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Abstract

In this paperwefocusontheproblemsof maintainingAd
Hoc networkconnectivityin the presenceof nodemobility
whilst providing globally ef cient and robustrouting The
commonappmacdc amongexisting wirelessAd Hoc rout-
ing solutionsis to establisha global optimal path between
a source and a destination. We argue that establishinga
globally optimal pathis both unreliable and unsustainable
asthenetworkdiametertraf ¢ volumeandnumberof nodes
all increasein the presenceof modeate node mobility.
To addressthis we proposeLandmarkGuidedForwarding
(LGF), a protocol that providesa hybrid solution of topo-
logical and geagraphical routing algorithms. \WWe demon-
strate that LGF is adaptiveto unstableconnectivityand
scalableto large networks. Our resultsindicate therefore
that LandmarkGuidedForwarding corvergesmud faster
scalesbetterand adaptswell within a dynamicwirelessAd
Hoc ernvironmenin comparisorto existing solutions.

1 Intr oduction

Ad Hoc networking is a topic of widespreadinterest
amongsthe network andsystemgesearcitommunitiesof
late dueto the novel challengesassociatedvith providing
truly distributedanddecentralisedommunicatiorarchitec-
tures.Building Ad Hoc networks over wirelesslinks intro-
ducesevenmorecompleity dueto theirregularandunpre-
dictablenatureof thewirelessmedium.

The primary objective of wirelessAd Hoc networks is
to enablea setof highly cooperatie wirelessnodesto es-
tablishcommunicatiorquickly withoutary x edinfrastruc-
ture. In additionto sendingand receving paclets, each
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nodealsoactsas a relay for pacletstravelling acrossthe
network from asourcevhichmaynotbeableto directly ac-
cessthe destinatiomode,for example,asaresultof signal
power limitations, or dueto the well known 'hidden node'
problem.

Unlike mobile hostsin an infrastructurebasedmobile
network, suchasanof ce or homesettingwith a dedicated
wirelessbasestation,nodesin a Mobile Ad Hoc Network
(MANET) mustcollectively managecommunicationin a
cooperatrefashion.MANETS rely onthecommonsharing
of resourceso achieve a collective goal.

Thereare a variety of issuesand solutionssurrounding
the developmentof socialandeconomicmodelsto provide
incentvesfor cooperatie network architectureformation,
suchasis requiredin the Ad Hoc scenariowhich we do
notaddressn this paper Ourwork concernghemechanics
for Ad Hoc routing, and as suchbuilds upona substantial
body of researchHowever, our work differs from existing
approaches) anumberof respects.

Whilst mary routing protocolsutilise either topologi-
cally driven route optimisation, or geographicallydriven
route optimisation,we maintainthat a more ef cient ap-
proachis to leveragebene ts from each,creatinga hybrid
approachtowardsrouting, optimisedaroundvariouslocal
andglobal parametersin this paperwe present.andmark
GuidedrForwarding (LGF), anovelapproacho Ad Hocnet-
work routingthatachiesesthefollowing:

Lower averagerouting state maintenanceacrossthe
nodeset.

Reducedhe spreadof routingupdates.
Reducedstaleroutingentries.
Adaptive to dynamicAd Hoc mobility.

Unlike topological routing protocols such as DSDV,
DSR and AODV [4, 5, 14], LandmarkGuided Forward-
ing requiresthatevery nodeonly maintainsa smallamount



of topologicaland position information aboutneighbours
within a localisedarea. Routingis achiered by usinglo-
cally optimisedalgorithms,requiringlower network over-
head.If thepacletdestinatiorresideswithin thelocal area,
it is routedusing the shortestpath algorithm. Otherwise,
whenthe destinationresidesoutsidethe local scope,it is
routedtowardsa geographicallydeterminecptimal Land-
marknode.Unlike positionbasedorwardingschemesuch
asGPSRandFacerouting [1][3], LGF doesnotrely upon
theestablishmemnf planargraph,but leverage®nthelocal
hybrid routinginformationavailable therebyincreasinghe
resilienceto inconsistentdevice positioninformation and
loweringthe overall systemvulnerability to positionerrors
[8].

In theremainderof this paper we statethe assumptions
we have madewhile developingLGF. We follow on to de-
scribeLGF in detailandexaminingsimilar relatedwork in
the eld beforedescribinghow we simulatedLGF in dif-
ferentscenariosFinally we summariseheresultsandcon-
cludebeforesuggestingsomepossiblefuture extensionsto
thiswork.

2 Assumptions

We malke afew assumptionsommonlyusedby position
basedforwarding protocols. We assumethat every node
knows its own geographigoosition. This is not an unrea-
sonableassumptiorsinceit is feasibleto gatherpositionin-
formationfrom GPSor anotherpositioningsystem. Since
LGF doesnot requirehigh precision,shortrangedistance
measurementom Bluetoothdevicesor via IEEE 802.11
basedrangingsystemssuchasthe Intel PlaceLab system
[9] aresuitablealternativesto a GPSbhasedsystem We also
assumedistributedlocationservicelik e the Grid Location
Service[1] is availablefor a sourcenodeto retrieve thege-
ographicpositionof a destinatiomode.

3 Protocol description

Ad Hoc networks rely on nodesin the network to re-
lay paclets betweena sourceand a destinationon behalf
of their peers. As a paclet o ws betweenthe sourceand
destination LGF calculateghe locally optimal pathto the
destinatiorandappliesthe shortespathto thedestinatiorif
it is within the local area.In casesvherethe destinationis
notwithin thelocalarea LGF employslocally optimalrout-
ing towardsthe nodethat is geographicallyclosestto the
destination. The protocoliteratesprogressiely. Oncethe
pacletis forwarded,it will reveala new setof neighbours
and a local optimal route towardsthe destination. Using
this techniguenot only effectively sidestepshe scalability
constraintsassociatedvith global optimal routing asused

by existing MANET protocols,but also allows routing to
be more adaptve to the ever changingMANET topology
Theapproachakenby LGF only requiresadwertisemenbf
topologicalandgeographicaihformationto anodesneigh-
boursthat are within a few hops. Thusit localisesstate
disseminatiorandreduceghe overall load on the network.
This alsoallows localisedstateto corverge muchfasterby
adaptve updateghatregulateshe neighbourhoodtateup-
datefrequeny basedon the surroundingnetwork connec-
tivity. In essencethesepropertiesallow LGF MANETS to
be extendedto a larger ervironmentandbe more adaptve
to dynamicAd Hoc mobility thanotherMANET protocols.

In this section,we presentvariousalgorithmsthatform
LandmarkGuided Forwarding. The protocol consistsof
variouscomponentspamely: restrictive hybrid route ad-
vertisementadaptie route adwertisementlink failure re-
covery, next hop selection,pathexploration,dead-endie-
tectionandloop avoidance. We describeeachof thesein
turnin thelatersections.

3.1 Restrictive hybrid route advertisement

In orderto retainabalancebetweertimelinessof routing
decisionsaandtheoverheadf routeadwertisementsye pro-
posea pro-actie routing schemebasedon a localisedhy-
brid routingtable. Usingthis approachinformationabouta
nodes geographicapositionandlocal topologyis dissem-
inatedto alimited topologicalarea.We de ne eachnodes
neighboursto be within a topologicalareade ned by the
perimeterP in numberof hops. For eachneighboumode
j within P, nodei maintainsits position,x; ;y; ; z;, andad-
ditionalinformationasa routingentry RE;; , in therouting
tableRT;. A routingentryRE;; is givenbelow:

REj =fj, NextH op; , HopCount; ,fx;;yj;z a.fx,
Vi, Z 9, SegNum:; g

Wherej is the destinationandis a globally uniquenode
identi er of all nodeswithin P, andtheNextHopis theiden-
ti er of adjacennodethata pacletshouldbe forwardedto
in orderto reachthe destinationwhich is HopCounthops
away. A sequenceumberSegN um:; is associatedvith
eachentryto ensurdimeliness.Thepositionandvelocity of
thedestinatiorj , aref x; ;y; ; z; 9,f Xj, Y, z. g respectiely.
Theseattributesareusedby theforwardingalgorithmto re-
solve alocal optimal pathwhendestinatioraddressist,, of
apacletpis notin RT;, 8j; dst, 6 j.

In orderto explain the restrictedhybrid routing adver-
tisementprocesswith node mobility, we usean example.
Figure 1 shovs a small Ad hoc network scenariowhere
node3 movesfrom its centralpositionto a new positionin
thetop right of the network, all othernodesremainstation-
ary. We demonstrat¢he schemeby comparingthe routing
tablesandthe topologicalview of the network from node
5's point of view.
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Figure 1. Mobility scenario in an Ad Hoc net-
work
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Figure 2. Node 5's topological view of the net-
work before node 3 moves.

In thisexample therestrictve hybrid advertisementioes
not propagatamorethan2 hopsfrom sourceandtherefore
nodes7 and8 arenotincludedin node5's routingtable,ta-
ble 1, andits topologicalview of the network, asillustrated
in gure 2 beforenode3 movement.
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Figure 3. Topological view of node 5 after

node 3 move away

If we re-examinenode5's routingtable,table2, andits
topologicalview of the network, gure 3, after the move-
mentof node3. Nodel is now no longerroutableusing
local optimalrouting, nodes3 and4 arenow only routable
via node6 andnodeO is only routablevia node2.

In this scenariohode3's movementcauseghe routing
algorithmto make the following adjustmentso therouting
tableof node5, i.e. tablel is transformedo table2.

Remae entries for destinationswhich have a hop
countgreaterthan?2.

Table 1. Node 5's routing table before node 3
moves.

Dst NextHop Metric x y z

0 2 2 300.00 2.00 0.00
1 3 2 450.00 2.00 0.00
2 2 1 225.00 132.00 0.00
3 3 1 375.00 132.00 0.00
4 3 2 525.00 132.00 0.00
5 5 0 300.00 262.00 0.00
6 6 1 450.00 262.00 0.00

Table 2. Routing table of node 5 after node 3
move Away

Dst NextHop Metric x y z

0 2 2 300.00 2.00 0.00
2 2 1 225.00 132.00 0.00
3 6 2 600.00 262.00 0.00
4 6 2 525.00 132.00 0.00
5 5 0 300.00 262.00 0.00
6 6 1 450.00 262.00 0.00

Updateof locationinformation.

Updateof next hopandmetricinformation.

Speci cally it canbe obsenedthatthe entryfor nodel
hasbeenremovedfrom theroutingtableof node5 in table
2. The positionof node3 hasbeenupdated.The next hop
andmetricof nodes3 and4 have alsobeenupdatedaccord-

ingly.
3.2 Next hop selectionalgorithm

Our approachis to take advantageof the geographical
position of thosenodesthat are within eachnode’ topo-
logical scopeasa basisfor the forwardingalgorithm. Each
nodei maintainsthetopologicaldistanceH opCount; and
positionx; ;y; ; z; for every othernodej thatis within its
scope.Thenext hopis selectedisingthe shortespathalgo-
rithm to eachpaclet'sdestinatiord, whered matche®neof
the neighbourg. Otherwise the next hopis determinedby
LandmarkGuidedForwardingthat selectsthe next hop by
applyingshortespathto alandmarknodeV. WherenodeV
is geographicallloserto thedestinatiomodeD andtopo-
logically furtheraway from nodei. ThetermLandmarkhas
beenwidely usedto describea physicalpoint of reference
for an Internetcoordinatesystem[17]. In this paper the
Landmarkis a temporaryreferencenodeamongsthe col-
lectionof j, thatactsasa virtual destinatiorto assistin the



routingof a paclettowardsits nal destination.Theexplo-

rationalgorithmis progressie,assoonasthepaclketmoves
to thenext hop,anewv Landmarknodeamongsthe new set
of neighboursis determinedand the paclet progressesn

thesamemannetuntil it arrivesatanodewith atopological
pathto thedestinationHowever, in thecasewherenovalid

Landmarknodeis availablefor forward advancementthe
pathexplorationalgorithmrolls backandseeksanalternate
pathfrom the previoushop.
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Figure 4. Next hop selection

Figure 4 shawvs a subgraphthat demonstratesur for-
wardingalgorithmwherethetopologicalscopes limited to
2 hops.If we considerthe pacletarrivesatnode0 destined
for node4, it canbe forwardedto the destinatiorvia either
nodel, node3 or node5, by applyingthe shortesipathal-
gorithmto thedestinationthe next hopis foundto be node
3. In thecasewherea paclet's destinationis not within the
coverageof the topologicalscope,the next hopis chosen
by the shortespathalgorithmto alandmarknode. For this
examplein gure 4, the next hopis nodel sincenode2 is
foundto becloserto the destinatiorthannode4.

3.3 Path exploration

In generalgeodesi@roximity to thedestinatiordoesnot
assurea shortertopologicalpathto the destination.Simply
forwarding a packet towardsits destinationposition with-
out maintainingary forwarding path history doesnot pro-
vide ary facility for preventingthe paclet beingtrappedby
alocalisedloop or droppeddueto a routing dead-endcand
subsequentipacktracking. The approachadoptedin our
algorithmis to include a sourcepathin the paclet header
andto alsomaintainsoftforwardingstateamongstll nodes
traversedby a paclet. By maintaininga sourcepath in
the paclet headerit providesa trail of forwarding nodes
suchthatin theeventa dead-ends encounteredhepaclet
can be back-tracled until it reachesa nodewith an alter
native path to the destination. In addition, this also en-
ablesthe algorithm to presere its loop free property by
not selectinga virtual landmarkor next hop that is the
sourcepath. The purposeof maintainingsoft-statewithin
the network is to isolateand explore the network system-
atically. A nodetemporarilymarksa link with the tuple

f Packet. SequencéNumbey Next_ Hop, Soft StateExpiryg,
onceit hasforwardeda paclketalongthatlink. Thisenables
the explorationalgorithmto searchall available pathsand
guarante@acletdeliverywherea pathis availablebetween
asourceanddestination.
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Figure 5. Dead end detection and roll back

Figure5 shovsasubgraptthatdemonstratesow adead
endcanbe detectedvhile a paclet systematicallyexplores
a pathto the destination. In this scenario,a packet from
nodeS arrived at node0. Assumethe paclet's destination
is not reachabléby ary nodein the gure. In addition,the
destinationis geographicallycloserto node2 thannode3,
the topologicalscopebeing 2 hops. We denoteSP asa
sequencef nodesin the sourcepath. At nodeO, where
SP = (S), we determinghenext Landmarknode,accord-
ing to our next hopselectionalgorithm,asnode2. Thenext
hop nodechosento forward the paclket towardsnode?2 is
nodel basedn theshortespathalgorithm.

Whenthe paclet arrivesat nodel, SP = (S;0), it be-
comesapparenthattheonly nodethatis 2 hopsaway from
nodel is S. However, sinceS is found in the sourcepath
SP, the algorithm considersS to be an invalid landmark.
With no availablelandmarkandthe paclet's destinatiomot
within the topologicalrange,the path exploration detects
thatthe paclket is moving towardsa dead-endandretracts
the paclet backto nodeO. In this example,node0 estab-
lishedsoft-statewhenthe paclet wasforwardedfrom node
0 to nodel andlikewise nodeS had establishedoft-state
whenthe pacletwasforwardedfrom nodeSto nodeO. Re-
tractingbackto node0, thepaclet's sourcepathSPis short-
enedto (S). At this point, the pathexplorationis awarethat
the link betweennode0 andnodel hasalreadybeenvis-
ited. Sincethereis no forwardingpathavailable,the paclet
is pulledbackto nodeS. With nootherlink availableatnode
S thepathexplorationhasexhaustedll searchesanddrops
thepaclet.

Figure6 shovs a subgraphhatdemonstrateBow aloop
is avoided while a paclet exploresa path to its destina-
tion. In this scenariothe topologicalscopeis 2 hopsand
the sourcenodeis S. ThedestinatiorD is notdirectly con-
nectedto any nodein the subgraphBasedon our next hop
selectiomalgorithm,thepacletatnodeSidenti es node2 as
its Landmarknode. Following the shortestpath algorithm
to node2, the paclet is directedtowardsnodel. Subse-
qguently the paclet is forwardedto node2 with Landmark
node4.
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Figure 6. Loop avoidance

The sameprocessis repeatedwhen the paclet moves
from node2 to node4 with node3 asits respectie Land-
mark node. Whenthe paclet arrived at node4, it found
SP = (S;1;2) with both nodel and7 atits' topologi-
cal range,i.e. within 2 hopsof node4. With nodel in
its' sourcepath,the algorithmprovidesonly oneoption of
forwarding towardsnode 6 with node 7 asthe Landmark
node.This effectively avoidsthe creationof aloop between
11 2! 41 3

3.4 Link failurerecovery

Whena nodemovesout of rangeof it's neighboursges-
tablishedlinks arelikely to break. Typically a brokenlink
may be detecteckitherby thelink layerprotocoltiming out
aconnectionpr it maybeinferredata higherlevel through
the loss of a periodic broadcassignal which is expected
within a prede nedtime. In our protocol,a noderepresents
abrokenlink with 1 .
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Figure 7. State propagation and maintenance

Figure7 illustratesa mobility scenarian which node3
moves out of rangeof nodes0, 1 and2. Nodel is ini-
tially a neighbourof node3, andrecordsa routeto node3
with a metric of 1 asshawn in table 3. As node3 moves
out of range,the nodedetectsthe loss of a link, and up-
datesit's tableaccordingly Table 4 illustratesthe change
in routing metrics; the routesto both node 3 and node 2
which originally travelledvia 3 aresetto 1 . Nodel subse-
guentlybroadcasttheseroutingentriesto all it' s singlehop
neighbours.Oncethe routing statehasbeensynchronised
in this manney the nodeperformsa periodic statemainte-

nanceprocessremoving or replacingtheentriesof 1 met-
ricswith cheaperoutesasillustratedin table5.

Table 3. Routing table of node 1 before link
broken

Dst NextHop Metric X y z

0 0 1 300.00 2.00 0.00
1 1 0 450.00 2.00 0.00
2 3 2 225.00 132.00 0.00
3 3 1 375.00 132.00 0.00

Table 4. Routing table of node 1 after link bro-
ken

Dst NextHop Metric X y z

0 0 1 300.00 2.00 0.00
1 1 0 450.00 2.00 0.00
2 3 1 225.00 132.00 0.00
3 3 1 375.00 132.00 0.00

Table 5. Routing table of node 1 after state
maintenance

Dst NextHop Metric x y z

0 0 1 300.00 2.00 0.00
1 1 0 450.00 2.00 0.00
2 0 2 225.00 132.00 0.00

3.5 Adaptiveroute advertisement

Onekey featureof LGF is its ability to regulatethe re-
strictive hybrid updatefrequeny accordingto its intercon-
nectvity with otheradjacentodeswithin its radio range.
The essencef this featureis to associateipdatefrequeng
with the furthestadjacentnode. The greaterthe distance
betweemodeandits furthestadjacentnode,the morefre-
guently the nodemustsendout its routing updates. This
increasen therateof statepropagatiorenableghe network
to corverge much fasterwhen adaptingto changesn the
surroundingnetwork connectvity.

4 Relatedwork

Many wirelessAd Hoc wirelessrouting protocolshave
beenproposedn recentyears. An early surey paper[13]
catgyorisedtheseprotocolsastabledrivenor sourcedriven.
In generaltabledriven protocolspro-actvely gathertopo-
logical routing information while sourcedriven protocols



reactvely discover a route or routesto the destinationas
requestedy the source.Pro-actve routing protocolssuch
asDSDV, DestinationSequence®istanceVector[4], pro-
actively exchangerouting informationbetweemeighbour
ing nodes. The associatedouting stateand the network
traf c overheadss O(n), wheren is the numberof nodes
in thenetwork, whichdoesnotscalewell in largenetworks.
Reactve routingprotocolssuchasAODV [14], Ad Hocon
DemandDistanceVector use ooding techniquego dis-
cover new routesandrepairexisting routes.As theamount
of traf c in thenetwork increasesr thediameternf thenet-
workincreaseshecostof ooding increasesWith reactve
routing protocols,the routing performancelegradesunder
moderatamobility conditions[10][16].

An alternatie approactto Ad Hoc routingis to take ad-
vantageof thephysicallocationof nodesn thenetwork and
to do positionbasedforwarding. An assumptiormadeby
protocolsthat take this approachs that every nodeknows
its own geographicaposition. By limiting the exchangeof
positionalinformationto be only betweenadjacentnodes,
thestateandnetwork overheadsrereducedo O(u), where
uisthenumberof adjacennodes GPSR GreedyPerimeter
StatelessRouting[1], is a positionbasedrouting protocol
thatin generalusesthe geographicallyclosestnodeto the
destinatiomasthe next hop for the paclet to be forwarded.
However, in alocal maximumscenariothis techniquecan
preventgreedyforwardingfrom advancingtowardsthedes-
tination. To addressa situationlike this, GPSRusesa
perimeteforwardingschemehatuseshewell known right
handrule on its planarisedgraphs. Although GPSRscales
well andis ableto adaptdo randomtopologiesit is vulner
ableto positionerrors. A recentresearcharticle suggests
that positioninconsistenciesn position basedforwarding
protocolscould causefalsegreedyforwardingandmiscon-
structionof the planargraph[8]. Theresultsshav various
positioninconsistenciedo have signi cant negative effects
on the performanceof positionbasedouting protocols.In
LGF, positioninformationis usedtogetherwith a heuristic
techniqueto explore the network systematicallyour report
[12] shaws this approachs ableto sustainsigni cant posi-
tion inconsisteng without degradingrouting performance.

LGF is similarin someof its featuregto existing routing
protocols,suchasZRP[7] andTerminodg[2]. In common
with thesetwo protocols,LGF usesa hierarchicalframe-
work that employs two different routing schemes. Each
nodepro-actvely maintainsconnectvity with othernodes
within its neighbourhood. A paclet is routed using the
shortestpath algorithmwhenthe destinationis within this
neighbourhood.In contrast,a paclet destinedfor outside
the local neighbourhoods routed using a more scalable
routing protocol. ZRP usesreactie routing to determine
theoptimalpathto destinationwhereasTerminodeusespo-
sition basedforwardingto forward the paclet towardsthe

direction of destination. In contrastto ZRP which usesa
ooding techniqueto discover the destination,LGF pro-
gressvely useshybrid routing to explore the network sys-
tematicallywhendelivering pacletsto the destination. In

the caseof the Terminoderouting protocol,it usesgreedy
forwardingto forward paclets, but it requiressomestatic
nodesto establishstablepathswhen greedyforwardingis

not applicable. Corversely LGF requiresno static node,
andits explorationalgorithmis ableto avoid looping and
dead-endsvenin the presencef high ratesof mobility.

5 Simulation scenario

The simulationshave beencarried out using the NS2
simulator[6], with eachsimulationlastingfor 900seconds.
Eachnode usesthe IEEE 802.11MAC and the physical
model modelsthe radius of the radio rangeas being 250
meters. The simulationusesthe randomway point model
to modelnodemobility. In all simulationscenariosgach
nodeselectaarandomdestinatiorandmovesataspeedini-
formly distributedbetweerD andmaximumvelocity. Upon
reachingthe destinationthe nodepausedor a con gured
period before it selectsthe next randomdestinationand
moveson. The trafc model usesconstantbit rate UDP
trafc ows, with 512 byte payloads. The starttime for
the different o ws is uniformly distributed between0 and
180 secondswith eachof the 30 traf ¢ sourcessendingat
the rate of 2 paclets per second. In commonwith other
protocolevaluations[1][4][14][5], we run severalmobility
patternswith differentpausetimesat a constantmaximum
velocity. We use5 differentsetsof mobility patternggener
atedwith differentpausdimesof 0,30,60,120,60@nd900
secondsvherethe maximumvelocity is 15 m/s. This sim-
ulation is run in a geographicareaof 1500x300m? with
50 nodesrandomlyplaced. We alsorun simulationsusing
differentmaximumvelocities(1, 2.5,5,7.5,10,12,85m/s)
wherethe nodesmove continually with a pausetime of 0
secondsThis secondsetof simulationss runin anareaof
1500x500m? with 100nodesrandomlyplacedin thearea.
We compard_GF with DSDV, AODV andGPSRusingthe
different simulation scenarioswve have just describedand
we comparaheadaptability performanceandoverheadsf
LGF with otherMANET routingprotocols.Eachof thedif-
ferentMANET routingprotocolshassomesettingsspeci ¢
to it, we detailthesein table6,7,8 and9.

6 Results

The resultsare divided into three subsections:perfor
mancewith varying pausetime, performancewith varying
velocity andpathlength.



Table 6. GPSR specic parameter s

P arameter Value
Beaconingnterval 3s
Randomvariationof beaconingnterval 0.5%
Beaconrexpirationinterval 13.5s
Promiscuousnode enable
Remoaal of neighborfrom neighborlist  enable
whenlink broken

Perimetemode enable

Table 7. DSDV specic parameter s

P arameter Value
Initial weightsettlingtime 6s
Periodicupdateinterval 15s

Numberof missedberiodicupdates 3
beforedeclaringlink broken
Settlingtime weight 718

Table 8. AODV specic parameter s
P arameter Value
Lifetime of aroutereply message 10s
Time for whicharouteis consideredctve  10s
Time beforerouterequesimessagés retired 6s
Time which thebroadcasid for aforwarded 6s
routerequesis kept
Numberof routerequestetries 3
Maximumrouterequestimeout 10 s
Local repairwait time 0.15s

Table 9. LGF specic parameter s

P arameter Value
Tuningfactor 15
Max expiry 15s
Min expiry 1.2s

Topologicalscope 3

6.1 Performancewith varying pausetime

Figure8 evaluateshereliability of pacletdelivery of the
differentroutingprotocols]LGF, GPSR AODV andDSDV.
In general DPSDV, GPSRandAODV performbetterasthe
pausdimeusedn therandomway modelincreasesln con-
trast,LGF is morerobustat highermobility levels,although
theresultsindicatethatits pacletdeliveryratiois relatively
poorwhencompareo otherprotocolsatlow mobility. This

is largely dueto the way in which LGF handledlink fail-
ures. GPSR,AODV andDSDV optimisethe handlingof
link failure for staleconnectvity. In contrastin LGF, we
droppacletsassoonaswe seethelink fail. It wasa design
decisionto decreas¢he averagepaclet delayat the costof
reducingthe delivery ratio, we describethis in moredetail
below.

Delivery ratio of 50 nodes with maximum speed of 15 m/s
100
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Figure 8. Comparison of the packet delivery
ratio as a function of pause time

BothDSDV andAODV, uponnoti cation of link retrans-
missionfailure,bothprotocolskeepthepacletsin thebuffer
gueueuntil the route becomesavailable again. This tech-
nigue hasnot beenpublishedbut it wasfoundto bein the
NS2implementation.In the eventof alink retransmission
failure, GPSRappliesthe sametechniqueusedby DSR. It
removestheroutingentryof brokenlink beforeit en-queues
the pacletin the buffer for the routing protocolto forward
the paclet to a differentnext hop[1. In LGF, the protocol
dropsthepaclet, updatesherouteentry, andpropagatethe
brokenlink to otherneighbouringhodes.Our resultsshov
thatthelink failure techniquesusedby GPSR,DSDV and
AODV areopportunistic.Theideais to keepor redirectthe
paclet when a link retransmissiorfailure is encountered.
Although this could increasethe paclet delivery ratio in
somecasesvhenconnectvity is stable.However, in some
scenariosuchaswherethereis nodemobility andthe op-
portunity of director indirectre-delivery arenot available,
undeliveredpacletsthenlinger for too long in the output
buffer queueandcancontritute to a higheraveragepaclet
delay Interestingly our resultsshow that the other proto-
cols gain an adwantagein the scenarioswvhich use pause
timesof 300,600and900secondsCurrentLGF designis
unoptimisedwe would expectto improve the performance
of LGFin thisrespect.

This optimisationfor increasegaclet delivery however
doeshave sideeffects. Fromour obsenations,the average
paclet delayis increasedas a resultsof this opportunistic
delivery. In Figure9, we shaw the effectson both AODV
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Figure 9. Comparison of average packet delay
as a function of pause time

andDSDV arelesssigni cant asthey only keeptheundelv-
eredpacletfor ashortperiodof time. In contrastGPSRre-
tainsthe pacletfor muchlonger, this causessPSRto have
anincreasedlelivery ratio, but this hasthe side effect of a
higheraveragepaclet delay Ourresultsshav LGF consis-
tently hasalowerlateng thanotherroutingprotocols.LGF
achievesthis by not holdingthe pacletsin theeventof link
retransmissioffailure.
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Figure 10. Comparison of routing overhead
as a function of pause time

FigurelOhighlightsthecommunicationsverheaaf the
differentrouting protocols. In LGF, the adaptve routeup-
dateadwertisesmorefrequentlyin areaswherelink failure
is morelik ely to occurwhile maintainingmoderataupdates
in otherareaswvherelink failureis lesslikely to be encoun-
tered. Although, the adwertisemenis restrictedto the lo-
cal scope LGF in generalis sendingout morefrequentbut
restrictedupdatedo its neighbourswithin its local scope.
This explainswhy the overall communicatioroverheadof
LGF in this simulationis higherthan DSDV. Whencom-

paredwith otherprotocols,LGF haslower communication
overheadgshanreactve AODV but higher overheadshan

DSDV or GPSR.Despiteits merit of having a low routing

overheadGPSRcanencountetheeffectof stalestatewhen

connectvity to its adjacenhodeschangesnorerapidly than

its neighboursperiodicadwertisements.

6.2 Performancewith varying velocity

In this simulation, we testedperformanceof a system
with 100 nodesover a wider area. Comparedo previous
simulations,the maximumdistancebetweentwo nodesis
larger, andthereforenodesareexpectedpn averagefo take
more hopsbetweenthe sourceand destination. Addition-
ally, the densityof nodesin this simulationis 133 nodes
perkm? ascomparedo the previous densityof 111 nodes
perkm?. With morenetwork overheadntroducedasa re-
sult of the denserand larger system,it is further antici-
patedthat contentionand interferenceissuesexperienced
in IEEE 802.11networks could be morecritical thanpre-
viously measuredAs a result,the channelcapacityof the
networkis reduced[1Pandconsequentltheaveragepaclet
delayin generaincreasesndtheratio of successfutleliv-
ery decreasesomparedo previoussimulations.

In comparisorto otherprotocolstheresultsin gure 11
howeverdoindicatethatLGF is relatively steadyandrobust
with respecto the measuredielivery rateover a variety of
velocities. We canconcludefrom theseresultsthat LGF is
morereliableandadaptve to unsettleddynamictopologies
thanotherprotocols.

Delivery ratio of 100 nodes with 0 pause time
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Figure 11. Comparison of packet delivery ra-
tio as a function of maximum velocity

Ourresultsin gure 12 shavsthatLGF performsconsis-
tentlywell with respecto routingoverheadveravarietyof
velocities. Theseresultsaresimilar to the previous simula-
tion results,the high communicatioroverheadsssociated
with reactve AODV is aresultof a highernumberof route



discoveriesandlocal repairsAODV is performing. Com-
paringwith earlierresultswherewe usedlessnodesanda
smallerphysicalarea,the overheadsve obseredaremore
onerougshanin the previous simulation. Our obsenations
shav thattheoverheadsissociatevith LGF arelowerthan
the otherprotocolsasthe numberof nodesis doubledfrom

50 to 100. BecauseDSDV needsto maintainglobal state
for all the nodesin the network, its overheadsncreasen

proportionto the numberof nodesin the network. In con-
trast, the restrictedroute updatein LGF adaptswell to the
increasedsize of the network with the resultscon rming

LGF'scommunicatioroverheadscalebetterthanthe other
protocols.
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Figure 12. Comparison of the routing over-
heads as a function of maximum velocity

As showvn in gure 13, DSDV doesnot corverge fast
enoughto copewith the changesin connectity for the
scenariowhereit usesa periodic updatetimer of 15 sec-
onds,and whenthe network size hasbeenincreased.As
a resultof this, more undeliveredpaclets are held in the
gueuesn thenetwork beforethey eventuallyexpire andare
dropped. Our resultsshov the on demandpath setup of
AODV hasa lower averagepaclet delaythanDSDV when
simulatingl00nodesthisaccountdor the performanced-
vantageshawvn for theAODV localrepairschemeén adense
network. If we considerthe overall performanceof all the
protocolon packetdeliveryratio, routingoverheadsindav-
eragepaclket delay LGF providesa betteroverall balance
performancehanotherprotocols.

6.3 Path length

Figure 14 compareghe path length for successfube-
liveredpacletsfor eachprotocolagainstthe ideal shortest
pathretrieved from the NS2 simulator The ideal shortest
pathis the shortestpossiblepath only constrainedby the
physicalradiorange.Theevaluationwascarriedout with a
randomway point mobility modelusinga 0 secondpause
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Figure 13. Comparison of average packet de-
lay as a function of maximum velocity
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Figure 14. Comparison of the average path
length for each of four protocols with ideal
shor test path

time with a maximum velocity of 15 m/s and 50 nodes
placedrandomlyin areaof 1500x300m?. The resultsin-

dicatethat LGF on averageachieves 83.52 % of optimal
pathlengthwhile GPSRobtains78.98% of optimal path
length. AlthoughtheoreticallyDSDV is supposedo main-
tain an optimal path,the slow updateinterval doesnot pre-
vent misleadingstale statefrom being usedby the paclet
delivery mechanism. This resultsin sub-optimalrouting.
DSDV only routes77.37 % of its packetsvia the optimal
path. Only 55.43% percentof AODV's pacletsarerouted
by theoptimalpath.A contributingfactorto thisis AODV's

local repairalgorithmwhichis xing brokenpathswithout
consideringwhat the alternatve optimal path betweenthe
sourceanddestinatioris.

7 Conclusion

In summarywe presenghybrid routing protocol,Land-
mark Guided Forwarding, which usesa restrictive hybrid



adwertisementt a rateregulatedby its connectvity sensi-
tive algorithm. LGF appliesoptimal routingwhenthe des-
tination is within its topologicalrange,and systematically
resolesa transientnext hop throughlocally optimal reso-
lution whenanoptimalrouteis unavailable.

We ransimulationswith 50 nodesand100nodesthere-
sultsindicatethe overhead®f LGF scalebetterthanother
protocolswhenthe numberof nodesis doublefrom 50 to
100. In our performancesvaluationof varying pausetime,
it is apparenthatrouteoptimisationdy AODV, DSDV and
GPSRdo improve the paclet delivery ratio when rate of
changeof thetopologyis low, whenusinga mobility model
wherethe pausetime is greaterthan 120 and hasa max-
imum velocity of 15 m/s. However the simulationresults
allow us to concludethat theseoptimisationscould have
the side effect of a higher averagepaclet delay The ef-
fect is more pronouncedvhen simulatedwith 100 nodes,
anda slightly wider network diameter In contrastLGF is
ableto maintaina steady swift andreliable delivery even
in the presencef a higherprobability of unstablenetwork
connectvity. When comparingthe pathlengthwith other
protocols,LGF, surprisingly hasthe highestscoreof the
protocolsunderconsideration.

In conclusion,local optimal routing sidestepghe con-
straint of maintaininga globally optimal path, as gener
ally requiredby existing MANET protocols. This results
in LGF beingarelatively scalableandrobustprotocolwith
low overheadsascomparedo otherMANET routing pro-
tocols,andyet, somavhat surprisingly it retainsrelatively
shortroutesnonetheless.

8 Futurework

In future work, we wish to look into formal veri cation
andsettingup atestbedor LGF. In addition,wewouldlike
to investigategheuseof a coordinatesystemwith the Land-
mark GuidedForwarding protocol, to exploit the common
goalsof reducingrouting overheads. Internetcoordinate
systemssuchas Lighthouseq15] and Virtual Landmarks
[17] could be usedto supplementhe processof selecting
thetopologicallycloseshodeto thedestination LGF could
additionally exploit the topologicaldatafrom the coordi-
natesystemso avoid routing errorswhenremoving edges
or nodegthatviolatethetriangleinequality
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