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Abstract—Routing in ad-hocsensornetworks is a complicated task be-
causeof many reasons.The nodesare low powered and they cannot main-
tain routing tableslargeenoughfor well-known routing protocols.Because
of that, greedyforwarding at intermediate nodesis desirablein ad-hocnet-
works. Also, for traf�c engineering,multipath capabilities are important.
So,it is desirableto de�ne routesat the sourcelik e in SourceBasedRouting
(SBR)while performing greedyforwarding at intermediate nodes.

We investigateTrajectory-BasedRouting (TBR) which wasproposedas
a middle-ground betweenSBRand greedyforwarding techniques.In TBR,
source encodestrajectory to be traversedand embedsit into eachpacket.
Upon the arri val of eachpacket, intermediate nodesdecodethe trajectory
and employ greedyforwarding techniquessuch that the packet follows its
trajectory asmuch aspossible.

In this paper, weprovide techniquesto ef�ciently forward packetsalong
a trajectory de�ned asa parametric curve. We usethe well-known Bezier
parametric curve for encodingtrajectories into packetsat source.Basedon
this trajectory encoding,we develop and evaluate various greedyforward-
ing algorithms.

I . INTRODUCTION

Ad-hocsensornetworkshavetheirown characteristicswhich
leadto signi�cant amountof researchin thearea.Particularly,
routingin ad-hocsensornetworksis acomplicatedtaskbecause
of many reasons.For example,nodesarelow poweredandthey
cannotmaintain routing tables large enoughfor well-known
link-stateor distance-vector routing protocols. This is known
asstatelessrouting[1], sincenodesdo not maintainroutingta-
bles representingnetwork state. Moreover, nodesare mobile
which makesit harderto convergefor typical proactive routing
protocols.

So, becauseof its statelessnature,greedyforwarding (e.g.
GPSR[1] andCartesianRouting(CR) [2]) of packetsat inter-
mediatenodesis desirablein ad-hocnetworks. Also, for traf�c
engineering,multipathcapabilities(e.g. SourceBasedRouting
(SBR) [3]) are desirable. However, it is not possibleto em-
ploy well-known multipathroutingtechniques(e.g. MPLS [4],
or others[5]) in mobilenetworks. NiculescuandNath[6] pro-
posedTrajectory-BasedRouting(TBR) asa middle-groundbe-
tweenSBRandgreedyforwardingtechniques.In TBR, source
encodestrajectoryto traverseandembedsit into eachpacket.
Upon the arrival of eachpacket, intermediatenodesemploy
greedyforwarding techniquessuchthat the packet follows its
trajectory as much as possible. This way, routing becomes
source-basedwhile thereis no needfor routing tablesfor for-
wardingat intermediatenodes.

Furthermoreasanothermotivation for TBR, thereis a new
trendtowardapplication-drivennetworking[7] whereapplica-
tionscancommunicatewith networkandcustomizenetworkbe-
havior basedon their own requirements.For example,consider
an imageprocessingapplicationwhich collectspicturestaken
at differentnodesin the network and mergesthem into a 3D
pictureof a scene.Considertheexamplenetwork in Figure1.
Assumethat the applicationis runningat nodesA andB, and
wantsto createa big picture for the west of mountains. Ob-
servethattraditionalshortest-pathroutingis notsuitablefor this

Fig. 1. An examplefor usingTBR in anapplication:Theapplicationcollects
photosof the “west of mountains”,which causesbestrouteto bedifferent
thantraditionalshortest-pathrouting.

typeof applicationsincetheshortestpathfrom A to B traverses
nodesthatarefar from thewestof mountains.A moresuitable
routing for this applicationis to route suchthat traf�c of this
applicationtraversesnodesthat are closeto the trajectoryde-
�ned asthewestof mountains. This trajectoryis alsodrawn asa
parametriccurvein theFigure1. So,TBR is promisingfor such
applications,examplesof whichcanbeextended.

In [6], NiculescuandNath describedbasicfeaturesof TBR
along with a Local PositioningSystem(LPS). Since it hasa
greedyforwardingmechanism,TBR needssupportfor position-
ing of wirelessnodes.For thepositioningproblemof TBR, var-
ious positioningsystemssuchasGPS[8] canbe used. How-
ever, GPSrequireshigh power availability which violatescon-
ditionsof low-power ad-hocsensornetworks. As a solutionto
this, Nath andNiculescuproposedLPS which canbe usedto
enableTBR's implementationat low-powernodeswithoutGPS
support. So, in this paper, we assumedthat the nodeshave a
knowledgeof their positionswith respectto a mutuallyknown
coordinatesystem.This assumptionis reasonableastheuseof
GPSaswell asotherpositioningtoolsarebecomingmorepop-
ular [9], [10], [11], [12].

In TBR, one important issue to explore is how to ef-
�ciently forward packets along a de�ned parametriccurve

�������

. NiculescuandNath experimentedwith simpleparamet-
ric curvessuchas sinecurve, and left the questionof how to
encodevarioustrajectoriesinto packetsasa parametriccurve.
In this paper, we proposean effective methodof encodingtra-
jectoriesinto packetsat source.Giventhis trajectoryencoding
techniquesatsource,wepresentvariousmechanismsto perform
forwardingat intermediatenodes.

The rest of paperis organizedas follows: First, in Section
II we describedetailsof Bezier curves and how to usethem
for trajectoryencodingin TBR. Next in SectionIII, we propose
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variousgreedyalgorithmsfor packet forwarding in TBR with
Beziercurves. In SectionIV, we brie�y describewaysof scal-
ing packet headerfor longerandmorecomplex trajectories.In
SectionV, we presentns-2simulationsof theforwardingalgo-
rithmsandevaluatetheirperformance.Finally, in SectionVI we
summarizethework.

I I . USING BEZIER CURVES FOR TBR

In this section,we will discussthe basicsof Bezier curves
usedfor TBR. Beziercurvesarespecialtypesof curvesthatare
usedin the areaof graphicsfor representinglettersin special
purposefonts. Thesecurvesarede�ned by a numberof points
- source, destination, andsomecontrol points. Dependingon
thenumberof controlpoints,they arenamedaccordingly. For
instance,a Beziercurve de�ned by 1 control point is calledas
quadratic Bezier curve, while the onewhich is de�ned by 2
control points is known ascubic Bezier curve. More details
aboutbasiccalculationsfor Beziercurvescanbefoundin [13].

Given a trajectoryde�ned by a Beziercurve, the nodescan
eitherbeon theBeziercurveor couldbeneartheBeziercurve.
In orderto implementforwardingalgorithms,for anodenearthe
Beziercurve, we needto �nd wherethis nodecorrespondson
theBeziercurve. This is actuallythepoint on thecurve closest
to thenode.

Finding the Bezier curve point closestto a node is a non-
trivial task. In theFigure2, thenodedoesnot lie on theBezier
curve. To calculatethepointonthecurvewhich is nearestto the
node,wedraw aperpendicularonthetangentof thecurve.Now,
with

��� ���

beinga third orderpolynomialandthetangent
�

�

� ���

beingasecondorderpolynomial,wegeta�fth orderpolynomial
whenwehave
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. Oneof rootsof thisequationwill
be thepoint on theBeziercurve
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nearestto thenode[14].
Rootsof a �fth degreepolynomialcanbecomputed,but �nding
rootsof thepolynomialwith ordergreaterthan5 is notpossible
with currentalgebraictechniques.

Given the above methodologyto �nd the nearestpoint a
Beziercurve, we now �x a terminologyto easewriting restof
thepaper. Givena Beziercurve

� � ���

anda node ��� asshown
in Figure2, we call thevalueof parameter

�

at thecurve point
closestto �	� asresidualof �	� andrepresentit by

�

� . Theclos-
estcurvepoint itself is calledasresidualpointof ��� , andrepre-
sentedby

�����

�

�

. Finally, we call thedistancebetweenthenode
and

�����

�

�

astheresidualdistanceof �
� andrepresentit by 


� .
Given this context, the sourcenodeencodesthe four points

(i.e. source,destination,two control points) that de�ne the
Beziertrajectoryinto packetheader. Whenanintermediatenode
receivessucha packet it decodesthe four points and can de-
terminethe necessaryinformation (e.g. what is the complete
trajectory, how closeitself to the trajectory, how closeare its
neighborsto thetrajectory)to implementgreedyforwarding.

I I I . GREEDY FORWARDING ALGORITHMS FOR TBR

Given a neighborhoodand a trajectory to follow for the
packet, a nodemay follow different forwardingstrategies de-
pendingonapplicationandusercriteria.Onecande�ne various
objectivesfor forwardingin TBR:

� Obey thetrajectory: Theremight becaseswhereobeying the
trajectoryis critical. For example,if the trajectoryis passing

Fig. 2. A nodeneara trajectoryde®nedby aBeziercurve ��
���� .

throughjust nearenemyareain a battle�eld, thenmakingsure
thatpacketsareobeying thetrajectoryandarenotgettingto the
enemyareais important. This becomesparticularly important
whenpacketsincludesecureinformationthatmustnot reachto
enemywirelessagents.

� Reach thedestinationnode:As anothercriteria,if application
generatingthepacketsis sensitiveto packetloss,thenonemight
�nd it moreconvenientto forwardthepacket to thedestination
nodeif it is in theneighborhoodof theforwardingnodealthough
it mightbedisobeying thetrajectorysigni�cantly.

� Reach quickly: If theinformationbeingsentis delaysensitive
andthe similarity of route to trajectoryis not of much impor-
tance,thenit becomesmoreconvenientto forward thepackets
suchthatthey reachto thedestinationasquickaspossible.

For usefulnessof the forwardingstrategy, the forwardingal-
gorithm must make sure that the packet advancesalong the
trajectorycurve. In other words, a nodeshouldnot forward
a packet backwardsalong the trajectorycurve. For example,
in Figure 3-a, considernode �	� with residual

�

� . Although
thereareothernodeswithin the transmissionrangeof �

� , the
forwardingalgorithmmust forward packetsto oneof the gray
nodeswhoseresidualsare larger than

�

� . We will call the set
of nodesthathave residualslarger than

�

� asneighborhood1 of
�

� . Within the neighborhood,selectionof which nodeto for-
wardpacketsnext dependson varioususerandapplicationob-
jectives,someof which were itemizedabove. We now de�ne
varioustechniquesthatcanbeusedfor this selectionprocess:

� Random:A simplealgorithmis to selectthe next noderan-
domly from the neighborhood. This algorithm is bene�cial
whencomputationpower is of critical importance.

� Closestto Curve(CTC): Anothercomputationallysimpleal-
gorithmis to selectthenodewhichis closestto thecurveamong
thenodesin neighborhood.This algorithmis prettystraightfor-
ward to implement. However, it may result in signi�cant er-
rors in forwardingsuchas shown in Figure 3-b. Sinceresid-
ual distance
�� of node ��� is smallerthanresidualdistancesall
theothernodesin theneighborhood,�	� forwardspacket to �	�

whichcausesa signi�cant violationof thetrajectory.
� LeastAdvancementon Curve(LAC): Onemight needto tra-
verseall thenodesthatarealongthetrajectorycurve. A simple
algorithmfor that is to forwardto thenodewhoseresiduallies
right next to the residualof the currentnode. However, again,
this might result in signi�cant errorsin forwardingsuchas in
Figure3-c. Although ��� is the farthestnodefrom the trajec-

�

Note that our de®nition of neighborhoodis different from Niculescuand
Nath's de®nitionin [6].
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Fig. 4. Big pictureof LDC forwarding

tory curve, ��� forwardspacketsto � � because
�

� is lessthan
residualsof all theothernodesin theneighborhoodof ��� .

� Hybrid of CTC and LAC (CTC-LAC): Anotherpossibility is
to combineCTC andLAC whenonewantsto traverseasmany
nodesas possiblewhile trying to obey the trajectory curve.
CombiningCTCandLAC canbedonein variouswaysdepend-
ing on importanceof obeying the trajectoryrelative to impor-
tanceof traversingasmany nodesaspossible.

� MostAdvancementon Curve(MAC): If delayis of moreim-
portance,onemight want to forwardthepacketsto the farthest
nodealongthecurve. This is againasimplealgorithmto imple-
menthoweverMACforwardingmaycausesigni�cant violations
of trajectoryasshown in Figure4.

� LowestDeviation fromCurve(LDC): Whenobeying the tra-
jectoryis verycrucial,it is possibleto selectthenext nodesuch
that the taken routedeviatesfrom the trajectoryaslessaspos-
sible. However, this requiresextra computations.We now de-
scribehow to implementsuchanalgorithm.
In orderto obey the trajectoryat most level, at a currentnode

�
� , thebestnext node �

� shouldbeselectedsuchthat the line
between��� and �	� musthave thesmallestdeviation from the
trajectorycomparedto theotherlinesbetween�	� andany other
nodein ��� 'sneighborhood.Let

�

� betheareabetweentheline
�

� - �
� andthecurve, i.e. the total deviation of the forwarding

from the trajectory. In orderto minimize theaveragedeviation
from thetrajectory, thenext nodeselectionmustminimizeratio
of

�

� by thechangein residuals
�

���

�

� , i.e. thedeviation from
trajectoryperunit lengthof thecurve. Sofor node �

� , we can
write theratio to minimizeas:

�

�

�

�

�
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for all �
� in neighborhoodof �

� . Figure4 showsbig pictureof
thenecessaryareacalculationsfor LDC forwardingatnode��� .
To illustrateanexample,��� needsto calculate
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The problemis that, however, calculationof

�

� requiresextra
computationsandis not trivial. Closed-formanalyticalexpres-
sionsfor

�

� arevery hard to obtain. Fortunately, we canap-
proximate

�

� by numericaltechniquessimilar to themethodof
Riemannsums[14] in numericalintegration.For a detailedde-
scriptiononhow to approximate

�

� , pleasereferto [13].

IV. MORE COMPLEX AND LONGER TRAJECTORIES

If we considerapplicationssuchastraversinga river or east-
ernfaceof amountain,theseapplicationswill requireconsider-
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Fig. 5. Experimentaltrajectoriesseenin ascenariowith 75 nodes.

ationof curveswhichcouldberepresentedby usingmuchmore
numberof control points thantwo. Sucha curve will be very
dif�cult to encodeasa singleBeziercurve in thepacket header
becausewe will have to includemorethantwo control points.
Also, computingsucha Beziercurve is extremelydif�cult dur-
ing thetimeof greedyforwarding.

Oneway to de�ne long trajectoriesis to split the trajectory
into smallerpieceswhich can be representedby cubic Bezier
curves(i.e. 2 control points). Beforestartingthe actualtrans-
missionof data,thesourcecanprobethenetwork by sendinga
control-planepacketwhich includesthewholetrajectorywith �

control points. Upon arrival of that probepacket, an interme-
diatenodedividesthe whole trajectoryinto equalpieces2, and
checkswhetheritself is closeenough(e.g.within 5mof radius)
to oneof thosemiddlepoints. If so,thatparticularnodeidenti-
�es itself asa SpecialIntermediateNode(SIN) for this source-
destinationpair andsendsan acknowledgementto the source.
The sourcecon�rms SIN by replying to the acknowledgement
(this is necessaryto resolvecontentionfor beingSIN if thereare
multiplecandidatescloseto thedesiredmiddlepoint). After this
con�rmation from thesource,theSIN recordsthecontrolpoints
for the next cubic Beziercurve in the trajectory. This process
continuesuntil all piecesof thetrajectoryis capturedby aSIN.

In thismanner, therewill be ����� SINs, � cubicBeziercurves
for a trajectorywith ��� control points. After sucha signaling
protocolasdescribedabove, the sourcewill no longerhave to
encodethe ��� control points into datapackets. Rather, it will
just needto put 2 controlpointsfor thenext cubicBeziercurve
on the trajectory, sincethenext SIN will beputting thecontrol
pointsnecessaryfor thefollowing pieceof thetrajectory.

V. SIMULATIONS

Ourpurposeof ns-2simulationsis to evaluatetheforwarding
algorithmswe have developedfor TBR. We particularlylook at
two metrics:averagedeviationfrom trajectoryandaveragepath
length. Sinceit is not necessaryfor this initial purposeabove,
we donot includemobility in oursimulations.

Wesimulatedtheforwardingalgorithmsfor two differenttra-
jectories:circularandzig-zag.Trajectoriesareshown in Figure
5 overa scenariowith 75 nodes.We variednumberof nodesin
thesimulationfrom 20to 300.Eachnodeis awirelessnodewith
anomnidirectionalantenna.Total simulationtime is 1000s.

�

For a Beziercurve ��
���� with � controlpoints,thesepiecesareportionsof
thewholecurve in betweenpoints ��
 ���! � where #"%$'&(& � .
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(a)Big pictureof TBR forwarding (b) Failureof CTC andMAC forwarding (c) Failureof LAC forwarding

Fig. 3. Big picturesof variousTBR concepts.
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Fig. 6. Averagedeviation from trajectoryin simulationexperiments.

Figures 6-a and 6-b show averagedeviation of packets's
routesfrom theidealtrajectory, for thecaseof circularandzig-
zagtrajectoriesrespectively.

VI . SUMMARY

In this paper, westudiedTrajectory-BasedRouting(TBR)for
statelessroutingin ad-hocsensornetworks.We proposedusing
Beziercurvesfor de�ning trajectoriesin TBR. Variousshapes
for routescanbede�nedbyusingBeziercurves.Weparticularly
developedseveral forwardingalgorithmsbasedon trajectories
de�ned by Beziercurves.

We proposedanoptimal forwardingalgorithm,LeastDevia-
tion from Curve(LDC), thatobeys to trajectoriesthemost. We
ranextensivesimulationsin orderto evaluatetheforwardingal-
gorithms.WefoundthatLDC is goodfor moderatelypopulated
ad-hocnetworks. Interestingly, we alsofoundthatRandomfor-
wardingperformsaveragewhile avoiding signi�cant computa-
tionaloverhead.

We alsoproposedaninitial methodologyfor extendingTBR
with Bezier curves to longer and more complex trajectories
which can be encodedby larger information. Our proposed
methodenablesrouting of datapackets throughcomplex tra-
jectories,while keepingthepacket headersizeconstant.Future
work will includeevaluationand improvementof this method
with aparticularconsiderationgivento signalingoverhead.

Severalissuesremainto beinvestigatedsuchaseffectof mo-
bility patterns,traf�c patterns.Also, futurework includesstudy-
ing methodsfor increasingresilience(i.e. probabiliyof reaching

to destination)for differentforwardingalgorithms. Finally, as
anotheropenissue,answeringthequestionof how to routethe
packetsto destinationwhenthe destinationandthe sourceare
mobile,which is generallythecasein ad-hocnetworks.
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