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ABSTRACT

Mobile Ad Hoc Networks (MANETS) provide rapidly deplo/able
andself-con guringnetwork capacityrequiredin mary critical ap-
plications.e.qg.,battle elds,disastereliefandwide areasensingln
this paperwe studythe problemof ef cient datadeliveryin spaise
MANETSs wherenetwork partitionscanlastfor asigni cant period.
Previous approachesely on the useof eitherlong rangecommu-
nicationwhich leadsto rapid draining of nodes'limited batteries,
or existing nodemobility which resultsin low datadelivery rates
andlarge delays. In this paper we describea Messae Ferrying
(MF) approachto addresghe problem. MF is a mobility-assisted
approachwhich utilizes a setof specialmobile nodescalled mes-
sage ferries (or ferries for short) to provide communicationser
vice for nodesin the deploymentarea. The mainideabehindthe
MF approachs to introducenon-randomnes# the movementof
nodesandexploit suchnon-randomnest help deliver data. We
studytwo variationsof MF, dependingn whetherferriesor nodes
initiate proactve movement. The MF designexploits mobility to
improve datadelivery performanceand reduceenegy consump-
tion in nodes. We evaluatethe performanceof MF via extensve
ns simulationswhich con rm the MF approachis ef cient in both
datadelivery and enegy consumptiorundera variety of network
conditions.
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1. INTRODUCTION

Mobile Ad Hoc Networks (MANETS) aremulti-hopnetworksin
which wirelessmobile nodescooperateéo maintainnetwork con-
nectivity andperformrouting functions[17, 25]. MANETS enable
nodesto communicatavith eachotherwithout ary existing infras-
tructure or centralizedadministration. Theserapidly deplo/able
and self-con guring networks have applicationsin mary critical
areassuchasbattle elds, disasterelief andwide areasensingand
suneillance.

Thispaperstudiesheproblemof ef cient datadeliveryin sparse
mobileadhocnetworks. Speci cally, wefocusonmobilenetworks
wherenodesare sparselydistributed suchthat network partitions
canlastfor a signi cant period. Sparsenetworks naturallyarisein
avarietyof applications For example imaginethefollowing hypo-
theticaldisasterscenario A severeearthqua& hasoccurredwhich
collapsesbuildings, traps peoplein the debris,damageaitilities
androads,and causesres andexplosions. Underthis situation,
theability to communicategvenatlow rates s extremelyvaluable
for sharingvital information(suchasthe numberandlocationsof
survivors,damagesndpotentialhazardshndcoordinatingrescue
efforts. However, providing communicationcapacityis dif cult.
First, x ed and stablecommunicationinfrastructuremight be de-
stroyed. Evenif someinfrastructureis usable mostrescuepartic-
ipantsand victims may not have accesgo it. Second,available
devicessuchascell phonesor PDAs canonly communicatevithin
alimited range.Dueto the sizeof the areaaffected,a connectedd
hocnetwork cannot be formedusingthesedevicesalone.

Routingin ad hoc networks hasbeenan active researcheld
in recentyears,producingmary routing algorithmssuchasDSR,
DSDV andAODV [17,25,26]. However, mostof theexistingwork
focusen connectedhetworkswhereanend-to-encpathexistsbe-
tweenary two nodesn thenetwork. In sparsenetworks,wherepar
titions arenot exceptionalevents theseroutingalgorithmswill fail
to deliver pacletsbecauseno routeis foundto reachtheir destina-
tions. To overcomepartitionsin sparsenetworks,a straightforvard
approachs to useradioswith longertransmissiomangesandmain-
tain persistennetwork connectvity. However, sincemary mobile
nodesusebatteriesor power supply the useof along rangeradio
leadsto excessie enegy consumptionln addition,theavailability
of suchdevicesin critical scenariosvould be questionable.

Previous work proposesmobility-basedapproachesvhich use
shortrangecommunicatiorand exploit nodemobility to help de-
liver data[33, 9, 21, 4, 29]. Speci cally, nodesbuffer and carry
paclets during network partitions, and forward paclets to other
nodeswhenthey meet. This store-carry-forwad paradigmis suit-
ablefor delaytolerantapplicationssuchassensormatacollection,
messagingand le transfer In generaltheseapproachegsanbe
classi ed asreactve schemer proactive schemes.In reactive



schemesuchasEpidemicrouting [33], applicationgely onmove-
mentthatis inherentin the devicesthemselesto helpdeliver mes-
sagesWhendisconnectedhodespassiely wait for their own mo-
bility to allow themto re-connectSinceencounterbetweemodes
canbe unpredictableandrare,theseapproachesufer potentially
low datadelivery ratesandlarge delays. To increasedelivery rate
andreducedelay nodestypically propagatamessagethroughout
the network, which, however, exacerbatesontentionfor limited
buffersin nodesanddrainsnodes'limited enegy. In proactiveap-
proachesnodesmodify their trajectoriesproactively for commu-
nication purposes.Li andRus[21] proposean optimal algorithm
to computethetrajectoriesof nodesfor minimizing messagérans-
missiondelay However, aspointedout by theauthorsit 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 proactie mobility-
assistedpproactwhichutilizesasetof speciamobilenodescalled
messge ferries(or ferriesfor short)to provide communicatiorser
vices for nodesin the network. Similar to their real life analog,
messagéerriesmove aroundthe deploymentareaandtake respon-
sibility for carrying databetweennodes. The main idea behind
the Messagd-erryingapproachs to introducenon-randomnesin
the movementof nodesand exploit suchnon-randomnest help
deliver data. Messageerrying canbe usedeffectively in a vari-
ety of applicationsncluding battle elds, disasterelief, wide area
sensingnon-interactie Internetaccessandanorymouscommuni-
cation.For example,in theearthquak disastesscenariounmanned
aerialvehiclesor groundvehiclesthatareequippedvith large stor
ageandshortrangeradioscanbe usedasmessagéerriesto gather
andcarrydataamongdisconnectedreas.This enablesescuear
ticipantsandvictims to useavailable devicessuchascell phones,
PDAs or smarttagsfor communication.

In a previous paper[35], we introducedthe idea of Message
Ferrying and studiedits usein networks with stationary nodes.
In this paper we considernetworks with mobile nodes. We de-
velop two variationsof the MF schemesdependingon whether
ferries or nodesinitiate non-randomproactve movement. In the
Node-InitiatedMF (NIMF) scheme ferries move aroundthe de-
ployedareaaccordingo known routesandcommunicatevith other
nodesthey meet. With knowledgeof ferry routes,nodesperiodi-
cally move closeto a ferry and communicatewith the ferry. In
theFerry-Initiated MF (FIMF) schemeferriesmaove proactiely to
meetnodes.Whena nodewantsto sendpacletsto othernodesor
receve paclets,it generates servicerequestandtransmitsit to a
choserferry usingalongrangeradiot. Uponreceptiorof aservice
requesttheferry will adjustits trajectoryto meetup with thenode
and exchangepaclets usingshortrangeradios. In both schemes,
nodescancommunicatevith distantnodesthatareout of rangeby
usingferriesasrelays.

TheMessagé-erryingdesigris distinguishedrom othermobility-
assistedpproacheby its explicit exploitationof non-randommode
mobility andthe useof messagderries, which improvesdatade-
livery andenegy efciency. In MF, mostcommunicatiorinvolves
shortrangeradios. Long rangeradiosare only usedin FIMF for
small control messagesavoiding excessve enegy consumption.
By usingferriesasrelays,routing is ef cient without the enegy
costandthenetwork loadburdeninvolvedin othermobility-assisted
schemeghatuse ooding. Our simulationresultscon rm the ef-
fectivenessaandef ciency of the MF schemes.

1The FIMF schemeanbeadaptedf nodesdonothave longrange
radios, however the presentexposition assumeghat ferries and
nodesaresoequipped.
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Figure 1: An exampleof messagelelivery in the node-initiated
MF scheme.

The restof this paperis structuredasfollows. Section2 gives
anoverview of the MF approachand somepotentialapplications,
anddescribeshespeci ¢ MF systemconsideredn this paper The
node-initiatecandferry-initiatedMF schemesredescribedn Sec-
tion 3 andSection4 respectiely. Simulationresultsarepresented
in Section5 to evaluatethe effectivenesof the MF schemesWe
discusssomerelateddesignissuesandour future work in Section
6. Relatedwork is reviewedin Section7 andthepaperis concluded
in Section8.

2. OVERVIEW OF MESSAGE FERRYING

The Messagéd-errying(MF) schemes a proactve approactfor
datadelivery in sparsenetworks. It introducesnon-randomnes$o
nodemobility andexploits suchnon-randomnest® provide phys-
ical connectvity amongnodes.In anMF schemethe network de-
vicesareclassi ed asmessge ferries (or ferries for short)or reg-
ular nodesbasedon their rolesin communication.Ferriesarede-
viceswhich take responsibilityof carryingmessageamongother
nodes while regularnodeg aredeviceswithout suchresponsibil-
ity. Therearemary differentwaysto introducenon-randomness
in nodemovement.For example,in the node-initiatedVIF scheme
describedn Section3, ferriesmaove aroundthe deplo/ed areaac-
cordingto known routes,collectmessagefrom regularnodesand
deliver messageto their destination®r otherferries. With knowl-
edgeaboutferry routes,nodescanadapttheir trajectorieso meet
the ferries and transmitor receve messagesBy usingferriesas
relays,nodescancommunicatewith distantnodesthat are out of
range(seeFig. 1 for anexample).

Messagderryingis abroadconceptwith the potentialfor mary
variationsin speci ¢ designandimplementation.We now explore
afew possiblecontets in which messagéderrying canbe usedef-
fectively.

2.1 MessageFerrying Applications

We envisionthatMessagderrying canbeusedeffectively in the
following four cateyoriesof applications.
Crisis-dri ven— This categgoryincludesbattle eld anddisastelap-
plications,where x ed and stableinfrastructureis limited or un-
availabledueto environmentalconditions.For example,in adisas-
ter relief effort, nodesequippedwith shortrangeradiosmay move
out of rangeof oneanotherIn a battle eld, equipmenintendedo
provide connectvity maybe compromisedothatit becomesnop-
erable.In eitherscenariothe wide physicalrangeof the deplo/ed

2We will usetheterm“node(s)”to referto regularnodesor to both
regularnodesandferries. The usageshouldbe clearfrom the con-
text.



areamay preventend-to-endconnectiity. For thesesettingsmes-
sageferriesenablecommunicatiorthatwould otherwisebeimpos-
sible. Thelimitations of messagéerrying, suchaslow throughput
andlargedelayascomparedo connectechetworks,areacceptable
becausehealternatve is nocommunication.

Geography-driven — This cateyory includeswide areasensing
andsunweillanceapplications While sensometworks arenormally
denselydeplo/ed, thereare situationswhere sensometworks are
inherentlysparsedueto the geographicspaninvolved. For exam-
ple,in theZebraNetproject[18], sensorgareattachedo zebrasand
usedto studythe behaior of wildlife. As zebrasmove, thesesen-
sorshecomespreadhroughoutheareaandform a sparsenetwork.
OtherexamplesncludeDataMULE[29], SWIM [31] andthesmart
tagsystemin [4]. In thesesettings applicationsantoleratesignif-
icanttransferdelaywhich malesmessagéerrying a suitablesolu-
tion.

Cost-driven — This cateyory includesapplicationghat could use
otherexisting technologiesbut wheremessagéerriesoffer a cost-
effective alternatve. For example,in the DakNetproject[1], vehi-
clessuchasbusesareusedto transportdatabetweerremoteareas
suchasvillagesandcitiesto provide store-and-fonard Internetac-
cess.A metropolitangovernmentcouldincludemessagéerrieson
public buses providing low costmetro-areanessaging.
Sewice-driven— This categyory includesapplicationghatrequire
aservicenotprovidedby otheravailablenetworkinginfrastructure.
For example,messagéerrying could offer a privagy or anorymity
servicefor messagelelivery thatis not otherwiseavailable,or may
beavailablebut nottrusted(e.qg.,in ahostilepolitical environment).
Messagederrying allows by-passingthe existing infrastructureto
obtainadifferentservice thoughwith degradedperformance.

2.2 MF Systemunder Consideration

As discusse@dbore, thereareseveralpossiblescenario$n which
messagéderrying canbe used. Eachscenariomplies a particular
setof functionsand capabilitiesfor the componentgferries and
regularnodes).In this paper we focuson the applicationof MF in
sparseanobilenetworks. Speci cally, regularnodesareassumedo
have assignedasksthatinvolve movementin the deploymentarea
andlimited in resourcesuchasbattery memoryandcomputation
power. Ferriesarespecialmobile nodeswhich take responsibility
for carryingdatabetweerregularnodesandhave fewer constraints
in resourcese.g., equippedwith renavable power, large memory
and powerful processors.The purposeof ferriesareto provide
communicatiorcapacitybetweerregularnodes.For example,in a
college campushusesequippedvith harddisksandwirelessinter-
facescanactasferriesto provide messagingerviceto studentsin
battle eld anddisasterelief environments,aerialor groundvehi-
clescanbe usedasferriesto gatherandcarry dataamongdiscon-
nectedareas.

Datatransmissiorbetweerregular nodesis in applicationlayer
dataunitscalledmessges Sincenodeshavelimited memory mes-
sageswill be droppedwhen buffers over ow. In addition, each
messagearrieswith it a timeoutvalue which speci eswhenthis
messageshould be droppedif not delivered. The setting of the
timeoutvaluere ects the delayrequiremenbf applications.Mes-
sageFerryingis suitablefor applicationswhich cantoleratesig-
ni cant transferdelay suchasmessagingJe transferemail, data
collectionin sensometworksandothernon-real-timeapplications.
Theseapplicationsvould bene t from theeventualdelivery of data
evenif thedelayis moderate.

The designof the MF schemess basedon location-avareness
andmobility. Eachnodeor ferry is awareof its own location, for
examplethroughreceving GPSsignalsor otherlocalizationmech-

anism.Themobility of nodesandferriescancomein two varieties,
which may co-exist in the samescenario:

Task-orientednobility: The ferry or nodemobility is deter
mined for non-messagingeasons. For example, the route
of acampusbus actingasa messagderry is determinecby
passengecarrying concernsa PDA is carriedaroundby a
studenimoving insideacampus.

Messaging-orientechobility: Theferry or nodemobility is
speci cally designedor improving the performancef mes-
saging.For example ferriesareimplementedn a subsebf
robotsdispersedn a disasterarea,and the mobility of the
ferry robotsis speci cally optimizedfor maximizingthe ef-
ciency of messagin@mongthe otherrobots.

In this paper we focuson the casewherea singleferry is used
andthereare no buffer or enegy constraintin the ferry. This is
the case for example,whena shuttlebus (an airplane)actsasthe
ferry to transpordatain acampugbattle eld). In addition,regular
nodesareassumedo operatendependentlyWe will discussmore
generalMF systemsin Section6. In the following sections,we
will describen detailtwo Messagd-erryingschemesvhich utilize
messaging-orienteaiobility of eithertheferry or regularnodes.

3. NODE-INITIA TED MESSAGE FERRYING
SCHEME

In the Node-InitiatedMF (NIMF) schemethe ferry movesac-
cordingto aspeci c route. Theferry routeis knowvn by nodesge.g.,
periodically broadcasby the ferry or corveyed by other out-of-
bandmeans.Nodestake proactive movementperiodicallyto meet
up with theferry. Fig. 1 shavs anexampleof howv NIMF operates.
In Fig. 1(a),theferry F moveson a known route,partof which is
illustrated.As thesendingnodeS approachetheferry, it forwards
its messagew theferry which will beresponsibldor delivery. In
Fig. 1(b),thereceving nodeR meetgheferry andrecevesits mes-
sagesBy usingtheferry asarelay Scansendmessaget R even
thereis no end-to-encbathbetweerthem.

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

3.1 NIMF Operations

Fig. 2 shavs asketchof thenodeoperationsn theNIMF scheme.

A nodeoperatein 4 modes:WORKINGGQTO FERRY SEND/RECY

andGQTO.WORKseeFig. 3 for thetransitionsamongmodes).A
nodeis initially in the WORKINGnode and moves accordingto
its assignedask. The trajectory contol mechanisnmof the node
determinesvhenit shouldproactively move to meetthe ferry for
sendingor receving messagesie describethis mechanisnin de-
tail in Section3.2. Thenodeentershe GQTO.FERRYmodewhen
it decidesto go to the ferry, and approacheshe ferry. Whenthe
nodedetectgheferry is within its transmissiomange thenodeen-
tersthe SEND/RECVmodeandexchangesnessagewith theferry.
After completingmessagexchangeor the ferry hasmoved out of
range thenodeentershe GOQTO.WORHKnodeto returnto its loca-
tion prior to the detour Uponreturnto the prior location,thenode
entersthe WORKINGnode. In addition, nodescan switch to the
SEND/RECVmodefrom the WORKINGnodewhenthey meetthe
ferry “unintentionally”, e.g., without proactve movement. In this
casethenodereturnsto the WORKING@nodeafterinteractingwith
theferry.

Fig. 4 presentsheferry operationsTheferry moveson aspeci-
ed routeandexchangesnessagewith nodeswhenthey meet.To
supportthis messagexchangetheferry andnodesmustbeableto



detour. whetherthenodeis detouring;
mode which modethenodeis in;
1. WORKINGnode
detour= FALSE;
IF TrajectoryContmol indicatesime to goto theferry,
detour= TRUE;
mode= GQTO.FERRY
Onreceptionof aHello messagérom theferry:
mode= SEND/RECY
2. GQTO.FERRYmode
Calculatea shortespathto meettheferry;
Move towardtheferry;
Onreceptionof aHello messagérom theferry:
mode= SEND/RECY
3. SEND/RECVimode
Exchangemessagewith theferry;
On nish of messagexchangeor theferry is out of range:
IF detouris TRUE,
mode= GQTOWORK
ELSE
mode= WORKING
4. GQTO.WORHKnode
Move backto nodes locationprior to thedetour;
Onreturnto the prior location:
mode= WORKING
Onreceptionof aHello messagéom theferry:
mode= SEND/RECY

Figure 2: Nodeoperationsin NIMF.

detectoneanothemwhenthey areclose,e.g.,by periodicallybroad-
castingHello messagedn MF, theuseof theferry releasesiodes
from theresponsibilityof transmittingHello messageghussar-
ing nodeenegy. Speci cally, theferry sendoutHello messages
periodically usinga shortrangeradio, and nodessimply listen to
the channelto detectthe ferry. Whena nodereceiesa Hello
messagdrom the ferry, it will reply with an Echo message Af-
teridentifying eachother thenodeandtheferry initiate amessage
exchangeconversation.Thenodewill transmitall its bufferedmes-
sagedo theferry whichwill beresponsibldor delivery. Theferry
will thendeliver to the nodeall messagebufferedat theferry and
destinedo thenode.

Messagdorwardingin MF is simple: messageare forwarded
from the sourceto the ferry, andthen from the ferry to the des-
tinatior?. This deterministicrouting improves both datadelivery
andenepy efciency. In sparsenetworks, network partitionsmay
last for signi cantly long periodsandleadto buffer contentionin
nodeshecausenessagesannotberemovedfrom buffersandnew
messagesmight be generated.In addition, ooding of messages
suchasin Epidemicrouting [33] generates large numberof re-
dundantmessagewhich notonly intensi es buffer contention put
alsowastesenegy. In MF, the useof the ferry asa relay avoids
suchbuffer contentionandredundantransmissiorproblems.

3.2 NodeTrajectory Control

The proactive movementof nodesto meetthe ferry will gener
ally degradeperformanceon the tasksthat are assignedo nodes,
becausehe nodemustdetourfrom its intendedpath. Thusnodes
needto strike a balancebetweerperformanceyainin datadelivery
andperformancelegradationin assignedasksresultingfrom such
proactie movement.In applicationsvhereMF is useful,delivery
rateis animportantmetric. Thusthe goal of trajectorycontmol is

3Whennodescommunicatavith theferry via gatavay nodesn the
cluster messageareforwardedfrom the sourceto the destination
via a gatavay nodesin the sourcecluster the ferry anda gatavay
nodein thedestinatiorcluster

to minimize messagelropswhile reducingthe negative impactof
proactive movement.

We proposea methodfor trajectorycontrol that considersboth
impacton assignedaskandmessage@rop rate. We rst consider
messagalrops. Messagesnay be droppedin nodesbecauseof
messagdimeout or buffer over ow, andin the buffer-unlimited
ferry becauseof timeout. In Section3.3, we will describehowv
nodesandtheferry maintaininformationaboutmessaggeneration
anddrops.In this sectionwe assumehis informationis available
in nodesanddescribehow it is usedfor trajectorycontrol. Specif-
ically, we considera discretetime model,i.e., time is dividedinto
x ed-lengthslots. Nodei maintainsD]' t which is nodei's own

messagelrop rateduring time slot t, andDif t whichis thedrop
ratein theferry for destination duringslott. Letty bethetime
slotin which the nodeis expectedto meettheferry afterproactve
movement. ty canbe calculatedbasedon knowledgeof the ferry
route,ferry speedandthe nodes location. If the nodechoosesot
to meetthe ferry at this time, it will incur messagelropsat a rate
D tq D tg Dif tqy duringslotty. It may alsoincur future
messagéimeouts.Let a betheaveragetime betweeranodes vis-
its to theferry and T bethe messagéimeoutvaluein slots. Mes-
sagescurrently bufferedin nodei will be expectedto reachtheir
destinationgluringslotty a. Hereinsteadof usinga 2, theex-
pectedime amessagstaysattheferry beforedeliveredto thedes-
tination, we usea to be conserative in messagealrop estimation.
We alsoassuméy is the samein the future becausey dependon
thefuturemovementof thenodewhichis unknavn. So,if thenode
choosesotto move to theferry, it will incur messagéimeoutsat
aratemj ty a T duringslotty a,wherem; t isthemessage
generatiorrateduring slott. Consideringboth kinds of message
drops,we adopta policy which allows a nodeto move to theferry
only when

a T G G b @)

Ditg mty

is true,whereb is a prede nedparameterG} is the messaggen-
erationratein nodei, andGif is themessagarrival ratein theferry

for destinatiori. We will describehow G’ andGif areobtainedn
Section3.3. By usingb, this policy triesto avoid nodedetourin
situationswherethe messagelrop ratesare low comparedo the
messag@enerationate.

Wenow turnto theissueof limiting thenegativeimpactof proac-
tive movement.Theimpactof proactve movementis generallyap-
plication speci ¢ and may be unknavn in advance. In this paper
we usea simpli ed modelbasedon work time percentage (WTP)
to representheimpact. WTP is de ned asthepercentagef timea
nodeis freeto work onassignedasks(i.e.,thenodeis notdetouring
for messagearansmissioror reception). To meetthe needsof as-
signedtaskswe specifythatanodeis allowedto proactvely move
to theferry only whenits WTP w; is abore a prede nedthreshold
W.

Putting togetherthe abore factors,we determinea policy that
statesthat a nodei modi es its trajectoryonly whenw; w and
Eq. (1) is true. Onceanodedecidedo goto theferry, it will take a
shortestrajectoryto meettheferry.

3.3 MessageDrops

As describedn Section3.2, nodesdeterminewhento meetthe
ferry using information aboutmessagegenerationand drops. In
this section,we describehow this informationis obtained. Basi-
cally, nodesandtheferry keepa history of previous messageen-
erationratesandbasednthat,computetheexpectednessagerop
rateandgeneratiorrate.



Figure 3: Mode transition diagram for nodesin NIMF.

1. Move accordingto aferry route;

2. BroadcasHello messageperiodically;

3. Onreceptionof anEcho messagéom anode:
Exchangenessagewith thenode;

Figure4: Ferry operationsin NIMF.

We rst considermessagealropsin a node,say nodei. Mes-
sageamay be droppedfor eitherbuffer over ow or messagdime-
out, whenbufferedat a nodewaiting for interactionwith the ferry.
For simplicity of exposition,we assumeall messagebsave thesame
sizeandtimeoutvalue T. Supposehe lengthof atime slot is D.
Letm; t bethemessag@eneratiomrateduringslott. LetM; t be
the cumulatve amountof messagegeneratedver slots 1t , or
M; t é}( 1M k D. Assumingno buffer over ow, the message
timeoutrateduringslottisat mt T andmessagebeing
droppedaregeneratediuringslotty t T. Similarly, assuming
no messageimeout, the messagelrop rate during slott because
of bufferoverowisbt m t ,andmessagebeingdroppedare
generatediuringslotty, max k: étj M j D Bj whereBjis
the nodebuffer size. In the descriptionabove, we do not consider
thecaseswhent T or M;t  B; for simplicity of exposition,
which canbe easily handledin our model. Now we computethe
messagelroprateD{! t for nodei duringslott asfollows.

at ifta tp
D't maxat bt ifta t 2)
bt ifta to

For example whent,  ty, buffer over ow occursbeforetheoldest
messagdimes out. So messagesare droppedbecauseof buffer
over ow andthedroprateis b t . Fig. 5 illustratesan exampleof
thecomputatiorof messageroprate.

Messagalropsmay alsooccurin the ferry. Becausave assume
theferry buffer is not a limitation, thesedropsoccuronly because
messagesmeoutbeforethe destinatiomodeapproachetheferry.
Theferry maintainamessageropinformationandcorveysthisin-
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Figure 5: An example of messagedrop rate computation in
nodei. Messagesdroppedduring slott would have arri ved at
nodei during either slott, or slotty, (ty in this example).

formationto nodes. Speci cally, for eachdestinationnodei, the
ferry maintainsthe messagegeneratiorraternif t andthe cumu-
lative amountof messageﬂ;/lif t . The ferry then computesthe

messagelrop rate Dif t for eachnodei. Periodicallythe ferry
broadcasts Ferry _Status messageo all nodesusinga long

rangeradio andincluding Dif t for all i. To consere bandwidth,
theferry may only transmitan approximateversionof Dif t,e.q,

includingasubsebf all t Dif t valuesin themessages.
Nodesalsoestimatetheir messaggeneratiorratesG, e.g.,us-

ing a sliding window that averagesover pasthistory. G[' is used

to computethe messagelroprateD' t for futuretimet. Simi-

larly, theferry maintainsthe messag@eneratiorrateGif for each
destinationnode i and broadcastghis information to nodesvia
Ferry _Status messages.

4. FERRY-INITIA TED MESSAGE FERRY-
ING SCHEME

IntheFerry-InitiatedViessagé-errying(FIMF) schemetheferry
takes proactive movementto meetup with nodesfor communica-
tion purposes.We assumehatthe ferry movesfasterthannodes.
In addition,we assumehat nodesare equippedwith along range
radio which is usedfor transmittingcontrol messagesNote that
while the ferry can broadcastdatato all nodesin the area,the
transmissiomangeof nodes'long rangeradiosmaynotnecessarily
cover thewhole deploymentareadueto power constraints.

Fig. 6 shavs a simpli ed exampleof howv the FIMF scheme
operates.Initially the ferry F follows a speci c defaultrouteand
periodicallybroadcastits locationto nodesusingalong rangera-
dio. Whena nodeS nds the ferry is nearbyand wantsto send
or receve messagesia theferry, it sendsa Service _Request
messageo the ferry usingits long rangeradio (Fig. 6(a)). This
messageontainsthe nodes locationinformation. Uponreception
of a requestmessagethe ferry adjustsits trajectoryto meetthe
node. To guidethe ferry movement,the nodeoccasionallytrans-
mits Location _Update messageto notify the ferry of its new
location(Fig. 6(b)). Whentheferry andthenodearecloseenough,
they exchangemessagesia shortrangeradios(Fig. 6(c)). After
completingmessagexchangewith the node theferry movesback
to its default route(Fig. 6(d)).

4.1 FIMF Operations

Fig. 7 shavs a sketchof the operationsof nodes. A nodecan
bein two modes:DISASSOCIATEDandASSOCIATEDA node
is initially in the DISASSOCIATEDmode , meaningthatit hasnot
requestedervicefrom the ferry. The noti cation contol mecha-
nism,discussedh Sectiord.2,determinesvhethethenodeshould
sendaService _Request messag¢o theferry. After sendinga
requestmessagdo the ferry, the node entersthe ASSOCIATED
modeandwaits for the interactionwith the ferry. Whena nodeis
in the ASSOCIATEDmode,noti cation control determinesvhen
to senda Location _Update messageo notify theferry of the
nodes new location. In both modes the nodemay exchangemes-
sageswith theferry if it is closeto theferry andreceivesaHello
messagdrom the ferry. After interactionwith theferry, the node
returnsto the DISASSOCIATEDmode.

Fig. 8 shaws the ferry operations. The ferry operatesn two
modes: IDLE and WORKINGInitially the ferry is in the IDLE
modeandfollows a speci ¢ defaultroute It periodically broad-
caststs locationinformationto nodesvia alongrangeradio. Upon
thereceptionof aService _Request messagdérom anode,the
ferry switchesto the WORKING@node.In the WORKINGnode the
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Figure6: An exampleof FIMF operations.

NC: noti cation controlscheme
mode which modethenodeis in;
1. DISASSOCIATEDmode
IF NCindicatessendinga Service _Request message,
SendaService _Request messagéo theferry;
mode= ASSOCIATED
Onreceptionof aHello messagéom theferry:
Exchangemessagewith theferry;
2. ASSOCIATEDmode
IF NCindicatessendinga Location _Update message,
Sendalocation _Update messagéo theferry;
Onreceptionof aHello messagérom theferry:
Exchangemessagewith theferry;
On nish of interactingwith theferry;
mode= DISASSOCIATED

Figure 7: Nodeoperationsin FIMF.

ferry maintainsa setof nodesH that have requestederviceand
tries to meetthesenodesto relay messagesThe ferry trajectory
control mechanismwill be discussedn Section4.3. Whena re-
questis receved, the ferry updatesH, computesa new ferry route
andadjustsits movementto follow the new route. The ferry also
recomputests routewhena Location _Update messagés re-
ceived. Whenthe ferry arrivesat the location of a nodereported
in its requesbr updatemessagegheferry assumeshatit has n-
ishedthe visit with the nodeandremovesit from H. The ferry
may also meeta nodein H, saynodei, whenthe ferry is on its
way to meetanothemode,in which casethe ferry assume# has
visited nodei andremovesnodei from H. After updatingH, the
ferry recomputests routeand moveson the new route. WhenH
becomesempty which meansthe ferry hasvisited all requesting
nodesijt returnsto the default routeandentersthe IDLE mode.In
both modes whenthe ferry comescloseto a node,the ferry may
exchangemessagewith thenode.

Whenin the IDLE mode, the ferry moves on a default route
andwaitsfor requestérom nodes.Sincethetransmissiomangeof
nodes'long rangeradiosmay belimited dueto enegy constraints,
anodemustbe closeenoughto theferry in orderto sendarequest
to theferry. Sothedefault ferry routeshouldbe designedo max-

H: thesetof requestingiodes;
P: theferry routein the WORKINGnode;
mode which modethenodeis in;
1. IDLE mode
SetH to beanemptyset;
Move onadefaultroute;
Broadcastocationmessageperiodically;
Onreceptionof aService _Request messagérom nodei:
AdditoH;
Computenew ferry routeP;
mode= WORKING
Onreceptionof messagefom anode:
Exchangemessagewith thenode;
2. WORKINGnode
Move alongrouteP;
Broadcastocationmessageperiodically;
Onreceptionof a Request/Updatmessagérom nodei:
AdditoH;
Computenew ferry routeP;
On nish of transmissioror meetingwith nodej:
Remae j fromH;
IF H is notempty
Computenew ferry routeP;
ELSE
mode= IDLE;
Onreceptionof messagefom anode:
Exchangenessagewith thenode;

Figure8: Ferry operationsin FIMF.

imize the chancethatthe ferry is closeto nodes.Givennodesare
mobile andtheir movementis unknavn in adwance,it is dif cult,
if notimpossible,to designan optimal ferry route. In this work,
we adopta simpleapproachn whichtheareais dividedinto agrid
of squarecells andthe ferry route is designedo “scan” through
thecellsin arow-by-row order Speci cally, theferry routemoves
forwardthroughthe rst row of cells,thenmovesbackwardonthe
secondrow and repeatsthis back and forth patternuntil all cells
have beenvisited, whereuponthe routereturnsto the originating
cell, forming aclosedroute. The cell sizeis choserto be nolarger
than 2R whereR, is thetransmissiomangeof nodes'long range
radios. Sowhenthe ferry movesthroughthe route,nodesat every
locationin theareahave a chanceo sendmessageto theferry.

Theoperation®f FIMF differ from NIMF in theproactve move-
mentof theferry, insteadof nodesandtheuseof long rangeradios
in nodego transmitcontrolmessageddowever, messagéorward-
ing, device discorery andmessagelrop computationarethe same
in bothschemes.

4.2 NodeNoti cation Control

In FIMF, nodessendnoti cation messaget requestommuni-
cationservicefrom the ferry usinglong rangeradios. Noti cation
messagesanbe eithera Service _Request messager aLo-
cation _Update messageA Service _Request messagén-
dicateghenodesintentto communicatevith theferry while aLo-
cation _Update messaginformstheferry aboutthenodesnew
location. Both messagescludethe nodes currentlocation. Be-
causetransmissiorover long distances expensve in enegy con-
sumption,the goal of noti cation contmol is to minimize message
dropswhile consideringenegy constraints.

To controlthetransmissiomf noti cation messagesye consider
the following factors: messagedrops, ferry location and enegy
consumption.As for messagelrops,we adopta similar policy as
in NIMF. Speci cally, anodesendsa requesimessagéo theferry
only whenEg. (1) istrue. Theonly differences in thecomputation
of ty, thetime slotin which the nodeis expectedto meetthe ferry.



In FIMF, ty is determinedy theferry movementwhichis unknavn
to nodes. In this paper we estimatety asty ctf wheretg is the
currenttime slot, t; is thelateng for theferry to move directly to
meetthenode,andc is aconstant.

We alsoconsidertheferry's locationin noti cation control. Let
d¢ bethedistancefrom the nodeto the ferry. Let R bethetrans-
missionrangeof nodes'long rangeradios. In FIMF, a nodesends
arequestto the ferry only whend; gwheregis a systempa-
rameterandg R,. We useg to reducethe chancethatthe ferry
movesout of the nodes transmissiomangeafterthe nodehassent
aService _Request message.

We now turn to the enegy consumptiorissue. To achieve cer
tain nodeor network life time, nodesmay have someenepgy usage
constraintsyhich aregenerallyapplicationspeci c. In this paper
weuseasimpli ed modelwhichlimits thetransmissiorf noti ca-
tion messagesWe de ne noti cation messge rate (NMR) asthe
averagenumberof noti cation messagesentper second.To en-
force enepgy constraintsa nodei is allowedto senda noti cation
messagenly whenits NMR v; is below aprede nedthreshold .

By combiningtheabove factorswe determinepolicy thatstates
thata nodetransmitsa Service _Request messag®nly when
Eq.(1)istrue,df gandv; |I.

Noti cation controlalsodeterminesvhenLocation _Update
messagearesentto inform theferry aboutthenodes new location.
Supposehatthe shortrangeradioshave transmissiomangeof Rs.
If anodehasmovedbut is still within Rs distancefrom thelocation
it reportedto the ferry, the nodedoesnot needto sendan update
messagéo theferry. This is becausavhenthe ferry movesto the
reportedocation,theferry canstill communicatevith thenode.In
addition, for the ferry to successfullyeceve the noti cation mes-
sagesthe distancebetweenthe nodeandthe ferry mustbe small
enoughj.e.,df R. Soanodesendsalocation _Update mes-
sageonlywhend, Rs,df R andy; | whered, isthenodes
distanceto thelocationit reportedto theferry.

4.3 Ferry Trajectory Control

In this sectionwe discusshow theferry controlsits trajectoryto
meetnodeswith the goalof minimizing messagerops.Beforede-
scribingthetrajectorycontiol mechanismye rst de ne theferry
route problem. SupposeP is a route that startsfrom the ferry's
locationandvisits all nodeshathave sentrequestgo theferry. As-
sumethat nodesremainin their locations,the ferry can compute
thelatengy beforeit visits eachnodein route P giventhe location
of thesenodesandtheferry speedLet s bethelateng for nodei.
LetD] t bethemessageropratein nodei duringtimeslott, and

Dif t bethedropratein theferry for destinationi duringslott.*
We de ne the expectedmessagelropsfor routeP as

k
DP 434 D't | Dt | 3)
i 11 0

wherek is the numberof requestingnodesandty is the current
time slot. Sotheferry route problemcanbe statedas nding the
route that minimizesDP. When D! t Dif t 1foralliand
t, this problembecomesa Minimum Lateny Problem(MLP) [6]

whereDF canbeinterpretedasthe sumof lateng for theferry to

visit eachnode. MLP is known to be NP-hard,so this problemis
aswell. In addition, sincenodesare mobile, DP is only arough
estimationof messagelrops. Thuswe seekto develop heuristics
for ferry routedesign.

4DM t canbe measuredn nodei andtransmittecto the ferry in
Service _Request orlLocation _Update messages.

We studythefollowing two heuristics.The rst oneisthenearest
neighbor(NN) heuristicin which theferry alwaysvisitstheclosest
nodeafterit nishes meetingwith a node. The secondheuristic
is atraf c-aware(TA) heuristicwhich considersbothlocationand
messageropinformation. The TA heuristicis basedn local opti-
mizationtechnique2H-optusedin thetraveling salesmamroblem
(TSP)[5]. However, insteadof optimizing the lengthof the route
asin TSR the TA heuristictriesto optimizethe expectedmessage
dropsDP.

After computingaroute theferry adjustdts movemento follow
the new route. Sincenodesare mobile, there might be chances
thatthe ferry might missthe nodeit is trying to visit. Underthese
situations,when the ferry movesto the location reportedby the
node,theferry assumeshatit has nished the visit with the node
and recomputests route to meetwith remainingnodes. So the
operationsof the ferry are not affected. Becausewve assumehat
the ferry movesfasterthannodes the probability of thesemisses
would besmall.

5. PERFORMANCE EVALUATION

In this sectionwe evaluatethe performancef the Messagd-er
rying schemeghroughns simulations.We rst describeour sim-
ulation implementationperformancenetricsand methodologyin
Section5.1. Thenwe evaluateboth the node-initiatedand ferry-
initiated MF schemesand comparetheir performancewith that of
Epidemicrouting [33]. The resultscon rm thatthe MF schemes
are efcient in both data delivery performanceand enegy con-
sumptionin sparsemobile ad hocnetworks.

5.1 Metrics and Methodology

We implementboththe NIMF andFIMF schemesn nssimula-
tor. For shortrangecommunicationye use802.11DCF asMAC
layerandthedefaultenegy modelprovidedin ns i.e.,250mtrans-
missionrangeand 0.282Wtransmitpower. For long rangecom-
munication,we choosenot to simulatea speci ¢ MAC protocolin
detail, but insteadusea simpli ed modelin which datatransmis-
sionhasno lossor delay This simpli cation will not affect our
resultsbecauséong rangeradiosareonly usedfor low ratecontrol
messageghus MAC contentionis not a major concern. In addi-
tion, sincenormaltransferdelayis on the orderof minutesor even
hours,we canignoretransmissiordelaywhenusinglong rangera-
dio. We only usetransmissiorpower in regular nodesfor enegy
consumptiorcomputation.Eneigy consumptiorat the ferry is not
countedbecauseheferry is notlimitatedin power supply In gen-
eraltransmitpower for distanced is proportionalto d¥ wherek is
the pathlossexponent[28]. In our simulationsk is setto 4 and
the computationof transmitpower is basedon distancefrom the
transmittingnodeto the ferry. We comparethe MF schemesvith
Epidemicroutingwhoseperformanceactsasabaseline.

We usebothdatadelivery andenegy metricsto evaluatethe per
formanceof the MF schemesThemessge deliveryrateis de ned
astheratio of thenumberof successfullydeliveredmessaget the
total numberof messagegeneratedThe messge delayis de ned
asthe averagedelaybetweenthe time a messagés generatecnd
the time the messages receied at the destination. In Epidemic
routing, becausenultiple copiesof a messagenay be receved at
the destination the messagelelayis computedbasedon the ear
liest time a messages received. The messagalelivery rate and
messagealelay re ect how efcient datadelivery is. To measure
enepy ef ciency, we usethe deliveled messges per unit enegy
which is de ned asthe averageamountof datadeliveredper unit
enegy consumptionThismeasuretheef ciency of enegy usage.

We usethe following default settingsin our simulations,un-



Scheme Parameter Value
NIMF WTP threshold(w) 0.9
FIMF | Transmissiomangeof nodes'longrangeradio(R;) | 2000

Distancethresholdfor requestransmissior{g) 1800

NMR threshold(T ) 0.001

Both Avg time betweera nodes visits with theferry (a) | 1000
Messagealropthresholdb) 0.3

Table 1: Default parameter settings

lessspeci ed otherwise. Eachsimulationrun has40 nodeson a

5000n 5000m area. 25 nodesare randomlychosenas sources
which sendmessageso randomly chosendestinationsevery 20

seconds. Messagesare of size 500 bytesand the timeout value

is 8000sec. Nodesmove in the areaaccordingto the random-
waypointmodel[17] with a maximumspeedbm/sandpausetime

50sec. The nodebuffer sizeis 400 messagesin the NIMF and

FIMF simulations,a single ferry is usedand the ferry speedis

15m/s.Thedefaultferry routefollowsarectanglewith (1250,1250)
and(3750,3750psdiagonalpoints(weusea2 2 gridin comput-
ing the defaultroutefor FIMF). In FIMF, nodes'long rangeradios
transmitat 500kbps. The default settingsfor otherparametersire
listedin Tablel.

5.2 Impact of nodebuffer size

We rst evaluatetheimpactof nodebuffer sizeon datadelivery
performance. We simulatethe following schemesNIMF, FIMF
with the NN heuristic (FIMF-NN), FIMF with the TA heuristic
(FIMF-TA) and Epidemicrouting (ER). Fig. 9(a) shavs the mes-
sagedelivery rateunderdifferentnodebuffer sizes.NIMF andboth
FIMF schemessigni cantly outperformEpidemicrouting for all
buffer sizes. For example,when buffer sizeis 200 messagesall
MF schemeschieze morethan81%delivery ratewhile Epidemic
routing only delivers20% of messagesThis is becausén the MF
schemeghe proactve movementof nodesor the ferry increases
connectiity amongnodes)eadingto highermessageleliveryrate.
In addition,the MF schemesoid the buffer contentionproblem
causedby ooding in Epidemicrouting. As the nodebuffer size
increasesthe messagelelivery ratefor Epidemicrouting alsoin-
creasedut is still lowerthanthe MF schemes.

Fig. 9(b) shavs the messagealelay which tendsto increaseas
the buffer size. For Epidemicrouting, theincreaseof delayis be-
causemessagesanstaylongerin buffer beforebeing purged out
by new messaged-or MF, asthe buffer sizeincreasesa nodecan
buffer moremessagebeforetransmittingto theferry, thusleading
to increasedlelay Epidemicroutingachiezesmuchlowerdelayas
comparedo theMF schemesThisis becaus@/F explicitly delays
messagelelivery by batchingmessagei nodesor theferry, either
to increasea nodes work time percentagéin NIMF) or to reduce
enegy consumptiorof long rangecommunicatior(in FIMF).

Figure9(c) presentsheenepy ef ciency metric. TheMF schemes

achieve betterenepy ef ciency, by 8 to 30 times, than Epidemic
routing. Sousingthe sameamountof enegy, the MF schemegan
deliver morethan8 timesasmary messagesSuchgreatreduction
in enegy consumptiorcomesfrom the factthatmessagearefor-
wardedin 2 hopsto reachtheirdestinationsn MF. In contrastEpi-
demicrouting oods messagethroughouthenetwork, resultingin
alarge numberof redundanmessagéransmissionsAs the buffer
sizeincreasesthe FIMF schemesmprove their enegy ef ciency.
Thisis becausevith alargerbuffer, anodecanreducethetransmis-
sionof requesimessagegshusreducingthe overheadf long range
communication.For NIMF andEpidemicrouting, the increaseof
buffer sizedoesnotimprove enegy efciency. In all caseNIMF

achieves betterenegy efciency thanthe FIMF schemedecause
nodesin NIMF do not needto sendcontrolmessageto theferry.

The abore simulationsuseconstantit rate (CBR) trafc. We
also conductexperimentswith bursty trafc. The MF schemes
achieve very similar performanceunderburstytraf c ascompared
to CBRtrafc. Theonly differenceis aslight decreasin message
delivery rates. Due to spacelimitation, we do not presentthese
resultsin this paper Both FIMF schemeschieve similar perfor
mancein messagelelivery rate,delayandenepy ef ciency in all
thesesimulations.Soin therestof thissectionwewill only present
theresultsfor FIMF-TA.

5.3 Impact of node mobility

In this sectionwe studyhow nodemobility affectseachscheme.
We simulatethreemobility models.In therandom-vaypoint(RW)
model, a noderandomly picks a destinationwithin the areaand
moves toward the destinationwith a speeduniformly distributed
betweerD andamaximumspeedsmax Thesecondnobility model,
limited random-vaypoint(LRW) model,is a variationof the RW
modelin whichwhenanodechooses destinationit picksaloca-
tion within the400m 400m areacenteredat its location. So this
modeltriesto limit the distanceof eachmove. Thethird mobility
modelis the area-base¢AB) model. In this model, 10 nodesare
moving accordingto the RW model while the other nodesmove
within arandomlychoserd00n 400m area. This modelre ects
situationswheremostnodestendto move within a smallarea.We
simulatedifferentsmax at 5m/sand10m/s.

Table2 summarizeghe performanceesults. The MF schemes
outperformEpidemicroutingsigni cantly in all scenariosve study
For example,when smax is 10m/s,both NIMF and FIMF achieve
messagealelivery rate of more than 84% while Epidemicrouting
achieveslessthan44%. The MF schemeslsoobtainmuchbetter
enepy ef ciency.

We malke two obsenrations.First, while nodemobility hassignif-
icantimpacton the performancdor Epidemicrouting,both NIMF
and FIMF are much less affectedby node mobility. This is be-
causein Epidemicrouting, nodesrely on their movementto meet
others.Somobility characteristicgreatlyaffect datadelivery per
formance. For example, Epidemicrouting performsbetterwhen
nodesmove globally or at a higher speed. In NIMF, nodestake
proactive movementto meetwith the ferry sodatadelivery perfor
mancds lessaffectedby regularnodemobility. A similarargument
alsoappliesto FIMF. Secondtheperformancef NIMF is affected
by nodespeed.This is becausaeodesneedto proactvely move to
meetthe ferry. Due to the WTP constraint,nodeswith a higher
speedareableto visit theferry morefrequentlybecausehey spend
lesstime on eachdetourto meettheferry. In contrastFIMF is in-
sensitve to nodespeedbecausét is the ferry who takesproactve
movement.

5.4 Impact of WTP thresholdon NIMF per-
formance

In this section,we evaluatehow the WTP thresholdsettingaf-
fectsthe NIMF schemeThe WTP thresholdw controlshow much
time a nodeis allowed for proactve movement.Fig. 10(a)shavs
the messagelelivery ratewhenthe messagé¢imeoutare3000and
8000secondsAs the WTP thresholdw increasesthe messagele-
livery ratedecreasesincenodesvisit theferry lessfrequently The
delivery ratealsodecreasefor smallermessagéimeoutvaluesbe-
causemoremessagewould bedroppeddueto timeout.

Fig. 10(b) presentshe messagealelaywhich tendsto be unaf-
fectedby the settingof w. Thereasoris thatin NIMF, a nodeex-
plicitly batchesoutgoingmessageandtriesto delayits visit with
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the ferry asmuchas possible. So the messagealelay remainsthe

sameunderdifferentWTP thresholds.

Fig. 10(c)shavstheenepy ef ciency metric. For bothmessage
timeoutvalues,enepy ef ciency decreaseasw increasesThis is
becausef messagealropsin the ferry. As w increasesnodesare
morerestrictedn their movementto meettheferry andmoremes-
sageswill be droppedin the ferry becausef timeout. So enegy
usedto transmitthesedroppedmessagefrom nodesto the ferry
is wasted,reducingenegy efciency. NIMF achieves betteren-
emy ef ciency for largermessagéimeoutvaluesbecaus®f fewer

messagelrops.
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(speed) Rate (sec) (KB/) Fig. 11(b)presentshemessagéelaywhichtendsto beindepen-
V?/:;S(()Jirr?t ﬁ:mg 8'322 gggg fgg dentof | . Thisis becauséIMF explicitly delaysmessagerans-
(0- 10m/s) ER 0437 11039 10 missionfor enegy saving in longrangecommunicationFig. 11(c)

Limited Random | NIME 0893 | 3918 589 shaws theenegy ef ciency metric. For bothmessagémeoutval-
Waypoint FIMF 0.842 | 4145 129 ues, enepgy efciency increasesas the averagenode noti cation
(0- 10m/s) ER 0.127 2076 9 interval. Thisis becausevith a larger noti cation interval, nodes

Area NIME | 0.842 | 3739 288 wait for longertime beforerequestingservicefrom the ferry and
0 ?i‘giﬁs) FI'E'\QF 8'222 iigg 134 transmitmore messagesn eachvisit with the ferry. Sothetrans-

Random NIVE 02912 3569 300 missionoverheadfor noti cation messages reducedre;ultingin
Waypoint FIME 0931 | 3691 181 higherenegy ef ciency. For thesamereasonFIMF achievesbet-
(0-5m/s) ER 0.316 1546 10 terenegy ef ciency in simulationswith largertimeoutvalues.

Limited Random| NIMF 0.699 3896 267 ..

Waypoint FIMF | 0.850 | 4091 137 5.6 Impact of transmission range on FIMF
(0-5mi/s) ER 0.061 | 2221 6 performance
Area NIMF 0.731 3862 271 L ,

Based EIVE 0.841 | 4036 137 We now studyhow the transmissiomangeof nodes'long range

(0-5m/s) ER 0.112 2939 3 radiosaffectsthe performancef FIMF. We simulatewith message

timeoutof 3000and8000secondsFig. 12(a)shavs the message
delivery rate which increasess the transmissiorrangeR,, espe-

cially whenR, is small. Thisis becausevith alargerR,, thedefault
routewill beshorterandtheferry takeslesstimeto nish oneround

of theroute.Sotheferry will bein anodesrangemorefrequently

resultingin bettermessagelelivery rate.

Fig. 12(b) shavs the messagelelaywhich is unafectedby R;.
Fig. 12(c) plots the enegy efciency metric. Enegy ef ciency
rst increasesvhenthe transmissiorrangeR, is small and then
dropswhenR becomedarge. Thereasons for small R, theim-
provementof enegy ef ciency stemsfrom theincreasen themes-
sagedelivery rate andthe reductionin messagelrops,especially
for the casewith 3000secondimeout. Whenfewer messageare
dropped]essenepy is wastedn transmittingmessageto theferry

whichwill bedroppedater, improving enegy ef ciency. For large
R, theimprovementin messagelropsis smallasR, increasesEn-

ey usedo transmitnoti cation messagew theferry becomeshe
dominantfactor As R, increasesmoreenegy will beusedin the

transmissiorof noti cation messagesesultingin lower ef ciency.

In this sectionwe study how FIMF performsunder different
NMR thresholdd . Theuseof | is to limit enegy consumption

of nodes'long rangecommunication.Fig. 11(a)shavs the mes-
sagedelivery rate whenthe messagdimeoutare 3000 and 8000
seconds.Notethatthe x axisin Fig. 11 is the averagenodenoti-

cation interval which equalsl | . For 8000secondimeout,the
delivery rateremainsthe sameunderdifferentl becausehe mes-
sagetimeoutis relatively large, so nodescan delay the transmis-
sionof requestmessagewithoutresultingin messagéimeout. For
3000secondimeout,thedelivery ratedecreaseasthenoti cation

interval increasedecausaodesaremorerestrictedn sendingout

6. DISCUSSION

In this section,we will discusssomerelateddesignissuesn the
Messagd-erryingschemes.
Multiple Ferries. In this paper we have focusedon the useof a
singlemessagéerry to provide communicatiorcapability We ex-
pectthe MF schemesanbeeasilyextendedo the casewith multi-
pleferries.Multiple ferriescanpotentiallyimprove messagérans-
port capacityandrobustnessagainstferry failures. With multiple
ferriesin deployment,thereis also e xibility in relayingmessages
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Figure 10: Performanceof the NIMF schemeunder different WTP thresholds.
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Figure 11: Performanceof the FIMF schemeunder different NMR thresholds.

andbalancingoadamongferries.We arecurrentlystudyingtheis-
suesof cooperatie routingwith multiple ferries. Speci cally, how
is the movementof ferriesand nodesorganizedto improve phys-
ical connectvity amongnodes? And given the ferry movement,
how aremessageforwardedto improve datadelivery performance
andeneqgy ef ciency?

Contention. In the MF schemesmessagesre relayedvia the
ferry. This maycreatetransmissiorcontentionramongnodeswhen
multiple nodestry to communicatewith the ferry simultaneously
Whentheferry hasonly limited buffers,thereis alsobuffering con-
tentionamongmessage$rom differentnodes. In this paper we
considesituationswhereall messageareof the samemportance.
Transmissiorcontentionis mainly resoled by the MAC protocol
usedandthereis no buffer contention.In morerealisticsituations
especiallyin crisis scenariosgiven the limited connectiity be-
tweennodesandtheferry, it would beimportantto scheduldrans-
missionsuchthatapplicationperformanceanbe maximized.This
requiressomeinformation aboutthe contentof messagesuchas
messageériority. A simple priority-basedapproachs asfollows.
Eachmessagés taggedwith a priority numberwhen generated.
When a nodedetectsthe ferry is in range,the nodeinforms the
ferry aboutthe numberof buffered messagesandtheir priorities.
Theferry thencalculatestransmissiorscheduldasedn message
priority. Following the transmissiorscheduletheferry will either
transmitmessageto a nodeor polling a nodewhich is allowedto
sendits messageto the ferry afterthe poll messageln this way,
the ferry hascompletecontrol abouthov messagexchangeoc-
cursandreducesontentionbetweemodes.In the FIMF scheme,
theferry hasextra e xibility of controllingthe contactperiodwith
regularnodes We deferthe studyof theseissuedo futurework.
Coordination among Regular Nodes. While this paperconsid-

ersthe casewherenodesoperatendependentlyregularnodescan
coordinatewith eachotherfor datadelivery. For example,regular
nodescanform connectedctlustes. Within a cluster oneor more
gatevay nodesare in chage of communicatingwith the ferries.
Othernodescommunicatewith thesegatevay nodesusing tradi-
tional ad-hocnetwork routingprotocols.

Long RangeCommunication. In theMF schemesgheferry broad-
castscontrolmessageacrosgshedeploymentareausinglongrange
communication. This doesnot posemuch limitation becausehe
overheads notsigni cant dueto thesmallsizeof controlmessages
andthe low broadcastindrequeng. In addition,the MF schemes
applyto situationswheretheferry hasa shorterradiorange.

In this paperwe focuson datadelivery usingtheferries.In net-
workswheredirectcommunicatiormamongnodesds feasiblejt may
bedesirabldo transmitmessagessinglong rangecommunication,
evenwith higherenegy cost. For example,directcommunication
canbe usedwhenmessagebave stringentdelayrequirementst
would beinterestingto studyapproachethatusebothdirectcom-
municationandthe MF approachto balanceenegy consumption
andmessagelelay We leave this asatopic of futurework.

7. RELATED WORK

In this section,we review relatedwork on sparsenetworks and
mobility-assistedschemes Ad hoc routing hasbeenan active re-
searcheld in recentyearsandmary routingalgorithmshave been
developed suchasDSR[17], DSDV [25], AODV [26], GPRY19],
Zonerouting [16], LAR [20] andCEDAR [30]. All theserouting
algorithmsconsiderconnectedetworks wherean end-to-encpath
exists betweentwo nodesin the network. Our work in this paper
differssigni cantly in its focuson sparsenetworks.



12 T T T 4000

T T T T
timeout=8000sec —+—

timeout=3000sec ---%--- 3500

3000

300 T T T T T T T
timeout=8000sec —+—
imeout=3000sec ---%---

250

5
[4)
E3
>
3
Q o 2
[ ﬁ g 2 200
sl i 8 = F q
g U x 5 2500 1 s e
= = < = o
3 o6f - 4 S 2000 | B & 150 4
° L o M Kmmmmmo e Ko x g <
<4 & 1500 B <4
g oap - g 2 & 100 - g
g L = 1000 timeout=8000sec —+— £ o
0z L% | timeout=3000sec ~~-x--- © 50} “xq
- 500 | 1 s
=
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 © 0 1 1 1 1 1 1 1
400 600 800 1000 1200 1400 1600 1800 2000 400 600 800 1000 1200 1400 1600 1800 2000 = 400 600 800 1000 1200 1400 1600 1800 2000

Transmission range of nodes' long-range radio (meter)

(a) Messagealelivery rate

Transmission range of nodes' long-range radio (meter)

(b) Messagelelay

Transmission range of nodes' long-range radio (meter)

(c) Deliveredmessageperunit enegy

Figure 12: Performanceof the FIMF schemeunder differ ent transmissionranges.

SparseNetwork Ar chitectures. Goodmaretal. [12] proposehe
Infostationarchitecturan which wirelessportscalled Infostations
aregeographicallyistributedto provide high bit-rate connections
in the their vicinities. Infostationscould be placedat accessible
locationssuch as airport and building entrancesand do not of-
fer continuouscoverage. So the Infostationarchitecturesupports
“many-time mary-where”communication.

Shahetal. [29] proposeDataMULE, anarchitecturdor collect-
ing datain sparsesensometworks. DataMULE usesmobile enti-
tiesin the ervironmentto transportdatafrom sensomodesto ac-
cesspoints. DataMULE aimsto achieve enegy saving in sensor
nodegby usingshortrangeradios.DataMULE s similarto the MF
schemesn its useof mobile entitiesto deliver data. However, its
focuson staticsensorsanddatacollectionapplicationgiffersfrom
the MF schemes.In addition, the MF schemesxplicitly utilize
non-randoror controlledmovementto deliver data.

Fall [11] proposesa Delay-olerant Network (DTN) architec-
ture to interconnecthallengechetworks suchas sensometworks
andinterplanetarynetworks. In mary challengedhetworks, end-
to-end pathsmight not exist betweennodes. DTN is basedon
asynchronousnessagdorwarding paradigmand focuseson how
to achieve interoperabilityamongdifferent challengednetworks.
Ourwork complement$11] in thatMF addressebow datais de-
liveredin onespeci c kind of challengechetworks, sparsemobile
adhocnetworks.

Ahmedet al. [2] introducethe useof a range extensioninfras-
tructureto overcomepartitionsin sparseMANETs. A rangeex-
tensioninfrastructureconsistf airplanesor satellitesvhich com-
municatewith gatevay nodesin eachclusterof the groundad hoc
networks. While this schemeemploys proactve gatevay motion
for communicatiorpurposesit differsfrom our MF schemesn its
relianceon the rangeextensioninfrastructureandits maintenance
of persistentonnectiity betweemodes.

SmallandHaas[31] proposeSWIM, anetwork architectureahat
combinesthe Infostationarchitectureand the ad hoc networking
model. Speci cally, by replicatingand spreadinglatathroughout
the mobile nodesin the network, this schemecansigni cantly re-
ducethedelayuntil oneof th replicasreachesan Infostation.

Our previous work [35] rst introducesthe MessageFerrying
conceptandstudiesits usein networks with stationarynodes.We
developefcient algorithmsto controlferry trajectoryto minimize
delaywhile meetingnodes'dataraterequirements.
Mobility-Assisted Schemes. The useof mobility to overcome
network partitionshasbeenconsideredor datadelivery in sparse
adhocnetworks. In generalfwo kinds of schemesave beenpro-
posed,namelyreactize schemesnd proactve schemes.In reac-

tive schemesapplicationsrely on mavementthat is inherentin
the devices themselesto help deliver messageswhile in proac-
tive schemesgevicesmove proactvely andspeci cally in orderto
communicatevith others.

Epidemic routing, proposedby Vahdatand Becler [33], is a
ooding-style schemein which nodespropagatemessageso all
nodesthey meet.This schemas simpleandvery robustto network
partitionsand nodefailure. The disadantageis thatit generates
alarge numberof redundantmessagedeadingto poor scalability
andhigh enegy costwhennodeshave limited buffersandenegy
supplies.Davis etal. [9] proposesnimproved schemeover Epi-
demicrouting by exploiting nodemobility statistics. Nodesesti-
matetheir probabilitiesof meetingother nodesin the future and
drop messageselectvely whenbuffers over ow. In the work of
[23], Nain et al. proposea Mobile Relay Protocolto take advan-
tageof nodemobility to overcomepartitionsfor messagelelivery.

The abore schemesare reactiveschemesn that whendiscon-
nected nodespassvely wait for their own mobility to allow them
to re-connect. Becausesncounterdetweennodescan be unpre-
dictableandrare theseschemesuffer potentiallylow datadelivery
ratesandlarge delays.To addressheseproblemsLi andRus[21]
proposea proactize schemeén which mobilenodesactively modify
theirtrajectoriedn orderto transmitmessageassoonaspossible.
The authorsproposean algorithmto computean optimal trajec-
tory for relayinga messagamongnodes. However, it is dif cult
to extendthis algorithmto supportmultiple messagéransmissions
simultaneously

Mobility-assistedschemesiave beenproposedo usein avariety
of applications.In the ZebraNetproject[18], sensorsareattached
to zebrasandusedto studythe behaior of wildlife. Dueto device
form factorandenepy constraintspnly shortrangeradioscanbe
used. As zebrasmove, thesesensordorm a sparsenetwork and
arenot ableto transferdatato users.Usersneedto move closeto
the zebras by driving a car or a plane,to collectdatafrom these
sensors.In the DakNetproject[1], vehiclesareusedto transport
databetweenremoteareassuchas villages and cities to provide
store-and-fonard InternetaccessIn the work of [4], Beaufouret
al. investigatesparsesensometworks andproposeto leveragethe
movementof mobile individualsto disseminatelatabetweendis-
connectedensorsZhenetal. [8] studythe problemof forming ad
hocrelayingnetworksover moving vehicleson highwaysandshav
via simulationsthat vehicle mobility can contrikute to successful
messagealelivery and reduceddelay Morris et al. [22] describe
CarNet,a scalablead hoc network systemon cars. It is basedon
geographidorwardingandGrid locationserviceto achieve scala-
bility. CarNetcanbe usedfor applicationdike trafc congestion



monitoringand eet tracking. Thereis alsootherwork on exploit-
ing mobility for security[7], location[14] androuting[10, 32].
Capacity of WirelessNetworks. Thereis sometheoreticalwork
on the capacityof mobile ad hoc networks. In a seminalpaper
Guptaand Kumar [15] study a model of ad hoc networks with
x ednodesandshav thatwhenthe numberof nodesperunit area
n increasesthe per nodethroughputdecreaseas O iﬁ . Gross-

glauserand Tse[13] shaw thatwith loosedelay constraintsnode
mobility candramaticallyimprove network capacity They prove
that the per nodethroughputcan be kept constantas the number
of nodesper unit areaincreases.The improvementof throughput
comesat the price of increaseddelay In thework of [3, 24], the
authorsstudytheissueof delayandcapacityin mobile networks.
Topology Control. Thereis alsosomeresearcton topolagy con-
trol in wirelessmulti-hopnetworks[27, 34]. This body of work fo-
cusenadjustingthetransmitpowersof nodesn amultihopwire-
lessnetwork in orderto createa topologywith desiredproperties,
e.g., maintainingnetwork connectiity. The topology control ap-
proachassumeshatthe transmitpower canbe arbitrarily adjusted
and normally tries to minimize the power used. In addition, the
topology control approachmaintainsconstantnetwork connecti-
ity. In contrastthe MF schemerelieson nodemobility to provide
interim, yetregular, connectvity.

8. CONCLUSION

In this paperwe have studiedthe problemof ef cient datadeliv-
eryin sparsemobileadhocnetworksandpresenteé Messagd-er
rying approachto addresghis problem. MF is a mobility-assisted
approachwhich utilizes a setof specialmobile nodescalledmes-
sageferriesto provide communicatiorservicefor nodedn thearea.

Themainideabehindthe MF approaclis to introducenon-randomness

in themovementof nodesandexploit suchnon-randomnegs help
deliver data. We develop two variationsof the MF scheme de-
pendingon whetherferries or nodesinitiate proactve movement.
We have evaluatedthe performancef MF on a variety of network
conditions. Our simulationresultsshav thatthe MF approachs
very efcient in both datadelivery and enegy consumption.For
example,the MF schemedeliver more message¢by more than
45% of all messagesand achieve higherdeliveredmessageper
unit enegy (by morethan7.5times)thanEpidemicrouting.
Our future work will includeaddressindgheissuesdiscussedn

Section6 aswell ascompletionof a prototypesystemusingPDAs
asnodesandimplementingaferry in acampusshuttlebus.
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