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Abstract

This report summarizesour researchdirectionsin un-
dernater sensometworks. We highlight potentialapplica-
tionsto off-shoreoil elds for seismicmonitoring,equipment
monitoring, and undervaterrobotics. We identify research
directionsin short-rangeacousticcommunicationsMAC,
time synchronization,and localization protocolsfor high-
lateny acousticnetworks, long-durationnetwork sleeping,
andapplication-leel datascheduling.

1 Intr oduction

Sensonetworkshave thepromiseof revolutionizingmary
areaf sciencejndustry andgovernmentwith their ability
to bring computationand sensinginto the physical world.
Theability to have smalldevicesphysically distributednear
theobjectsbeingsensedringsnen opportunitiedo obsene
andactontheworld, for examplewith micro-habitatmoni-
toring [9, 31], structuralmonitoring[56], andwide-areaen-
vironmentalsystemg47]. Industrialapplicationssuchasoil
elds andproductionlinesuseextensie instrumentationto-
day often as carefully engineeredSCADA systemsput in-
creasinglywith morerapidly deployedsensomnetworks[39].
Advancesin reducingsensorcostandsizeimply that they
canbe inexpensve and small enoughto be penasive. The
factthatthesedevicescancommunicateneanghatthey can
cooperateand relay datato remoteusers,operatingunat-
tended Advancesn enepy ef ciency meanthatdevicescan
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obsene long-termtrendsin their subjects.

While sensomet systemsare beginning to be elded in
applicationstoday on the ground, underwater operations
remainquite limited by comparison. Remotelycontrolled
submersiblesare often employed, but as large, active and
managedlevices,their deploymentis inherentlytemporary
Somewide-areadatacollect efforts have beenundertalen,
but atquitecoarsegranularitieghundredof sensorso cover
theglobe)[48]. Evenwhenregionalapproacheareconsid-
ered,they areoftenwired [16].

The key bene ts of terrestrialsensometworks stemfrom
wirelessoperation,self-con guration, and maximizing the
utility of any enegy consumedWe are currentlyexploring
how to extendthesebene tsto underwatersensometworks
with acousticcommunications It is instructive to compare
currentterrestrialsensometwork practicego currentunder
waterapproachesTerrestrialnetworks emphasizéow cost
nodes(aroundUS$100),densedeployments(at mosta few
100mapart),multihopcommunicationshort-rangeommu-
nication; by comparisontypical undervaterwirelesscom-
municationtodayaretypically expensve (US$10kor more),
sparselydeployed (a few nodes,placedkilometersapart),
typically communicatingdirectly to a “base-station"over
long rangegatherthanwith eachother We seekto reverse
eachof thesedesignpoints, developing undervater sensor
nodesthat canbe inexpensve, denselydeplo/ed, and com-
municatingpeerto-peer

Underwater sensormnetworks have mary potential appli-
cations,including seismicmonitoring, equipmentmonitor
ing andleak detection,and supportfor swarmsundervater
robots(exploredin moredetailin Section3). Herewebrie y
considerseismidmagingof underse®il elds asarepresen-
tative application.Onemajorreasono choosethis applica-
tion is thatundervatersensomnetwork is ableto provide sig-
ni cant economicbene ts over traditionaltechnology To-
day, mostseismicimaging tasksfor offshoreoil elds are
carriedout by a shipthattows a large arrayof hydrophones
on the surface[30]. The costof suchtechnologyis very
high, andthe seismicsurney canonly be carriedout rarely,
for example,onceevery 2—3 years. In comparisonsensor
network nodeshave very low cost,andcanbe permanently
deployed on the sea oor. Sucha systemenabledrequent
seismidmagingof reseroir (e.g.onceevery 3 months)and
helpsto improve resourcaecovery andoil productity.

To realizetheseapplications,an undervater sensornet-



work mustprovide mary of the tools that have beendevel-

opedfor terrestrialsensometworks: wirelesscommunica-
tion, low-power hardware, enegy conservingnetwork pro-

tocols,time synchronizatiorandlocalization,and program-
ming abstractionsWe canborronv mary of thesetoolsfrom

ongoing,ground-basedensornetesearch.However, some
of the challengesarefundamentallydifferent. First, radiois

not generallysuitablefor undervater usagebecausef ex-

tremely limited propagtion (current mote radios transmit
50-100cm).While acoustictelemetrypromisesan alterna-
tive methodof undervaterwirelesscommunicationoff-the-

shelf acousticmodemsare not suitablefor large-scaleun-

derwater sensomets: their power draws, ranges,and price

pointsareall designedor sparselong-rangegxpensve sys-
temsratherthansmall, dense,and cheapsensomets. Sec-
ond, the shift from RF to acousticschangeghe physics of

communicatiorfrom the speedof light (3 10®m/s)to the
speedof sound(around1:5 10°m/s)—adifferenceof ve

ordersof magnitude.While propagtion delayis negligible

for short-rangeRF, it is a centralfact of undervater wire-

less. This hasprofoundimplicationson rangingandtime

synchronizationFinally, enegy conseration of undervater
sensometswill bedifferentthanon-groundbecauseéhesen-
sorswill belarger, andbecausesomeimportantapplications
require large amountsof data, but very infrequently (once
perweekor less).

We are thereforeinvestigating three areas: hardware,
acoustic communicationwith sensornodes (Section 4);
protocols undervaternetwork network self-con guration,
MAC protocol design, time synchronization,and ranging
(Sectionb); andmostly-of operation, datacachingandfor-
wardingandenegy-avaresystemdesignandultra-lov duty
cycle operation(alsoin Sectionb). We believe thatlow-cost,
enegy conservingacousticmodemsare possible,and that
our focuson short-rangecommunicatiorcanavoid mary of
thechallenge®f long-rangdransfer Developmeniof multi-
accessgelay-toleranprotocolsare essentiato accomplish
densenetworks. Low-duty cycle operationandintegration
and involvementof the applicationcan cope with limited
bandwidthandhigh lateng.

Solving theseconstraintsn the abstractis an underspec-
ied problem; mary solutionsare possible,only someof
which are likely useful. We begin by reviewing our over
all architecturgSection2) andthe constraintgplacedon our
work by severalapplicationgSection3).

2 SystemAr chitecture

Beforedescribingspeci c applicationsyve next brie y re-
view the generalarchitectureve ervision for anundervater
sensonetwork. We begin by consideringheroughcapabili-
tiesof anindividual undervatersensonode how it interacts
with its ervironment,otherundervaternodes,and applica-
tions.

Figurel shovsalogicaldiagramof apotentialsystemWe
seefour differenttypesof nodesn the system At thelowest
layer are the large numberof sensomodesto be deployed
on or nearthe sea oor (shovn assmall yellow circlesin
the gure). They have moderateprice, computingpower,
andstoragecapacity They collectdatathroughtheir sensors

Figure 1. One possibleapproachto node deployment.

(e.g., seismic)and communicatewith other nodesthrough
short-rangeacousticmodems. They have batteriesbut for
long-termoperatiornthey spendmostof their life asleep.

At the top layer are one or more control nodeswith
connectiondo the Internet,and possiblyhumanoperators.
Thesecontrolnodesmaybe positionedon anoff-shoreplat-
form with power, or they may be on-shorewe expectthese
nodego have alarge storagecapacityto buffer data,andac-
cessto ampleelectricalpowver. Control nodeswill commu-
nicatewith sensomodesdirectly, via arelaynode:a sensor
nodewith undervateracousticnodemshatis connectedo
the controlnodewith awired network.

In largenetworks,athird typeof nodesgcalledsupernodes
have accesdo higherspeednetworks. We are considering
two possibleimplementations:rst involvesattachingregu-
lar nodedo tethereduoysthatareequippedvith high-speed
radiocommunicationso thebasestation,asshavnin the g-
ure. An alternatve implementatiorwould placethesenodes
on the sea oor andconnectthemto the basestationwith
ber optic cables.Regardlessof the particularimplementa-
tion, the importantcharacteristiof supernodess that they
canrelay datato the basestationvery ef ciently. Thesesu-
pernodesllow amuchrichernetwork connectvity, creating
multiple datacollection points for the undervater acoustic
network.

Finally, althoughroboticsubmersiblesrenotthefocusof
the currentwork, we seetheminteractingwith our system
via acousticcommunicationsln the gure, darkblue ovals
represeninultiple robotsservicingthe platform.

The computingpower presentin eachnode of a current
sensomnetworksvariesgreatly from 8-bit embeddegbroces-
sors,suchasBerkeley Motesto 32-bitembeddegbrocessors
aboutas powerful astypical PDAs, suchasIntel Stagates
to current32- or 64-bit laptopcomputers.(Both motesand
Stagatesare currently available throughCrossbav, Inc. at
xbow.com .) We see Stagate-classcomputersas most ap-
propriate for undervater sensornetworks for several rea-
sons. Their memorycapacitieg64MB RAM, 32MB ash
storage)and computingpower (a 400MHz XScale proces-
sor) is sufcient to storeand processa signi cant amount
of datatemporarily while their costis moderate(currently
US$600/each).Although Mote-classcomputersare attrac-
tive becausextremely low costand enegy requirements,
theirverylimited memory(4—-8kBof RAM and64—-1024MB
of ash storage)s a poormatchfor therequirement®f un-
derwater applicationswe describein the next section(see



Section3). Laptopcomputershave plenty of capability but
they costtwice or morewhat Stagatesdo, andaddunneces-
sarykeyboardanddisplay

Batterypower andthe ability to carefully monitorenegy
consumptionis essentiafor the sensomode. It is essential
thatall component®f the systemoperateat aslow a duty
cycle aspossible we expectto examineeachlayerof system
software to minimize enegy consumptionas describedn
Sectiorb. In additionto low duty cyclewhenoperationalye
expectto coordinatewith the applicationto entirely shutoff
the nodefor very long periodsof time, up to hoursor days.
We describesomeof our plansin Section5.5;we alsoexpect
to build on techniquesuchasthoseusedby Intel [39].

We expectnodesto bedeplo/edin severalwaysasshavn
in Figurel. Wherepossiblewe expectnodesto beanchored
to the ocean oor (the small yellow boxes in Figure 1).
Tethersensurethat nodesare positionedroughly whereex-
pected(subjectto drift or nodedamage)allowing optimiza-
tion of placemenfor goodsensomndcommunicationgov-
erage. We anticipatea tiered deployment (for example,as
donein habitat monitoring [9]), where some nodeshave
greaterresources.We expectthe primary limiting resource
to be communicationsapability so our “supernodes'will
have bettercommunicationsgitherby wired connectiongo
eachotherand an external network, or by tethersto buoys
with medium-or wide-areawvirelesscommunicationgradios
suchas802.11,or possiblysatelliteconnections)Theseare
showvn aslarger greenboxesin Figurel. Finally we expect
somenodesto be mobile, eitherfree oating, or connected
to submersibleobots(for example,see[4]), shavn asdark
blueovalsin Figurel.

In a harsh,undervater ervironment, we must anticipate
that somenodeswill be lost over long deplgyments. Pos-
siblerisksinclude shing trawlers,undervaterlife affecting
cablesor nodesprfailureof waterproo ng.Wethereforeex-
pectbasicdeploymentsto includesomeredundang in com-
municationand sensing,so that loss of an individual node
will not have wider effects. We expectthatapplicationscan
copewith somenon-uniformityin data. In addition,we ex-
pectthat we will be ableto recorer from multiple failures,
eitherwith mobile nodes,or with humandeploymentof re-
placements.

Althoughmary nodeswill betetheredo onelocation,we
expectthatnodesmaymove, eitherdueto drift of theanchor
disturbancdrom externaleffects. In othercasesnodeswill
move autonomouslyWe expectnodesto be ableto localize
themselesto determinetheir locations,as discussedater
(Section5.3).

Communicationdetweemodesis animportantfocus of
our work, becausewe seea large gap betweenour target
deploymentandcurrentlyavailablecommercialjong-range,
high-pawver, point-to-point,acousticsccommunications.We
discussour approachto low-power, short-rangeacoustic
communicationsn Section4. Equally important(andalso
unaddressedy currentundervaterwork) are the network-
ing protocolsthatallow undervater nodesto self-con gure
and coordinatewith eachother; we discusstheseprotocol
issuedn Section5.

Finally, we have somebasicassumptionsaboutthe ap-

plicationsthat matchthesedesign. First, applicationbene-
t from local processingandtemporarydatastorage. Stor
agecan be usedto buffer datato managelow-speedcom-
munications,“time-shifting” datacollectionfrom retrieval.
In somecasesnodesbene t from pairwisecommunications
andcomputation.Thosecapabilitiesareimportantfor much
of theinfrastructureve proposeincludingtime synchroniza-
tion, routing,andfault-recaery. Finally, in mostsensingap-
plications,we expectthe mostdatato be eventuallyrelayed
to theuservia oneor morelinks to thelnternetor adedicated
network.

3 Applications

We seeour approacheasapplicableto a numberof appli-
cations,including seismicmonitoring, equipmentmonitor
ing andleak detection,and supportfor swarmsundervater
robots. We review the different characteristicof eachof
thesebelow.

Seismicmonitoring: A promisingapplicationfor underva-
ter sensometworksis seismicmonitoringfor oil extraction
from undervater elds. Frequentseismicmonitoringis of
importancen oil extraction;studiesof variationin thereser
voir over time are called “4-D seismic” and are useful for
judging eld performanceandmotivatingintervention.

Terrestrial oil elds can be frequently monitored, with
elds typically beingsurneyedannually or quarterlyin some
elds, andeven daily or “continuously” in somegas stor
agefacilitiesandpermanentlynstrumentedelds. However,
monitoringof undervateroil elds is muchmorechalleng-
ing, partly becauseeismicsensorarenot currentlyperma-
nentlydeployedin undervater elds. Insteadseismicmoni-
toring of undervater elds typically involvesa ship with a
towed sonararray as the sensorand an air cannonas the
actuator Becausesucha study involves both large capital
and operationalcosts(due to the ship and the crew), cur
rent undervater elds are evaluatedrarely, typically every
2-3years.As aresult,interventionsandasseimanagement
approachesuitablefor terrestrial elds cannoteasilybe ap-
pliedto undervater elds.

Useof a sensometwork raisesa numberof researctchal-
lenges: extraction of data,reliably, from distributed sensor
nodes;localization, whereeachnodeto determinests lo-
cationwhenit is deployed or shouldit move; distributed
clock synchronizationclocks for accuratedata reporting;
enegy managemenapproachedo extend sensornetwork
lifetime for a multi-year deployment. We plan to address
thesechallengesthrough low-power acousticcommunica-
tion (Section4) and new protocolsfor high-lateng time
synchronizationmultiple accessschedulediataaccessand
mostly-of operation(Section5). To understandhe typical
requirementf seismicsensing,we carriedout a prelimi-
nary analysisof the datageneratedy seismicmonitoring.
Eachsensorcollects3 or 4 channelsof seismicdata,each
collecting 24 bits/channehlt 500Hz. After a seismicevent
is triggered,we needto capture8—10sof data. This leads
to about60kB of datapersensolperevent. At our expected
5kb/stransferrate thatimpliesabout120s/sensaio transfer
this dataover onehop.

Typicaloil elds coverareaf 8km 8kmorless,and4-D



seismicrequiressensoplacemenapproximatingg50—100m
grid. (We assumehatcurrentseismicalgorithmscanaccom-
modateminor variationsin sensomplacementprovided they

areknown.) This implies a fairly large sensometwork of

several thousandsensorswill be requiredto provide com-
plete coverage. It also implies that a tiered communica-
tions network is required,where somesupernodesvill be
connectedo usersvia non-acousticommunicationshan-
nels. Two possibleimplementationsare buoys with high-

speedRF-basedcommunicationspr wired connectionso

somesensomodes. For a grid deploymentwe assumeone
supernodeper 25 nodes(a 5x5 segmentof the network),

suggestedll nodesarewithin two hopsof a supernodeand
timeto retrieve all datais aboutonehour(assumingachsu-
pernodecandownloaddatain parallel). Of course,onecan
trade-of thenumberof supernodeagainstthetime required
to retrieve the data. (With supernodesoveringareast hops
wide, thereis only oneaccespointper81nodeshput datare-

trieval time will be muchlongerdueto increasedontention
at the accesgoint.) We expectto re ne our designaswe

learnmoreaboutthe problem.

Equipment Monitoring and Control: Undervaterequip-
ment monitoring is a secondexample application. Ide-

ally, undervaterequipmentwill includemonitoringsupport
whenit is deployed,possiblyassociateavith tetheredoower

and communicationsthus our approachesare not neces-
sary However, tempoary monitoring would bene t from

low-power, wirelesscommunication. Temporarymonitor

ing is mostusefulwhenequipmenis rst deployed,to con-
rm successfulleploymentduringinitial operationpr when
problemsare detected. We are not consideringnode de-
ploymentandretrieval at this time, but possibilitiesinclude
remote-operatedr roboticvehiclesor divers.

Short-termequipmentmonitoring sharesmary technical
requirement®f long-termseismicmonitoring,includingthe
needfor wireless(acousticcommunicationautomaticcon-
guration into a multi-hop network, localization(andhence
time synchronization)and enegy ef cient operation. The
maindifferenceis a shift from bursty but infrequentsensing
in seismicnetworks, to steady frequentsensingfor equip-
mentmonitoring.

Onceundervater equipmentare connectedwvith acoustic
sensonetworks,it becomesneasytaskto remotelycontrol
andoperatesomeequipment.Currentremoteoperationre-
lies on cablesconnectingo eachpieceof equipment.It has
high costin deploymentand maintenanceln contrast,un-
derwateracousticnetworking is ableto signi cantly reduce
costandprovide muchmore e xibility .

Flocks of Underwater Robots: A third andvery different
applicationis supportinggroupsof undervaterautonomous
robots. Applicationsinclude coordinatingadaptve sensing
of chemicalleaksor biological phenomenéfor example,oil
leaksor phytoplanktonconcentrations)andalsoequipment
monitoringapplicationsaasdescribedibore.
Communicatiorfor coordinatedactionis essentialwhen
operatinggroupsof robotson land. Undervaterrobotsto-
dayaretypically eitherfully autonomousut largely unable
to communicateand coordinatewith eachotherduring op-

erationspr tetheredandthereforeableto communicatebut
limited in deploymentdepthandmaneuerability.

We expect communicationsbetweenundervater robots
to be low-rate informationfor telemetry coordination,and
planning. Dataratesin our proposedsystemare not suf-
cientto supportfull-motion videoandtele-operationbut we
doexpectto beableto supporion-linedelivery of commands
andthe ability to sendbackstill frameimages.

4 Hardware for Underwater Acoustic Com-
munications

We have describedwhy undervater acousticcommuni-
cationsis an importantalternatie to radio-frequeng (RF)
communicationgor thesenetworks.

At the hardware level, undervater acousticcommunica-
tionsis muchlike RF communicationsn air, but with a few
key differences.In both systemsawve transmita toneor car
rier. This carrieris modulatedby the datathatwe aresend-
ing. Commonmodulationmethodsncludechanginghecar
rier amplitude (AM), the carrier frequeng (FM), and the
carrier phase(PM). Modulation can occurin in a contin-
uous (analog)or a stepped(digital) fashion. The primary
differenceshetweerthesemodulationtechniquedies in the
compleity of therecever, the bandwidthrequired,andthe
minimumacceptableecevedsignal-to-noiseatio. Thislast
parameteiis usually expressedas E,=N, or enegy per bit
over noisespectal density[36, 55]. As anexample,binary
frequeng shift keying, requiresabout14 dB Ep=N, for a
1 10 ®BER.

The receved Ep=N, dependsn a few basicfactors: the
transmitterpower, the dataratebeingsent,the noiselevel at
therecever, andthesignalattenuatiorbetweerthetransmit-
terandrecever. We review eachof theseconstraintsext.

Transmit Power

Thereis no fundamentalimit to transmitterpower, but it
can have a major effect on the power budgetfor the sys-
tem. For enepgy ef ciency andto minimizeinterferencewith
neighboringransmittersve wishto usethesmallespossible
transmittempower.

Data Rate

Thisis atradeof in the systemdesign,basedon available
power, andchannebandwidth.Becausecousticcommuni-
cationsarepossibleonly over fairly limited bandwdithswe
expecta fairly low datarate by comparisorto mostradios.
We seea rate of currently 5kb/sand perhapsup to 20kb/s.
Fortunatelytheseratesarewithin an orderof magnitudeof
RF-basedensonetworks.

In applicationsuchasrobotic control, the ability to com-
municateat all (evenatalow rate)is muchmoreimportant
thanthe ability to sendvery large amountsof dataquickly.
In addition,in Section5.5we describehow application-leel
techniqueganbeusedto maximizethebene tsof evenlim-
ited communicationsates.

NoiselLevel

Noiselevelsin theocearave acritical effecton sonamper
formance andhave beenstudiedextensiely. Burdic[6] and
Urick [53] aretwo standardeferencesWe areinterestedn



the frequeng rangebetween200 Hz and 50 kHz (the mid-

frequencypand. In thisfrequeng rangethedominantoise
sourceis wind actingon the seasurface. Knudsen[28] has
shavn a correlationbetweenambientnoiseand wind force
or seastate.Ambientnoiseincreasesbout5dB asthewind

strengthdoubles. Peakwind noise occursaround500 Hz,

andthendecreaseabout-6dB per octare. At afrequeny

of 10,000Hz the ambientnoisespectraldensityis expected
to rangebetween28 dB/Hz and 50 dB/Hz relative to 1 mi-

croPascal. This suggestshe needfor wide rangecontrol of

transmitterpower.

Signal Attenuation

Signalattenuatioris dueto a variety of factors. Both ra-
dio waves and acousticwaves experiencel=R? attenuation
dueto sphericalspreading. Thereis also absorptie losses
causedy thetransmissiormedia. For RF transmissionat-
mospheridossesarequitesmall. Absorptive lossesn under
water acousticsare signi cant, and very frequeng depen-
dent. At 12.5kHz absorptionit is 1 dB/km or less. At 70
kHz it canexceed20 dB/km. This placesa practicalupper
limit onour carrierfrequeng atabout100kHz.

Thereare additionalloss mechanismsinostly associated
with scattering,refractionandre ections. Stojanwic pro-
videsa very good overview of the challengesere[49]. A
majordifferencebetweerRF andacoustigqpropagtionis the
velocity of propagtion. Radio waves travel at the speed
of light, and, at rangesand frequenciegypical for sensor
networks, in a straightline. Acoustic transmissionn wa-
ter occursat the speedof sound,which is around1500 me-
ters/secHowever the speedf soundin watervariessigni -
cantlywith temperaturedensityandsalinity causingacous-
tic wavesto travel on curved paths. This can createsilent
zoneswherethe transmitteris inaudible. Therecanalsobe
lossescausedby multipathre ections from the surface,ob-
staclesthe bottom,andtemperaturevariationsin the water
andscatteringrom re ections off a potentiallyroughocean
surface.

ProposedAcoustic Communications Design

Many of theseforms of lossare uniqueto acousticcom-

municationsat longer distancesln particulayr multipathre-
ections, temperatureariation,andsurfacescatteringareall
exaggeratedy distance. Inspiredby the bene ts of short
rangeRF communicatiorin sensomnetworks,we seekto ex-
ploit short-range underwateracousticsvhereour only sig-
ni cant lossesare spreadingandabsorption.We aredevel-
oping a multi-hop acousticnetwork targeting communica-
tion distance®f 50-500metersandcommunicatiorratesof
aroundskb/s.

Usinga simpleFSK signalingschemewe anticipatesend-
ing 5kb/sover a rangeof 500musinga 30 mW transmitter
output. The primary limitation is setbe spreadingossand
the backgrounchoiseof the ocean. As with RF, we expect
a combinationof softwareandhardwaretechniquesuchas
duty cycling canresultin enegy requirements fraction of
the basictransmitcosts.

The useof low-power listeningcircuits hasproven essen-
tial for RF-basedsensometworks [43, 25, 17]. We arealso
developingaverylow powverwakeupreceiverfor ouracous-

tic communicationg hisreceveris notintendedfor dataex-
changebut only to detectacousticenegy in ourchannebnd
thensignalournodethatsomeis attemptingo communicate.
At this pointwe canturn on our datarecever/processoand
enablecommunicationsOur currenthardwaredesignusing
a dual gate FET con gured as a cascodeampli er, with a
passie lter anddetector The Iter hasa Q of 30, acenter
frequengy of 18kHz. The circuit consumed 00 microamps
at5 volts (500 microwatts).

5 Protocolsfor High-Latency Networks

Acoustic communicationputs new constraintsnetworks
of undervater sensomodesfor several reasons. First, the
large propagation delay may breakor signi cantly degrade
the performanceof mary currentprotocols. The speedof
soundin seawateris roughly 1:5 10°m/s. The propag-
tion delayfor two nodesat 100mdistances thereforeabout
67ms.Secondthebandwidthof anacoustiacchannels much
lower thanthat of a radio. Ef cient bandwidthutilization
becomesan importantissue. Theseconstraintsorce us to
review existing networking protocolsand,in somecasesre-
placethemwith improved protocolsdesignedexplicitly for
this high-lateng ervironment. Finally, terrestrialnetworks
can take adwantageof rich existing infrastructuresuch as
GPSandsatellitecommunicationsetworks. This constraint
forcesundervater sensometworks to be self-supportingn
ways that terrestrialnetworks may not be. We next exam-
ine severalresearchtirectionsto provide this supportfor the
undervatersensometworks.

5.1 Latency-Tolerant MAC Protocols

MAC protocols suitable for sensor networks can be
broadly classi ed into two cateyories: scheduledorotocols
andcontention-basegdrotocols[61]. TDMA is atypical ex-
ample of the scheduledprotocols. It hasgood enegy ef-

ciency, but it requiresstrict time synchronizationand is

not e xible to changesn the numberof nodes.Contention-
basedrotocolsarenormallybasedn CSMA, andsomecol-

lision avoidancemechanismssuchas RTS/CTSexchange,
are alsocommonlyused. Contention-baseg@rotocolshave
good scalability and adaptvity to changesin the number
of nodes. Their enegy efciency can be improved by
enabling low-duty-gycle operationson nodes, such as S-
MAC [62, 63], STEM [44, 43], low-power listening [25],

andasynchronousvake-ups[52, 65].

Currently the contention-basegrotocolswith low duty
cyclesarewidely studiedby the sensometwork community
andresultsare promising. Althoughthey arenot optimized
for ultra-low duty cyclesasdescribedn Section5, they are
still of greatinterestto mary otherapplications. However,
the large propagtion delay in acousticcommunicationss
particularly harmful to contention-basegrotocolsfor sev-
eralreasonsFirst, it maytake very long time for a nodeto
detectits neighbors transmissiorwith its carriersense.For
example,supposawo neighboringnodeshave a distanceof
100m. If they try to sendat aboutthe sametime, e.g., trig-
geredby the samesensingevents,they needto listenfor at
least67msto avoid collisions. Furthermorejf a sendeand
areceier exchangeRTS and CTS, the overall propagtion
delayis tripled.
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Figure 2. Modied S-MAC schedulesto accommodatelarge propa-
gation delay. (a) shavsthe listen window length curr ently implemented
in TinyOS. (b) shows increasediisten window to accommodatepropa-
gation delay of eachpacket.

Figure2 shavs the periodiclistenandsleepscheduleof a
sensomoderunning S-MAC in low duty cycles. The top
part (a) shavs the length of the listen window in current
implementationin TinyOS, which is about120msfor lis-
tening SYNC, RTS and CTS paclets. The bottom part (b)
shavs anaie extensionto S-MAC wherewe modify thelis-
teningwindow to accommodaté¢he propagtion delaysfor
eachpaclet, now about320ms.With this naive approacha
propagtiondelaywill signi cantly increasehe actualduty
cyclesof nodes,increasdateny anddecreasehroughput,
especiallyin multi-hopnetworks.

Clearly a major focus of MAC researchwill be to re-
designmediaaccesgprotocolsfrom the groundup to con-
sider large propagtion delays,ratherthanto simply adapt
existingMA C protocols.First,wewill examinethedetailsof
how the propagtion delayaffectsenepy ef ciency, latengy
andthroughpubnexisting protocols.Then,basednourun-
derstandingf the problem wewill developnew approaches
to betteraccommodatéhe large propagtion given the con-
straintsin undervater sensometworks. Possibledirections
includedesigningnew sleepandwake-upschemes,educing
control paclet exchange,and combining contention-based
transmissionsvith scheduledransmissions.

5.2 Time Synchronization

Time synchronizationprovides fundamentalsupportfor
mary protocolsand applications. Without GPS,time syn-
chronizationalgorithmshave to be completelydistributed
over peeringnodes. Several algorithmshave beendevel-
opedfor radio-basedsensometworks, achiezing the accu-
ragy of tensof microsecond$19, 22]. However, they as-
sumenearlyinstantaneousirelesscommunicatiorbetween
sensomodeswhich is valid enough(0.33us for nodesover
100m)forcurrentRF-basedetworks.

In undervatersensometworks, the large propagtion de-
lay (for example, 67msover 100m distances)hecomesa
dominantsourceof errorfor ne-grainedtime synchroniza-
tion. Schemedike RBS[19] arebuilt with the assumption
of simultaneouseceptiornof referencebroadcastsyhichre-
sultsin synchronizatiorerrorproportionato thepropagtion
delay TPSN[22] is not applicablesinceit fails to consider
the effect of clock's skewing during the messagexchange
interval. Hencewe have designeda time synchronization
protocol, Time Synchronizatiorfor High Lateny (TSHL),
thatcanmanagehe high propagtionlateng inducederrors
while remainingenegy ef cient [51].

25
-6- TPSN
—— TSHL

20 q

Error (usec)
=
(&
T
L

=
o

0 I I I I I I I I I I
0 50 100 150 200 250 300 350 400 450 500

Distance (meters)

Figure 3. Comparison of clock synchronization error
betweenTSHL and a TPSN-like protocol, immediately
after a messageexchangeas distance betweennodesin-
creases.

The key ideain TSHL is thatit splits time synchroniza-
tion into two phases.In the rst phasehodesmodeltheir
clock skew to a centralizedtimebase after which they be-
comeskew syndironized In the secondphasethey swap
skew compensatedynchronizatiormessages$o determine
their exactoffset. The rst phases imperviousto the prop-
agation lateng, while the secondphaseexplicitly handles
propagtion delayinducederrors. This resultsin fastrela-
tive synchronizatior{endof phasel), andalsoallows usto
do post-factosynchronization.Both of thesepropertiesare
highly desirablén ourintendedapplication(see3.

We have evaluatedTSHL in simulationto considerthe
effect of distancegand hencepropagtion lateng), toler
anceto clock skew, and designparameteref TSHL such
asnumberof beacormessagessedto estimateskew. At all
distancesglock synchronizatioraccurag of TSHL is much
betterthanRBS (by afactorof two or more),sinceRBSdoes
not considerpropagtion lateny at all. Figure3 compares
TSHL againstTPSN,a protocolthatdoesconsidempropag-
tion delay At shortdistance®f lessthan50m,synchroniza-
tion accurag of TSHL andTPSNarecomparablesincefor
thesedistancexlock skew during synchronizatioris mini-
mal. At longerdistanceS PSN's failureto accountfor skew
during synchronizatiorcausesncreasingerror in accurag,
up to twice the error at 500m. Thesevaluesare immedi-
atelyafterthealgorithmruns. Errorsin clock estimationare
magni ed after synchronizationso TSHL is evenmoreim-
portantwhen synchronizatiormessagesire donerarely to
consere enegy.

We arein the procesf implementingTSHL. We consid-
eredbut rejectedthe alternative of substitutingoff-the-shelf,
long-rangeacousticmodemsto our intendedshort-range
acousticmodemsunder development(Sectiont. Primary
reasorbeingthatsuchpackageslid not provide MAC layer



timestampingapabilitiessomethinghatprevioustime syn-
chronizatiorschemesuchasTPSN[22] demonstratedses-
sentialfor accuratesynchronizationlnsteadwe have substi-
tutedin-the-airacousticcommunicatiorior undervatercom-
munication.We adoptedhe Cricket platform[35] dueto its
commerciabvailability andgoodsupportor low-level hard-
wareaccess.

5.3 Localization

Localizationis the procesdor eachsensomodeto locate
its positionsin the network. Localizationalgorithmsdevel-
opedfor terrestrialsensometworks canbe broadlydivided
into two classes.The rst classis basedon signal strength
measuremenf3, 5]. Thesealgorithmsare useful to give
proximity information of nodeswith low cost, but they are
notableto provide accuratdocationinformation.

The secondclassis able to provide ne-grained loca-
tion information, which is requiredby our seismicimag-
ing application. Thesealgorithmsare basedon measur
ing the propagtiontime of a signal,i.e., thetime-of-arrival
(TOA) [42,23]. Theirbasicprinciplefor rangemeasurement
is the sameasradaror sonar but it is donein a distributed
way amongpeeringnodes.TOA measuremerrequirespre-
cisetime synchronizatiorbetweena senderand a recever.
Sayvideset al [42, 23] usea radio signalto to synchronize
the clocksof the senderandtherecever, i.e,, transmittinga
radiosignalat the sametime a soundor ultrasoundsignalis
transmitted Sincetheradiopropagtiontimeis sosmallthat
the clocksof the two nodesarewell synchronizedunfortu-
nately undervaternetworkswill notbeableto leveragethis
combinationof RF andacousticcommunication.

However, accurateangemeasuremertanstill be carried
outif nodeshave well synchronizeatlocks,andwe will rely
on our time synchronizatiorwork describedn Section5.2.
Oncethe measuremenis doneamongneighboringnodes,
multilaterationalgorithmscan be appliedfor eachnodeto
calculateits relative positionto somereferencenodes. The
referencenodescan be the supernodeshat are attachedo
buoys or off-shore platforms. If supernodesre placedon
buoys, thenthey ableto useGPSto obtainprecisegloballo-
cationswhich canthenbeusedasreferenceso all underva-
ter nodes.If supernodesreconnectedsia wired networks,
thenwe assumeheir locationscanbe suneyed whenthey
aredeployed andso they canaggin offer pointsof location
reference.

While similar localization systemshave beendeveloped
for terrestrialsensonetworks[32], theaccurag of suchsys-
temsneedto be evaluatedin the undervater ervironment.
Unlike radio propagtion,the speedf soundchangesn the
ervironment.Its actualvaluedependon temperaturepres-
sureand salinity [12]. The propagtion path may even be
cuned due to uneven temperaturadistribution. Moreover,
nodemovementdue to waves needsto be considered.All
thesdactorsaffectlocalizationaccurag andneedto bestud-
ied.

5.4 Network Re-Con guration after Long
Duration Sleeping

Underseaeismiamonitoringof oil elds isan“all or noth-
ing” application—periodicallya seismicexperimentwill be

triggeredandall nodesmustcollecthigh-resolutionseismic
datafor afew minutesthenafew monthsmaygo by with no

activity. It would be extremelywastefulto keepthe network

fully operationafor monthsat a time to supportoccasional
measurements.Instead,we expectto put the whole net-

work to sleepfor theentireinactive period,reducingtheduty

cycle to a small percentageof deploymenttime (even be-

fore otheroptimizationsare made). Similar approachesre
alsoappropriatdor long-termequipmeninonitoring,where
nodesonly needto checkequipmentstatusoncea day or a

week[39].

Prior work on enegy conseration in sensornetworks
provides the illusion of constantaccessand 1-10% duty
cycling via MAC-level sleep/vakeup [63] or low-power
listening[18, 34], andapplication-leel approachesanget
an additionalfactorof 2—4 from densedeployment[60, 11,
10, 44). However, for thenew classof applicationsye must
have a network andapplicationghatcanbe completelyshut
down andquickly restartedjn effect, “sensornetwork sus-
pendandresume”. The major researchissueis how to ef -
ciently re-con gurethe network afteralong sleepperiod.

Nodesagreeon the same“resume” momentbeforetheir
periodicallong sleeps But dueto hardwarelimitations, they
will wake up at differentmoments. When clock drift rate
is 50ppm,the maximumclock drift without synchronization
after 30 daysis about130 seconds. Thus nodescanwake
up ary time during 260 seconderiod, so the network re-
con gurationtime after30 days'inactuity is atleastaround
4 minutes!

There are two challengesin designing network re-
con guration protocols. Firstly, the re-con gurationphases
after long sleepsneedto be as shortas possibleto restart
the network quickly. Sensomodesalsoneedto stayenegy
efcient during theseperiods. And anotherchallengeis to
con gure the network suchthat other protocolslike MAC
canresumequickly whenthe network resumes.

We proposetwo approaches.In the rst approach,low
powerlisteningwith syndironized ooding, right afternodes
wake up asynchronouslythey setup atimertwice thelength
of themaximumpossibleclock drift andperformlow power
listening (periodical short sampling)[25]. Whenthe rst
nodetimesout, all nodesshouldhave restarted.It sendsa
network resume‘UP” messagémmediatelyandthe whole
network starts ooding the message. Upon receving the
propagtedmessagenodesealizethe network hasresumed
and datatransmissiongan begin without waiting for time-
outsontheirtimers.In orderto save enegy during ooding,
we synchronizenodes'samplingperiodsduring ooding to
reducethe overhearingoverhead.In this approachpetwork
canresumeguickly by ooding andthenetwork staysenegy
ef cient sincelow power listeningconsumdittle enegy.

Insteadof ooding, in the secondprotocol we propose,
network con guration with requestsand suppession the
rst nodethatis restartsetsthe network resumetime, and
the following nodessendrequestso get the resumetime
from ary alreadyactive nodes.In orderto save enegy, both
requestandrepliesaresuppressed possible—nodelsten
for concurrentequest®r repliesandusethemastheir own.

The cost of recon guring a network must include the



costof brining up a fully functional MAC protocol. Asyn-
chronousVAC protocolssuchasthosebasedon low-power
listening[18, 34] canstarteasilyafterthe network resumes.
We alsowish to explore recon gurationprotocolsthat sup-
port MAC-level time synchronizationsuchasS-MAC. Our
preliminaryanalysissuggestshatwe canachieve signi cant
enepgy savingsfor both classeof MAC protocolcompared
to simply leaving nodeson idle listeningduring network re-
con guration.

And we are currently at the stageof implementingboth
protocolsin TinyOSto verify their performancen real sen-
sornetworks.

5.5 Application-Level Data Scheduling

Besidesenepgy constraints,acousticnetworks also have
very limited communicationsdandwidth. Today’s off-the-
shelfacoustianodemdypically have thebandwidthbetween
5-20Kb/s.With applicationdik e seismicimaging,all nodes
will collect andtry to sendlarge amountof datathat can
easilyoverwhelmthe network capacity Theresearchissue
hereis how to coordinatenodes transmissiongn anenegy-
ef cient way thatcanbestutilize thechannel.

CurrentMAC protocolsoperatingat 1-10% duty cycle
provide the abstractionof a network that is always up by
transparentlydelaying paclets until the next awake period.
Thisapproachs notef cient for nodego transmitlargedata
at aboutthe sametime, asexcessie MAC-level contention
wastesbandwidthand enegy. Insteadwe will explore ex-
plicit application-lerel datacacing andforwarding. Build-
ing onthework of Delay TolerantNetworking [20], we plan
to packagesensomnetwork readingsandpasshemfrom sen-
sornodeto sensomnode.

While DTN outlinesa genericarchitecturefor store-and-
forwarddatadelivery, our seismicdmagingapplicationraises
importantapplication-leel schedulingssues.For example,
assumesachsensoin Figure4 mustsend2.4MB of seismic
datato the extractionnode(indicatedwith an“X”, assumed
to have power anda surfacenetwork connection)andthat
eachnode cantalk only to its immediateneighbors. As-
sumingan acousticradio at 20kb/s and that eachnode as
2 minutesof 20kHz, 8-bit seismicdataof datato send(ig-
noringoverhead) Raw transfertime for onenodeis 16 min-
utes. Unscheduledransmissiorof all datawould have all
nodescompetingto sendand avake for at least4 hours,a
gure well in excessof areasonableluty cycle,andin prac-
tice muchlongerdueto channelcontentionat nodeX. If in-
steadve scheduleodedo transferdatain theordergivenby
node-id,thanin theworstcasethenodesnearesX areeach
up for only 48 minutes(a savings of 77%), andedgenodes
for only 16 minutes. Schedulingransmissionsit the appli-
cationlevel avoidsexcessie MA C-level contentionsaandcan
betterutilize the channelandsave enepy.

6 RelatedWork

Theseresearclhdirectionsbuild on relatedwork from sev-
eralcommunities:the oil industryasa potentialuserof un-
derwater sensornetworks, oceanographiecesearchersvho
build undervater sensingand communicatiorsystemsand
the wirelesssensometwork community While summariz-
ing existing work, we will alsopoint outwhatis new in our
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Figure 4. Extracting data from an underwater sensor
grid.

proposedesearch.
6.1 Seismicimaging in oil industry

Three-dimensiond3-D) seismicimagingandmonitoring
is animportanttechnologyfor oil explorationandreseroir
managemernih theoil industry Advancedeseroir manage-
mentwith 3-D seismic(sometimegl-D with time series)can
signi cantly improve resourcaecovery andoil productiity.

Today mostseismicimagingtasksfor offshoreoil elds
are carried out by a ship that tows a large array of hy-
drophonesn the surface[30]. A compressed-aigun gen-
eratesa shockwave in thewater Thewave travelsdown the
seaoor andis re ected by differentlayersof therock. The
seismicsignalis eventuallyrecevved by eachhydrophoneon
surface,andthedataareprocessedoherentiyto form anim-
age.Dueto the high costof suchseismicimaging,it is only
performedrarely, for example,oncea year An alternatve
way that hasbeenusedfor undervater seismicis to deploy
sensoraindervater which areconnectedy cablesor ber-
optics[1]. Theapproacthasthe advantageof frequentdata
collection. However, it is very costlyto lay cablesunderva-
terfor alargearea.

We proposeadifferentapproactor undervaterseismic—
usingundervaterwirelesssensometworks. The sensomet-
work consistsof large numbersof smartsensorsand each
of them hasan embeddedrocessqgrsensorgseismicand
others),storagememory and acousticcommunicationde-
vices. Thesenodesare batterypowered,and are deployed
in anad hocway without carefulplanning. Oncedeployed,
thenodeswill organizethemselesinto amulti-hopcommu-
nicationnetwork, and graduallymove sensingdatabackto
users.

Our approachis new for underseaeismicimaging, and
it hasseveraladvantagesver existing ones. First, it is cost
effective. Thesesmartsensorsare very cheap,so a large
numberof themcanbedeployedto cover alarge monitoring
areawith enoughdensity Secondit is easyto deploy. It does
not requirespecialplanningor extensive cableconnections.
Finally, it enabledrequentseismicsuney oncethe network
is deployed.

6.2 Oceanographicreseach

Anotherrelatedcommunityis theoceanograpf wherere-
searcherbave developedundervatersensingandcommuni-
cationsystems.An exampleis the OceanSeismicNetwork
program[48]. It developedseismicobsenatoriesin thedeep
ocean,aspartof the Global SeismicNetwork (GSN). GSN
has128obsenatories‘uniformly” distributedon continents,
islandsor in theoceanwith aseparatiomistanceof 2000km.
Its goalis to monitora hugeareaon earth. In contrast,our
sensometwork coversa muchsmallerarea,and nodesare
denselydeplogyedin anad hocfashion.In GSN,thereis no



direct communicationdetweenthe sensingstations. They
all directly sendtheir databackto a centralplace. In sen-
sornetworks, the nodeswill con gure themselesto form a
multi-hopcommunicatiometwork. In summarythe GSNis
still thetraditionalway to do seismicimaging,but it covers
ahugeareaincludingnodesn the ocean.

Undervater acousticcommunicationis anotherrelated
area. The basiccommunicatiorprincipleshave beenexam-
ined with acousticchanneldn [37, 7, 49, 50]. Their major
focusis the transmissiorrange, bandwidthutilization and
reliability with multi-path propagtions. Thereare alsoex-
perimentaland commercialoff-the-shelfacousticmodems
availabletoday suchas[40, 2, 29]. However, thesemodems
aredesignedor long rangecommunicationg1-90km),and
have weightsof over 4kg. In our proposechardwaredesign,
we will focuson shortrange low-pover modulesin a small
package This capabilityis an enablingfactorfor long-lived
sensometworks.

Networking protocolswith acousticcommunicationsare
alsostudiedin theliterature. In [46], the authorsreviewed
MAC and routing protocolsfor wirelessad hoc networks.
They also analyzedenegy consumptiorwith transmission
rangein acoustictransmissionsand pointedout that short-
range, multi-hop relaying was the key for enegy conser
vation. In [58], the authorsstudiedthe lateny effectsin
acousticcommunicationgindproposedtopologydiscovery
algorithm for multi-hop communications.In [41], the au-
thorsproposed clusteringprotocolwith combinedTDMA
andCDMA for agroupof autonomousindervatervehicles.
Theseresearchearebasedon anad hoc networking model
with small to moderatenumberof nodes. In contrast,our
sensornetwork model consistsof large numbersof nodes
(hundredsto thousands)and our applicationhas different
requirementsThechallengesve identi ed in this papemwas
notaddressetly the existing work.

The NEPTUNE project [16] built an undervater sensor
network with all nodesbeingconnectedyy ber-optic sub-
marine cables. The cable supplied power to each node
andprovided high-speedccommunications Follow-on work
to the NEPTUNE network extendedthe wired network
with somebattery-paverednodeswith acousticcommunica-
tions[21]. In [21], the authorsdiscussedhe ef ciency and
reliability of modulations,andalsobrie y comparedradi-
tional MAC protocols,suchasTDMA, FDMA andCDMA.
The major differenceof our sensornetwork modelis that
therewill be no expensve cableslaying on the sea oor.
Most nodeswill be cheap,small and battery-pevered for
easydeplgyment. Our work is focusedon network self-
organizationjongevity, andmulti-hopcommunicationsThe
NEPTUNE network did not addresghe researctproblems
we have identi ed.

6.3 Wirelesssensornetworks

Usingwirelesssensomnetworksfor seismicimagingis not
anew ideain the sensometwork community But all exist-
ing work arebasednradiocommunicationamongsensors.
Ourgoalis to extendsensonetworkingtechnologyto under
waterapplicationswith acousticcommunications.

Sofar, virtually all platformsdevelopedfor wirelesssen-
sornetworksuseradiocommunicationsOneof mostwidely

usedplatformsis the UC Berkeley mote[26, 14], which is
basedon a 8-bit microcontroller and a short-range low-
power radio. 32-bit platformsare normally embeddedPCs,
suchasPC/104sandStagates[15]. Thesebig nodesdo not
have build-in radios,but canbe connectedvith eithermotes
orI[EEE802.11cards.Althoughtheradiopropagtionin wa-
teris very bad,the motesarestill usedby researchers ma-
rine microoilganismmonitoringapplicationg8, 64]. Weplan
to extendsensometwork platformswith alow-power, short-
rangeacousticcommunicatiordevice, sothatlarge-scalain-
derwaterexperimentsandapplicationdbecomepossible.

There are several networking protocols and algorithms
directly relatedto our proposedresearch. In ne-grained
time synchronizationalgorithms, one approachis to syn-
chronizedifferentreceversto a commonreferencebroad-
castsignal[19], andanotheroneis basedon senderandre-
ceiver pairs[22]. They are both designedfor radio-based
networks,wherethe propagtiondelayis neggligible, but will
breakwith acousticcommunicationsFine-grainedocaliza-
tion algorithms[42, 23] measureéhe TOA. Their successe-
lieson ne-grainedtime synchronizationwhichis notavail-
ableyet. Our approachwill investicate the interactionsof
the ne-grainedtime synchronizatiorand localization,and
developacombinedalgorithm.

Current researchin the MAC layer is mainly on
contention-basegrotocols,althoughTDMA protocolsare
alsostudied[38]. Themajorfocusis enegy efciency, and
several low-duty-gycle schemeshave beenproposed,such
as S-MAC [62, 63], T-MAC [54], STEM [44, 43], low-
power listening[25], and asynchronousvake-ups[52, 65].
The performancef existing MAC protocolsneeddo bere-
evaluatedwith acousticcommunications.New approaches
needto be developedto accommodatéarge propagtionde-
lays.

Tiered architecturevith heterogeneousodeshave also
beenstudied.Exampleprotocolsincluderouting [57], clus-
tering[24] andbackbondormation[13, 59]. However, some
problemsare still not well investigated, such as the inter-
actionsbetweenresources-limitedhodesand resource-rich
nodesin differentlayers. We plan to further investigatein
this direction.

Prior work on low-duty-cycleoperation aimsto provide
the illusion of constantnetwork access. A commonap-
proachis the MAC-level sleep/vakeup [62, 63, 54, 44, 43,
25, 52, 65], which effectively enablegluty cyclesof 1-20%.
An application-l@el approactexploits densedeploymentby
putting redundantinodesinto sleep[60, 11, 10]. Now we
aredealingwith muchlongersleeptime with no application
actiities during sleeping. None of the above protocolsare
optimizedfor this type of applications.We musthave nen
protocolsto completelyshut down and quickly restartthe
network.

An alternatve to a network with low duty cycle operation
is no duty cycle operation. Ratherthanbuild a connected
network, nodesthemseles may move and swap datausing
gossiping27], or adesignatedode(adatamulé maymove
from nodeto nodeto explicitly gatherdata[45, 4, 33]. In
situationswherethereis “free” movement,suchas Zebra
net[27] andDakNet[33] wherenodescanhitcharideonan-



imalsor vehicles theseapproachesanbevery inexpensve
andin mary waysideal,assumingzery highlatencieghours
or days)can be tolerated. Deployment of actualrobotsis
morechallengingfor mary reasonsrobotexpensegontinu-
ing dif cultly of autonomousavigation,andthehighenegy
costsof actuallyphysically moving adevice. We seeour ap-
proachat moderate-distanceommunicatiorasproviding an
importantcomplemento datamules. Furthermore partic-
ularly in the caseof undervateroperation,datamulesmay
bene t from acousticcommunicatiorratherthanRF [4].

Anotherpieceof relatedwork is the Delay TolerantNet-
working [20]. It outlinesa genericarchitecturefor store-
and-forward datadelivery. However, we needto furtherin-
vestigateimportantapplication-le@el schedulingssuesn the
undervaterervironment.

7 Conclusions

Thispaperhassummarizeaurongoingresearchn under
water sensometworks, including potentialapplicationsand
researcltthallenges.
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