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ABSTRACT
Mobile Ad Hoc Networks (MANETs) provide rapidly deployable
andself-con�guringnetwork capacityrequiredin many critical ap-
plications,e.g.,battle�elds,disasterreliefandwideareasensing.In
this paperwestudytheproblemof ef�cient datadelivery in sparse
MANETs wherenetwork partitionscanlastfor asigni�cant period.
Previous approachesrely on the useof eitherlong rangecommu-
nicationwhich leadsto rapid drainingof nodes'limited batteries,
or existing nodemobility which resultsin low datadelivery rates
and large delays. In this paper, we describea Message Ferrying
(MF) approachto addresstheproblem. MF is a mobility-assisted
approachwhich utilizes a setof specialmobilenodescalledmes-
sage ferries (or ferries for short) to provide communicationser-
vice for nodesin the deploymentarea. The main ideabehindthe
MF approachis to introducenon-randomnessin themovementof
nodesandexploit suchnon-randomnessto help deliver data. We
studytwo variationsof MF, dependingon whetherferriesor nodes
initiate proactive movement. The MF designexploits mobility to
improve datadelivery performanceand reduceenergy consump-
tion in nodes. We evaluatethe performanceof MF via extensive
nssimulationswhich con�rm theMF approachis ef�cient in both
datadelivery andenergy consumptionundera variety of network
conditions.

Categoriesand SubjectDescriptors
C.2.1[Network Ar chitectureand Design]: Wirelesscommunica-
tion; C.2.2[Network Protocol]: Routingprotocols

GeneralTerms
Algorithms,Design,Performance

Keywords
Mobile ad hoc networks, mobility-assisteddata delivery, sparse
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1. INTRODUCTION
Mobile Ad HocNetworks(MANETs) aremulti-hopnetworksin

which wirelessmobile nodescooperateto maintainnetwork con-
nectivity andperformroutingfunctions[17, 25]. MANETs enable
nodesto communicatewith eachotherwithoutany existing infras-
tructureor centralizedadministration. Theserapidly deployable
and self-con�guring networks have applicationsin many critical
areas,suchasbattle�elds,disasterrelief andwideareasensingand
surveillance.

Thispaperstudiestheproblemof ef�cient datadeliveryin sparse
mobileadhocnetworks.Speci�cally, wefocusonmobilenetworks
wherenodesaresparselydistributedsuchthat network partitions
canlast for a signi�cant period.Sparsenetworksnaturallyarisein
avarietyof applications.For example,imaginethefollowing hypo-
theticaldisasterscenario.A severeearthquake hasoccurredwhich
collapsesbuildings, trapspeoplein the debris,damagesutilities
androads,andcauses�res andexplosions. Under this situation,
theability to communicate,evenat low rates,is extremelyvaluable
for sharingvital information(suchasthenumberandlocationsof
survivors,damagesandpotentialhazards)andcoordinatingrescue
efforts. However, providing communicationcapacityis dif�cult.
First, �x ed andstablecommunicationinfrastructuremight be de-
stroyed. Even if someinfrastructureis usable,mostrescuepartic-
ipantsand victims may not have accessto it. Second,available
devicessuchascell phonesor PDAs canonly communicatewithin
a limited range.Dueto thesizeof theareaaffected,aconnectedad
hocnetwork cannotbeformedusingthesedevicesalone.

Routing in ad hoc networks hasbeenan active research�eld
in recentyears,producingmany routing algorithmssuchasDSR,
DSDV andAODV [17,25,26]. However, mostof theexistingwork
focusesonconnectednetworkswhereanend-to-endpathexistsbe-
tweenany two nodesin thenetwork. In sparsenetworks,wherepar-
titionsarenotexceptionalevents,theseroutingalgorithmswill fail
to deliver packetsbecauseno routeis foundto reachtheir destina-
tions.To overcomepartitionsin sparsenetworks,astraightforward
approachis to useradioswith longertransmissionrangesandmain-
tain persistentnetwork connectivity. However, sincemany mobile
nodesusebatteriesfor power supply, theuseof a long rangeradio
leadsto excessiveenergy consumption.In addition,theavailability
of suchdevicesin critical scenarioswould bequestionable.

Previous work proposesmobility-basedapproacheswhich use
short rangecommunicationandexploit nodemobility to help de-
liver data[33, 9, 21, 4, 29]. Speci�cally, nodesbuffer andcarry
packets during network partitions, and forward packets to other
nodeswhenthey meet.This store-carry-forward paradigmis suit-
ablefor delaytolerantapplicationssuchassensordatacollection,
messagingand �le transfer. In general,theseapproachescan be
classi�ed as reactive schemesor proactive schemes.In reactive



schemessuchasEpidemicrouting [33], applicationsrely onmove-
mentthatis inherentin thedevicesthemselvesto helpdeliver mes-
sages.Whendisconnected,nodespassively wait for their own mo-
bility to allow themto re-connect.Sinceencountersbetweennodes
canbe unpredictableandrare,theseapproachessuffer potentially
low datadelivery ratesandlargedelays.To increasedelivery rate
andreducedelay, nodestypically propagatemessagesthroughout
the network, which, however, exacerbatescontentionfor limited
buffersin nodesanddrainsnodes'limited energy. In proactiveap-
proaches,nodesmodify their trajectoriesproactively for commu-
nicationpurposes.Li andRus[21] proposean optimal algorithm
to computethetrajectoriesof nodesfor minimizingmessagetrans-
missiondelay. However, aspointedoutby theauthors,it is dif�cult
to extendthis algorithmto ef�ciently supportmultiple simultane-
oustransmissions.

In this paper, we describea Message Ferrying (MF) approach
for datadelivery in sparsenetworks. MF is a proactive mobility-
assistedapproachwhichutilizesasetof specialmobilenodescalled
message ferries(or ferriesfor short)to providecommunicationser-
vices for nodesin the network. Similar to their real life analog,
messageferriesmovearoundthedeploymentareaandtakerespon-
sibility for carrying databetweennodes. The main idea behind
theMessageFerryingapproachis to introducenon-randomnessin
the movementof nodesandexploit suchnon-randomnessto help
deliver data. Messageferrying canbe usedeffectively in a vari-
ety of applicationsincludingbattle�elds,disasterrelief, wide area
sensing,non-interactive Internetaccessandanonymouscommuni-
cation.For example,in theearthquakedisasterscenario,unmanned
aerialvehiclesor groundvehiclesthatareequippedwith largestor-
ageandshortrangeradioscanbeusedasmessageferriesto gather
andcarrydataamongdisconnectedareas.Thisenablesrescuepar-
ticipantsandvictims to useavailabledevicessuchascell phones,
PDAs or smarttagsfor communication.

In a previous paper[35], we introducedthe idea of Message
Ferrying and studiedits use in networks with stationarynodes.
In this paper, we considernetworks with mobile nodes. We de-
velop two variationsof the MF schemes,dependingon whether
ferriesor nodesinitiate non-randomproactive movement. In the
Node-InitiatedMF (NIMF) scheme,ferriesmove aroundthe de-
ployedareaaccordingto known routesandcommunicatewith other
nodesthey meet. With knowledgeof ferry routes,nodesperiodi-
cally move closeto a ferry and communicatewith the ferry. In
theFerry-InitiatedMF (FIMF) scheme,ferriesmoveproactively to
meetnodes.Whena nodewantsto sendpacketsto othernodesor
receive packets,it generatesa servicerequestandtransmitsit to a
chosenferry usingalongrangeradio1. Uponreceptionof aservice
request,theferry will adjustits trajectoryto meetupwith thenode
andexchangepacketsusingshort rangeradios. In both schemes,
nodescancommunicatewith distantnodesthatareoutof rangeby
usingferriesasrelays.

TheMessageFerryingdesignisdistinguishedfromothermobility-
assistedapproachesby its explicit exploitationof non-randomnode
mobility andthe useof messageferries,which improvesdatade-
livery andenergy ef�ciency. In MF, mostcommunicationinvolves
short rangeradios. Long rangeradiosareonly usedin FIMF for
small control messages,avoiding excessive energy consumption.
By using ferriesasrelays,routing is ef�cient without the energy
costandthenetwork loadburdeninvolvedin othermobility-assisted
schemesthat use�ooding. Our simulationresultscon�rm the ef-
fectivenessandef�ciency of theMF schemes.

1TheFIMF schemecanbeadaptedif nodesdonothave longrange
radios, however the presentexposition assumesthat ferries and
nodesaresoequipped.
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Figure1: An exampleof messagedelivery in the node-initiated
MF scheme.

The restof this paperis structuredasfollows. Section2 gives
anoverview of the MF approachandsomepotentialapplications,
anddescribesthespeci�c MF systemconsideredin thispaper. The
node-initiatedandferry-initiatedMF schemesaredescribedin Sec-
tion 3 andSection4 respectively. Simulationresultsarepresented
in Section5 to evaluatetheeffectivenessof theMF schemes.We
discusssomerelateddesignissuesandour futurework in Section
6. Relatedwork is reviewedin Section7 andthepaperis concluded
in Section8.

2. OVERVIEW OF MESSAGE FERRYING
TheMessageFerrying(MF) schemeis a proactive approachfor

datadelivery in sparsenetworks. It introducesnon-randomnessto
nodemobility andexploits suchnon-randomnessto provide phys-
ical connectivity amongnodes.In anMF scheme,thenetwork de-
vicesareclassi�edasmessage ferries (or ferries for short)or reg-
ular nodesbasedon their rolesin communication.Ferriesarede-
viceswhich take responsibilityof carryingmessagesamongother
nodes,while regularnodes2 aredeviceswithout suchresponsibil-
ity. Therearemany differentwaysto introducenon-randomness
in nodemovement.For example,in thenode-initiatedMF scheme
describedin Section3, ferriesmove aroundthedeployed areaac-
cordingto known routes,collectmessagesfrom regularnodesand
deliver messagesto theirdestinationsor otherferries.With knowl-
edgeaboutferry routes,nodescanadapttheir trajectoriesto meet
the ferriesand transmitor receive messages.By using ferriesas
relays,nodescancommunicatewith distantnodesthat areout of
range(seeFig. 1 for anexample).

Messageferrying is abroadconcept,with thepotentialfor many
variationsin speci�c designandimplementation.We now explore
a few possiblecontexts in which messageferrying canbeusedef-
fectively.

2.1 MessageFerrying Applications
Weenvision thatMessageferryingcanbeusedeffectively in the

following four categoriesof applications.
Crisis-dri ven— Thiscategoryincludesbattle�eld anddisasterap-
plications,where�x ed andstableinfrastructureis limited or un-
availabledueto environmentalconditions.For example,in adisas-
ter relief effort, nodesequippedwith shortrangeradiosmaymove
out of rangeof oneanother. In a battle�eld, equipmentintendedto
provideconnectivity maybecompromisedsothatit becomesinop-
erable.In eitherscenario,thewide physicalrangeof thedeployed
2Wewill usetheterm“node(s)”to referto regularnodesor to both
regularnodesandferries.Theusageshouldbeclearfrom thecon-
text.



areamaypreventend-to-endconnectivity. For thesesettings,mes-
sageferriesenablecommunicationthatwouldotherwisebeimpos-
sible. Thelimitationsof messageferrying,suchaslow throughput
andlargedelayascomparedto connectednetworks,areacceptable
becausethealternative is nocommunication.
Geography-dri ven — This category includeswide areasensing
andsurveillanceapplications.While sensornetworksarenormally
denselydeployed, therearesituationswheresensornetworks are
inherentlysparsedueto thegeographicspaninvolved. For exam-
ple,in theZebraNetproject[18], sensorsareattachedto zebrasand
usedto studythebehavior of wildlife. As zebrasmove, thesesen-
sorsbecomespreadthroughouttheareaandform asparsenetwork.
OtherexamplesincludeDataMULE[29], SWIM [31] andthesmart
tagsystemin [4]. In thesesettings,applicationscantoleratesignif-
icanttransferdelaywhich makesmessageferrying a suitablesolu-
tion.
Cost-driven — This category includesapplicationsthatcoulduse
otherexisting technologies,but wheremessageferriesoffer a cost-
effective alternative. For example,in theDakNetproject[1], vehi-
clessuchasbusesareusedto transportdatabetweenremoteareas
suchasvillagesandcitiesto providestore-and-forwardInternetac-
cess.A metropolitangovernmentcouldincludemessageferrieson
public buses,providing low costmetro-areamessaging.
Service-driven — This category includesapplicationsthatrequire
aservicenotprovidedby otheravailablenetworking infrastructure.
For example,messageferrying couldoffer a privacy or anonymity
servicefor messagedelivery thatis nototherwiseavailable,or may
beavailablebut nottrusted(e.g.,in ahostilepolitical environment).
Messageferrying allows by-passingthe existing infrastructureto
obtaina differentservice,thoughwith degradedperformance.

2.2 MF Systemunder Consideration
As discussedabove,thereareseveralpossiblescenariosin which

messageferrying canbe used. Eachscenarioimplies a particular
set of functionsand capabilitiesfor the components(ferries and
regularnodes).In this paper, we focuson theapplicationof MF in
sparsemobilenetworks.Speci�cally, regularnodesareassumedto
have assignedtasksthat involve movementin thedeploymentarea
andlimited in resourcessuchasbattery, memoryandcomputation
power. Ferriesarespecialmobilenodeswhich take responsibility
for carryingdatabetweenregularnodesandhave fewerconstraints
in resources,e.g.,equippedwith renewablepower, large memory
and powerful processors.The purposesof ferriesare to provide
communicationcapacitybetweenregularnodes.For example,in a
collegecampus,busesequippedwith harddisksandwirelessinter-
facescanactasferriesto providemessagingserviceto students;in
battle�eld anddisasterrelief environments,aerialor groundvehi-
clescanbeusedasferriesto gatherandcarrydataamongdiscon-
nectedareas.

Datatransmissionbetweenregularnodesis in applicationlayer
dataunitscalledmessages. Sincenodeshavelimited memory, mes-
sageswill be droppedwhen buffers over�ow. In addition, each
messagecarrieswith it a timeoutvaluewhich speci�eswhenthis
messageshouldbe droppedif not delivered. The settingof the
timeoutvaluere�ects thedelayrequirementof applications.Mes-
sageFerrying is suitablefor applicationswhich can toleratesig-
ni�cant transferdelay, suchasmessaging,�le transfer, email,data
collectionin sensornetworksandothernon-real-timeapplications.
Theseapplicationswouldbene�t from theeventualdeliveryof data
evenif thedelayis moderate.

The designof the MF schemesis basedon location-awareness
andmobility. Eachnodeor ferry is awareof its own location,for
examplethroughreceiving GPSsignalsor otherlocalizationmech-

anism.Themobility of nodesandferriescancomein two varieties,
whichmayco-exist in thesamescenario:

� Task-orientedmobility: Theferry or nodemobility is deter-
mined for non-messagingreasons.For example,the route
of a campusbusactingasa messageferry is determinedby
passenger-carryingconcerns;a PDA is carriedaroundby a
studentmoving insideacampus.

� Messaging-orientedmobility: The ferry or nodemobility is
speci�cally designedfor improving theperformanceof mes-
saging.For example,ferriesareimplementedin a subsetof
robotsdispersedin a disasterarea,and the mobility of the
ferry robotsis speci�cally optimizedfor maximizingtheef-
�ciency of messagingamongtheotherrobots.

In this paper, we focuson thecasewherea singleferry is used
and thereareno buffer or energy constraintin the ferry. This is
thecase,for example,whena shuttlebus (anairplane)actsasthe
ferry to transportdatain acampus(battle�eld). In addition,regular
nodesareassumedto operateindependently. Wewill discussmore
generalMF systemsin Section6. In the following sections,we
will describein detailtwo MessageFerryingschemeswhichutilize
messaging-orientedmobility of eithertheferry or regularnodes.

3. NODE­INITIA TED MESSAGE FERRYING
SCHEME

In the Node-InitiatedMF (NIMF) scheme,the ferry movesac-
cordingto aspeci�c route.Theferry routeis known by nodes,e.g.,
periodically broadcastby the ferry or conveyed by other out-of-
bandmeans.Nodestake proactive movementperiodicallyto meet
upwith theferry. Fig. 1 shows anexampleof how NIMF operates.
In Fig. 1(a), theferry F moveson a known route,partof which is
illustrated.As thesendingnodeSapproachestheferry, it forwards
its messagesto theferry which will beresponsiblefor delivery. In
Fig. 1(b),thereceiving nodeRmeetstheferry andreceivesits mes-
sages.By usingtheferry asa relay, Scansendmessagesto R even
thereis noend-to-endpathbetweenthem.

In the following, we will describethe operationsof NIMF and
how nodesadjusttheirmovementto meettheferry.

3.1 NIMF Operations
Fig. 2showsasketchof thenodeoperationsin theNIMF scheme.

A nodeoperatesin 4 modes:WORKING,GOTO FERRY, SEND/RECV,
andGOTO WORK(seeFig. 3 for thetransitionsamongmodes).A
nodeis initially in the WORKINGmodeand moves accordingto
its assignedtask. The trajectorycontrol mechanismof the node
determineswhenit shouldproactively move to meetthe ferry for
sendingor receiving messages.Wedescribethismechanismin de-
tail in Section3.2.ThenodeenterstheGOTO FERRYmodewhen
it decidesto go to the ferry, andapproachesthe ferry. Whenthe
nodedetectstheferry is within its transmissionrange,thenodeen-
terstheSEND/RECVmodeandexchangesmessageswith theferry.
After completingmessageexchangeor theferry hasmovedout of
range,thenodeenterstheGOTO WORKmodeto returnto its loca-
tion prior to thedetour. Uponreturnto theprior location,thenode
entersthe WORKINGmode. In addition,nodescanswitch to the
SEND/RECVmodefrom theWORKINGmodewhenthey meetthe
ferry “unintentionally”, e.g.,without proactive movement. In this
case,thenodereturnsto theWORKINGmodeafterinteractingwith
theferry.

Fig. 4 presentstheferry operations.Theferry movesonaspeci-
�ed routeandexchangesmessageswith nodeswhenthey meet.To
supportthismessageexchange,theferry andnodesmustbeableto



detour: whetherthenodeis detouring;
mode: whichmodethenodeis in;
1. WORKINGmode

detour= FALSE;
IF TrajectoryControl indicatestime to go to theferry,

detour= TRUE;
mode= GOTO FERRY;

On receptionof aHello messagefrom theferry:
mode= SEND/RECV;

2. GOTO FERRYmode
Calculateashortestpathto meettheferry;
Move towardtheferry;
On receptionof aHello messagefrom theferry:

mode= SEND/RECV;
3. SEND/RECVmode

Exchangemessageswith theferry;
On �nish of messageexchangeor theferry is out of range:

IF detouris TRUE,
mode= GOTO WORK;

ELSE
mode= WORKING;

4. GOTO WORKmode
Move backto node's locationprior to thedetour;
On returnto theprior location:

mode= WORKING;
On receptionof aHello messagefrom theferry:

mode= SEND/RECV;

Figure2: Nodeoperationsin NIMF.

detectoneanotherwhenthey areclose,e.g.,by periodicallybroad-
castingHello messages.In MF, theuseof theferry releasesnodes
from theresponsibilityof transmittingHello messages,thussav-
ing nodeenergy. Speci�cally, theferry sendsoutHello messages
periodicallyusinga short rangeradio, andnodessimply listen to
the channelto detectthe ferry. When a nodereceives a Hello
messagefrom the ferry, it will reply with an Echo message.Af-
ter identifyingeachother, thenodeandtheferry initiatea message
exchangeconversation.Thenodewill transmitall its bufferedmes-
sagesto theferry which will beresponsiblefor delivery. Theferry
will thendeliver to thenodeall messagesbufferedat theferry and
destinedto thenode.

Messageforwarding in MF is simple: messagesare forwarded
from the sourceto the ferry, and then from the ferry to the des-
tination3. This deterministicrouting improvesboth datadelivery
andenergy ef�ciency. In sparsenetworks,network partitionsmay
last for signi�cantly long periodsandleadto buffer contentionin
nodesbecausemessagescannotberemovedfrom buffersandnew
messagesmight be generated.In addition, �ooding of messages
suchasin Epidemicrouting [33] generatesa large numberof re-
dundantmessageswhichnotonly intensi�esbuffer contention,but
alsowastesenergy. In MF, the useof the ferry asa relay avoids
suchbuffer contentionandredundanttransmissionproblems.

3.2 NodeTrajectory Control
Theproactive movementof nodesto meetthe ferry will gener-

ally degradeperformanceon the tasksthat areassignedto nodes,
becausethenodemustdetourfrom its intendedpath. Thusnodes
needto strike a balancebetweenperformancegainin datadelivery
andperformancedegradationin assignedtasksresultingfrom such
proactive movement.In applicationswhereMF is useful,delivery
rateis an importantmetric. Thusthe goal of trajectorycontrol is

3Whennodescommunicatewith theferry via gatewaynodesin the
cluster, messagesareforwardedfrom thesourceto thedestination
via a gateway nodesin thesourcecluster, the ferry anda gateway
nodein thedestinationcluster.

to minimizemessagedropswhile reducingthenegative impactof
proactive movement.

We proposea methodfor trajectorycontrol that considersboth
impacton assignedtaskandmessagedrop rate. We �rst consider
messagedrops. Messagesmay be droppedin nodesbecauseof
messagetimeout or buffer over�ow, and in the buffer-unlimited
ferry becauseof timeout. In Section3.3, we will describehow
nodesandtheferry maintaininformationaboutmessagegeneration
anddrops.In this section,we assumethis informationis available
in nodesanddescribehow it is usedfor trajectorycontrol. Specif-
ically, we considera discretetime model,i.e., time is dividedinto
�x ed-lengthslots. Nodei maintainsDn

i �

t � which is nodei's own

messagedroprateduring time slot t, andD f
i �

t � which is thedrop
ratein the ferry for destinationi during slot t. Let td be the time
slot in which thenodeis expectedto meettheferry afterproactive
movement. td canbe calculatedbasedon knowledgeof the ferry
route,ferry speedandthenode's location. If thenodechoosesnot
to meetthe ferry at this time, it will incur messagedropsat a rate
Di

�

td ��� Dn
i �

td �	� D f
i �

td � during slot td. It may alsoincur future
messagetimeouts.Let a betheaveragetimebetweenanode's vis-
its to the ferry andT be themessagetimeoutvaluein slots. Mes-
sagescurrentlybuffered in nodei will be expectedto reachtheir
destinationsduringslot td � a. Hereinsteadof usinga 
 2, theex-
pectedtimeamessagestaysat theferry beforedeliveredto thedes-
tination,we usea to beconservative in messagedrop estimation.
We alsoassumetd is thesamein thefuturebecausetd dependson
thefuturemovementof thenodewhichis unknown. So,if thenode
choosesnot to move to theferry, it will incur messagetimeoutsat
a ratemi

�

td � a � T � duringslottd � a, wheremi
�

t � is themessage
generationrateduring slot t. Consideringboth kinds of message
drops,we adopta policy which allows a nodeto move to theferry
only when

�

Di
�

td ��� mi
�

td � a � T �
�



�

Gn
i � G f

i ��� b (1)

is true,whereb is a prede�nedparameter, Gn
i is themessagegen-

erationratein nodei, andG f
i is themessagearrival ratein theferry

for destinationi. We will describehow Gn
i andG f

i areobtainedin
Section3.3. By usingb, this policy tries to avoid nodedetourin
situationswherethe messagedrop ratesare low comparedto the
messagegenerationrate.

Wenow turnto theissueof limiting thenegativeimpactof proac-
tivemovement.Theimpactof proactivemovementis generallyap-
plication speci�c andmay be unknown in advance. In this paper,
we usea simpli�ed modelbasedon work time percentage (WTP)
to representtheimpact.WTP is de�ned asthepercentageof timea
nodeis freetoworkonassignedtasks(i.e.,thenodeis notdetouring
for messagetransmissionor reception).To meetthe needsof as-
signedtasks,wespecifythatanodeis allowedto proactively move
to the ferry only whenits WTP wi is above a prede�nedthreshold
w.

Putting togetherthe above factors,we determinea policy that
statesthat a nodei modi�es its trajectoryonly whenwi �

w and
Eq. (1) is true.Oncea nodedecidesto go to theferry, it will take a
shortesttrajectoryto meettheferry.

3.3 MessageDrops
As describedin Section3.2,nodesdeterminewhento meetthe

ferry using information aboutmessagegenerationand drops. In
this section,we describehow this information is obtained. Basi-
cally, nodesandtheferry keepa historyof previousmessagegen-
erationratesandbasedonthat,computetheexpectedmessagedrop
rateandgenerationrate.
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Figure3: Mode transition diagram for nodesin NIMF.

1. Moveaccordingto a ferry route;
2. BroadcastHello messagesperiodically;
3. Onreceptionof anEcho messagefrom anode:

Exchangemessageswith thenode;

Figure4: Ferry operationsin NIMF.

We �rst considermessagedropsin a node,say nodei. Mes-
sagesmaybedroppedfor eitherbuffer over�ow or messagetime-
out,whenbufferedat a nodewaiting for interactionwith theferry.
For simplicity of exposition,weassumeall messageshavethesame
sizeandtimeoutvalueT. Supposethe lengthof a time slot is D.
Let mi

�

t � bethemessagegenerationrateduringslott. Let Mi
�

t � be
the cumulative amountof messagesgeneratedover slots � 1 � t � , or
Mi

�

t ��� å t
k � 1mi

�

k � D. Assumingno buffer over�ow, the message
timeoutrateduring slot t is a

�

t ��� mi
�

t � T � andmessagesbeing
droppedaregeneratedduringslot ta � t � T. Similarly, assuming
no messagetimeout, the messagedrop rateduring slot t because
of buffer over�ow is b

�

t ��� mi
�

t � , andmessagesbeingdroppedare
generatedduringslot tb � max� k : å t

j � k mi
�

j � D
�

Bi �

whereBi is
thenodebuffer size. In thedescriptionabove, we do not consider
the caseswhent � T or Mi

�

t ��� Bi for simplicity of exposition,
which canbe easilyhandledin our model. Now we computethe
messagedroprateDn

i �

t � for nodei duringslot t asfollows.

Dn
i

�

t ���

�

� �

a
�

t � if ta
�

tb �

max� a
�

t ��� b
�

t �

�

if ta � tb �

b
�

t � if ta � tb �

(2)

For example,whenta � tb, buffer over�ow occursbeforetheoldest
messagetimes out. So messagesare droppedbecauseof buffer
over�ow andthedroprateis b

�

t � . Fig. 5 illustratesanexampleof
thecomputationof messagedroprate.

Messagedropsmayalsooccurin theferry. Becausewe assume
the ferry buffer is not a limitation, thesedropsoccuronly because
messagestimeoutbeforethedestinationnodeapproachestheferry.
Theferry maintainsmessagedropinformationandconveys this in-
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Figure 5: An example of messagedrop rate computation in
node i. Messagesdroppedduring slot t would have arri ved at
nodei during either slot ta or slot tb (tb in this example).

formationto nodes. Speci�cally, for eachdestinationnodei, the
ferry maintainsthe messagegenerationratemf

i �

t � andthe cumu-

lative amountof messagesM f
i �

t � . The ferry then computesthe

messagedrop rate D f
i �

t � for eachnodei. Periodically the ferry
broadcastsa Ferry Status messageto all nodesusinga long
rangeradioandincludingD f

i �

t � for all i. To conserve bandwidth,

theferry mayonly transmitanapproximateversionof D f
i �

t � , e.g.,

includinga subsetof all
�

t � D f
i �

t �
� valuesin themessages.
Nodesalsoestimatetheir messagegenerationratesGn

i , e.g.,us-
ing a sliding window that averagesover pasthistory. Gn

i is used
to computethe messagedrop rateDn

i �

t � for future time t. Simi-

larly, the ferry maintainsthemessagegenerationrateG f
i for each

destinationnode i and broadcaststhis information to nodesvia
Ferry Status messages.

4. FERRY­INITIA TED MESSAGE FERRY­
ING SCHEME

In theFerry-InitiatedMessageFerrying(FIMF) scheme,theferry
takesproactive movementto meetup with nodesfor communica-
tion purposes.We assumethat the ferry movesfasterthannodes.
In addition,we assumethatnodesareequippedwith a long range
radio which is usedfor transmittingcontrol messages.Note that
while the ferry can broadcastdata to all nodesin the area,the
transmissionrangeof nodes'longrangeradiosmaynotnecessarily
cover thewholedeploymentareadueto power constraints.

Fig. 6 shows a simpli�ed exampleof how the FIMF scheme
operates.Initially the ferry F follows a speci�c default routeand
periodicallybroadcastsits locationto nodesusinga long rangera-
dio. When a nodeS �nds the ferry is nearbyandwantsto send
or receive messagesvia the ferry, it sendsa Service Request
messageto the ferry using its long rangeradio (Fig. 6(a)). This
messagecontainsthenode's locationinformation.Uponreception
of a requestmessage,the ferry adjustsits trajectoryto meetthe
node. To guidethe ferry movement,the nodeoccasionallytrans-
mits Location Update messagesto notify the ferry of its new
location(Fig. 6(b)). Whentheferry andthenodearecloseenough,
they exchangemessagesvia shortrangeradios(Fig. 6(c)). After
completingmessageexchangewith thenode,theferry movesback
to its default route(Fig. 6(d)).

4.1 FIMF Operations
Fig. 7 shows a sketchof the operationsof nodes.A nodecan

be in two modes:DISASSOCIATEDandASSOCIATED. A node
is initially in theDISASSOCIATEDmode,meaningthatit hasnot
requestedservicefrom the ferry. The noti�cation control mecha-
nism,discussedin Section4.2,determineswhetherthenodeshould
senda Service Request messageto theferry. After sendinga
requestmessageto the ferry, the nodeentersthe ASSOCIATED
modeandwaits for the interactionwith the ferry. Whena nodeis
in the ASSOCIATEDmode,noti�cation control determineswhen
to senda Location Update messageto notify the ferry of the
node's new location. In bothmodes,thenodemayexchangemes-
sageswith theferry if it is closeto theferry andreceivesa Hello
messagefrom the ferry. After interactionwith the ferry, thenode
returnsto theDISASSOCIATEDmode.

Fig. 8 shows the ferry operations. The ferry operatesin two
modes: IDLE and WORKING. Initially the ferry is in the IDLE
modeand follows a speci�c default route. It periodicallybroad-
castsits locationinformationto nodesvia a longrangeradio.Upon
thereceptionof a Service Request messagefrom a node,the
ferry switchesto theWORKINGmode.In theWORKINGmode,the
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Figure6: An exampleof FIMF operations.

NC: noti�cation controlscheme
mode: whichmodethenodeis in;
1. DISASSOCIATEDmode

IF NC indicatessendinga Service Request message,
SendaService Request messageto theferry;
mode= ASSOCIATED;

On receptionof aHello messagefrom theferry:
Exchangemessageswith theferry;

2. ASSOCIATEDmode
IF NC indicatessendinga Location Update message,

SendaLocation Update messageto theferry;
On receptionof aHello messagefrom theferry:

Exchangemessageswith theferry;
On �nish of interactingwith theferry;

mode= DISASSOCIATED;

Figure7: Nodeoperationsin FIMF.

ferry maintainsa setof nodesH that have requestedserviceand
tries to meetthesenodesto relay messages.The ferry trajectory
control mechanismwill be discussedin Section4.3. Whena re-
questis received,the ferry updatesH, computesa new ferry route
andadjustsits movementto follow the new route. The ferry also
recomputesits routewhena Location Update messageis re-
ceived. Whenthe ferry arrivesat the locationof a nodereported
in its requestor updatemessages,theferry assumesthat it has�n-
ishedthe visit with the nodeand removes it from H. The ferry
may alsomeeta nodein H, saynodei, when the ferry is on its
way to meetanothernode,in which casethe ferry assumesit has
visited nodei andremovesnodei from H. After updatingH, the
ferry recomputesits routeandmoveson the new route. WhenH
becomesempty which meansthe ferry hasvisited all requesting
nodes,it returnsto thedefault routeandenterstheIDLE mode.In
both modes,whenthe ferry comescloseto a node,the ferry may
exchangemessageswith thenode.

When in the IDLE mode, the ferry moves on a default route
andwaitsfor requestsfrom nodes.Sincethetransmissionrangeof
nodes'long rangeradiosmaybelimited dueto energy constraints,
a nodemustbecloseenoughto theferry in orderto senda request
to the ferry. Sothedefault ferry routeshouldbedesignedto max-

H: thesetof requestingnodes;
P: theferry routein theWORKINGmode;
mode: whichmodethenodeis in;
1. IDLE mode

SetH to beanemptyset;
Move onadefault route;
Broadcastlocationmessagesperiodically;
On receptionof aService Request messagefrom nodei:

Add i to H;
Computenew ferry routeP;
mode= WORKING;

On receptionof messagesfrom anode:
Exchangemessageswith thenode;

2. WORKINGmode
Move alongrouteP;
Broadcastlocationmessagesperiodically;
On receptionof aRequest/Updatemessagefrom nodei:

Add i to H;
Computenew ferry routeP;

On �nish of transmissionor meetingwith nodej:
Remove j from H;
IF H is not empty,

Computenew ferry routeP;
ELSE

mode= IDLE ;
On receptionof messagesfrom anode:

Exchangemessageswith thenode;

Figure8: Ferry operationsin FIMF.

imize thechancethat the ferry is closeto nodes.Givennodesare
mobile andtheir movementis unknown in advance,it is dif�cult,
if not impossible,to designan optimal ferry route. In this work,
weadopta simpleapproachin which theareais dividedinto agrid
of squarecells and the ferry route is designedto “scan” through
thecellsin a row-by-row order. Speci�cally, theferry routemoves
forwardthroughthe�rst row of cells,thenmovesbackwardon the
secondrow and repeatsthis backand forth patternuntil all cells
have beenvisited,whereupon,the routereturnsto the originating
cell, forming a closedroute.Thecell sizeis chosento beno larger
than  2Rl whereRl is thetransmissionrangeof nodes'long range
radios.Sowhentheferry movesthroughtheroute,nodesat every
locationin theareahave achanceto sendmessagesto theferry.

Theoperationsof FIMF differ from NIMF in theproactivemove-
mentof theferry, insteadof nodes,andtheuseof longrangeradios
in nodesto transmitcontrolmessages.However, messageforward-
ing, device discovery andmessagedropcomputationarethesame
in bothschemes.

4.2 NodeNoti�cation Control
In FIMF, nodessendnoti�cation messagesto requestcommuni-

cationservicefrom theferry usinglong rangeradios.Noti�cation
messagescanbeeithera Service Request messageor a Lo-
cation Update message.A Service Request messagein-
dicatesthenode's intentto communicatewith theferrywhile aLo-
cation Update messageinformstheferry aboutthenode'snew
location. Both messagesincludethe node's currentlocation. Be-
causetransmissionover long distanceis expensive in energy con-
sumption,the goal of noti�cation control is to minimize message
dropswhile consideringenergy constraints.

Tocontrolthetransmissionof noti�cation messages,weconsider
the following factors: messagedrops, ferry location and energy
consumption.As for messagedrops,we adopta similar policy as
in NIMF. Speci�cally, a nodesendsa requestmessageto theferry
only whenEq. (1) is true.Theonly differenceis in thecomputation
of td, thetime slot in which thenodeis expectedto meettheferry.



In FIMF, td is determinedby theferry movementwhichis unknown
to nodes. In this paper, we estimatetd ast0 � ct f wheret0 is the
currenttime slot, t f is the latency for theferry to move directly to
meetthenode,andc is a constant.

We alsoconsidertheferry's locationin noti�cation control. Let
df be thedistancefrom thenodeto the ferry. Let Rl bethe trans-
missionrangeof nodes'long rangeradios.In FIMF, a nodesends
a requestto the ferry only whend f � g whereg is a systempa-
rameterandg � Rl . We useg to reducethe chancethat the ferry
movesout of thenode's transmissionrangeafterthenodehassent
a Service Request message.

We now turn to theenergy consumptionissue. To achieve cer-
tain nodeor network life time,nodesmayhave someenergy usage
constraints,which aregenerallyapplicationspeci�c. In this paper,
weuseasimpli�ed modelwhichlimits thetransmissionof noti�ca-
tion messages.We de�ne noti�cation message rate (NMR) asthe
averagenumberof noti�cation messagessentper second.To en-
forceenergy constraints,a nodei is allowedto senda noti�cation
messageonly whenits NMR vi is below a prede�nedthresholdl .

By combiningtheabovefactors,wedetermineapolicy thatstates
that a nodetransmitsa Service Request messageonly when
Eq. (1) is true,df � gandvi � l .

Noti�cation controlalsodetermineswhenLocation Update
messagesaresentto inform theferryaboutthenode'snew location.
Supposethattheshortrangeradioshave transmissionrangeof Rs.
If anodehasmovedbut is still within Rs distancefrom thelocation
it reportedto the ferry, the nodedoesnot needto sendan update
messageto the ferry. This is becausewhenthe ferry movesto the
reportedlocation,theferry canstill communicatewith thenode.In
addition,for the ferry to successfullyreceive thenoti�cation mes-
sages,the distancebetweenthe nodeandthe ferry mustbe small
enough,i.e.,df � Rl . SoanodesendsaLocation Update mes-
sageonly whendn �

Rs, df � Rl andvi � l wheredn is thenode's
distanceto thelocationit reportedto theferry.

4.3 Ferry Trajectory Control
In thissection,wediscusshow theferry controlsits trajectoryto

meetnodeswith thegoalof minimizingmessagedrops.Beforede-
scribingthetrajectorycontrol mechanism,we �rst de�ne theferry
route problem. SupposeP is a route that startsfrom the ferry's
locationandvisitsall nodesthathavesentrequeststo theferry. As-
sumethat nodesremainin their locations,the ferry cancompute
the latency beforeit visits eachnodein routeP given the location
of thesenodesandtheferry speed.Let si bethelatency for nodei.
Let Dn

i �

t � bethemessagedropratein nodei duringtimeslott, and

D f
i �

t � be the drop ratein the ferry for destinationi duringslot t.4

We de�ne theexpectedmessagedropsfor routeP as

DP
�

k

å
i � 1

si

å
l � 0

�

Dn
i

�

t0 � l �!� D f
i �

t0 � l �
� (3)

wherek is the numberof requestingnodesand t0 is the current
time slot. So the ferry routeproblemcanbe statedas�nding the
route that minimizesDP. When Dn

i �

t �	� D f
i �

t �"� 1 for all i and
t, this problembecomesa Minimum Latency Problem(MLP) [6]
whereDP canbe interpretedasthesumof latency for the ferry to
visit eachnode. MLP is known to beNP-hard,so this problemis
aswell. In addition,sincenodesaremobile, DP is only a rough
estimationof messagedrops. Thuswe seekto develop heuristics
for ferry routedesign.

4Dn
i �

t � canbe measuredin nodei andtransmittedto the ferry in
Service Request or Location Update messages.

Westudythefollowing two heuristics.The�rst oneis thenearest
neighbor(NN) heuristicin which theferry alwaysvisits theclosest
nodeafter it �nishes meetingwith a node. The secondheuristic
is a traf�c-aware(TA) heuristicwhich considersbothlocationand
messagedropinformation.TheTA heuristicis basedon localopti-
mizationtechnique2H-optusedin thetravelingsalesmanproblem
(TSP)[5]. However, insteadof optimizing the lengthof the route
asin TSP, theTA heuristictries to optimizetheexpectedmessage
dropsDP.

After computingaroute,theferry adjustsits movementto follow
the new route. Sincenodesare mobile, theremight be chances
that theferry might missthenodeit is trying to visit. Underthese
situations,when the ferry moves to the location reportedby the
node,the ferry assumesthat it has�nished thevisit with thenode
and recomputesits route to meetwith remainingnodes. So the
operationsof the ferry arenot affected. Becausewe assumethat
the ferry movesfasterthannodes,the probability of thesemisses
would besmall.

5. PERFORMANCE EVALUATION
In thissection,weevaluatetheperformanceof theMessageFer-

rying schemesthroughnssimulations.We �rst describeour sim-
ulation implementation,performancemetricsandmethodologyin
Section5.1. Thenwe evaluateboth the node-initiatedand ferry-
initiatedMF schemesandcomparetheir performancewith thatof
Epidemicrouting [33]. The resultscon�rm that the MF schemes
are ef�cient in both data delivery performanceand energy con-
sumptionin sparsemobileadhocnetworks.

5.1 Metrics and Methodology
We implementboth theNIMF andFIMF schemesin nssimula-

tor. For shortrangecommunication,we use802.11DCF asMAC
layerandthedefaultenergy modelprovidedin ns, i.e.,250mtrans-
missionrangeand0.282Wtransmitpower. For long rangecom-
munication,we choosenot to simulatea speci�c MAC protocolin
detail, but insteadusea simpli�ed model in which datatransmis-
sion hasno lossor delay. This simpli�cation will not affect our
resultsbecauselongrangeradiosareonly usedfor low ratecontrol
messages,thusMAC contentionis not a major concern. In addi-
tion, sincenormaltransferdelayis on theorderof minutesor even
hours,wecanignoretransmissiondelaywhenusinglong rangera-
dio. We only usetransmissionpower in regular nodesfor energy
consumptioncomputation.Energy consumptionat theferry is not
countedbecausetheferry is not limitatedin power supply. In gen-
eral transmitpower for distanced is proportionalto dk wherek is
the path lossexponent[28]. In our simulations,k is set to 4 and
the computationof transmitpower is basedon distancefrom the
transmittingnodeto the ferry. We comparetheMF schemeswith
Epidemicroutingwhoseperformanceactsasa baseline.

Weusebothdatadeliveryandenergy metricsto evaluatetheper-
formanceof theMF schemes.Themessage deliveryrateis de�ned
astheratioof thenumberof successfullydeliveredmessagesto the
total numberof messagesgenerated.Themessage delayis de�ned
astheaveragedelaybetweenthe time a messageis generatedand
the time the messageis received at the destination. In Epidemic
routing,becausemultiple copiesof a messagemaybe received at
the destination,the messagedelay is computedbasedon the ear-
liest time a messageis received. The messagedelivery rate and
messagedelay re�ect how ef�cient datadelivery is. To measure
energy ef�ciency, we usethe delivered messagesper unit energy
which is de�ned asthe averageamountof datadeliveredper unit
energy consumption.Thismeasurestheef�ciency of energy usage.

We use the following default settingsin our simulations,un-



Scheme Parameter Value
NIMF WTP threshold(w) 0.9
FIMF Transmissionrangeof nodes'long rangeradio(Rl ) 2000

Distancethresholdfor requesttransmission(g) 1800
NMR threshold(l ) 0.001

Both Avg time betweenanode's visits with theferry (a) 1000
Messagedropthreshold(b) 0.3

Table 1: Default parameter settings

lessspeci�ed otherwise. Eachsimulationrun has40 nodeson a
5000m # 5000m area. 25 nodesare randomlychosenassources
which sendmessagesto randomlychosendestinationsevery 20
seconds. Messagesare of size 500 bytesand the timeout value
is 8000sec. Nodesmove in the areaaccordingto the random-
waypointmodel[17] with a maximumspeed5m/sandpausetime
50sec. The nodebuffer size is 400 messages.In the NIMF and
FIMF simulations,a single ferry is usedand the ferry speedis
15m/s.Thedefaultferry routefollowsarectanglewith (1250,1250)
and(3750,3750)asdiagonalpoints(weusea2 # 2 grid in comput-
ing thedefault routefor FIMF). In FIMF, nodes'long rangeradios
transmitat 500kbps.Thedefault settingsfor otherparametersare
listedin Table1.

5.2 Impact of nodebuffer size
We �rst evaluatetheimpactof nodebuffer sizeon datadelivery

performance.We simulatethe following schemes,NIMF, FIMF
with the NN heuristic (FIMF-NN), FIMF with the TA heuristic
(FIMF-TA) andEpidemicrouting (ER). Fig. 9(a)shows themes-
sagedeliveryrateunderdifferentnodebuffer sizes.NIMF andboth
FIMF schemessigni�cantly outperformEpidemicrouting for all
buffer sizes. For example,whenbuffer size is 200 messages,all
MF schemesachieve morethan81%delivery ratewhile Epidemic
routingonly delivers20%of messages.This is becausein theMF
schemesthe proactive movementof nodesor the ferry increases
connectivity amongnodes,leadingto highermessagedeliveryrate.
In addition,the MF schemesavoid the buffer contentionproblem
causedby �ooding in Epidemicrouting. As the nodebuffer size
increases,themessagedelivery ratefor Epidemicrouting alsoin-
creasesbut is still lower thantheMF schemes.

Fig. 9(b) shows the messagedelaywhich tendsto increaseas
thebuffer size. For Epidemicrouting, the increaseof delayis be-
causemessagescanstaylongerin buffer beforebeingpurgedout
by new messages.For MF, asthebuffer sizeincreases,a nodecan
buffer moremessagesbeforetransmittingto theferry, thusleading
to increaseddelay. Epidemicroutingachievesmuchlowerdelayas
comparedto theMF schemes.This is becauseMF explicitly delays
messagedeliveryby batchingmessagesin nodesor theferry, either
to increasea node's work time percentage(in NIMF) or to reduce
energy consumptionof long rangecommunication(in FIMF).

Figure9(c)presentstheenergy ef�ciency metric.TheMF schemes
achieve betterenergy ef�ciency, by 8 to 30 times,thanEpidemic
routing.Sousingthesameamountof energy, theMF schemescan
deliver morethan8 timesasmany messages.Suchgreatreduction
in energy consumptioncomesfrom thefact thatmessagesarefor-
wardedin 2 hopsto reachtheirdestinationsin MF. In contrast,Epi-
demicrouting�oods messagesthroughoutthenetwork, resultingin
a largenumberof redundantmessagetransmissions.As thebuffer
sizeincreases,theFIMF schemesimprove their energy ef�ciency.
This is becausewith alargerbuffer, anodecanreducethetransmis-
sionof requestmessages,thusreducingtheoverheadof long range
communication.For NIMF andEpidemicrouting, the increaseof
buffer sizedoesnot improve energy ef�ciency. In all casesNIMF

achievesbetterenergy ef�ciency thanthe FIMF schemesbecause
nodesin NIMF do notneedto sendcontrolmessagesto theferry.

The above simulationsuseconstantbit rate (CBR) traf�c. We
also conductexperimentswith bursty traf�c. The MF schemes
achieve very similar performanceunderburstytraf�c ascompared
to CBR traf�c. Theonly differenceis a slight decreasein message
delivery rates. Due to spacelimitation, we do not presentthese
resultsin this paper. Both FIMF schemesachieve similar perfor-
mancein messagedelivery rate,delayandenergy ef�ciency in all
thesesimulations.Soin therestof thissection,wewill only present
theresultsfor FIMF-TA.

5.3 Impact of nodemobility
In thissectionwe studyhow nodemobility affectseachscheme.

We simulatethreemobility models.In therandom-waypoint(RW)
model, a noderandomlypicks a destinationwithin the areaand
moves toward the destinationwith a speeduniformly distributed
between0 andamaximumspeedsmax. Thesecondmobility model,
limited random-waypoint (LRW) model,is a variationof the RW
modelin whichwhena nodechoosesa destination,it picksa loca-
tion within the400m # 400m areacenteredat its location. So this
modeltries to limit thedistanceof eachmove. Thethird mobility
modelis the area-based(AB) model. In this model,10 nodesare
moving accordingto the RW model while the other nodesmove
within a randomlychosen400m # 400m area.This modelre�ects
situationswheremostnodestendto move within a smallarea.We
simulatedifferentsmax at 5m/sand10m/s.

Table2 summarizestheperformanceresults.TheMF schemes
outperformEpidemicroutingsigni�cantly in all scenarioswestudy.
For example,whensmax is 10m/s,both NIMF andFIMF achieve
messagedelivery rateof more than84% while Epidemicrouting
achieveslessthan44%. TheMF schemesalsoobtainmuchbetter
energy ef�ciency.

Wemaketwoobservations.First,whilenodemobility hassignif-
icant impacton theperformancefor Epidemicrouting,bothNIMF
and FIMF are much lessaffectedby nodemobility. This is be-
causein Epidemicrouting,nodesrely on their movementto meet
others.Somobility characteristicsgreatlyaffect datadelivery per-
formance. For example,Epidemicrouting performsbetterwhen
nodesmove globally or at a higherspeed. In NIMF, nodestake
proactive movementto meetwith theferry sodatadelivery perfor-
manceis lessaffectedby regularnodemobility. A similarargument
alsoappliesto FIMF. Second,theperformanceof NIMF is affected
by nodespeed.This is becausenodesneedto proactively move to
meetthe ferry. Due to the WTP constraint,nodeswith a higher
speedareableto visit theferry morefrequentlybecausethey spend
lesstime on eachdetourto meettheferry. In contrast,FIMF is in-
sensitive to nodespeedbecauseit is the ferry who takesproactive
movement.

5.4 Impact of WTP thresholdon NIMF per­
formance

In this section,we evaluatehow the WTP thresholdsettingaf-
fectstheNIMF scheme.TheWTPthresholdw controlshow much
time a nodeis allowed for proactive movement.Fig. 10(a)shows
themessagedelivery ratewhenthemessagetimeoutare3000and
8000seconds.As theWTPthresholdw increases,themessagede-
livery ratedecreasessincenodesvisit theferry lessfrequently. The
delivery ratealsodecreasesfor smallermessagetimeoutvaluesbe-
causemoremessageswould bedroppeddueto timeout.

Fig. 10(b) presentsthe messagedelaywhich tendsto be unaf-
fectedby thesettingof w. Thereasonis that in NIMF, a nodeex-
plicitly batchesoutgoingmessagesandtries to delayits visit with
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Figure9: Performanceunder differ ent nodebuffer sizes.

Mobility Model Scheme Delivery Delay Energy ef�ciency
(speed) Rate (sec) (KB/J)
Random NIMF 0.953 3490 306
Waypoint FIMF 0.938 3530 172

(0 - 10m/s) ER 0.437 1039 10
Limited Random NIMF 0.893 3918 289

Waypoint FIMF 0.842 4145 129
(0 - 10m/s) ER 0.127 2076 9

Area NIMF 0.842 3739 288
Based FIMF 0.883 3838 144

(0 - 10m/s) ER 0.155 1476 9
Random NIMF 0.912 3569 300
Waypoint FIMF 0.931 3691 181
(0 - 5m/s) ER 0.316 1546 10

Limited Random NIMF 0.699 3896 267
Waypoint FIMF 0.850 4091 137
(0 - 5m/s) ER 0.061 2221 6

Area NIMF 0.731 3862 271
Based FIMF 0.841 4036 137

(0 - 5m/s) ER 0.112 2239 8

Table2: Performanceunder differ ent nodemobility

the ferry asmuchaspossible.So the messagedelayremainsthe
sameunderdifferentWTP thresholds.

Fig. 10(c)shows theenergy ef�ciency metric.For bothmessage
timeoutvalues,energy ef�ciency decreasesasw increases.This is
becauseof messagedropsin the ferry. As w increases,nodesare
morerestrictedin their movementto meettheferry andmoremes-
sageswill be droppedin the ferry becauseof timeout. So energy
usedto transmitthesedroppedmessagesfrom nodesto the ferry
is wasted,reducingenergy ef�ciency. NIMF achieves betteren-
ergy ef�ciency for largermessagetimeoutvaluesbecauseof fewer
messagedrops.

5.5 Impact of NMR thresholdon FIMF per­
formance

In this sectionwe study how FIMF performsunder different
NMR thresholdsl . The useof l is to limit energy consumption
of nodes'long rangecommunication.Fig. 11(a)shows the mes-
sagedelivery ratewhen the messagetimeout are3000 and8000
seconds.Note that the x axis in Fig. 11 is the averagenodenoti-
�cation interval which equals1
 l . For 8000secondtimeout, the
delivery rateremainsthesameunderdifferentl becausethemes-
sagetimeout is relatively large, so nodescandelay the transmis-
sionof requestmessageswithoutresultingin messagetimeout.For
3000secondtimeout,thedelivery ratedecreasesasthenoti�cation
interval increasesbecausenodesaremorerestrictedin sendingout

noti�cation messages,resultingin moremessagedrops.
Fig. 11(b)presentsthemessagedelaywhichtendsto beindepen-

dentof l . This is becauseFIMF explicitly delaysmessagetrans-
missionfor energy saving in longrangecommunication.Fig. 11(c)
shows theenergy ef�ciency metric. For bothmessagetimeoutval-
ues,energy ef�ciency increasesas the averagenodenoti�cation
interval. This is becausewith a larger noti�cation interval, nodes
wait for longer time beforerequestingservicefrom the ferry and
transmitmoremessageson eachvisit with the ferry. So thetrans-
missionoverheadfor noti�cation messagesis reduced,resultingin
higherenergy ef�ciency. For thesamereason,FIMF achievesbet-
ter energy ef�ciency in simulationswith largertimeoutvalues.

5.6 Impact of transmission range on FIMF
performance

We now studyhow thetransmissionrangeof nodes'long range
radiosaffectstheperformanceof FIMF. Wesimulatewith message
timeoutof 3000and8000seconds.Fig. 12(a)shows themessage
delivery ratewhich increasesas the transmissionrangeRl , espe-
cially whenRl is small.This is becausewith a largerRl , thedefault
routewill beshorterandtheferry takeslesstimeto �nish oneround
of theroute.Sotheferry will bein anode's rangemorefrequently,
resultingin bettermessagedelivery rate.

Fig. 12(b)shows themessagedelaywhich is unaffectedby Rl .
Fig. 12(c) plots the energy ef�ciency metric. Energy ef�ciency
�rst increaseswhen the transmissionrangeRl is small and then
dropswhenRl becomeslarge. Thereasonis for smallRl , the im-
provementof energy ef�ciency stemsfrom theincreasein themes-
sagedelivery rateandthe reductionin messagedrops,especially
for thecasewith 3000secondtimeout. Whenfewer messagesare
dropped,lessenergy is wastedin transmittingmessagesto theferry
whichwill bedroppedlater, improving energy ef�ciency. For large
Rl , theimprovementin messagedropsis smallasRl increases.En-
ergy usedto transmitnoti�cation messagesto theferry becomesthe
dominantfactor. As Rl increases,moreenergy will beusedin the
transmissionof noti�cation messages,resultingin loweref�ciency.

6. DISCUSSION
In this section,we will discusssomerelateddesignissuesin the

MessageFerryingschemes.
Multiple Ferries. In this paper, we have focusedon the useof a
singlemessageferry to provide communicationcapability. We ex-
pecttheMF schemescanbeeasilyextendedto thecasewith multi-
ple ferries.Multiple ferriescanpotentiallyimprove messagetrans-
port capacityandrobustnessagainstferry failures. With multiple
ferriesin deployment,thereis also�e xibility in relayingmessages
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Figure10: Performanceof the NIMF schemeunder differ ent WTP thr esholds.
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Figure11: Performanceof the FIMF schemeunder differ ent NMR thr esholds.

andbalancingloadamongferries.Wearecurrentlystudyingtheis-
suesof cooperative routingwith multiple ferries.Speci�cally, how
is the movementof ferriesandnodesorganizedto improve phys-
ical connectivity amongnodes? And given the ferry movement,
how aremessagesforwardedto improvedatadeliveryperformance
andenergy ef�ciency?
Contention. In the MF schemes,messagesare relayedvia the
ferry. This maycreatetransmissioncontentionamongnodeswhen
multiple nodestry to communicatewith the ferry simultaneously.
Whentheferry hasonly limited buffers,thereis alsobufferingcon-
tention amongmessagesfrom differentnodes. In this paper, we
considersituationswhereall messagesareof thesameimportance.
Transmissioncontentionis mainly resolved by theMAC protocol
usedandthereis no buffer contention.In morerealisticsituations
especiallyin crisis scenarios,given the limited connectivity be-
tweennodesandtheferry, it wouldbeimportantto scheduletrans-
missionsuchthatapplicationperformancecanbemaximized.This
requiressomeinformationaboutthe contentof messagessuchas
messagepriority. A simplepriority-basedapproachis asfollows.
Eachmessageis taggedwith a priority numberwhen generated.
When a nodedetectsthe ferry is in range,the nodeinforms the
ferry aboutthe numberof bufferedmessagesandtheir priorities.
Theferry thencalculatesatransmissionschedulebasedonmessage
priority. Following thetransmissionschedule,theferry will either
transmitmessagesto a nodeor polling a nodewhich is allowedto
sendits messagesto the ferry after thepoll message.In this way,
the ferry hascompletecontrol abouthow messageexchangeoc-
cursandreducescontentionbetweennodes.In theFIMF scheme,
theferry hasextra �e xibility of controllingthecontactperiodwith
regularnodes.Wedeferthestudyof theseissuesto futurework.
Coordination among Regular Nodes. While this paperconsid-

ersthecasewherenodesoperateindependently, regularnodescan
coordinatewith eachotherfor datadelivery. For example,regular
nodescanform connectedclusters. Within a cluster, oneor more
gateway nodesare in charge of communicatingwith the ferries.
Othernodescommunicatewith thesegateway nodesusing tradi-
tionalad-hocnetwork routingprotocols.
Long RangeCommunication. In theMF schemes,theferrybroad-
castscontrolmessagesacrossthedeploymentareausinglongrange
communication.This doesnot posemuchlimitation becausethe
overheadis notsigni�cant dueto thesmallsizeof controlmessages
andthe low broadcastingfrequency. In addition,theMF schemes
applyto situationswheretheferry hasa shorterradiorange.

In this paper, we focuson datadelivery usingtheferries.In net-
workswheredirectcommunicationamongnodesis feasible,it may
bedesirableto transmitmessagesusinglongrangecommunication,
evenwith higherenergy cost. For example,directcommunication
canbe usedwhenmessageshave stringentdelayrequirements.It
would beinterestingto studyapproachesthatusebothdirectcom-
municationandthe MF approachto balanceenergy consumption
andmessagedelay. We leave this asa topicof futurework.

7. RELATED WORK
In this section,we review relatedwork on sparsenetworks and

mobility-assistedschemes.Ad hoc routing hasbeenan active re-
search�eld in recentyearsandmany routingalgorithmshave been
developed,suchasDSR[17], DSDV [25], AODV [26], GPRS[19],
Zonerouting [16], LAR [20] andCEDAR [30]. All theserouting
algorithmsconsiderconnectednetworkswhereanend-to-endpath
exists betweentwo nodesin the network. Our work in this paper
differssigni�cantly in its focusonsparsenetworks.
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SparseNetwork Ar chitectures. Goodmanetal. [12] proposethe
Infostationarchitecturein which wirelessportscalledInfostations
aregeographicallydistributedto provide high bit-rateconnections
in the their vicinities. Infostationscould be placedat accessible
locationssuchas airport and building entrances,and do not of-
fer continuouscoverage. So the Infostationarchitecturesupports
“many-time many-where”communication.

Shahet al. [29] proposeDataMULE,anarchitecturefor collect-
ing datain sparsesensornetworks. DataMULEusesmobile enti-
ties in theenvironmentto transportdatafrom sensornodesto ac-
cesspoints. DataMULE aimsto achieve energy saving in sensor
nodesby usingshortrangeradios.DataMULEis similar to theMF
schemesin its useof mobileentitiesto deliver data. However, its
focusonstaticsensorsanddatacollectionapplicationsdiffersfrom
the MF schemes.In addition, the MF schemesexplicitly utilize
non-randomor controlledmovementto deliver data.

Fall [11] proposesa Delay-Tolerant Network(DTN) architec-
ture to interconnectchallengednetworks suchassensornetworks
and interplanetarynetworks. In many challengednetworks, end-
to-end pathsmight not exist betweennodes. DTN is basedon
asynchronousmessageforwardingparadigmandfocuseson how
to achieve interoperabilityamongdifferent challengednetworks.
Our work complements[11] in thatMF addresseshow datais de-
liveredin onespeci�c kind of challengednetworks,sparsemobile
adhocnetworks.

Ahmedet al. [2] introducethe useof a range extensioninfras-
tructureto overcomepartitionsin sparseMANETs. A rangeex-
tensioninfrastructureconsistsof airplanesor satelliteswhichcom-
municatewith gateway nodesin eachclusterof thegroundadhoc
networks. While this schemeemploys proactive gateway motion
for communicationpurposes,it differsfrom ourMF schemesin its
relianceon therangeextensioninfrastructureandits maintenance
of persistentconnectivity betweennodes.

SmallandHaas[31] proposeSWIM, anetwork architecturethat
combinesthe Infostationarchitectureand the ad hoc networking
model. Speci�cally, by replicatingandspreadingdatathroughout
themobilenodesin thenetwork, this schemecansigni�cantly re-
ducethedelayuntil oneof th replicasreachesanInfostation.

Our previous work [35] �rst introducesthe MessageFerrying
conceptandstudiesits usein networkswith stationarynodes.We
developef�cient algorithmsto controlferry trajectoryto minimize
delaywhile meetingnodes'dataraterequirements.
Mobility-Assisted Schemes. The useof mobility to overcome
network partitionshasbeenconsideredfor datadelivery in sparse
adhocnetworks. In general,two kindsof schemeshave beenpro-
posed,namelyreactive schemesandproactive schemes.In reac-

tive schemes,applicationsrely on movementthat is inherentin
the devices themselves to help deliver messages,while in proac-
tive schemes,devicesmove proactively andspeci�cally in orderto
communicatewith others.

Epidemic routing, proposedby Vahdatand Becker [33], is a
�ooding-style schemein which nodespropagatemessagesto all
nodesthey meet.Thisschemeis simpleandvery robustto network
partitionsandnodefailure. The disadvantageis that it generates
a largenumberof redundantmessages,leadingto poorscalability
andhigh energy costwhennodeshave limited buffersandenergy
supplies.Davis et al. [9] proposesan improved schemeover Epi-
demicrouting by exploiting nodemobility statistics. Nodesesti-
matetheir probabilitiesof meetingother nodesin the future and
drop messagesselectively whenbuffers over�ow. In the work of
[23], Nain et al. proposea Mobile RelayProtocolto take advan-
tageof nodemobility to overcomepartitionsfor messagedelivery.

The above schemesarereactiveschemesin that whendiscon-
nected,nodespassively wait for their own mobility to allow them
to re-connect.Becauseencountersbetweennodescanbe unpre-
dictableandrare,theseschemessuffer potentiallylow datadelivery
ratesandlargedelays.To addresstheseproblems,Li andRus[21]
proposeaproactiveschemein whichmobilenodesactively modify
their trajectoriesin orderto transmitmessagesassoonaspossible.
The authorsproposean algorithm to computean optimal trajec-
tory for relayinga messageamongnodes.However, it is dif�cult
to extendthisalgorithmto supportmultiplemessagetransmissions
simultaneously.

Mobility-assistedschemeshavebeenproposedto usein avariety
of applications.In theZebraNetproject[18], sensorsareattached
to zebrasandusedto studythebehavior of wildlife. Dueto device
form factorandenergy constraints,only shortrangeradioscanbe
used. As zebrasmove, thesesensorsform a sparsenetwork and
arenot ableto transferdatato users.Usersneedto move closeto
the zebras,by driving a car or a plane,to collect datafrom these
sensors.In the DakNetproject [1], vehiclesareusedto transport
databetweenremoteareassuchas villages and cities to provide
store-and-forward Internetaccess.In thework of [4], Beaufouret
al. investigatesparsesensornetworksandproposeto leveragethe
movementof mobile individualsto disseminatedatabetweendis-
connectedsensors.Zhenetal. [8] studytheproblemof formingad
hocrelayingnetworksovermoving vehiclesonhighwaysandshow
via simulationsthat vehiclemobility cancontribute to successful
messagedelivery and reduceddelay. Morris et al. [22] describe
CarNet,a scalablead hoc network systemon cars. It is basedon
geographicforwardingandGrid locationserviceto achieve scala-
bility. CarNetcanbe usedfor applicationslike traf�c congestion



monitoringand�eet tracking.Thereis alsootherwork on exploit-
ing mobility for security[7], location[14] androuting[10, 32].
Capacity of Wir elessNetworks. Thereis sometheoreticalwork
on the capacityof mobile ad hoc networks. In a seminalpaper,
Guptaand Kumar [15] study a model of ad hoc networks with
�x ednodesandshow thatwhenthenumberof nodesperunit area
n increases,the per nodethroughputdecreasesasO

�

1
$

n � . Gross-
glauserandTse[13] show thatwith loosedelayconstraints,node
mobility candramaticallyimprove network capacity. They prove
that the per nodethroughputcanbe kept constantas the number
of nodesper unit areaincreases.The improvementof throughput
comesat the price of increaseddelay. In the work of [3, 24], the
authorsstudytheissueof delayandcapacityin mobilenetworks.
TopologyControl. Thereis alsosomeresearchon topology con-
trol in wirelessmulti-hopnetworks[27, 34]. Thisbodyof work fo-
cusesonadjustingthetransmitpowersof nodesin amultihopwire-
lessnetwork in orderto createa topologywith desiredproperties,
e.g.,maintainingnetwork connectivity. The topologycontrol ap-
proachassumesthatthetransmitpower canbearbitrarily adjusted
and normally tries to minimize the power used. In addition, the
topologycontrol approachmaintainsconstantnetwork connectiv-
ity. In contrast,theMF schemerelieson nodemobility to provide
interim,yet regular, connectivity.

8. CONCLUSION
In thispaperwehave studiedtheproblemof ef�cient datadeliv-

ery in sparsemobileadhocnetworksandpresentedaMessageFer-
rying approachto addressthis problem.MF is a mobility-assisted
approachwhich utilizesa setof specialmobilenodescalledmes-
sageferriesto providecommunicationservicefor nodesin thearea.
ThemainideabehindtheMF approachis to introducenon-randomness
in themovementof nodesandexploit suchnon-randomnessto help
deliver data. We develop two variationsof the MF scheme,de-
pendingon whetherferriesor nodesinitiate proactive movement.
We have evaluatedtheperformanceof MF on a varietyof network
conditions. Our simulationresultsshow that the MF approachis
very ef�cient in both datadelivery andenergy consumption.For
example,the MF schemesdeliver more messages(by more than
45% of all messages)andachieve higherdeliveredmessagesper
unit energy (by morethan7.5times)thanEpidemicrouting.

Our futurework will includeaddressingthe issuesdiscussedin
Section6 aswell ascompletionof a prototypesystemusingPDAs
asnodesandimplementinga ferry in a campusshuttlebus.
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