N
[7, 12]. That is, themorenodesthereare,

thelesslong-distancetraf�c any onenodecanoriginate.This
holdstrueevenif theareaof theuniverse(andthusthedegree
of spectrumre-use)scaleswith thenumberof nodes.

As a consequenceof this capacityconstraint,the domi-
nant traf�c patternsin large ad hoc networks will probably
needto be local [12]; this would allow eachnodeto origi-
nateanamountof traf�c independentof the total sizeof the
system.However, it is notenoughthatthetraf�c patternbelo-
cal: theper-nodeoverheadgeneratedby theroutingprotocol
must alsogrow slowly with total network size.Oneconse-
quenceof this is that, ideally, theper-noderoutingoverhead
shouldbe a constantindependentof the sizeof the system.
More practically, the per-nodeoverheadshouldbe a slowly
growing function of the systemsize,suchasO(log N ). For
example,this rulesout standarddistance-vector, which hasa
per-nodecommunicationcostof O(N ). For reactive proto-
cols,which queryfor routesto destinationsonly asneeded,
capacityconstraintssuggestthatqueriesshouldtravel a dis-
tanceproportionalto thedistancebetweenthenodesdesiring
to communicate;otherwiselocal communicationwill gener-
ateglobalroutingtraf�c, whichwon't scalewell.

Few existing adhocroutingprotocolsconformto there-
strictionsdescribedabove. For example,DSDV [17] usesa
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distance-vectoralgorithmthatimposesO(N ) per-nodecom-
municationcost,whereN is thenumberof nodesin thenet-
work, while DSR[4] andAODV [18] �ood queriesglobally
evenfor local communication.As a consequence,we should
expecttheseprotocols'overheadto exhaustnoderadiocapac-
ities relatively quickly asnetworks grow larger. In practice,
thesituationis not this simple.If thenetwork topologydoes
not change,theseprotocol'soverheadscanbemadearbitrar-
ily small.Evenif thetopologychanges,DSRandAODV have
cachingandlocal re-querymechanismsthat limit thecostof
�nding and repairingroutes.Still, the overall scalingargu-
mentsuggeststhat theseprotocolsmight work badly in very
largeadhocnetworks.Section5 showsthatthis is true.

More scalablead hoc routingprotocolsdo 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 geographiclocations,
perhapsusingtheGlobalPositioningSystem(GPS).Thisde-
pendenceis likely to be impracticalfor many usesof adhoc
networks.

Landmarkrouting is a potentiallyscalableprotocol that
doesnot dependon GPS.Insteadof usinggeographicloca-
tionsasaddresses,Landmarkaddressesnodesusingtheirpo-
sitionsin a dynamicallymaintainedhierarchy. Landmarkad-
dresseseffectively encodeanabbreviatedroutein theform of
a pathdown thehierarchy. Theseaddressesallow packetsto
be routedwith very little per-nodestate,andthus little per-
noderoutingoverhead.Landmarklimits thenumberof nodes
in thenetwork thatany onenodeknows aboutto O(log N ).
Thus the per-noderouting overheadis O(log N ). However,
sincea node's addressmaychangewhenthenetwork topol-
ogy changes,thecompleteLandmarksystemincludesa dis-
tributeddatabasethat mapseachnode's permanentID to its
currentaddress.Queriesto this databaserequireglobalcom-
munication;thusthecompleteLandmarksystemasoriginally
describedis not likely to scalewell in largeadhocnetworks.

This paperintroducesL + , a modi�ed Landmarkrouting
systemdesignedfor largeadhocmobilenetworks.L + differs
from Landmarkmainly in its locationservice.Unlike Land-
mark, the numberof hopseachL + location query takes is
proportionalto the distancebetweenthe senderand the re-
ceiver. Hence,L + avoids global communicationwhen the
underlyingtraf�c patternis local. The location updatetraf-
�c in L + also follows the power-law distribution, making
it mostly local. Finally, L + modi�es the Landmarkhierar-
chy maintenanceandroutingalgorithmsto make themreact
betterto mobility. In Section5 we usesimulationsto show
that L + scaleswell; theper-nodebandwidthrequirementof
L + growsveryslowly asthenumberof nodesin thenetwork
increases.This result is consistentwith our analysisthat the
per-nodecommunicationcostof anL + nodeis O(log N ). In
addition,L + scalesbetterthanoriginal Landmark,particu-
larly for local communicationpatterns.

The restof the paperis structuredasfollows. Section2
describesthe original Landmarkrouting system.Section3
describesthe L + location service.Section4 describesthe
hierarchymaintenanceand routing algorithmsusedin L + .
Section5 analyzesperformanceof L + , andcomparesit with
Landmarkand DSR. Section6 discussesrelatedwork. Fi-
nally, Section7 concludes.

2 Landmark Overview

This sectionreviews the original designof Landmarkrout-
ing [21, 22, 23]. Landmarkis a distributedrouting protocol
designedfor large networks with loose administrative do-
mainsandchangingtopology. Landmarkcreatesandmain-
tainsa hierarchyof nodesthat re�ects network topology. A
node's addressis its positionin thehierarchy. Routingbased
on theseaddressesrequiresvery little state;eachnodeneed
only know its own parent(to forward up towardsthe root)
andits own children(to forwarddown towardstheleaves).It
is the limited sizeof theper-nodestate,andcorrespondingly
limited stateupdatecommunication,that allows Landmark
routingto scaleto largenetwork sizes.

EachLandmarknodehasa unique,unchangingidenti-
�er (ID); this might be, for example,an IP address.In ad-
dition, eachLandmarknodehasan address,which changes.
TheLandmarksystemincludesa distributedlocationservice
to mapfrom IDs to addresses.

2.1 Landmark Hierar chy

TheLandmarkhierarchyis a treeof nodes,calledlandmarks.
By convention,the leavesarecalled level 0 landmarks.Ev-
ery nodestartsout asa level 0 landmark.Eachlevel l land-
mark picks a level l+1 landmarkwithin a radiusof r l hops
asits parent.If no level l+1 landmarkexistswithin r l hops,
the nodeparticipatesin an election to choosea new level
l+1 landmark.Thismeansthatroughlyonenodein eacharea
of radiusof r i becomesa level i landmark.Eventually, one
nodebecomestheroot landmarkof theentirehierarchy.

Theradiusat level 0, r 0, is 2 network hops.It doublesev-
ery level, sor i = 2r i � 1. Consequently, theradiusof thearea
coveredby the top level landmark,at level H , is O(2H ). As
a result,thenumberof landmarklevelsneededfor a network
is O(log N ), whereN is thenumberof nodesin thenetwork.

Landmarkslearnabouteachotherby runninga modi�ed
distance-vector(DV) routingprotocol.Eachlandmarkplaces
a limit on thenumberof hopsthatits informationpropagates
in the DV protocol; this limit is 2r l for a level l landmark.
This radiusis the advertisementdistance. Consequently, the
numberof nodesthat know abouta particularlandmarkin-
creasesasthe level of that landmarkincreases.Francis[21]
shows that even thoughthe numberof landmarkselectedat
eachlevel l> 0 grows asO(N ), the numberof landmarksa
nodeknowsaboutat eachlevel l> 0 staysat a constantvalue
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Figure 1: Example of a Landmark hierarchy. Node a is a level
0 landmark. Node b is a level 1 landmark, within radius r 0 of
a. Node c is a level 2 landmark, within radius r 1 of b. Node a's
address is a:b:c. The two dotted curves represents the adver-
tisement boundary from b and a. A packet that d addresses to
a:b:cis forwarded along the path represented by the sequence
of arrows.

until thetotal numberof landmarkselectedin thenetwork at
thatlevel dropsbelow theconstant.Thus,thetotalnumberof
landmarkseachnodeknowsaboutis O(log N ).

As the network topology changes,the numberof hops
betweena node and its parentmay increaseto the point
wherethe nodemustchoosea new parent.Similarly, topol-
ogychangesmayrequirenew landmarksto beelected,or old
onesto be demoted.A level l landmarkincrementsits land-
mark level whenthereareno other l+1 landmarksthat can
cover all the level l landmarksin the vicinity. Similarly, a
level l (l > 0) landmarkdecrementsits level when all the
level l � 1 landmarksin thevicinity canbecoveredby another
level l landmark.

Figure1 shows anexampleof a simplehierarchy. In this
�gure, nodea is a level 0 landmark.Nodeb is a level 1 land-
mark,within r 0 radiusfrom a. Nodec is a level 2 landmark,
within r1 radius from b. Node d, far away from a, knows
abouttheroot landmarkc, but notbor a.

2.2 Landmark Routing

A node's Landmarkaddressis composedof the node's ID,
followedby its parent'sID, thentheID of theparent'sparent,
andsoon,andeventuallytheroot landmark's ID. For exam-
ple, theaddressof nodea in Figure1 is a:b:c.

When a nodereceivesa packet that it must forward, it
looks for eachcomponentof the destinationaddressin its
own DV routing table. It will certainly �nd a routing table
entryfor theroot landmark.As thepacketmovestowardsthe
destination,or even towardsthe root, forwardingnodesare
alsolikely to �nd otheraddresscomponentsin their routing
tables.A forwardingnodeusesthe routing table entry cor-

respondingto the left-most(lowestlevel) known component
in the address.It forwardsthe packet to the next-hop node
indicatedby thatentry.

A landmarkmay not forward a packet even if it is one
of the componentsin the destinationaddressof the packet.
It is very likely thatbeforethepacket reachesthis landmark,
it wasredirectedtoward anotherlandmarkto the left of this
landmarkin the destinationaddress.For example,in Figure
1, whennoded sendsa packet to a, thepacket movesalong
thepathformedby thearrows.d �rst sendsthepacket toward
c. When a forwarding nodelessthan 2r 1 hops(i.e. adver-
tisementdistanceof b, representedby thedottedcurve) from
b receivesthe packet, it forwardsthe packet to b. Similarly,
whena forwardingnodelessthan2r 0 hopsfrom a receives
thepacket, it forwardsthepacket to a.

Landmarkrouting doesnot typically forward a packet
using the shortestpath.Often when a sourcenodesendsa
packet, thepacket movestowarda higherlevel landmarkbe-
forebeingredirectedtowardthedestination.[21] providesde-
tailedanalysisin termsof pathlengthincreaseasthesizeof
thenetwork grows.

It wouldbeundesirableif apackethadto getwithin a few
hopsof oneof the addresscomponentsbeforeit could start
to be forwardedto the next more-speci�ccomponent.This
would cause,for example,the nodesaroundthe root land-
markto experienceheavy forwardingload.This turnsoutnot
to be the case.Supposethat a packet is moving towardsa
level l landmarkthat is 2r l away (the full lengthof the level
l advertisementdistance).This packet canbe redirectedto-
wardsa level l � 1 landmarkas soonas it is within the ad-
vertisementrangeof thelevel l � 1 landmark,2r l � 1. Because
thelevel l � 1 landmarkis at mostr l � 1 away from the level l
landmark,at thepointwhereredirectionoccurs,thepacket is
still, in thebestcase

2r l � 1 � r l � 1

2r l
� 2r l =

1
4

� 2r l (1)

hopsaway from the level l landmark.Therefore,all nodes
thatarewithin 1

4 � 2r l hopsaway from a level l landmarkcan
be usedto redirectpacketsto level l � 1 landmarks.Sincea
packet will beredirectedassoonasit entersthis area,nodes
on the perimeterof this areaassumethe role of the level l
landmark.This implies that the loadof the root landmarkis
spreadamongO(

p
N ) nodes.

2.3 Landmark Location Service

One of the dif�culties of Landmarkrouting is that Land-
markaddresseschangeasthetopologychanges.To solvethis
problem,Landmarkprovidesan ID-to-addresslocationser-
vice that works asfollows. A nodepicks its locationserver
by taking the hashof its own ID, and usesthe hashresult
astheLandmarkaddressof its locationserver. Every time a
node's addresschanges,thenodesendsa locationupdateto
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its locationserver. Whena senderwantsto senda packet to
a receiver, thesendercomputestheLandmarkaddressof the
receiver's locationserver by takingthehashof thereceiver's
ID.

A problemwith this approachis thatthehashof a node's
ID would most likely not map into a usableLandmarkad-
dress.To solvethisproblem,ahashedaddressis resolvedinto
arealLandmarkaddresslevelby level.A nodesendstheloca-
tion updateor querypacket towardstheroot of thehierarchy
�rst. Whenthenodeforwardingthispacketis closeenoughto
theroot thatit knowsaboutall theroot landmark'simmediate
children,it forwardsthepacket towardsthechild whoseID is
closestto thehashedaddress.This processcontinuesat each
level until thepacket is forwardedto a level 0 landmark.This
level 0 landmarkis thedesiredlocationserver.

Thismechanismfor choosinganode'slocationserverhas
thefollowing goodproperties.It distributesthework of stor-
ing locationsevenlyacrossthenodesin thenetwork. It allows
any nodeto �nd a targetnode's locationserver, andthusthe
targetnode'saddress,givenonly thetargetnode'sID. Finally,
if anode'slocationservermovesor fails,everybodyautomat-
ically agreesonhow to �nd anew locationserver.

3 The L+ Location Service

The Landmarklocationservicedoesnot scalewell to large
ad hoc wirelessnetworks becauseits location updateand
querytraf�c is global.For every locationupdateor query, a
nodemustsenda packet to a server chosenamongall of the
nodesin thenetwork.Thismeansonaverage,alocationquery
packet travelsO(

p
N ) hops,evenif thetwo nodesthatwant

to communicatearecloseto eachother. Landmarklookups
effectively turn scalablelocal communicationpatternsinto
unscalableglobalpatterns.

L + providesalocationservicethatscaleswell if thecom-
municationpatternis local. An L + nodesendslocationup-
datesto morethanonelocationserver. The locationservers
arechosensuchthat the expecteddistanceto eachserver is
exponentiallyfartheraway from thenode.Whena nodeper-
formsalocationqueryfor adestination,with ahighprobabil-
ity, L + resolvesthequeryusinga nearbylocationserver.

3.1 Server Selection

At each level l of the hierarchy, a node sendsan update
to a level l landmark it knows of (in its DV routing ta-
bles) whosehashedID is numericallyclosestto the node's
hashedID, hash( id) . It choosesthis landmarkusing the
choose-landmark( id, l) procedurecall. Pseudocode for
the procedureis shown in Figure 2. This level l landmark
thensendsthe updatedownward in the hierarchy, just as in
theoriginalLandmarklocationservermechanism,to its level
l � 1 child with hashedID closestto hash( id) . It obtainsthis
child by calling thechoose-child procedure.For example,

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

if (l :level == level)
d = abs(hash(l :id)-hash(id))
if (d < closestor selected== � 1)

closest= d
selected= l :id

return selected

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

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

closest= d
selected= l :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 receivesan updatethat needsto
be propagateddownward, it calls choose-child( id, a, 1)
to selectoneof its level 1 children.If this procedurereturns
the level 1 landmarkb, the updateis thensentto b. b, or a
nodenearb, callschoose-child( id, b, 0) to selectthe�nal
locationserver.

An updateor querysentto a level l landmarka doesnot
needto reacha. A forwardingnodecloseto a canstartpush-
ing theupdateor querydownwardin thehierarchy(i.e. call-
ing choose-child( id, a, l+ 1) ) if it hasall the childrenof
a in its DV table.This is alwaysthe caseif the forwarding
nodeis r l � 1 hopsaway from a: every child of a is at most
r l � 1 hopsaway from a, and eachof thosechildren hasan
advertisementdistanceof 2r l � 1 hops.

When a node a wants to look up the current address
of a destinationwhose ID is b, it �rst sendsa query to
the level 1 landmark it knows of whose hashedID is
closest to hash( b) . This landmark, obtained by calling
choose-landmark( b, 1) , thensendsthequerydownwardin
the hierarchyto its level 0 child with hashedID closestto
hash( b) . If thatchild doesn't know aboutb, a triesagainat
level 2, andsoforth.

The intuition behindthis schemecomesfrom the obser-
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Figure 3: Updating and querying L + location servers. Each node appears as hash(ID),level 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.

vation that thenumberof landmarkstwo nodesbothseede-
pendson the distancebetweenthesetwo nodes.If they are
very closeto eachother, they may seethe samesetof level
1 landmarks.If they areslightly fartherapart,they may see
differentlevel 1 landmarks,but thesamesetof level 2 land-
marks.Thecloserthetwo nodesare,themorelikely thatcalls
to choose-landmark would returnthesameresultat lower
levels of thehierarchy. Thusnodesthat areclosephysically
canlook up eachothers'addresseswith local querycommu-
nication.

3.2 Updating and Querying Location Servers

Whena node'sLandmarkaddresschanges,it only sendsup-
datesto a subsetof its location servers, in a way that en-
sureslocalmotionusuallygenerateslocalupdatetraf�c. If the
Landmarkaddresschangesstartingat thelevel l component,
an updateis sentto the landmarkat level l+1 . Eachupdate
containsa timeoutwhich is proportionalto the expectedin-
terval betweensendingupdatesto that level of thehierarchy.
In addition,nodessendlocationupdatesataslow ratepropor-
tional to r l to landmarksat eachlevel, evenwhenstationary.

The frequency at which the addressof nodea changes
dependson the frequency at which a changesits parentand
thefrequency at which othercomponentsin theaddressof a
changetheir parents.A level l landmarkpicks a new parent
when its old parentis more than r l hopsaway. Hence,the
frequency at which the level l+1 componentof an address
changesdependsonthemobility raterelativeto r l . Therefore,
componentsof anaddressthatcorrespondto thelow levelsof
thehierarchymaychangerelatively often.On theotherhand
the higherlevel componentsof the addresswill changeless
frequently.Becauselow-levelchangesgeneratelocalupdates,
thelocationupdatetraf�c followsa power law pattern.

Sendingupdateslessfrequentlyto distantserversimplies
thattheaddressesstoredat distantserversmaybecomestale.

Therefore,insteadof answeringa querydirectly, eachloca-
tion server forwardsthequerytowardsthedestinationusing
the addressstoredin the locationdatabase.If the addressis
stale,a nodeneartheold locationmaystill have thenodein
its DV table.A querywith a staleaddresscanalsobe incre-
mentallyre�ned to obtaina correctaddress.

The re�ning processworks as follows. Assumenodea
sendsa queryfor destinationb very far away. Considerthat
oneof a's queriesreachesa locationserver that hasan old
addressfor b. The query is forwardedto b's old location in
thehierarchy. Whenaforwardingnodecannolongerforward
thequeryusingthestaleaddress,it maychooseto re�ne the
query. If forwardingfailedbecausethelevel l � 1 component
of theaddresscannotbereached,theforwardingnodesendsa
locationqueryfor bstartingat level l+1 . Theintuition is that
the nodehasnot moved too far away from its old location,
andthereforeconsultinga nearbylocationserver is likely to
producethecorrectaddress.Furthermore,if theaddressbroke
atlevel l � 1, thatmeansit is likely thatthelevel l � 1 landmark
changedits parent.In that case,an updatewould have been
sentto a level l+1 server.

Figure3 shows an exampleof how updatingandquery-
ing L + location servers work. Each node in the network
appearsas hash(ID),level in the picture. Solid lines
representlocation updates.Dotted lines representlocation
queries.Circled nodesare intermediatenodes in the ad-
dressresolution process.Boxed nodesare the �nal loca-
tion servers. Circled or boxed nodeswith the sameshade
are part of the same resolution process.In a), node 13
selectsthree landmarksto send location updatesto using
choose-landmark( 13, 1) ,choose-landmark (13 ,2 ) ,and
choose-landmark( 13, 3) . Thethreechosenlandmarksare
16, 15, and 41 respectively. Each of theselandmarksfor-
wardsthe locationupdateby usingthe choose-child pro-
cedure.For example,when node15 receives the update,it

5



calls choose-child(13 , 15, 1) , which returnsnode11.
The updateis then sent to node 11. Node 11 then calls
choose-child(13, 11, 0) , which returns29. 29 is the�-
nal locationserver. In b), node13 movesandacquiresa new
address13.16.23.41 . Sincethe level 1 componentof the
addresschanged,it sendsan updateto the level 2 landmark
computedusing choose-landmark(1 3, 2) . In this caseit
is still node15. The location updateeventually reacheslo-
cation server 29. In the meantime,node33 sendsa query
for 13 throughthe root landmark41. The queryis resolved
via 14 �rst, then 10. Location server 19 �nally forwards
the query to 13's old location,13.9.15.41 . Node9, how-
ever, canno longerforwardto 13. In c), becauseforwarding
failed at level 0, node9 selectsa level 2 landmarkby call-
ing choose-landmark(1 3,2 ) . Thequeryis sentto node15
again.It eventuallyreacheslocationserver 29. 29 forwards
thequeryto node13. Finally, 13 answersthequeryusingthe
sourceaddressin thequerypacket.

3.3 Scalability of L+

This sectionconsidersthe expectedper-nodebandwidthre-
quirementsof anL + nodein astaticnetwork with localcom-
munication.

Four items contribute to the per-nodebandwidth.First,
the DV protocol used for Landmark hierarchy mainte-
nanceand routing. Francis [21] shows that this overhead
is O(log N ). Second,eachL + locationupdatepacket con-
tributesto the per-nodebandwidthof every nodeon its for-
wardingpath.Becausea nodesendslocationupdatesexpo-
nentially lessoften to far away locationservers,the L + lo-
cationupdatetraf�c patternfollows the power-law distribu-
tion. Hence,theper-nodeoverheadfrom forwardinglocation
updatesis O(log N ). Third, forwardinga L + locationquery
packet alsocontributesto per-nodebandwidth.If communi-
cationis local, thenwith high probability L + usesa nearby
locationserver to resolve eachquery. Thusthe overheadof
forwardinglocationqueriesis O(1). Fourth, the local com-
municationpatterncontributesan overheadof O(1) to the
per-nodebandwidth.Addingthemtogether, theexpectedper-
nodebandwidthof anL + nodein a staticnetwork with local
communicationgrowsasO(log N ) in theworstcase.

In original Landmark,the expectedper-nodebandwidth
requirementin a static network with local communication
patterncanbedominatedby theneedto sendlocationupdates
andqueriesto randomnodes,imposinga O(

p
N ) per-node

communicationcostsin theworstcase.
Mobility complicatestheanalysisof theoverheadof for-

warding location queries,since queriesto nearbylocation
servers may fail. If the probability is high that a query for
a nearbydestinationcanberesolvedby a nearbyserver, then
theper-nodebandwidthremainsO(log N ) in theworstcase.

4 Handling Mobility in L +

This sectiondescribesseveralchangesL + makesto thehier-
archyandrouting algorithmsof the original Landmarksys-
tem. Thesemodi�cations make L + reactbetterto mobility.
In oursimulations,weusedaLandmarkimplementationwith
thesechanges.

Similarto Landmark,L + usesadistancevectoralgorithm
to distribute information about landmarks.Eachnodeperi-
odically advertisesits own information (i.e. nodeID, land-
marklevel,advertisementradius,how many potentialparents
it has,a chosenparent,anda secondaryparent)in addition
to thenodesin its routingtable.A routingtableentry is only
advertisedif the distanceto the nodeis lessthanthe node's
advertisedadvertisementdistance.Most nodeshave an ad-
vertisementdistanceof 2r l wherel is the node's Landmark
level. Theroot landmarkandlandmarkswith thethreehigh-
est IDs in the secondhighestlevel aredesignatedasglobal
landmarksandhaveadvertisementradii of in�nity .

4.1 Building the Hierar chy

If a nodewith Landmarklevel l cannot�nd a level l+1 par-
ent within r l hops,it considersincrementingits Landmark
level to l+1 . To preventseveralnodeswithin r l of eachother
from incrementingtheir Landmarklevelsat thesametime,a
nodescansits routing table�rst. It incrementsits Landmark
level only if it hasthe highestID amongall eligible nodes
(i.e.nodesthatadvertise0 asthenumberof potentialparents)
within r l .

This electionalgorithmtendsto promotejust one land-
markin eachareathatneedsone.A disadvantageof thealgo-
rithm is that it may promotehigher level landmarksslowly,
sincea nodemust wait long enoughthat news of a distant
high-level landmark'spromotionwould reachit beforeit can
promoteitself.

With mobility, a level l landmarkmaymoveinto a region
and discover that all landmarksof level l � 1 in this region
have parentsalready. In L + , a level l landmarkdecrements
its Landmarklevel to l � 1 if it seesthatevery level l � 1 land-
markswithin r l � 1 hopsawayhasat least2 potentialparents.
Using2 insteadof 1 providesboth redundancy andstability,
as other level l landmarkscould be moving away. A node
doesnotdecrementits Landmarklevel if it seesthatit will no
longerhavea parentafterdoingso.

Unlike Landmark,L + doesnot requireexplicit registra-
tion betweenparentandchildren.A level l landmarkcanpick
any level l+1 landmarkwithin r l hopsasits parent.In prac-
tice, to reducethenumberof addresschanges,a nodepicks
the nearestlandmarkamongits potentialparents.Addition-
ally, eachnodealsopicksthesecondnearestlandmarkamong
its potentialparentsasasecondaryparent.If thereis only one
potentialparent,thesecondaryparentis thesameasthepar-
ent.
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Becausetheadvertisementradiusof a level l landmarkis
2r l hops,andevery level l � 1 landmarkmusthave a level l
parentwithin r l hops,a nodeseesDV updatesfrom all of its
ancestors.Consequently, a nodecancomposeits own Land-
markaddressfrom its routingtable.

A nodecomposestwo Landmarkaddressesfor itself. The
�rst addressis composedusingthenode'sparent,node'spar-
ent's parent,etc.The secondaddressis composedusingthe
node's secondaryparent,the secondaryparent's secondary
parent,etc.In mostcases,thetwo addressesdiffer atmultiple
components.To make routing work better, eachnodesends
locationupdateswith bothaddresses.An addresslookupalso
returnsbothaddresses,andevery datapacket is taggedwith
bothaddressesaswell.

4.2 Moving Location DatabaseEntries

A changein the Landmarkhierarchymay changehow a
node's hashedID mapsto the nodesthat act as its location
servers,evenif it doesn't changethenode'saddress.If noth-
ing specialweredone,it might take a long time beforethe
nodeupdatedits new locationservers.To addressthis prob-
lem, eachL + nodeperiodicallyscansthe locationentriesit
stores,looking for entriesthatshouldbestoredby oneof the
other children of its parent.It forwardssuchentriesto the
relevantchild.

4.3 Routing in L+

The distancevector algorithm used by L + is similar to
DSDV [17]. It differsfrom DSDV in thatL + keepsmorethan
just theshortestrouteto eachdestination.If theshortestdis-
tanceto a destinationis determinedto be d hops,L + keeps
a list of routeswith distanced hopsor d + 1 hops.If d is in
fact theshortestroute,thena routewith a distanceof d + 1
hopscannotcontaina loop, sinceeachloop causesat least
2 additionalhops.The distanceadvertisedfor a destination
is the distanceof the �rst route in the route list. Keepinga
list of routesinsteadof onerouteallows a nodeto usealter-
naterouteswhentheshortestroutebreaks.To preventloops,
triggerupdateis usedto propagatethemetricchange,if any,
whentheshortestrouteontheroutelist is removedeitherdue
to timeoutor MAC transmitfeedback(i.e.transmitto thenext
hopindicatedin this routefailed).

Packet forwardingin L + worksasfollows.Whena node
receivesa packet thatit mustforward,it looksfor eachcom-
ponentof thedestinationaddressin its own routing table.A
forwardingnodeusesthe routing tableentry corresponding
to the left-most (lowest level) known componentin the ad-
dress.A routing failure occursif the packet haspreviously
reachedthe left-mostknown componentin theaddress,or if
no known componentexists. We switch to the seconddes-
tination addressif a routing failure occurredusing the �rst
destinationaddress.We drop the packet if a routing failure

occurredusingthesecondaddress.

5 Simulation Results

Thissectionpresentsresultsfrom aL + implementationin the
ns-2 [14] network simulator, using802.11as the MAC. It
�rst showsthatroutingin L + , with aperfectlocationservice,
scaleswell. Then,usinga staticnetwork andlocal commu-
nicationpattern,we isolatetheoverheadof locationqueries.
Finally, we demonstratethe scalabilityof L + in two poten-
tial stylesof deployment: a mobile ad hoc network where
all nodesaremoving, anda rooftopwirelessnetwork where
routersare stationarybut clients of the network move. For
comparison,resultsarealsoshown for DSR [4] andfor the
original Landmarksystemaugmentedwith the routing and
hierarchymaintenancemechanismsdescribedin Section4.

Ourgoalis to show thatper-nodecommunicationrequire-
mentsin L + grow slowly with thetotal numberof nodes.In
orderto beableto observetheamountof per-nodebandwidth
requiredto supportlargenetworks,we effectively eliminated
thecapacitylimit of thesimulated802.11radios(by setting
the capacityto 100 Mbps rather than 2 Mbps). The actual
bandwidthrecordedis thesumof transmitandreceive band-
width valuesin each1-secondinterval, countingonly suc-
cessfullyreceivedpackets.Thebandwidthresultsshow both
the medianand99th percentilevaluesof all 1-secondmea-
surementsover all nodes.The 99thpercentilegivesan indi-
cationof how fastnoderadioswould have to be in orderto
avoid congestionat thevastmajorityof 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
increases.Mobile nodesfollow the randomwaypointmodel
with no pausetime: initially, eachnodechoosesa destina-
tion uniformly at randomin thesimulatedregion, choosesa
speeduniformly at randombetween0 and10m/s,andmoves
therewith thechosenspeed.Uponarrival, thenodeimmedi-
atepicksanotherdestinationandspeedandrepeatsthesame
process.

Unlessotherwisestated,the simulatedcommunication
patternis as follows. Eachnodein the systemsendstraf�c
to oneotherrandomlyselectednode;theselectionis donein
a way that ensuresthat no nodereceives traf�c from more
thantwo othernodes.Eachnodesendsa total of 15128-byte
packets at a rate of 3 packets per second.Eachsimulation
lasts1,200seconds.The starttime of eachof these�o ws is
randomlychosenover the last 400 secondsof eachsimula-
tion. This allows the hierarchyto be constructedin the �rst
800 secondsof the simulation(mostdo not take nearly this
long).

The DSR codein ns wasmodi�ed to have a maximum
routerequestlengthof 32hopsinsteadof thedefault16hops;
this allows DSR to reliably �nd pathsin the larger simula-

7



0

50

100

150

200

250

300

350

400

450

400 800 1200 1600 2000

P
er

 n
od

e 
ba

nd
w

id
th

 (
K

bi
ts

/s
)

Number of nodes

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 thebandwidthgraphspresentedbelow, thedottedlines

represent99thpercentileper-nodebandwidthvalues,andthe
solid lines representmedianvalues.Unlessotherwisenoted,
eachpoint representsresultsfrom just one simulationrun.
(Wewill �x this;webelievethatlackof multiplerunsdoesn't
affecttheresultsmuchbecausenodemobility causesconstant
changein thetopology.)

5.1 ScalableRouting

Figure4 showsthebandwidthrequiredto routepacketsusing
L + asa functionof thenumberof nodesin thenetwork. The
simulationsin this graphoperatedwith no locationservice:
eachnodemagicallyknowsthecurrentcorrectaddressof the
nodeit is sendingdatato. Sincethe locationserviceis not
in use,DV routingupdatesmake up mostof the traf�c. The
shapeof the requiredbandwidthcurve canbe explainedby
the fact that, in a Landmarkhierarchy, the numberof desti-
nationsadvertisedin eachDV updateis O(log N ) [21]. Our
simulationreportsthesamerelationshipbetweenthenumber
of Landmarksin eachnode's DV table and the numberof
nodesin thenetwork.

Theslow growthof the99thpercentileshowsthatnonode
or small setof nodesactsasa bottleneck;in particular, it is
not thecasethatmany packetshave to beroutedthroughthe
rootof thehierarchyor thenodesimmediatelysurroundingit.

Figure5 comparesperpackethopcountbetweenL + rout-
ing andshortestpathrouting. Shortestpathrouting wasap-
proximatedusinggeographicforwardingwith a perfectloca-
tion service;thereasonfor not computingtheactualshortest
path is that it is not well de�ned, sincenodesmove while
packetsare in transit.The approximationis that eachnode
forwardsa packet throughtheneighborgeographicallyclos-
est to the destination.The graphshows that L + usesroutes
thatarea few tensof percentlongerthanshortestpath.
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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

Resultsin thissectiondemonstratehow thequerytraf�c gen-
eratedby L + scaleswith network size,for a local communi-
cationpattern.Simulationsin this sectionrun in a staticlat-
tice network, wherenodesare 150 metersapart.The local
communicationpatternis producedby eachnodechoosing
a destinationbetween1000and1400metersaway, out of a
universesizeof 3000m2 at 400 nodesto 6700m2 at 2000
nodes.

Figure6 shows that theper-nodecommunicationcostof
L + growsslowly comparedto thatof originalLandmark,for
local traf�c. Theresultsareconsistentwith theobservationin
Section3.3 that Landmarkscalingcanbe dominatedby the
needto sendlocationupdatesandqueriesto randomnodes,
imposingO(

p
N ) per-nodecommunicationcosts.L + sends

local queriesfor local communication,which would scaleas
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Figure 7: Average query length, in hops, as the number of
nodes increases. The communication pattern is local; the
number of hops between each source and destination pair is
between 5 and 10 hops. Query length includes hop counts
from failed queries as well as from successful queries.

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 sendslocationupdatesto eachlevel of the
hierarchyat power-of-two intervalsandhasa O(log N ) DV
routing overhead,thus its per-nodecommunicationcost is
O(log N ).

Figure7 illustratesthedifferencebetweenL + andLand-
mark querytraf�c by showing querylengthin hops.Again,
thefactthatL + generateslocalqueriesfor localcommunica-
tion meansthatits querylengthsgrow moreslowly thanthose
of Landmark.

5.3 Mobile Network Simulations

This sectiondemonstratesthat L + scaleswell in networks
of mobile nodes.Experimentsin this sectionusea random
communicationpattern,rather than the local patternof the
previoussection.

Figure8 showsthatasthenetwork sizeincreases,theper-
nodebandwidthincreasesslowly underL + andLandmark.
In contrast,per-nodebandwidthincreaseslinearlywith DSR.
The linear increaseis causedby DSR �ooding queriesover
thewholenetwork, sometimesmultiple timesperconnection
ascachedroutesbreakdueto nodemobility.

L + and Landmarkbehave similarly in the mobile net-
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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.
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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 communicationpatternis ran-
dom,sotheL + locationserviceonly bene�tsasmallfraction
of lookups.Anotherreasonis thatnodesfollowing a random
waypointmovementmodeltendto clusternearthecenterof
the network. The high densityat the centercausesthe DV
broadcastpackets to be large; thesepackets dominateper-
nodebandwidth,maskingthe savings from the L + location
service.

Table 1 shows how often eachnodesendsout location
updatesunderL + . Recallthatin additionto periodiclocation
updates,a nodealsosendslocationupdateswhen it detects
a changein its Landmarkaddress.If thechangeoccurredat
the level l componentof the address,the updateis resolved
throughalevel l+1 landmark.Table1 con�rms ourbeliefthat
with this updateschemethe updatetraf�c follows a power-
law distribution, sincehigher level componentsof 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.

markaddressarelesslikely to changewith mobility.
Figure 9 shows that as the network size increases,the

querysuccessratedrops.Instability in theLandmarkhierar-
chy(i.e.parentchanges,nodeselectingthemselvestobeland-
marks,andnodesremoving themselvesaslandmarks)cause
mostof thequeryfailures.Hierarchyinstabilityalsoincreases
locationupdatefrequencies.Figure10 shows the fractionof
datapacketsdelivered;thefractionis high for L + andLand-
mark.Thereasonfor thepacket losseswith DSRis thatDSR
is vulnerableto brokensourceroutesdueto mobility.

5.4 Rooftop Network Simulations

This sectionevaluatestheperformanceof L + in a simulated
rooftopnetwork environment.Therooftopnetwork contains
bothstaticandmobilenodes.Thestaticnodesarelaid out in
a lattice formationwith 150metersbetweenadjacentnodes.
Only thestaticnodesparticipatein theLandmarkhierarchy,
andonly thestaticnodesforwardpackets.Themobilenodes
actassourcesandsinksof data,but do not forward,partici-
patein the Landmarkhierarchy, or appearin the DSDV up-
dates.Themobilenodesdosendlocationupdatesandqueries
asdescribedin Section3. TheLandmarkaddressof aclient is
simply theLandmarkaddressof the landmarkclosestto the
client.Whena landmarkreceivesa packetwith its addressas
the destinationaddress,but with a differentdestinationID,
it tries to sendthe packet to that nodedirectly. If the trans-
mit fails becausethe nodehasmoved away, either the sec-
ondLandmarkaddresson thepacket is used,or thepacket is
dropped.

In the following simulations,static nodesdo not initi-
atedata�o ws themselves.Communicationbetweenmobile
nodesfollows a local model:eachsendersendspacketsto 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.

receiver between800 and1200metersaway at the time the
communicationstarts.In eachscenariothereareequalnum-
berof staticandmobilenodes.Thedensityof mobilenodes
is 10nodesperradiorange.Thex-axisof eachgraphre�ects
thenumberof mobilenodesin thenetwork.

Figure11 shows that as the network size increases,the
per-node bandwidth requirementsof L + grow slowly. Its
growth rateis consistentwith theobservation in Section3.3
thatL + hasaper-nodecommunicationcostthatis O(log N ).
L + scalesslightly betterthan original Landmark,and sub-
stantiallybetterthanDSR. Again, DSR bandwidthrequire-
mentsgrow linearly dueto global �ooding of querieswhen
sourceroutesbreakdueto mobility. TheDSRcurve startsto
�atten after1200nodesbecausethe implementation's maxi-
mumsourceroutelengthis 32hops,toosmallfor thelongest
requiredpathsin networks with 1600 and 2000 nodes.We
werenot ableto run largesimulationswith 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.
Figure12 shows the packet delivery ratesof L + , Land-

mark, andDSR as the numberof nodesincreases.The de-
livery ratesfor all threeprotocolsremainhigh even as the
network sizeincreases.DSRdoesnotdroptoomany packets
eventhoughit hasbadrequiredbandwidthscalingbecausewe
areusing100Mbpsradiosin thesesimulations.BothL + and
Landmarkhavebetterdeliverratein rooftopnetworksthanin
mobile networks becausethe Landmarkhierarchy, and thus
thelocationserviceinfrastructure,is �x ed.Mostpacketdrops
by L + andLandmark,however, arestill triggeredby failed
locationqueries.

If a client is moving away from the landmarkthat it had
pickedasaparent,it mustwait until thatlandmark'sinforma-
tion expiresfrom its DV tablebeforepickinganew parent.If
a client is moving slowly, thereis a goodchancethatat least
oneof thetwo Landmarkaddressesit pickedis current.How-
ever, if a client is moving quickly, it cannotpick new parents
fast enough.This contributesto most of the query failures
in the LandmarkandL + simulations.This problemmay be
�x ed by using a smaller timeout value for expiring entries
from the DV table,or by usinga moresensitive metric for
picking parents,suchas signal strength.With varying link
conditions,however, thesetechniquesmay trigger unneces-
saryaddresschanges.

Sometimesasenderin L + selectsthewrongserver to use
at lower levelsof thehierarchy. If the locationserverscorre-
spondingto higher levels of the hierarchycontainstalead-
dresses,L + countsonqueryre�nementto forwardthequery
to thedestination.Whenaclient is moving fast,queryre�ne-
mentdoesnot work well: thenodeperformingthequeryre-
�nementandtheclientmayobtaindifferentresultswhenthey
call choose-landmark . This contributesto theextra packet
dropsby L + .

Figures13 and14 show theeffect of nodefailureson the
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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 a rooftop network of 800 mobile and
800 staticnodes.We model a nodefailure by turning off a
randomlyselectednodefor 120 seconds.Eachnodefailure
occursat a randomlychosentime duringthepartof thesim-
ulation that involvescommunication(i.e. last 400 seconds).
Whena failednodeturnsbackon,all entriesin its DV table
andmostof theentriesin its locationdatabasehave expired.
Unexpiredentriescontainstaleaddresses.

Figure 13 shows that as the frequency of node fail-
uredecreases,per-nodebandwidthrequirementsdecreaseas
well. Whennodefailureis frequent,thehierarchyconstantly
changes,triggering large numbersof locationupdates.Fig-
ure14 shows thatasthefrequency of nodefailuredecreases,
the query successrate increases.When nodefailure is fre-
quent, hierarchy changescauserapid changesin location
serverselection.Thesedatashow thatL + canhandleunstable
nodesgracefully.

6 RelatedWork

GeographicForwarding [5, 9, 13, 3] is the only other rout-
ing protocol we know of that scaleswell in large wireless
adhocnetworks.In geographicforwarding,a nodeforwards
a packet throughthe neighborgeographicallyclosestto the
packet'sdestination.Eachnodeonly needsto know theposi-
tionsof its immediateneighbors;so thecommunicationand
storagecostsscaleasO(1). Geographicforwarding,however,
requireseachnodeto know its geographiclocation,perhaps
using the Global PositioningSystem(GPS); this is gener-
ally not convenient.LandmarkandL + routing aren't quite
as scalableas geographicforwarding; they have O(log N )
costs.On the otherhand,their useof a dynamicallychosen
hierarchyis likely to be morepracticalthandependenceon
GPS.
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Geographicforwardingscaleswell, but requiresthatend-
pointsof conversations�nd eachothers'currentgeographic
location.how a nodeacquiresthe geographicposition of a
destination.DREAM [2] nodespro-actively �ood position
updatesoverthewholenetwork,allowingothernodesto build
completepositiondatabases.LAR [10] nodesreactively �ood
positionqueriesover the entirenetwork whenthey wish to
�nd the positionof a destination.Both of thesesystemsin-
volve global �ooding, makingthembestsuitedto smallnet-
works.

GLS is a scalablelocationserviceintendedto trackdes-
tinationnodepositionsin adhocnetworksusinggeographic
forwarding[13]. Eachnodechoosesits locationserversfrom
nodespositionedatexponentiallyincreasingdistances.Loca-
tion updatesusea scalablecommunicationpatternthat fol-
lows the power law [12]: frequency of updateslowers ex-
ponentiallyas the distanceto the location server increases.
Location queriesmimic the actual communicationpattern:
queriesfor nearbynodesare answeredby nearbylocation
servers;whereasqueriesfor distantnodesare answeredby
distant location servers. Landmark routing has an organi-
zation similar to that of GLS: both use a location service
combinedwith a routing systemthat locationsasaddresses.
Again, GLS (aswell asgeographicforwarding)dependson
nodeshaving GPSreceivers,or someequivalent.L + hassim-
ilarly high scalability, but is self-contained,with no depen-
denceonanything like GPS.

LANMAR [6] assumes that nodes move in pre-
determinedgroups,embedsa groupnumberin eachnode's
address,andrunsaninter-grouproutingprotocolaswell asan
intra-groupprotocolpergroup.Thismeansthattheamountof
routingstatepernodeis relatedto thenumberof groupsplus
thenumberof nodesin onegroup,ratherthanthetotal num-
berof nodes.This schemeachievesgoodscalingin applica-
tionswith naturalgroupstructure,but maynot scaleif nodes
movepredominantlyasindividualsinsteadof in groups.

A numberof existing ad hoc routing algorithmsmake
useof globally-distributedtopologyinformation.For exam-
ple,AODV [18], DSR[4], DSDV [17], andTORA [15] �ood
routingqueriesor completeroutingadvertisementsto theen-
tirenetwork.Routecachingandlocalrepairreducetheimpact
of this �ooding, but thereis asigni�cant O(N ) per-nodecost
in thesealgorithmsthatdoesnot scalewell.

TheZoneRoutingProtocol(ZRP)[8] �nds pathsto nodes
by globally �ooding queries,but ensuresthatonly onenode
in any givenzoneneedsto processeachquery. A zoneis de-
�ned asascertainradiusof hops.Nodesaccumulatea list of
all the nodesin their zoneusinga limited-radiuspro-active
routing protocol, and use that list to answerqueries.The
globalquery�ooding suggeststhatZRPmight have a O(N )
per-nodecommunicationcostcomponent,which might scale
badlyin largenetworks.

FisheyeStateRouting(FSR)[16] andFuzzySightedLink
State(FSLS)[20] aretwo protocolsdesignedto scaleto large

networksby reducingthefrequency andsizeof topologyup-
dates.Everynodelearnsthetopologyof theentirenetwork. In
FSR,routing tableentriesarepropagatedwith progressively
decreasingfrequency asthedistancesto thesenodesincrease.
In FSLS,anodeaggregateslink changesandpropagatesthem
at frequenciesthat dependon how far the link changesoc-
curredfrom itself. Nodesstill needto keepaquantityof state
that scaleswith the total sizeof the network, andthat state
may becomestaleif nodesmove quickly; thesefactorsmay
limit thesealgorithmsability to handlevery largenetworks.

SCOUT[11] usestheLandmarkhierarchyasaclustering
techniquefor sensornetworks.Eachlandmarkpropagatesa
summaryof the objectsits child sensorsaremonitoring.A
remotesensorusesthissummaryto redirectqueriesto sensors
with moredetailedinformationaboutaparticularobject,until
thequeryreachesthemostrelevantsensor.

7 Conclusion

This paperintroducesL + , a modi�ed Landmarkroutingsys-
tem designedfor large ad hoc mobile networks. L + differs
from Landmarkmainly in its locationservice.Unlike Land-
mark,thenumberof hopseachL + locationquerytakescor-
respondswith the distancebetweenthe senderand the re-
ceiver. Hence,L + avoids global communicationwhen the
underlyingtraf�c patternis local. The location updatetraf-
�c in L + alsofollows the power-law distribution, makingit
mostly local. Finally, L + modi�es the Landmarkhierarchy
maintenanceandroutingalgorithmsto make themreactbet-
ter to mobility. Simulationresultsshow that theper-nodere-
quiredbandwidthof L + grows slower thanboth Landmark
andDSR.Theresultsareconsistentwith ouranalysisthatthe
per-nodecommunicationcostof L + is O(log N ).
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