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Abstract
This report summarizesour researchdirections in un-

derwater sensornetworks. We highlight potentialapplica-
tionsto off-shoreoil�elds for seismicmonitoring,equipment
monitoring,andunderwaterrobotics. We identify research
directionsin short-rangeacousticcommunications,MAC,
time synchronization,and localizationprotocolsfor high-
latency acousticnetworks, long-durationnetwork sleeping,
andapplication-level datascheduling.

1 Intr oduction
Sensornetworkshavethepromiseof revolutionizingmany

areasof science,industry, andgovernmentwith their ability
to bring computationand sensinginto the physical world.
Theability to have smalldevicesphysically distributednear
theobjectsbeingsensedbringsnew opportunitiesto observe
andacton theworld, for examplewith micro-habitatmoni-
toring [9, 31], structuralmonitoring[56], andwide-areaen-
vironmentalsystems[47]. Industrialapplicationssuchasoil
�elds andproductionlinesuseextensive instrumentation,to-
day often ascarefully engineeredSCADA systems,but in-
creasinglywith morerapidlydeployedsensornetworks[39].
Advancesin reducingsensorcostandsize imply that they
canbe inexpensive andsmall enoughto be pervasive. The
factthatthesedevicescancommunicatemeansthatthey can
cooperateand relay data to remoteusers,operatingunat-
tended.Advancesin energy ef�ciency meanthatdevicescan
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observe long-termtrendsin their subjects.
While sensor-net systemsare beginning to be �elded in

applicationstoday on the ground, underwateroperations
remainquite limited by comparison. Remotelycontrolled
submersiblesare often employed, but as large, active and
manageddevices,their deploymentis inherentlytemporary.
Somewide-areadatacollect efforts have beenundertaken,
but atquitecoarsegranularities(hundredsof sensorsto cover
theglobe)[48]. Evenwhenregionalapproachesareconsid-
ered,they areoftenwired [16].

Thekey bene�ts of terrestrialsensornetworksstemfrom
wirelessoperation,self-con�guration,and maximizing the
utility of any energy consumed.We arecurrentlyexploring
how to extendthesebene�ts to underwatersensornetworks
with acousticcommunications. It is instructive to compare
currentterrestrialsensornetwork practicesto currentunder-
waterapproaches.Terrestrialnetworks emphasizelow cost
nodes(aroundUS$100),densedeployments(at mosta few
100mapart),multihopcommunication,short-rangecommu-
nication; by comparison,typical underwaterwirelesscom-
municationtodayaretypically expensive(US$10kor more),
sparselydeployed (a few nodes,placedkilometersapart),
typically communicatingdirectly to a “base-station”over
long rangesratherthanwith eachother. We seekto reverse
eachof thesedesignpoints, developing underwater sensor
nodesthat canbe inexpensive, denselydeployed,andcom-
municatingpeer-to-peer.

Underwater sensornetworks have many potentialappli-
cations,including seismicmonitoring,equipmentmonitor-
ing andleak detection,andsupportfor swarmsunderwater
robots(exploredin moredetailin Section3). Herewebrie�y
considerseismicimagingof underseaoil�elds asarepresen-
tative application.Onemajor reasonto choosethis applica-
tion is thatunderwatersensornetwork is ableto providesig-
ni�cant economicbene�ts over traditional technology. To-
day, most seismicimaging tasksfor offshoreoil �elds are
carriedout by a ship that tows a largearrayof hydrophones
on the surface [30]. The cost of such technologyis very
high, andtheseismicsurvey canonly becarriedout rarely,
for example,onceevery 2–3 years. In comparison,sensor
network nodeshave very low cost,andcanbepermanently
deployed on the sea�oor . Sucha systemenablesfrequent
seismicimagingof reservoir (e.g.onceevery3 months),and
helpsto improve resourcerecoveryandoil productivity.

To realize theseapplications,an underwater sensornet-



work mustprovide many of the tools that have beendevel-
opedfor terrestrialsensornetworks: wirelesscommunica-
tion, low-power hardware,energy conservingnetwork pro-
tocols,time synchronizationandlocalization,andprogram-
ming abstractions.We canborrow many of thesetoolsfrom
ongoing,ground-basedsensornetresearch.However, some
of thechallengesarefundamentallydifferent. First, radio is
not generallysuitablefor underwaterusagebecauseof ex-
tremely limited propagation (current mote radios transmit
50–100cm).While acoustictelemetrypromisesan alterna-
tive methodof underwaterwirelesscommunication,off-the-
shelf acousticmodemsare not suitablefor large-scaleun-
derwatersensor-nets: their power draws, ranges,andprice
pointsareall designedfor sparse,long-range,expensivesys-
temsratherthansmall, dense,andcheapsensor-nets. Sec-
ond, the shift from RF to acousticschangesthe physicsof
communicationfrom the speedof light (3 � 108m/s) to the
speedof sound(around1:5� 103m/s)—adifferenceof � ve
ordersof magnitude.While propagationdelayis negligible
for short-rangeRF, it is a centralfact of underwater wire-
less. This hasprofoundimplicationson rangingand time
synchronization.Finally, energy conservationof underwater
sensor-netswill bedifferentthanon-groundbecausethesen-
sorswill belarger, andbecausesomeimportantapplications
requirelarge amountsof data,but very infrequently(once
perweekor less).

We are therefore investigating three areas: hardware,
acoustic communicationwith sensornodes (Section 4);
protocols, underwater-network network self-con�guration,
MAC protocol design, time synchronization,and ranging
(Section5); andmostly-off operation, datacachingandfor-
wardingandenergy-awaresystemdesignandultra-low duty
cycleoperation(alsoin Section5). Webelievethatlow-cost,
energy conservingacousticmodemsare possible,and that
our focuson short-rangecommunicationcanavoid many of
thechallengesof long-rangetransfer. Developmentof multi-
access,delay-tolerantprotocolsareessentialto accomplish
densenetworks. Low-duty cycle operationand integration
and involvementof the applicationcan copewith limited
bandwidthandhigh latency.

Solving theseconstraintsin the abstractis an underspec-
i�ed problem; many solutionsare possible,only someof
which are likely useful. We begin by reviewing our over-
all architecture(Section2) andtheconstraintsplacedonour
work by severalapplications(Section3).

2 SystemAr chitecture
Beforedescribingspeci�c applications,wenext brie�y re-

view thegeneralarchitecturewe envision for anunderwater
sensornetwork. Webegin by consideringtheroughcapabili-
tiesof anindividualunderwatersensornode,how it interacts
with its environment,otherunderwaternodes,andapplica-
tions.

Figure1 showsalogicaldiagramof apotentialsystem.We
seefour differenttypesof nodesin thesystem.At thelowest
layer are the large numberof sensornodesto be deployed
on or nearthe sea�oor (shown as small yellow circles in
the �gure). They have moderateprice, computingpower,
andstoragecapacity. They collectdatathroughtheirsensors

Figure 1. Onepossibleapproachto nodedeployment.

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

At the top layer are one or more control nodeswith
connectionsto the Internet,andpossiblyhumanoperators.
Thesecontrolnodesmaybepositionedon anoff-shoreplat-
form with power, or they maybeon-shore;we expectthese
nodesto havea largestoragecapacityto buffer data,andac-
cessto ampleelectricalpower. Controlnodeswill commu-
nicatewith sensornodesdirectly, via a relaynode:a sensor
nodewith underwateracousticmodemsthat is connectedto
thecontrolnodewith awirednetwork.

In largenetworks,athird typeof nodes,calledsupernodes,
have accessto higherspeednetworks. We areconsidering
two possibleimplementations:�rst involvesattachingregu-
lar nodesto tetheredbuoysthatareequippedwith high-speed
radiocommunicationsto thebasestation,asshown in the�g-
ure. An alternative implementationwould placethesenodes
on the sea�oor andconnectthemto the basestationwith
�ber optic cables.Regardlessof theparticularimplementa-
tion, the importantcharacteristicof supernodesis that they
canrelaydatato thebasestationvery ef�ciently . Thesesu-
pernodesallow amuchrichernetwork connectivity, creating
multiple datacollectionpoints for the underwater acoustic
network.

Finally, althoughroboticsubmersiblesarenot thefocusof
the currentwork, we seetheminteractingwith our system
via acousticcommunications.In the �gure, darkblueovals
representmultiple robotsservicingtheplatform.

The computingpower presentin eachnodeof a current
sensornetworksvariesgreatly, from 8-bit embeddedproces-
sors,suchasBerkeley Motesto 32-bit embeddedprocessors
aboutaspowerful as typical PDAs, suchas Intel Stargates
to current32- or 64-bit laptopcomputers.(Both motesand
StargatesarecurrentlyavailablethroughCrossbow, Inc. at
xbow.com .) We seeStargate-classcomputersas most ap-
propriatefor underwater sensornetworks for several rea-
sons. Their memorycapacities(64MB RAM, 32MB �ash
storage)andcomputingpower (a 400MHz XScaleproces-
sor) is suf�cient to storeand processa signi�cant amount
of datatemporarily, while their cost is moderate(currently
US$600/each).Although Mote-classcomputersareattrac-
tive becauseextremely low cost and energy requirements,
theirvery limited memory(4–8kBof RAM and64–1024MB
of �ash storage)is a poormatchfor therequirementsof un-
derwater applicationswe describein the next section(see



Section3). Laptopcomputershave plentyof capability, but
they costtwiceor morewhatStargatesdo,andaddunneces-
sarykeyboardanddisplay.

Batterypower andtheability to carefullymonitorenergy
consumptionis essentialfor the sensornode. It is essential
that all componentsof the systemoperateat as low a duty
cycleaspossible;weexpectto examineeachlayerof system
software to minimize energy consumption,asdescribedin
Section5. In additionto low dutycyclewhenoperational,we
expectto coordinatewith theapplicationto entirelyshutoff
thenodefor very long periodsof time, up to hoursor days.
Wedescribesomeof ourplansin Section5.5;wealsoexpect
to build on techniquessuchasthoseusedby Intel [39].

We expectnodesto bedeployedin severalwaysasshown
in Figure1. Wherepossibleweexpectnodesto beanchored
to the ocean�oor (the small yellow boxes in Figure 1).
Tethersensurethat nodesarepositionedroughly whereex-
pected(subjectto drift or nodedamage),allowing optimiza-
tion of placementfor goodsensorandcommunicationscov-
erage. We anticipatea tiereddeployment (for example,as
done in habitat monitoring [9]), where somenodeshave
greaterresources.We expectthe primary limiting resource
to be communicationscapability, so our “supernodes”will
have bettercommunications,eitherby wired connectionsto
eachotherandan externalnetwork, or by tethersto buoys
with medium-or wide-areawirelesscommunications(radios
suchas802.11,or possiblysatelliteconnections).Theseare
shown aslargergreenboxesin Figure1. Finally we expect
somenodesto be mobile,eitherfree �oating, or connected
to submersiblerobots(for example,see[4]), shown asdark
blueovalsin Figure1.

In a harsh,underwater environment,we must anticipate
that somenodeswill be lost over long deployments. Pos-
siblerisksinclude�shing trawlers,underwaterlife affecting
cablesor nodes,or failureof waterproo�ng.Wethereforeex-
pectbasicdeploymentsto includesomeredundancy in com-
municationandsensing,so that lossof an individual node
will not have wider effects. We expectthatapplicationscan
copewith somenon-uniformityin data. In addition,we ex-
pect that we will be ableto recover from multiple failures,
eitherwith mobilenodes,or with humandeploymentof re-
placements.

Althoughmany nodeswill betetheredto onelocation,we
expectthatnodesmaymove,eitherdueto drift of theanchor,
disturbancefrom externaleffects. In othercases,nodeswill
move autonomously. We expectnodesto beableto localize
themselves to determinetheir locations,as discussedlater
(Section5.3).

Communicationsbetweennodesis an importantfocusof
our work, becausewe seea large gap betweenour target
deploymentandcurrentlyavailablecommercial,long-range,
high-power, point-to-point,acousticscommunications.We
discussour approachto low-power, short-rangeacoustic
communicationsin Section4. Equally important(andalso
unaddressedby currentunderwaterwork) are the network-
ing protocolsthat allow underwaternodesto self-con�gure
and coordinatewith eachother; we discusstheseprotocol
issuesin Section5.

Finally, we have somebasicassumptionsabout the ap-

plicationsthat matchthesedesign. First, applicationbene-
�t from local processingandtemporarydatastorage.Stor-
agecan be usedto buffer datato managelow-speedcom-
munications,“time-shifting” datacollection from retrieval.
In somecases,nodesbene�t from pairwisecommunications
andcomputation.Thosecapabilitiesareimportantfor much
of theinfrastructurewepropose,includingtimesynchroniza-
tion, routing,andfault-recovery. Finally, in mostsensingap-
plications,we expectthemostdatato beeventuallyrelayed
to theuservia oneor morelinks to theInternetor adedicated
network.

3 Applications
Weseeourapproachesasapplicableto anumberof appli-

cations,including seismicmonitoring,equipmentmonitor-
ing andleak detection,andsupportfor swarmsunderwater
robots. We review the different characteristicsof eachof
thesebelow.

Seismicmonitoring: A promisingapplicationfor underwa-
ter sensornetworks is seismicmonitoringfor oil extraction
from underwater �elds. Frequentseismicmonitoring is of
importancein oil extraction;studiesof variationin thereser-
voir over time are called “4-D seismic” and are useful for
judging�eld performanceandmotivatingintervention.

Terrestrialoil �elds can be frequently monitored, with
�elds typically beingsurveyedannually, or quarterlyin some
�elds, and even daily or “continuously” in somegas stor-
agefacilitiesandpermanentlyinstrumented�elds. However,
monitoringof underwateroil �elds is muchmorechalleng-
ing, partly becauseseismicsensorsarenot currentlyperma-
nentlydeployedin underwater�elds. Instead,seismicmoni-
toring of underwater �elds typically involvesa ship with a
towed sonararray as the sensorand an air cannonas the
actuator. Becausesucha study involvesboth large capital
and operationalcosts(due to the ship and the crew), cur-
rent underwater �elds are evaluatedrarely, typically every
2–3years.As a result,interventionsandassetmanagement
approachessuitablefor terrestrial�elds cannoteasilybeap-
plied to underwater�elds.

Useof a sensornetwork raisesa numberof researchchal-
lenges:extractionof data,reliably, from distributedsensor
nodes;localization,whereeachnodeto determinesits lo-
cation when it is deployed or should it move; distributed
clock synchronizationclocks for accuratedata reporting;
energy managementapproachesto extend sensornetwork
lifetime for a multi-year deployment. We plan to address
thesechallengesthrough low-power acousticcommunica-
tion (Section4) and new protocols for high-latency time
synchronization,multipleaccess,scheduleddataaccess,and
mostly-off operation(Section5). To understandthe typical
requirementsof seismicsensing,we carriedout a prelimi-
nary analysisof the datageneratedby seismicmonitoring.
Eachsensorcollects3 or 4 channelsof seismicdata,each
collecting24 bits/channelat 500Hz. After a seismicevent
is triggered,we needto capture8–10sof data. This leads
to about60kB of datapersensorperevent. At our expected
5kb/stransferrate,thatimpliesabout120s/sensorto transfer
thisdataover onehop.

Typicaloil�elds coverareasof 8km� 8kmor less,and4-D



seismicrequiressensorplacementapproximatinga50–100m
grid. (Weassumethatcurrentseismicalgorithmscanaccom-
modateminor variationsin sensorplacement,providedthey
are known.) This implies a fairly large sensornetwork of
several thousandsensorswill be requiredto provide com-
plete coverage. It also implies that a tiered communica-
tions network is required,wheresomesupernodeswill be
connectedto usersvia non-acousticcommunicationschan-
nels. Two possibleimplementationsare buoys with high-
speedRF-basedcommunications,or wired connectionsto
somesensornodes.For a grid deploymentwe assumeone
supernodeper 25 nodes(a 5x5 segment of the network),
suggestedall nodesarewithin two hopsof a supernodeand
timeto retrieveall datais aboutonehour(assumingeachsu-
pernodecandownloaddatain parallel). Of course,onecan
trade-off thenumberof supernodesagainstthetimerequired
to retrieve thedata.(With supernodescoveringareas4 hops
wide,thereis only oneaccesspointper81nodes,but datare-
trieval time will bemuchlongerdueto increasedcontention
at the accesspoint.) We expect to re�ne our designaswe
learnmoreabouttheproblem.

Equipment Monitoring and Control: Underwaterequip-
ment monitoring is a secondexample application. Ide-
ally, underwaterequipmentwill includemonitoringsupport
whenit is deployed,possiblyassociatedwith tetheredpower
and communications,thus our approachesare not neces-
sary. However, temporary monitoring would bene�t from
low-power, wirelesscommunication. Temporarymonitor-
ing is mostusefulwhenequipmentis �rst deployed,to con-
�rm successfuldeploymentduringinitial operation,or when
problemsare detected. We are not consideringnode de-
ploymentandretrieval at this time, but possibilitiesinclude
remote-operatedor roboticvehiclesor divers.

Short-termequipmentmonitoring sharesmany technical
requirementsof long-termseismicmonitoring,includingthe
needfor wireless(acoustic)communication,automaticcon-
�guration into a multi-hopnetwork, localization(andhence
time synchronization),andenergy ef�cient operation. The
maindifferenceis a shift from burstybut infrequentsensing
in seismicnetworks, to steady, frequentsensingfor equip-
mentmonitoring.

Onceunderwaterequipmentareconnectedwith acoustic
sensornetworks,it becomesaneasytaskto remotelycontrol
andoperatesomeequipment.Currentremoteoperationre-
lies on cablesconnectingto eachpieceof equipment.It has
high cost in deploymentandmaintenance.In contrast,un-
derwateracousticnetworking is ableto signi�cantly reduce
costandprovidemuchmore�e xibility .

Flocks of Underwater Robots: A third andvery different
applicationis supportinggroupsof underwaterautonomous
robots. Applicationsincludecoordinatingadaptive sensing
of chemicalleaksor biologicalphenomena(for example,oil
leaksor phytoplanktonconcentrations),andalsoequipment
monitoringapplicationsasdescribedabove.

Communicationfor coordinatedaction is essentialwhen
operatinggroupsof robotson land. Underwater robotsto-
dayaretypically eitherfully autonomousbut largely unable
to communicateandcoordinatewith eachotherduring op-

erations,or tethered,andthereforeableto communicate,but
limited in deploymentdepthandmaneuverability.

We expect communicationsbetweenunderwater robots
to be low-rate information for telemetry, coordination,and
planning. Data ratesin our proposedsystemarenot suf�-
cientto supportfull-motion videoandtele-operation,but we
doexpectto beableto supporton-linedeliveryof commands
andtheability to sendbackstill frameimages.

4 Hardware for Underwater Acoustic Com-
munications

We have describedwhy underwater acousticcommuni-
cationsis an importantalternative to radio-frequency (RF)
communicationsfor thesenetworks.

At the hardware level, underwater acousticcommunica-
tionsis muchlike RF communicationsin air, but with a few
key differences.In bothsystemswe transmita toneor car-
rier. This carrieris modulatedby thedatathatwe aresend-
ing. Commonmodulationmethodsincludechangingthecar-
rier amplitude(AM), the carrier frequency (FM), and the
carrier phase(PM). Modulation can occur in in a contin-
uous(analog)or a stepped(digital) fashion. The primary
differencesbetweenthesemodulationtechniqueslies in the
complexity of the receiver, thebandwidthrequired,andthe
minimumacceptablereceivedsignal-to-noiseratio. This last
parameteris usuallyexpressedas Eb=No or energy per bit
over noisespectral density[36, 55]. As anexample,binary
frequency shift keying, requiresabout14 dB Eb=No for a
1� 10� 6 BER.

The received Eb=No dependson a few basicfactors: the
transmitterpower, thedataratebeingsent,thenoiselevel at
thereceiver, andthesignalattenuationbetweenthetransmit-
terandreceiver. Wereview eachof theseconstraintsnext.

Transmit Power
Thereis no fundamentallimit to transmitterpower, but it

can have a major effect on the power budget for the sys-
tem.For energy ef�ciency andto minimizeinterferencewith
neighboringtransmitterswewishto usethesmallestpossible
transmitterpower.

Data Rate
This is a tradeoff in thesystemdesign,basedon available

power, andchannelbandwidth.Becauseacousticcommuni-
cationsarepossibleonly over fairly limited bandwdiths,we
expecta fairly low datarateby comparisonto mostradios.
We seea rateof currently5kb/sandperhapsup to 20kb/s.
Fortunatelytheseratesarewithin an orderof magnitudeof
RF-basedsensornetworks.

In applicationsuchasroboticcontrol, theability to com-
municateat all (evenat a low rate)is muchmoreimportant
thanthe ability to sendvery large amountsof dataquickly.
In addition,in Section5.5wedescribehow application-level
techniquescanbeusedto maximizethebene�tsof evenlim-
itedcommunicationsrates.

NoiseLevel
Noiselevelsin theoceanhaveacritical effectonsonarper-

formance,andhavebeenstudiedextensively. Burdic [6] and
Urick [53] aretwo standardreferences.We areinterestedin



the frequency rangebetween200 Hz and50 kHz (the mid-
frequencyband). In this frequency rangethedominantnoise
sourceis wind actingon theseasurface. Knudsen[28] has
shown a correlationbetweenambientnoiseandwind force
or seastate.Ambientnoiseincreasesabout5dB asthewind
strengthdoubles. Peakwind noiseoccursaround500 Hz,
andthendecreasesabout-6dB per octave. At a frequency
of 10,000Hz theambientnoisespectraldensityis expected
to rangebetween28 dB/Hz and50 dB/Hz relative to 1 mi-
croPascal.This suggeststheneedfor wide rangecontrolof
transmitterpower.

SignalAttenuation
Signalattenuationis dueto a varietyof factors.Both ra-

dio wavesandacousticwavesexperience1=R2 attenuation
dueto sphericalspreading.Thereis alsoabsorptive losses
causedby thetransmissionmedia.For RF transmission,at-
mosphericlossesarequitesmall.Absorptivelossesin under-
water acousticsare signi�cant, and very frequency depen-
dent. At 12.5kHz absorptionit is 1 dB/km or less. At 70
kHz it canexceed20 dB/km. This placesa practicalupper
limit onourcarrierfrequency atabout100kHz.

Thereareadditionallossmechanisms,mostly associated
with scattering,refractionand re�ections. Stojanovic pro-
videsa very goodoverview of the challengeshere[49]. A
majordifferencebetweenRFandacousticpropagationis the
velocity of propagation. Radio waves travel at the speed
of light, and, at rangesand frequenciestypical for sensor
networks, in a straight line. Acoustic transmissionin wa-
ter occursat thespeedof sound,which is around1500me-
ters/sec.However thespeedof soundin watervariessigni�-
cantlywith temperature,densityandsalinity causingacous-
tic waves to travel on curved paths. This cancreatesilent
zoneswherethe transmitteris inaudible. Therecanalsobe
lossescausedby multipathre�ections from thesurface,ob-
stacles,the bottom,andtemperaturevariationsin the water
andscatteringfrom re�ectionsoff a potentiallyroughocean
surface.

ProposedAcousticCommunicationsDesign
Many of theseforms of lossareuniqueto acousticcom-

municationsat longer distances.In particular, multipathre-
�ections, temperaturevariation,andsurfacescatteringareall
exaggeratedby distance. Inspiredby the bene�ts of short
rangeRFcommunicationin sensornetworks,weseekto ex-
ploit short-range underwateracousticswhereour only sig-
ni�cant lossesarespreadingandabsorption.We aredevel-
oping a multi-hop acousticnetwork targeting communica-
tion distancesof 50-500metersandcommunicationratesof
around5kb/s.

UsingasimpleFSKsignalingschemeweanticipatesend-
ing 5kb/sover a rangeof 500musinga 30 mW transmitter
output. The primary limitation is setbe spreadinglossand
the backgroundnoiseof the ocean.As with RF, we expect
a combinationof softwareandhardwaretechniquessuchas
duty cycling canresultin energy requirementsa fractionof
thebasictransmitcosts.

Theuseof low-power listeningcircuitshasprovenessen-
tial for RF-basedsensornetworks [43, 25, 17]. We arealso
developingavery low powerwakeupreceiverfor ouracous-

tic communicationsThisreceiver is not intendedfor dataex-
change,but only to detectacousticenergy in ourchanneland
thensignalournodethatsomeisattemptingtocommunicate.
At this point we canturn on our datareceiver/processorand
enablecommunications.Our currenthardwaredesignusing
a dual gate FET con�gured as a cascodeampli�er, with a
passive �lter anddetector. The�lter hasa Q of 30, a center
frequency of 18kHz. The circuit consumes100 microamps
at5 volts (500microwatts).

5 Protocolsfor High-Latency Networks
Acoustic communicationputs new constraintsnetworks

of underwater sensornodesfor several reasons.First, the
large propagation delaymay breakor signi�cantly degrade
the performanceof many currentprotocols. The speedof
soundin seawater is roughly 1:5 � 103m/s. The propaga-
tion delayfor two nodesat 100mdistanceis thereforeabout
67ms.Second,thebandwidthof anacousticchannelis much
lower than that of a radio. Ef�cient bandwidthutilization
becomesan importantissue. Theseconstraintsforce us to
review existingnetworkingprotocolsand,in somecases,re-
placethemwith improved protocolsdesignedexplicitly for
this high-latency environment. Finally, terrestrialnetworks
can take advantageof rich existing infrastructuresuch as
GPSandsatellitecommunicationsnetworks.Thisconstraint
forcesunderwatersensornetworks to be self-supportingin
ways that terrestrialnetworks may not be. We next exam-
ineseveralresearchdirectionsto provide thissupportfor the
underwatersensornetworks.

5.1 Latency-Tolerant MAC Protocols
MAC protocols suitable for sensor networks can be

broadlyclassi�ed into two categories: scheduledprotocols
andcontention-basedprotocols[61]. TDMA is a typical ex-
ampleof the scheduledprotocols. It hasgood energy ef-
�ciency, but it requiresstrict time synchronizationand is
not �e xible to changesin thenumberof nodes.Contention-
basedprotocolsarenormallybasedonCSMA,andsomecol-
lision avoidancemechanisms,suchasRTS/CTSexchange,
arealsocommonlyused. Contention-basedprotocolshave
good scalability and adaptivity to changesin the number
of nodes. Their energy ef�ciency can be improved by
enabling low-duty-cycle operationson nodes,such as S-
MAC [62, 63], STEM [44, 43], low-power listening [25],
andasynchronouswake-ups[52, 65].

Currently the contention-basedprotocolswith low duty
cyclesarewidely studiedby thesensornetwork community
andresultsarepromising. Although they arenot optimized
for ultra-low duty cyclesasdescribedin Section5, they are
still of greatinterestto many otherapplications.However,
the large propagation delay in acousticcommunicationsis
particularlyharmful to contention-basedprotocolsfor sev-
eral reasons.First, it may take very long time for a nodeto
detectits neighbor's transmissionwith its carriersense.For
example,supposetwo neighboringnodeshave a distanceof
100m. If they try to sendat aboutthesametime, e.g., trig-
geredby the samesensingevents,they needto listen for at
least67msto avoid collisions. Furthermore,if a senderand
a receiver exchangeRTS andCTS, the overall propagation
delayis tripled.
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Figure 2. Modi�ed S-MAC schedulesto accommodatelargepropa-
gation delay. (a) showsthe listen window length curr ently implemented
in TinyOS. (b) shows increasedlisten window to accommodatepropa-
gation delayof eachpacket.

Figure2 shows theperiodiclistenandsleepscheduleof a
sensornoderunning S-MAC in low duty cycles. The top
part (a) shows the length of the listen window in current
implementationin TinyOS, which is about120msfor lis-
teningSYNC, RTS andCTS packets. The bottompart (b)
showsanaiveextensionto S-MAC wherewemodify thelis-
teningwindow to accommodatethe propagation delaysfor
eachpacket, now about320ms.With this naive approach,a
propagationdelaywill signi�cantly increasetheactualduty
cyclesof nodes,increaselatency anddecreasethroughput,
especiallyin multi-hopnetworks.

Clearly a major focus of MAC researchwill be to re-
designmediaaccessprotocolsfrom the groundup to con-
sider large propagation delays,ratherthan to simply adapt
existingMAC protocols.First,wewill examinethedetailsof
how thepropagationdelayaffectsenergy ef�ciency, latency
andthroughputonexistingprotocols.Then,basedonourun-
derstandingof theproblem,wewill developnew approaches
to betteraccommodatethe largepropagationgiven thecon-
straintsin underwatersensornetworks. Possibledirections
includedesigningnew sleepandwake-upschemes,reducing
control packet exchange,and combiningcontention-based
transmissionswith scheduledtransmissions.
5.2 Time Synchronization

Time synchronizationprovides fundamentalsupportfor
many protocolsandapplications. Without GPS,time syn-
chronizationalgorithmshave to be completelydistributed
over peeringnodes. Several algorithmshave beendevel-
opedfor radio-basedsensornetworks, achieving the accu-
racy of tensof microseconds[19, 22]. However, they as-
sumenearlyinstantaneouswirelesscommunicationbetween
sensornodes,which is valid enough(0.33µs for nodesover
100m)forcurrentRF-basednetworks.

In underwatersensornetworks, the largepropagation de-
lay (for example, 67ms over 100m distances)becomesa
dominantsourceof error for �ne-grainedtime synchroniza-
tion. Schemeslike RBS [19] arebuilt with the assumption
of simultaneousreceptionof referencebroadcasts,which re-
sultsin synchronizationerrorproportionalto thepropagation
delay. TPSN[22] is not applicablesinceit fails to consider
the effect of clock's skewing during the messageexchange
interval. Hencewe have designeda time synchronization
protocol,Time Synchronizationfor High Latency (TSHL),
thatcanmanagethehighpropagationlatency inducederrors
while remainingenergy ef�cient [51].
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Figure 3. Comparison of clock synchronization error
betweenTSHL and a TPSN-like protocol, immediately
after a messageexchangeas distancebetweennodesin-
creases.

The key idea in TSHL is that it splits time synchroniza-
tion into two phases.In the �rst phase,nodesmodel their
clock skew to a centralizedtimebase,after which they be-
comeskew synchronized. In the secondphasethey swap
skew compensatedsynchronizationmessagesto determine
their exactoffset. The�rst phaseis imperviousto theprop-
agation latency, while the secondphaseexplicitly handles
propagation delay inducederrors. This resultsin fast rela-
tive synchronization(endof phase1), andalsoallows us to
do post-factosynchronization.Both of thesepropertiesare
highly desirablein our intendedapplication(see3.

We have evaluatedTSHL in simulation to considerthe
effect of distances(and hencepropagation latency), toler-
anceto clock skew, and designparametersof TSHL such
asnumberof beaconmessagesusedto estimateskew. At all
distances,clock synchronizationaccuracy of TSHL is much
betterthanRBS(by afactorof two or more),sinceRBSdoes
not considerpropagation latency at all. Figure3 compares
TSHL againstTPSN,a protocolthatdoesconsiderpropaga-
tion delay. At shortdistancesof lessthan50m,synchroniza-
tion accuracy of TSHL andTPSNarecomparable,sincefor
thesedistancesclock skew during synchronizationis mini-
mal. At longerdistancesTPSN's failureto accountfor skew
during synchronizationcausesincreasingerror in accuracy,
up to twice the error at 500m. Thesevaluesare immedi-
atelyafterthealgorithmruns.Errorsin clock estimationare
magni�ed aftersynchronization,soTSHL is evenmoreim-
portantwhen synchronizationmessagesare donerarely to
conserve energy.

We arein theprocessof implementingTSHL. We consid-
eredbut rejectedthealternative of substitutingoff-the-shelf,
long-rangeacousticmodemsto our intendedshort-range
acousticmodemsunder development(Section4. Primary
reasonbeingthatsuchpackagesdid not provide MAC layer



timestampingcapabilities;somethingthatprevioustimesyn-
chronizationschemessuchasTPSN[22] demonstratedases-
sentialfor accuratesynchronization.Instead,wehavesubsti-
tutedin-the-airacousticcommunicationfor underwatercom-
munication.We adoptedtheCricket platform[35] dueto its
commercialavailability andgoodsupportfor low-level hard-
wareaccess.

5.3 Localization
Localizationis theprocessfor eachsensornodeto locate

its positionsin thenetwork. Localizationalgorithmsdevel-
opedfor terrestrialsensornetworks canbe broadlydivided
into two classes.The �rst classis basedon signalstrength
measurement[3, 5]. Thesealgorithmsare useful to give
proximity informationof nodeswith low cost,but they are
notableto provideaccuratelocationinformation.

The secondclass is able to provide �ne-grained loca-
tion information, which is requiredby our seismicimag-
ing application. Thesealgorithmsare basedon measur-
ing thepropagation time of a signal,i.e., the time-of-arrival
(TOA) [42,23]. Theirbasicprinciplefor rangemeasurement
is the sameasradaror sonar, but it is donein a distributed
way amongpeeringnodes.TOA measurementrequirespre-
cise time synchronizationbetweena senderanda receiver.
Savvideset al [42, 23] usea radio signalto to synchronize
theclocksof thesenderandthereceiver, i.e., transmittinga
radiosignalat thesametime a soundor ultrasoundsignalis
transmitted.Sincetheradiopropagationtimeis sosmallthat
theclocksof the two nodesarewell synchronized;unfortu-
nately, underwaternetworkswill not beableto leveragethis
combinationof RF andacousticcommunication.

However, accuraterangemeasurementcanstill becarried
out if nodeshavewell synchronizedclocks,andwewill rely
on our time synchronizationwork describedin Section5.2.
Oncethe measurementis doneamongneighboringnodes,
multilaterationalgorithmscan be appliedfor eachnodeto
calculateits relative positionto somereferencenodes.The
referencenodescanbe the supernodesthat areattachedto
buoys or off-shoreplatforms. If supernodesareplacedon
buoys, thenthey ableto useGPSto obtainprecisegloballo-
cations,whichcanthenbeusedasreferencesto all underwa-
ter nodes.If supernodesareconnectedvia wired networks,
thenwe assumetheir locationscanbe surveyed whenthey
aredeployed andso they canagain offer pointsof location
reference.

While similar localizationsystemshave beendeveloped
for terrestrialsensornetworks[32], theaccuracy of suchsys-
temsneedto be evaluatedin the underwater environment.
Unlike radiopropagation,thespeedof soundchangesin the
environment.Its actualvaluedependson temperature,pres-
sureandsalinity [12]. The propagation pathmay even be
curved due to uneven temperaturedistribution. Moreover,
nodemovementdue to wavesneedsto be considered.All
thesefactorsaffectlocalizationaccuracy andneedto bestud-
ied.

5.4 Network Re-Con�guration after Long
Duration Sleeping

Underseaseismicmonitoringof oil �elds isan“all ornoth-
ing” application—periodicallya seismicexperimentwill be

triggeredandall nodesmustcollecthigh-resolutionseismic
datafor afew minutes,thenafew monthsmaygoby with no
activity. It would beextremelywastefulto keepthenetwork
fully operationalfor monthsat a time to supportoccasional
measurements.Instead,we expect to put the whole net-
work to sleepfor theentireinactiveperiod,reducingtheduty
cycle to a small percentageof deployment time (even be-
fore otheroptimizationsaremade).Similar approachesare
alsoappropriatefor long-termequipmentmonitoring,where
nodesonly needto checkequipmentstatusoncea day or a
week[39].

Prior work on energy conservation in sensornetworks
provides the illusion of constantaccessand 1–10% duty
cycling via MAC-level sleep/wakeup [63] or low-power-
listening[18, 34], andapplication-level approachescanget
anadditionalfactorof 2–4 from densedeployment[60, 11,
10, 44]. However, for thenew classof applications,wemust
have a network andapplicationsthatcanbecompletelyshut
down andquickly restarted,in effect, “sensornetwork sus-
pendandresume”.Themajor researchissueis how to ef�-
ciently re-con�gurethenetwork aftera longsleepperiod.

Nodesagreeon the same“resume”momentbeforetheir
periodicallongsleeps.But dueto hardwarelimitations,they
will wake up at different moments. When clock drift rate
is 50ppm,themaximumclock drift without synchronization
after 30 daysis about130 seconds.Thusnodescanwake
up any time during 260 secondsperiod,so the network re-
con�gurationtimeafter30days' inactivity is at leastaround
4 minutes!

There are two challenges in designing network re-
con�guration protocols.Firstly, the re-con�gurationphases
after long sleepsneedto be as short as possibleto restart
thenetwork quickly. Sensornodesalsoneedto stayenergy
ef�cient during theseperiods. And anotherchallengeis to
con�gure the network suchthat other protocolslike MAC
canresumequickly whenthenetwork resumes.

We proposetwo approaches.In the �rst approach,low
powerlisteningwith synchronized�ooding, right afternodes
wakeupasynchronously, they setupatimer twicethelength
of themaximumpossibleclockdrift andperformlow power
listening (periodicalshort sampling)[25]. When the �rst
nodetimesout, all nodesshouldhave restarted.It sendsa
network resume“UP” messageimmediatelyandthe whole
network starts�ooding the message.Upon receiving the
propagatedmessage,nodesrealizethenetwork hasresumed
anddatatransmissionscanbegin without waiting for time-
outson their timers.In orderto saveenergy during�ooding,
we synchronizenodes'samplingperiodsduring �ooding to
reducetheoverhearingoverhead.In this approach,network
canresumequickly by �ooding andthenetwork staysenergy
ef�cient sincelow power listeningconsumelittle energy.

Insteadof �ooding, in the secondprotocol we propose,
network con�guration with requestsand suppression, the
�rst nodethat is restartsetsthe network resumetime, and
the following nodessendrequeststo get the resumetime
from any alreadyactive nodes.In orderto save energy, both
requestandrepliesaresuppressedif possible—nodeslisten
for concurrentrequestsor repliesandusethemastheirown.

The cost of recon�guring a network must include the



costof brining up a fully functionalMAC protocol. Asyn-
chronousMAC protocolssuchasthosebasedon low-power
listening[18, 34] canstarteasilyafter thenetwork resumes.
We alsowish to explore recon�gurationprotocolsthat sup-
port MAC-level time synchronization,suchasS-MAC. Our
preliminaryanalysissuggeststhatwecanachievesigni�cant
energy savings for bothclassesof MAC protocolcompared
to simply leaving nodeson idle listeningduringnetwork re-
con�guration.

And we are currently at the stageof implementingboth
protocolsin TinyOSto verify their performancein realsen-
sornetworks.

5.5 Application-Level Data Scheduling
Besidesenergy constraints,acousticnetworks also have

very limited communicationsbandwidth. Today's off-the-
shelfacousticmodemstypicallyhavethebandwidthbetween
5–20Kb/s.With applicationslike seismicimaging,all nodes
will collect and try to sendlarge amountof data that can
easilyoverwhelmthe network capacity. The researchissue
hereis how to coordinatenode's transmissionsin anenergy-
ef�cient way thatcanbestutilize thechannel.

Current MAC protocolsoperatingat 1–10% duty cycle
provide the abstractionof a network that is always up by
transparentlydelayingpacketsuntil the next awake period.
Thisapproachis notef�cient for nodesto transmitlargedata
at aboutthe sametime, asexcessive MAC-level contention
wastesbandwidthandenergy. Insteadwe will explore ex-
plicit application-level datacaching andforwarding. Build-
ing on thework of DelayTolerantNetworking [20], weplan
to packagesensornetwork readingsandpassthemfrom sen-
sornodeto sensornode.

While DTN outlinesa genericarchitecturefor store-and-
forwarddatadelivery, ourseismicimagingapplicationraises
importantapplication-level schedulingissues.For example,
assumeeachsensorin Figure4 mustsend2.4MB of seismic
datato theextractionnode(indicatedwith an“X”, assumed
to have power anda surfacenetwork connection),andthat
eachnodecan talk only to its immediateneighbors. As-
sumingan acousticradio at 20kb/sand that eachnodeas
2 minutesof 20kHz, 8-bit seismicdataof datato send(ig-
noringoverhead).Raw transfertime for onenodeis 16min-
utes. Unscheduledtransmissionof all datawould have all
nodescompetingto sendandawake for at least4 hours,a
�gure well in excessof a reasonabledutycycle,andin prac-
tice muchlongerdueto channelcontentionat nodeX. If in-
steadweschedulenodesto transferdatain theordergivenby
node-id,thanin theworstcase,thenodesnearestX areeach
up for only 48 minutes(a savingsof 77%),andedgenodes
for only 16 minutes.Schedulingtransmissionsat theappli-
cationlevel avoidsexcessiveMAC-level contentionsandcan
betterutilize thechannelandsaveenergy.

6 RelatedWork
Theseresearchdirectionsbuild on relatedwork from sev-

eralcommunities:theoil industryasa potentialuserof un-
derwater sensornetworks, oceanographicresearcherswho
build underwatersensingandcommunicationsystems,and
the wirelesssensornetwork community. While summariz-
ing existing work, we will alsopoint out what is new in our
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proposedresearch.
6.1 Seismicimaging in oil industry

Three-dimensional(3-D) seismicimagingandmonitoring
is an importanttechnologyfor oil explorationandreservoir
managementin theoil industry. Advancedreservoir manage-
mentwith 3-D seismic(sometimes4-D with timeseries)can
signi�cantly improve resourcerecoveryandoil productivity.

Today, mostseismicimagingtasksfor offshoreoil �elds
are carried out by a ship that tows a large array of hy-
drophoneson the surface[30]. A compressed-airgun gen-
eratesa shockwave in thewater. Thewave travelsdown the
sea�oor andis re�ectedby differentlayersof therock. The
seismicsignalis eventuallyreceivedby eachhydrophoneon
surface,andthedataareprocessedcoherentlyto form anim-
age.Dueto thehigh costof suchseismicimaging,it is only
performedrarely, for example,oncea year. An alternative
way thathasbeenusedfor underwaterseismicis to deploy
sensorsunderwater, which areconnectedby cablesor �ber -
optics[1]. Theapproachhastheadvantageof frequentdata
collection.However, it is very costlyto lay cablesunderwa-
ter for a largearea.

Weproposeadifferentapproachfor underwaterseismic—
usingunderwaterwirelesssensornetworks. Thesensornet-
work consistsof large numbersof smartsensors,andeach
of them hasan embeddedprocessor, sensors(seismicand
others),storagememory, and acousticcommunicationde-
vices. Thesenodesarebatterypowered,andaredeployed
in anadhocway without carefulplanning.Oncedeployed,
thenodeswill organizethemselvesinto amulti-hopcommu-
nicationnetwork, andgraduallymove sensingdatabackto
users.

Our approachis new for underseaseismicimaging, and
it hasseveraladvantagesover existing ones.First, it is cost
effective. Thesesmartsensorsare very cheap,so a large
numberof themcanbedeployedto covera largemonitoring
areawith enoughdensity. Second,it iseasytodeploy. It does
not requirespecialplanningor extensive cableconnections.
Finally, it enablesfrequentseismicsurvey oncethenetwork
is deployed.
6.2 Oceanographicresearch

Anotherrelatedcommunityis theoceanography, wherere-
searchershavedevelopedunderwatersensingandcommuni-
cationsystems.An exampleis theOceanSeismicNetwork
program[48]. It developedseismicobservatoriesin thedeep
ocean,aspart of theGlobalSeismicNetwork (GSN).GSN
has128observatories“uniformly” distributedoncontinents,
islandsor in theocean,with aseparationdistanceof 2000km.
Its goal is to monitora hugeareaon earth. In contrast,our
sensornetwork coversa muchsmallerarea,andnodesare
denselydeployed in anadhoc fashion.In GSN,thereis no



direct communicationsbetweenthe sensingstations. They
all directly sendtheir databackto a centralplace. In sen-
sornetworks,thenodeswill con�gure themselvesto form a
multi-hopcommunicationnetwork. In summary, theGSNis
still the traditionalway to do seismicimaging,but it covers
ahugeareaincludingnodesin theocean.

Underwater acousticcommunicationis another related
area.Thebasiccommunicationprincipleshave beenexam-
ined with acousticchannelsin [37, 7, 49, 50]. Their major
focus is the transmissionrange,bandwidthutilization and
reliability with multi-pathpropagations. Therearealsoex-
perimentaland commercialoff-the-shelfacousticmodems
availabletoday, suchas[40, 2, 29]. However, thesemodems
aredesignedfor long rangecommunications(1–90km),and
have weightsof over 4kg. In our proposedhardwaredesign,
we will focuson shortrange,low-power modulesin a small
package.This capabilityis anenablingfactorfor long-lived
sensornetworks.

Networking protocolswith acousticcommunicationsare
alsostudiedin the literature. In [46], the authorsreviewed
MAC and routing protocolsfor wirelessad hoc networks.
They also analyzedenergy consumptionwith transmission
rangein acoustictransmissions,andpointedout that short-
range,multi-hop relaying was the key for energy conser-
vation. In [58], the authorsstudiedthe latency effects in
acousticcommunicationsandproposedatopologydiscovery
algorithm for multi-hop communications.In [41], the au-
thorsproposeda clusteringprotocolwith combinedTDMA
andCDMA for agroupof autonomousunderwatervehicles.
Theseresearchesarebasedon anadhocnetworking model
with small to moderatenumberof nodes. In contrast,our
sensornetwork model consistsof large numbersof nodes
(hundredsto thousands),and our applicationhasdifferent
requirements.Thechallengesweidenti�ed in thispaperwas
notaddressedby theexistingwork.

The NEPTUNE project [16] built an underwater sensor
network with all nodesbeingconnectedby �ber -optic sub-
marine cables. The cable supplied power to each node
andprovidedhigh-speedcommunications.Follow-on work
to the NEPTUNE network extended the wired network
with somebattery-powerednodeswith acousticcommunica-
tions [21]. In [21], theauthorsdiscussedtheef�ciency and
reliability of modulations,andalsobrie�y comparedtradi-
tional MAC protocols,suchasTDMA, FDMA andCDMA.
The major differenceof our sensornetwork model is that
therewill be no expensive cableslaying on the sea�oor .
Most nodeswill be cheap,small and battery-powered for
easydeployment. Our work is focusedon network self-
organization,longevity, andmulti-hopcommunications.The
NEPTUNEnetwork did not addressthe researchproblems
wehave identi�ed.
6.3 Wir elesssensornetworks

Usingwirelesssensornetworksfor seismicimagingis not
a new ideain thesensornetwork community. But all exist-
ing work arebasedonradiocommunicationsamongsensors.
Ourgoalis to extendsensornetworkingtechnologyto under-
waterapplicationswith acousticcommunications.

So far, virtually all platformsdevelopedfor wirelesssen-
sornetworksuseradiocommunications.Oneof mostwidely

usedplatformsis the UC Berkeley mote[26, 14], which is
basedon a 8-bit microcontroller, and a short-range,low-
power radio. 32-bit platformsarenormallyembeddedPCs,
suchasPC/104sandStargates[15]. Thesebig nodesdo not
have build-in radios,but canbeconnectedwith eithermotes
or IEEE802.11cards.Althoughtheradiopropagationin wa-
ter is verybad,themotesarestill usedby researchersin ma-
rinemicroorganismmonitoringapplications[8, 64]. Weplan
to extendsensornetwork platformswith a low-power, short-
rangeacousticcommunicationdevice,sothatlarge-scaleun-
derwaterexperimentsandapplicationsbecomepossible.

There are several networkingprotocols and algorithms
directly relatedto our proposedresearch. In �ne-grained
time synchronizationalgorithms,one approachis to syn-
chronizedifferent receivers to a commonreferencebroad-
castsignal[19], andanotheroneis basedon senderandre-
ceiver pairs [22]. They are both designedfor radio-based
networks,wherethepropagationdelayis negligible, but will
breakwith acousticcommunications.Fine-grainedlocaliza-
tion algorithms[42, 23] measuretheTOA. Their successre-
lieson �ne-grainedtimesynchronization,which is notavail-
ableyet. Our approachwill investigate the interactionsof
the �ne-grained time synchronizationand localization,and
developacombinedalgorithm.

Current research in the MAC layer is mainly on
contention-basedprotocols,althoughTDMA protocolsare
alsostudied[38]. Themajor focusis energy ef�ciency, and
several low-duty-cycle schemeshave beenproposed,such
as S-MAC [62, 63], T-MAC [54], STEM [44, 43], low-
power listening[25], andasynchronouswake-ups[52, 65].
Theperformanceof existing MAC protocolsneedsto bere-
evaluatedwith acousticcommunications.New approaches
needto bedevelopedto accommodatelargepropagationde-
lays.

Tieredarchitectureswith heterogeneousnodeshave also
beenstudied.Exampleprotocolsincluderouting[57], clus-
tering[24] andbackboneformation[13,59]. However, some
problemsare still not well investigated,suchas the inter-
actionsbetweenresources-limitednodesand resource-rich
nodesin different layers. We plan to further investigate in
thisdirection.

Prior work on low-duty-cycleoperation aims to provide
the illusion of constantnetwork access. A commonap-
proachis the MAC-level sleep/wakeup[62, 63, 54, 44, 43,
25, 52, 65], whicheffectively enablesdutycyclesof 1–20%.
An application-level approachexploitsdensedeploymentby
putting redundantnodesinto sleep[60, 11, 10]. Now we
aredealingwith muchlongersleeptime with no application
activities during sleeping.Noneof the above protocolsare
optimizedfor this type of applications.We musthave new
protocolsto completelyshut down and quickly restartthe
network.

An alternative to a network with low duty cycle operation
is no duty cycle operation. Ratherthan build a connected
network, nodesthemselvesmay move andswap datausing
gossiping[27], or adesignatednode(adatamule) maymove
from nodeto nodeto explicitly gatherdata[45, 4, 33]. In
situationswhere there is “free” movement,suchas Zebra
net[27] andDakNet[33] wherenodescanhitcharideonan-



imalsor vehicles,theseapproachescanbevery inexpensive
andin many waysideal,assumingveryhigh latencies(hours
or days)can be tolerated. Deployment of actualrobotsis
morechallengingfor many reasons:robotexpense,continu-
ing dif�cultly of autonomousnavigation,andthehighenergy
costsof actuallyphysicallymoving adevice. Weseeourap-
proachatmoderate-distancecommunicationasproviding an
importantcomplementto datamules. Furthermore,partic-
ularly in the caseof underwateroperation,datamulesmay
bene�t from acousticcommunicationratherthanRF [4].

Anotherpieceof relatedwork is the Delay TolerantNet-
working [20]. It outlinesa genericarchitecturefor store-
and-forwarddatadelivery. However, we needto further in-
vestigateimportantapplication-level schedulingissuesin the
underwaterenvironment.

7 Conclusions
Thispaperhassummarizedourongoingresearchin under-

watersensornetworks, includingpotentialapplicationsand
researchchallenges.
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