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

We investigateTrajectory-Based Routing (TBR) which was proposedas
amiddle-ground betweenSBR and greedyforwarding techniques.In TBR,
source encodestrajectory to be traversedand embedsit into eachpacket.
Upon the arrival of eachpacket, intermediate nodesdecodethe trajectory
and employ greedyforwarding techniquessuchthat the packet follows its
trajectory asmuch aspossible.

In this paper, we provide techniquesto ef ciently forward packetsalong
atrajectory 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.

|. INTRODUCTION

Ad-hocsensomnetworks have their own characteristicsvhich
leadto signi cant amountof researchin the area. Particularly,
routingin ad-hocsensomnetworksis acomplicatedaskbecause
of mary reasonsFor example,nodesarelow poweredandthey
cannot maintain routing tableslarge enoughfor well-known
link-stateor distance-ectorrouting protocols. This is known
asstatelessouting[1], sincenodesdo not maintainroutingta-
bles representinghnetwork state. Moreover, nodesare mobile
which malkesit harderto corvergefor typical proactie routing
protocols.

So, becausef its statelesmature,greedyforwarding (e.qg.
GPSR[1] andCartesiarRouting(CR) [2]) of pacletsat inter-
mediatenodesis desirablen ad-hocnetworks. Also, for traf ¢
engineeringmultipathcapabilities(e.g. SourceBasedRouting
(SBR) [3]) are desirable. However, it is not possibleto em-
ploy well-known multipathrouting techniquege.g. MPLS [4],
or others[5]) in mobile networks. NiculescuandNath[6] pro-
posedTrajectory-BasedRouting(TBR) asa middle-groundoe-
tweenSBR andgreedyforwardingtechniquesin TBR, source
encodedrajectoryto traverseand embedst into eachpaclet.
Upon the arrival of each paclet, intermediatenodesemploy
greedyforwarding techniquessuchthat the paclet follows its
trajectory as much as possible. This way, routing becomes
source-basewhile thereis no needfor routing tablesfor for-
wardingat intermediatenodes.

Furthermoreas anothermotivation for TBR, thereis a new
trendtoward application-drivennetworking[7] whereapplica-
tionscancommunicatavith network andcustomizenetwork be-
havior basedon their own requirementsFor example,consider
an image processingapplicationwhich collectspicturestaken
at differentnodesin the network and memgestheminto a 3D
picture of a scene.Considerthe examplenetwork in Figure1.
Assumethat the applicationis running at nodesA andB, and
wantsto createa big picture for the west of mountains. Ob-
senethattraditionalshortest-pathoutingis not suitablefor this
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Fig. 1. An examplefor usingTBR in anapplication: The applicationcollects
photosof the “west of mountains” which causedestrouteto be different
thantraditionalshortest-pathouting.

typeof applicationsincetheshortespathfrom A to B traverses
nodesthatarefar from the westof mountains.A moresuitable
routing for this applicationis to route suchthattrafc of this
applicationtraversesnodesthat are closeto the trajectoryde-
ned asthewestof mountains Thistrajectoryis alsodravn asa
parametricurvein theFigurel. So, TBR is promisingfor such
applicationsgxamplesof which canbe extended.

In [6], Niculescuand Nath describedbasicfeaturesof TBR
along with a Local Positioning System(LPS). Sinceit hasa
greedyforwardingmechanismJBR needssupportfor position-
ing of wirelessnodes.For the positioningproblemof TBR, var-
ious positioningsystemssuchas GPS[8] canbe used. How-
ever, GPSrequireshigh power availability which violatescon-
ditions of low-power ad-hocsensometworks. As a solutionto
this, Nath and Niculescuproposed_PS which can be usedto
enableTBR'simplementatiorat low-power nodeswithout GPS
support. So, in this paper we assumedhat the nodeshave a
knowledgeof their positionswith respecto a mutually known
coordinatesystem.This assumptioris reasonablasthe useof
GPSaswell asotherpositioningtools arebecomingmore pop-
ular[9], [10], [11], [12].

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

. Niculescuand Nath experimentedwith simple paramet-
ric curvessuchas sine curve, and left the questionof how to
encodevarioustrajectoriesinto pacletsasa parametriccurve.

In this paper we proposean effective methodof encodingtra-

jectoriesinto pacletsat source.Giventhis trajectoryencoding

techniquesit sourcewe presentariousmechanismso perform
forwardingatintermediatenodes.

The restof paperis organizedas follows: First, in Section
Il we describedetails of Bezier curves and how to usethem
for trajectoryencodingn TBR. Next in Sectionlll, we propose



variousgreedyalgorithmsfor paclet forwardingin TBR with
Beziercurves. In SectionlV, we brie y describewvaysof scal-
ing paclket headeifor longerandmorecomple trajectories.In
SectionV, we presenins-2simulationsof the forwardingalgo-
rithmsandevaluatetheir performanceFinally, in SectionVIl we
summarizehework.

Il. USING BEZIER CURVES FOR TBR

In this section,we will discussthe basicsof Bezier curves
usedfor TBR. Beziercurvesarespecialtypesof curvesthatare
usedin the areaof graphicsfor representindettersin special
purposefonts. Thesecurvesarede ned by a numberof points
- source, destination and somecontmwl points Dependingon
the numberof control points,they arenamedaccordingly For
instancea Beziercurve de ned by 1 contmol pointis calledas
guadratic Bezier curve, while the onewhich is de ned by 2
contml pointsis known as cubic Bezier curve. More details
aboutbasiccalculationdor Beziercurvescanbefoundin [13].

Given a trajectoryde ned by a Beziercurve, the nodescan
eitherbe onthe Beziercurve or couldbe nearthe Beziercurve.
In orderto implementorwardingalgorithms for anodenearthe
Beziercurve, we needto nd wherethis nodecorrespond®n
the Beziercurwe. Thisis actuallythe point on the curve closest
to thenode.

Finding the Bezier curve point closestto a nodeis a non-
trivial task. In the Figure 2, thenodedoesnot lie on the Bezier
curve. To calculatethepointonthecurvewhichis nearesto the
node wedraw aperpendiculaonthetangenof thecurve. Now,
with beingathird orderpolynomialandthe tangent
beingasecondrderpolynomial,wegeta fth orderpolynomial
whenwe have . Oneof rootsof this equatiorwill
be the point on the Beziercurve nearesto the node[14].
Rootsof a fth degreepolynomialcanbecomputedbut nding
rootsof the polynomialwith ordergreaterthan5 is not possible
with currentalgebraidechniques.

Given the abore methodologyto nd the nearestpoint a
Beziercurve,we now X aterminologyto easewriting restof
the paper Givena Beziercurve andanode asshawn
in Figure 2, we call the value of parameter at the curve point
closesto  asresidualof andrepresenit by . Theclos-
estcurve pointitself is calledasresidualpointof  , andrepre-
sentechy . Finally, we call thedistancebetweerthe node
and astheresidualdistanceof  andrepresenit by

Given this context, the sourcenodeencodeshe four points
(i.e. source,destination,two control points) that de ne the
Beziertrajectoryinto pacletheaderWhenanintermediatanode
recevessucha paclet it decodeghe four pointsand cande-
terminethe necessarynformation (e.g. whatis the complete
trajectory how closeitself to the trajectory how closeareits
neighborgo thetrajectory)to implementgreedyforwarding.

I1l. GREEDY FORWARDING ALGORITHMS FOR TBR

Given a neighborhoodand a trajectory to follow for the
paclet, a nodemay follow differentforwarding stratgies de-
pendingon applicationandusercriteria. Onecande ne various
objectivesfor forwardingin TBR:

Obey thetrajectory: Theremight be casesvhereobeying the
trajectoryis critical. For example,if the trajectoryis passing

Trajectory

Fig. 2. A nodenearatrajectoryde®nedby a Beziercurve

throughjust nearenemyareain a battle eld, thenmakingsure
thatpacletsareobeying thetrajectoryandarenot gettingto the
enemyareais important. This becomesarticularlyimportant
whenpacletsincludesecurenformationthatmustnot reachto
enemywirelessagents.

Read thedestinationode: As anothercriteria,if application
generatinghepacletsis sensitve to packetloss,thenonemight

nd it moreconvenientto forwardthe packet to the destination
nodeif it is in theneighborhooaf theforwardingnodealthough
it mightbe disobg/ing thetrajectorysigni cantly.

Read quidkly: If theinformationbeingsentis delaysensitve
andthe similarity of routeto trajectoryis not of muchimpor-
tance,thenit becomesnore corvenientto forward the paclets
suchthatthey reachto thedestinatiorasquick aspossible.

For usefulnes®f the forwardingstrateyy, the forwardingal-
gorithm must male sure that the paclet advancesalong the
trajectory curve. In otherwords, a node should not forward
a paclet backwardsalong the trajectorycurve. For example,
in Figure 3-a, considernode  with residual Although
thereare othernodeswithin the transmissiorrangeof , the
forwardingalgorithm mustforward paclketsto one of the gray
nodeswhoseresidualsare largerthan . We will call the set
of nodesthat have residualdargerthan  asneighborhood of

. Within the neighborhoodselectionof which nodeto for-
ward pacletsnext dependn varioususerandapplicationob-
jectives, someof which wereitemizedabove. We now de ne
varioustechniqueshatcanbe usedfor this selectiorprocess:

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

Closestto Curve(CTC): Anothercomputationallysimpleal-
gorithmis to selecthenodewhichis closesto thecurveamong
thenodesin neighborhoodThis algorithmis pretty straightfor
ward to implement. However, it may resultin signi cant er
rors in forwarding suchas shawvn in Figure 3-b. Sinceresid-
ualdistance of node issmallerthanresidualdistancesll
theothernodesin the neighborhood, forwardspaclketto
which causes signi cant violation of thetrajectory

LeastAdvancemenbn Curve (LAC): Onemight needto tra-
verseall the nodeshatarealongthetrajectorycurve. A simple
algorithmfor thatis to forwardto the nodewhoseresiduallies
right next to the residualof the currentnode. However, again,
this might resultin signi cant errorsin forwarding suchasin
Figure 3-c. Although is the farthestnodefrom the trajec-

Note that our de®nition of neighborhoods different from Niculescuand
Nath's de®nitionin [6].



Fig. 4. Big pictureof LDC forwarding
tory curve,  forwardspacletsto because is lessthan
residualsof all the othernodesin the neighborhooabf

Hybrid of CTC and LAC (CTC-LAC): Anotherpossibility is
to combineCTC andLA C whenonewantsto traverseasmary
nodesas possiblewhile trying to obey the trajectory curve.
CombiningCTC andLAC canbedonein variouswaysdepend-
ing on importanceof obeying the trajectoryrelative to impor-
tanceof traversingasmary nodesaspossible.

Most Advancemenbn Curve (MAC): If delayis of moreim-
portance pne might wantto forwardthe pacletsto the farthest
nodealongthecurve. Thisis againasimplealgorithmto imple-
menthowever MA C forwardingmaycausesigni cant violations
of trajectoryasshavn in Figure4.

LowestDeviation from Curve (LDC): Whenobeying the tra-
jectoryis very crucial,it is possibleto selectthe next nodesuch
thatthe taken route deviatesfrom the trajectoryaslessaspos-
sible. However, this requiresextra computations.We now de-
scribehow to implementsuchanalgorithm.

In orderto obey the trajectoryat mostlevel, at a currentnode

, thebestnext node  shouldbe selectedsuchthatthe line
between and musthave the smallestdeviation from the
trajectorycomparedo theotherlinesbetween  andary other
nodein  'sneighborhoodLet betheareabetweertheline

- andthecurwe,i.e. thetotal deviation of the forwarding
from the trajectory In orderto minimize the averagedeviation
from thetrajectory the next nodeselectiormustminimizeratio
of  bythechangdn residuals , 1.e. thedeviation from
trajectoryperunit lengthof the curve. Sofor node , we can
write theratio to minimizeas:

forall  in neighborhoodf . Figure4 shawsbig pictureof
thenecessargreacalculationdor LDC forwardingatnode
Toillustrateanexample, needgo calculate

) , and .
The problemis that, however, calculationo requiresextra
computationsandis nottrivial. Closed-formanalyticalexpres-
sionsfor  arevery hardto obtain. Fortunately we canap-
proximate by numericaltechniquesimilar to the methodof
Riemannsumsg[14] in numericalintegration. For a detailedde-
scriptionon how to approximate , pleaseeferto [13].

IV. MORE COMPLEX AND LONGER TRAJECTORIES

If we considerapplicationssuchastraversingariver or east-
ernfaceof amountaintheseapplicationswill requireconsider
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Fig. 5. Experimentatrajectoriesseenin ascenariovith 75 nodes.

ationof curveswhich couldberepresentetly usingmuchmore
numberof control pointsthantwo. Sucha curve will be very
dif cult to encodeasasingleBeziercurvein the paclet header
becausave will have to include morethantwo control points.
Also, computingsucha Beziercurve is extremelydif cult dur
ing thetime of greedyforwarding.

Oneway to de ne long trajectoriesis to split the trajectory
into smallerpieceswhich can be representedby cubic Bezier
curnves(i.e. 2 control points). Before startingthe actualtrans-
missionof data,the sourcecanprobethe network by sendinga
control-plangpacletwhich includesthewholetrajectorywith
control points. Upon arrival of that probepaclet, an interme-
diate nodedividesthe whole trajectoryinto equalpieceg, and
checkswhetheritself is closeenough(e.g. within 5m of radius)
to oneof thosemiddle points. If so,thatparticularnodeidenti-

es itself asa SpeciallntermediateNode(SIN) for this source-
destinationpair and sendsan acknavledgemento the source.
The sourcecon rms SIN by replying to the acknavledgement
(thisis necessaryo resohe contentiorfor beingSIN if thereare
multiple candidatesloseto thedesiredmiddlepoint). After this
con rmation from thesourcethe SIN recordshe controlpoints
for the next cubic Beziercurve in the trajectory This process
continuesuntil all piecesof thetrajectoryis capturedoy a SIN.

In thismannertherewill be SINs, cubicBeziercurves
for a trajectorywith  control points. After sucha signaling
protocolasdescribedabove, the sourcewill nolongerhave to
encodethe  control pointsinto datapaclets. Rather it will
justneedto put 2 control pointsfor the next cubic Beziercurve
onthetrajectory sincethenext SIN will be putting the control
pointsnecessarjor thefollowing pieceof thetrajectory

V. SIMULATIONS

Our purposeof ns-2simulationss to evaluatetheforwarding
algorithmswe have developedfor TBR. We particularlylook at
two metrics:averagedeviationfrom trajectoryandaveragepath
length. Sinceit is not necessaryor this initial purposeabove,
we do notincludemobility in our simulations.

We simulatedheforwardingalgorithmsfor two differenttra-
jectories:circularandzig-zag. Trajectoriesareshowvn in Figure
5 overascenariowith 75 nodes.We variednumberof nodesin
thesimulationfrom 20to 300. Eachnodeis awirelessnodewith
anomnidirectionalintennaTotal simulationtime is 1000s.

For a Beziercune with
thewhole cune in betweempoints

control points,thesepiecesare portionsof
where



(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 shav averagedeviation of paclets's
routesfrom theidealtrajectory for the caseof circularandzig-
zagtrajectoriegespectiely.

VI. SUMMARY

In this paperwe studiedTrajectory-BasedRouting(TBR)for
statelessoutingin ad-hocsensomnetworks. We proposedising
Beziercurvesfor de ning trajectoriesin TBR. Variousshapes
for routescanbede ned by usingBeziercurves.We particularly
developedseveral forwarding algorithmsbasedon trajectories
de ned by Beziercurves.

We proposedan optimal forwardingalgorithm,LeastDevia-
tion from Curve(LDC), thatobeys to trajectorieghe most. We
ranextensve simulationsn orderto evaluatetheforwardingal-
gorithms.We foundthatLDC is goodfor moderatelypopulated
ad-hocnetworks. Interestingly we alsofoundthat Randomfor-
warding performsaveragewhile avoiding signi cant computa-
tional overhead.

We alsoproposedaninitial methodologyfor extendingTBR
with Bezier curves to longer and more comple trajectories
which can be encodedby larger information. Our proposed
methodenablesrouting of data paclets through comple tra-
jectories while keepingthe paclet headersizeconstantFuture
work will include evaluationand improvementof this method
with a particularconsideratiorgivento signalingoverhead.

Severalissuegemainto beinvestigatedguchaseffect of mo-
bility patternstrafc patternsAlso, futurework includesstudy-
ing methoddor increasingesilienceg(i.e. probabiliyof reaching

to destination)for differentforwardingalgorithms. Finally, as

anotheropenissue,answeringhe questionof how to routethe

pacletsto destinationwhenthe destinationandthe sourceare

mobile,whichis generallythe casein ad-hocnetworks.
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