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AData-DrivenControlStrategyinSynergy WithContinuousActive
SonarforLittoralUnderwaterSurveillance

GabrieleFerri,AndreaMunaf̀o,JõaoAlves,KevinLePage

Abstract—Inthiswork,wedescribeadata-driven Mission
ManagementLayer(MML)runningon-boardAUVswhich
managesthephasesofalittoralsurveillance missionand
exploitsthecharacteristicsofContinuousActiveSonar(CAS)
signalprocessing.The MMLselectsforfurtherinvestigation
thetrackswhicharelikelyoriginatedbyatarget.Inthiscase,
the MMLlaunchesarecedinghorizon,non-myopiccontrol
algorithmwhichcontrolstheAUV’sheadingtoimprovethe
trackingperformancetoeasethetargetclassification.The
algorithm minimisestheexpectedtargetpositionestimation
erroroverapredictiontimewindowbyachievingatrade-off
amongstdifferentobjectives:keepingthetargetatbroadside,
reducingthedistancetothetarget,avoidingareasofhigh
reverberationandsearchingforgeometricconfigurationswith
lowbistatictargetlocalisationerror.
Wereportat-seaexperimentsobtainedduringtheLCAS15

seatrial, whichdemonstrated,forthefirsttime,thatthe
proposedautonomyarchitecturecanbeexecutedtogetherwith
real-timeContinuousActiveSonar(CAS)processingon-board
theAUVs.CAShasrecentlygainedinterestforlittoralAnti-
Submarine Warfare,sinceitoffersthepromiseof multiple
detectionsperwaveformcycle.Thiscanpotentiallyimprove
thequality/lengthoftracks,thusincreasingtheadaptive
behaviour’sperformance, which,inturn,canincreasethe
detectionandtrackingcapabilitiesoftheprocessingchain.

I.INTRODUCTION

Thecapabilitiesoftoday’sAUVsintermsofprecise
navigation,autonomyandendurancemakethemappealing
assetsforlittoralsurveillanceandAnti-Submarine Warfare
(ASW)scenarios.Traditionally,thetaskofASWhasbeen
carriedoutby meansofsensorssuchassonobuoysand
submarinesorfrigateswithtowedarrays[1].Finalobjective
istoinferfromthelargeamountofcollecteddataifatargetis
presentintheareaandtotrackitforitscorrectclassification.
Existingtraditionalapproachesareexpensiveandmanpower
intensive.
Theenvisionedsolutionwehavebeenpursuingatthe

NATO-STOCentreforMaritimeResearchandExperimen-
tation(CMRE)istheuseofsensorisedAUVsactingas
autonomousmobilenodesinamultistaticnetwork[2],[3].
AUVscanprovideeffectiveASWcapabilitiesatafraction
ofthecostoftraditionalassets.IntheCMREmultistatic
sonarsystem,asonarsource(transmitter),whichmaybe
locatedonastationarybuoyorshipdeployable,transmits
asonarsignal(ping)whichreflectsfromobjectsandis
collectedbymultistaticreceivers,theAutonomousUnder-
waterVehicles(AUVs)towinganarrayinthiscase.Multi-
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staticsonarsystemshavethepotentialtogreatlyincrease
ASWcoverageandperformance[2],[3].Thepossibility
touse multiplereceiversandsourcesgeneratesdifferent
geometricdistributionsofsource-target-receiverincreasing
theprobabilityofdetectionandclassificationforatarget.
Theacousticdatareceivedbythearrayareprocessed[4]to
createbearing/rangecontactswhicharefedintoanon-board
tracker[3],[5]basedonakinematicmodelofthetarget
ofinterest.Thetrackercombines(spatially)relatedcontacts
overtimetoproducetracks.
Multiplenodesprovidethesystemredundancyincreasing

therobustnessofthenetworktofailuresandcanshare
informationbetweeneachother.Sharinginformationisvital
tocreateacommontacticalpictureandtofusethecollected
data.Contacts[6]ortracks[7]canbefusedtoimprovethe
tracking/classificationperformanceandtoidentifyclutter-
generatedorambiguoustracks.Thesearekeypointsinreal
operationsduetothedifficultiesofthelittoralscenariosfrom
thepointofviewoftrackgenerationandclassification.
Highclutterisinfactpresentalongwithnoisefrom

thesurfaceproducedbypassingshipsandboats.Littorals
arecharacterisedbypoorsoundpropagationconditionsand
thesoundspeedprofileusuallychangesduringtheday
modifyingtheacousticchannelfeatures.Inatypicallittoral
scenario,severalclutter-generatedtracks maybepresent
simultaneously.Someofthesetracksmayalsobepersistent
andlastforseveralpings.Inaddition,thetargetmaynot
beobservableforsometimeduetoparticularsoundspeed
profileconditionsorlowprobabilityofdetection.Inaddition,
thepresenceof“ghost”tracksduetotheport-starboardam-
biguity,typicaloflineararrays[3],exacerbatestheproblem.
Intheaddressedscenario,trackingapossibletargetfor

longtimeperiodsisoftheutmostimportanceforitscorrect
classification.Thehighnumberofpresenttracksraisesthe
questionofhowselectingoneorfewtracksforfurther
investigation.Evenif(real-time)classification[8],[9]can
providesomeresults,theissueofcorrectlyselectingwhich
tracksarelikelytoberelatedtoatargetstillremainsopen.
Toaddresstheseissues, weenvisiontwoapproaches:

increasingtheautonomyofthenodesandadoptingnovel
waveformprocessingwhichoffersthepromiseofimproved
detectionandtracking.
Thedegreeofautonomyofthevehiclesiscrucial,above

allconsideredthelimitedcommunicationsbandwidthand
rangeoftheunderwatersoundchannel.Thesefactorsmake
communications withthevehiclessparseandsometimes
impossible.Tobereallyeffective, AUVsneedto make
decisionsautonomouslyonthebasisoftheacquireddata
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andoftheevolvingtacticalscene.
Recently, CMREhasbeentesting Continuous Active

Sonar(CAS)inlittoralscenariosasanalternativetothe
traditionallyusedPulsedActiveSonar(PAS).UnlikePAS,
whichlistensforechoesinbetweenshort-bursttransmis-
sions,CASdetectsechoesamidstthecontinualinterference
fromsource(s)transmittingwithnearly100%dutycycle.The
potentialadvantageofCASisanincreasednumberofcon-
tinuousdetectionopportunities,leadingtoimprovedtarget
detection,localisation,tracking,andclassification[10]–[12].
Inthiswork,afterdescribingthecontrolsystemwhich

managestheautonomyofthe CMREs OceanExplorer
(OEX)AUVs,wereporttheresultsatseaofanon-myopic,
data-drivencontrolalgorithmusingasinputthedatapro-
ducedbytheCASprocessingrunningon-boardthevehicles.
Thisalgorithm,proposedin[3],[13]andpreviouslytested
atseawithPASprocessing,receivesatrackasinputand
controlstheheadingofthevehicletoimprovethetarget
trackingperformance.ResultsfromLCAS15seatrialshow
howusingautonomyandadata-drivenbehaviourinsynergy
withanadvancedsignalprocessingtechniquesuchasCAS
canbebeneficialfortargettracking.

II.AUTONOMYASTHEMAINDRIVINGFACTOR

Inlittoralsurveillance missionstwodifferentlevelsof
autonomycanbeassumed.Thehighlevelautonomyen-
compassesthe AUVdecision makingprocessbasedon
thetacticalscene(e.g.whichtrackstoselectforfurther
inspection,etc.).Oncethehighleveldecisionsaremade,
alowerlevelofautonomycanbeidentified.Thislevel
consistsinexecutingtheactionsofthevehicle.Atthislevel,
forinstance,thevehicleadaptsitspathtooptimisesome
objectivefunctionsofinterest.

A.TheMissionManagerLayer

TheCMREcontrolschemeshowninFig.1follows
thisconcept.Anadaptive,data-drivenMissionManagement
Layer(MML)[14]isproposed. MMLrunson-boardthe
vehiclesandmanagesthehighlevelautonomy.The MML
receivesthetracksandcontactsproducedbythesignalpro-
cessingchain,selectsinreal-timewhichtracksareinteresting
tobeinvestigatedandcommandsthevehicleControlLayer
operations.
Tomakeeffectivedecisionsonthetracks,ametricis

neededtoquantifythetrackquality,definedastheprobabil-
ityofexistenceofthetargetcorrespondingtothetrack.In
[14]atrackscoringisproposedtoquantifythetrackquality.
Thescoringisbasedonthequalityofthemeasurement-
to-trackassociations.Themethodusesanacousticmodel
andthekinematicfeaturesofthetracksanddoesnotrely
ontheknowledgeofoftendifficulttoestimateparameters
suchastheprobabilityofdetection.Thetrackscoreis
computedinreal-timeandisusedtoclassifythetracksas
confirmed(worthyofbeingfurtherinvestigatedbytheAUV).
Thethresholdoftheclassifierisselectedbyanalysingthe
historicaldatacollectedatsea.Experimentalresultsshow
thattracksrelatedtoatargetaremorelikelytoproduce

Fig.1. DiagramofthecontrolarchitecturefortheOEXAUV’sautonomy.

Fig.2. MMLstatediagram.

alargerincreaseofscoringintimewithrespecttotracks
producedbyclutter.

TheMMLischaracterizedbyseverallogicalstatescov-
eringthevariousphasesofanASWmission(seeFig.2):
explorationofanareaofinteresttosearchforcuesofthe
target(candidatetracks);disambiguationbetweenatrack
andits“ghost”[14]onceaconfirmedtrackispresent;
optimisationofaselectedconfirmedtrackbyusingadhoc
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controlalgorithms(wecallthistasktrackprosecution)and
targetreacquisitionifaconfirmedtrackbreaks.TheMML
controlstheswitchingbetweenonephasetoanother(with
achangeoftheactivesetofbehaviours)infunctionof
theoccurringevents.Specifically,the MMLanalysesthe
historyofthedetectionsandtracksproducedbythesignal
processingchaintoselectamongstthemthecandidatesto
beprosecuted.

The MMLfindsabalancebetweentheexplorationob-
jectiveandtheexploitationofcuesaboutpossibletargets.
Itdrivesthemissionbyprosecutingonlythetrackslikely
beingtarget-originatedincreasingthebenefitsofdata-driven

CMRE-PR-2017-006

2



approaches.
ThearchitectureshowninFig.1isimplementedon

vehiclesina MOOS-IvP[15]framework. MOOS-IvPis
anopensourceC++frameworkforprovidingautonomyto
roboticplatforms,inparticularmarinevehicles.MOOS-IvP
isbasedonthepublish/subscribeparadigm:acommunityof
processessubscribestoreceiveandpublishvariablesfrom/to
adatabase(MOOSDB).The MMLcontrolsthevehicle
ControlLayerwhichisinchargeofmanagingthedifferent
behaviourswhichcontrolthevehicleoperations.TheControl
LayerismanagedbythepHelmIvP[15],aMOOSapplica-
tionwhichenablesbehaviour-basedautonomy.Behaviours
canrunsimultaneouslyandcanbegroupedintobehaviour
sets, whichareactivebasedoncertainconditions.IvP,
amathematicalintervalprogrammingtechnique,combines
theobjectivefunctionsproducedbyactivebehavioursto
determineaoptimalsolutionforeachdomain[15].The
IvPHelm,typicallyrunningfourtimespersecond,isable
toreconcilethedifferentactivebehaviourstoproducethe
commands(speed,headinganddepthcommands)forthe
frontseatcontrollerwhichcontrolstheAUVactuators.
Theproposedlayeredarchitecturedecouplestheplan-

ning/deliberationactivitiesmanagedbytheMMLfromthe
executiveactionsconductedbytheControlLayer.

B.Anon-myopic,recedinghorizontrackprosecutioncontrol
algorithm

Anon-myopiccontrolalgorithm[3],[13]islaunchedto
prosecutethetrackselectedbythe MML.Thecandidate
trackisusedtocontroltheAUVnavigationtoachieve
favourabletarget-source-receivergeometriesfortargettrack-
ing.Specifically,arecedinghorizonpolicyisadoptedto
controltheAUVheadingangletominimisetheexpected
targetpositionestimationerrorofatrackingfilterbyconsid-
eringthefuturepositionsofthesource,receiverandtarget.
Tocomputetheexpectederror,weusebistaticcontact-
localisationstatisticsandweaddenvironmentalinformation
byutilisinganacoustic model. Minimisingthiserroris
typicallyoftheutmostinterestintargetstateestimation
sinceitassistsmaintainingtracks,whichinturnincreases
theprobabilityofcorrectclassification.Ateachstep,the
optimalsequenceiscomputedfortheplanninghorizonby
solvingtheresultingdecisiontree.Accordingtothereceding
horizonparadigm,thefirstheadingdecisionisexecuted
whiletheothersarediscarded.Thisapproachprovesrobust
againstpossiblemisleadingmeasurementssinceitconsiders
ateverycomputationsteptheinformationbroughtbya
newmeasurement.Abranchandboundapproachisadopted
tosolvetheoptimisation,makingitsexecutionfeasibleon
lowcomputationalpoweron-boardcomputers.Thetreeis
alsosimplifiedtoavoidAUV’ssharpmaneuversthat,by
causingthebendingofthearray,candeterioratethearray
processingperformance.ResultsatseawithPASprocessing
[3]demonstratethatthealgorithmcanbeexecutedinreal-
timeonCMREvehiclesoutperformingamyopicapproach.
ThegeneratedAUV’spathsarealsosmoothenoughtoavoid
thedeteriorationofarrayprocessing.

Theeffectivenessoftheproposedapproachshowshow
data-drivenschemes,in whichthe AUVs modifyau-
tonomouslytheirpathbasedonthecollecteddata,offersome
operationalbenefits[5],[6],[16]noteasilyachievableby
non-autonomousvehicles.Italsodemonstrateshowplanning
overafuturehorizoncanbeoffundamentalimportance.
Data-drivenapproaches,however,donotguaranteethe

uniformcoverageprovidedbypre-designedtracklines,tra-
ditionallyusedtoplanthevehiclemissions.Pre-designed
tracklines,usuallyusedtoconductoceanographic/military
[17]surveys,provideuniformcoveragebutatafixedreso-
lution.Inoursystem,theMMLfindsatrade-offbetweenthe
requiredneedsofareaexplorationandtheadaptationofthe
AUVtrajectoryontheoutputofthesignalprocessingchain.

III.IMPLEMENTINGCASPROCESSINGCHAINONAUVS

CMRE Reprint Series

Therecentadvancesintransducerandcomputingtechnol-
ogyhavebeenmadetheuseofCASanappealingapproach
forASW[11]inshallowwaters.
ThefeaturesofCASinshallowwatersareunderinvestiga-

tionsinceitcanpotentiallyimproveASWsonarperformance
inseveralways[11],[12].Thetotaltransmittedenergycan
beincreasedbyextendingpulsedurationwithaconstant
sourcelevel,thusincreasingthetargetdetectionrange.
Furthermore,acertaintargetenergyatseacanbeachieved
byextendingthepulsedurationwithalowersourcelevel
[10].Thishasseveraladvantagessuchasreducedpowerand
sizerequirementsfortheamplifiersandtransducers;reduced
riskoftransducercavitationatshallowdepth;areduction
intransmissionnon-linearitiesandincreasedtransmission
bandwidthavailableformosttransducers[10].
However,transducers maynotbeabletoachievethe

performancerequiredforaHighDutyCycle(HDC)wave-
forminpractice.Additionally,theidealprocessinggain
maynotbeachievedforwaveformscharacterisedbyhigh
time-bandwidthproducts,especiallyinshallowwaterswhere
soundpropagationiscomplexandtimecoherenceoften
short.Ratherthanprocessingtheentirepulsecoherently,
suitablewaveformssuchaslinearFM(LFM)sweepscanbe
segmentedandtreatedasaseriesofshort,non-interfering
pulses,whichareprocessedindividually.Thistypeofsub-
bandprocessingisthebasisofanotherperformanceim-
provementthatCASoffers:increasingtheupdaterateof
sonarcontactswhilemaintainingthesamePulseRepetition
Interval(PRI)andcorrespondingsearchradius[12].Though
theprobabilityofdetectionandrangingaccuracymaybe
lowerforHDCsonarthanforPAS(duetoreductionsin
sourcelevelandprocessedbandwidth),thegreatadvantage
ofsub-bandprocessingisanimportantincreaseinthemea-
surementupdate.Thiscancontainthegrowthofthetarget’s
areaofuncertainty[11]withinakinematictracker,opening
newhorizonsfortrackingalgorithmsandrobotautonomous
decisionmaking.
ThemajordifficultyinexecutingCASsub-bandprocess-

ingon-boardanAUVistheincreaseofcomputationalpower
requiredtoprocesstheseveralsub-bandsatthesamePRIof
PAS.
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WorkhasbeendoneatCMRE[18]toextendtheCMRE
signalprocessingchainforPAS,CAINPro,toCAS,andto
increaseitsexecutionspeed.Byreorganisingthecodeand
usingvectorizationandmulti-threadingtofullyexploitthe
computeron-boardtheCMREAUV(aSecoS9920-5000-
1110-C0pico-ITXSBC-AMDeKabini,fromSeco,witha
quadcoreprocessor @2.0Ghzwith8GBRAM),thenew
signalprocessingchain,namedCAS-CAINProiscapableof
processingtheseveralsub-bandsinatimecompatiblewith
on-boardprocessing(e.g.9sub-bandsprocessedin∼8s
[18]).Theproducedclustersineachsub-bandarepassedto
theDistributedMulti-HypothesisTracker(DMHT)running
on-boardthevehicles[3],[5].Theproducedtracksarethen
passedtothe Mission ManagerLayerwhichscoresand
classifiesthetracks. Whenatrackisconsideredconfirmed,
thenonmyopictrackoptimiseristriggeredandstartsto
controlthevehiclenavigation.

IV.THELCAS15SEATRIAL

TheLCAS15experimentwascarriedoutinOctober2015,
intheLiguriansea,infrontofPalmariaIsland,Italy.Part
oftheexperimentwasdevotedtotesttheAUVautonomous
decisionsmakingandtheperformanceofthenon-myopic
trackoptimiserwithon-boardCASwaveformsprocessing.
ThedeployedCMREASWnetworkisvisibileinFig.3.

Thevehiclesusedasreceivingnodesofthenetworkaretwo
OceanExplorer(OEX)AUVs.OEXsareapproximately4.3
mlongand0.53mwide.Theendurancedependsonthe
payload.Inusualoperativeconditionstheycanreach16
hrsofoperationsataspeedof1m/s.AUVscommunicate
betweeneachotherandwiththeCommandandControl
(C2)centreviaa7/17kHzEvologicslow-frequencymodem.
TheOEXAUVsarebothdeployedwiththeBENSslim
towedarray(SLITA)[19].TheBENSarrayshavethree
nestedsetsof32hydrophoneseach.Thehydrophoneset
usedduringtheseatrialswasoptimizedforfrequenciesup
to3.47kHz(0.21mspacing).Thenetworkinfrastructureis
composedofgatewaybuoysand WaveGliders[20]surface
vehicles.Thesenodesactascommunicationrelaysmanaging
thecommunicationunderandabovethewaterbyusing
theiracoustic modemsandradio modules.Theyreceive
messagesviaradiofromtheC2centrebroadcastingthem
underwatertothevehicles.Vice-versa,theyreceiveacoustic
messagesfromthevehiclesandtransmitthemtotheC2
centre.Astheacousticsource,weusedthemid-frequency
ATLASsourcetowedbytheNRVAlliance.Thetargetwas
representedbytheCRVLeonardowhichtowedtheCMRE
EchoRepeater(E/R)[5].Theecho-repeaterrecordedthe
waveformsreceivedfollowingtheDEMUStransmissions
andthenre-transmittedtherecordedsignalswithauser-
specifiedamplitudegainafterauser-specifieddelay.This
gainservesasasubstituteforthetargetsonarcross-section
orreflectivity.AlltheassetsweredeployedfromtheNATO
ResearchVessel(NRV)Alliance.Thevesseloperatedasthe
C2centreduringtheexperiments.
WereportheretheresultofGrouchoOEX’smissionof

October3,whentheAUVwascontrolledbythe MML.

Duringtheseatrial,a20s,1800-2600 HzLFM, was
transmittedusingthemid-frequencyATLASsourcetowed
byNRVAlliance.ThePRIwas20s,andtheCAS-CAINPro
processedthereceivedsignalin9sub-bands.The MML
startedtocontrol Groucho’soperations,uponactivation
viaanacousticmessage,atping508,whileGrouchowas
followingapre-definedtracklineheadingtonorth-east.The
vehicle’soperationswerecontrolledbyMMLforatotalof
4hoursuntiltheendoftheexperiment.

A.Results

InFig.4,thesituationatping530isshown.CRV
Leonardo(itspathisindicatedincyanandthelabelTGT
showsitscurrentposition)isheadingtosouth-eastataspeed
of3.5m/s.TheATLASsource(greylabelTX)istowedby
theNRVAlliance(blackline)ataspeedof2m/stowards
south-eastalongapathparalleltoLeonardo’s.TheAUVpath
isindicatedinlightgreen(thelabelRXshowsthepositionof
theAUVatthecurrentping).Grouchowasmovingat1m/s
towardsnorth-eastalongafixedracetrackwhenthe MML
wasactivatedatping508.Theexplorationphaseconsisted
infollowingpredefinedtracklines.

Inordertoevaluatetheeffectivenessofthenon-myopic
controller,wealsocomputethepathoftheAUVhadit
proceededalongtheracetrackpath.Theracetrackcaseis
analysedtocomparethetrackingperformanceofthenon-
myopiccontrolleragainstanon-adaptivetrajectory.This
allowstobetterevaluatetheadvantagesandtheimproved
performanceachievedbyusingthenon-myopicalgorithm.In
thefigures,wereportwiththelabelRXSIM
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indarkgreen
thepositionofthesimulatedpathoftheAUV.Thispath
continuesthefixedracetrackGrouchowasfollowinginthe
explorationphase.

Afteritsactivationatping508,the MMLevaluatesthe
scoringofthetracksandconfirmstwoofthem,namelythose
withid107066and107094,oneofthembeingthe“ghost”of
theother.Thismeansthatoneofthemiscreatedbytheleft-
rightambiguityofthelineararrays[14].Thedisambiguation
stateisthereforeenteredandoneofthetwotracks(inthis
casethefirstone)isselectedtobeprosecutedbythenon-
myopictrackoptimiser.Intheexperiment,thenon-myopic
optimiserwasactivatedeverytwoPRIs(every40s).The
AUVstartsmaneuveringbyturningtowardsnorth-east.The
maneuverallowsthetrackscoringtodiscriminatebetween
therealandtheghosttrack.TheAUV’smaneuvermakesthe
qualityofthemeasurement-to-trackassociationsforthereal
trackbetterthantheghosttrack’s,asexplainedin[14].This
increasesthescorefortherealtrackandallowstheMML
tocorrectlyselectthetrack107066asconfirmedentering
theprosecutionstate.Grouchocontinuestoprosecutetrack
107066(seeFig.4)byheadingtowardsnorth-eastuntilthe
trackbreaksatping548.MMLentersthereacquisitionstate
andassociatesanewborntrack,thetrack117424,tothe
propagationintimeofthe107066reacquiringthetarget
atping549[14].Then,itcontinuestoprosecutethetrack
117424untilping575whenthetrackbreaks.Afteran
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Fig.3. CMREcooperativeASWmulti-staticnetwork,asdeployedduringLCAS15trial.

Fig.4. Ping530-PositionsofGrouchoOEXintheexperiment(light
green),simulatedracetrack(darkgreen),target(cyan),NRVAlliance(black)
andtrackswithscoring.Bluetracksaretheinitiatedones,whiletheredone
istheconfirmedoneprosecutedbytheAUV.

attemptoftargetreacquisition,theMMLcomesbacktothe
explorationstatecomingbackonthetrackline(seeFig.5).

ThedescribedresultsshowhowtheMMLcanmanagethe
autonomyoftheAUVinanASWmission.Startingfromthe
explorationphase,itstartsinvestigatingaconfirmedtrack.
Incaseofpresenceofa“ghost”track,firstitaccomplishes
thedisambiguationwithouttheneedofharsh maneuvers
andselectsthetrackoriginatedbythetarget.Then,the
MMLprosecutesitreacquiringthetargetifthetrackbreaks.
Grouchowasabletoprosecuteatrackoriginatedbythe
targetforalongtime(∼
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70pings)whichisfundamental
forthetargetclassification.TheMMLisessentialtoselect
themostinterestingtracksamongstthemanycreatedbythe

Fig.5. Ping575-PositionsofGrouchoOEXintheexperiment(light
green),simulatedracetrack(darkgreen),target(cyan),NRVAlliance(black)
andtrackswithscoring.Inmagenta,thetrackbrokenandpropagatedinthe
futureforapossibletargetreacquisition.

tracker(in4hours,itselected11confirmedtracks,8ofthem
beingrelatedtothetarget).Thisallowstoreallyexploitthe
data-driven,non-myopiccontrolpolicy,avoidingtheAUV
triggeringadata-drivenapproachonalargesetoftracks
whichmayleadtounconsistentandunsatisfactorysituations.
Thenon-myopicbehaviourshowsseveralbenefitswhich

arecrucialfortargettracking.The AUV maneuversto
optimisetheexpectedtrackingerrorbyfindingatrade-
offamongstkeepingthetargetatbroadside1,gettingcloser
toitandsearchingforsource-receiver-targetgeometries

1
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for“broadside”wemeanadirectionofarrivalof90degreesrelative
tothearray;atargetatbroadsideimprovesthequalityandSNRof
measurements
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Fig.6. log10(trace(Rtrue))fortheexperimentaldataandforthe
simulatedracetrack(noadaptationofthepath).Rtrueisthelocalisation
errormatrixcomputedbyconsideringtherealtargetposition.

favourablefromanSNRperspective[3].Thistranslatesina
reductionofthelocalisationerrorasshowninFig.6.Herewe
computetheRtruematrixforthedatafromtheexperiment
andthesimulatedracetrack.Rtrueisthecovariancematrix
ofthelocalisationerrorgiventhetruepositionofthetarget
[3]. Wereportthelog10(trace(Rtrue))quantity.Thisisa
measureoftheestimatedlocalisationerror.Thelocalisation
errorislowerintheadaptivecaseandincreasesatalower
ratethanracetrack’s.Thepeaksinerrorvisibleinthefigure
areduetotheincreaseintheuncertaintyofthearrayheading
knowledgeduetoitsbending.Attheendoftheprosecution,
intheracetrackcasetheaveragelocalizationerrorinthex-y
coordinateshasastandarddeviationof180.1mwhileinthe
non-myopiccasethestandarddeviationis122.75m. With
theuseofthenon-myopicalgorithm,weachieveareduction
of32%ofthelocalisationerror.Accurate measurements
implybothalowererrorinthetargetpositionestimate
and,moreimportantly,trackslikelywithalongerlifetime.
Theadaptivebehaviourachievesatrade-offbetweengetting
closertothetargetandkeepingitatbroadside.Whileinthe
racetrackcasetheDirectionOfArrival(DOA)continuesto
increasesincetheAUV’smovementcausesthetargetmoving
towardsthearrayendfire,intheadaptivecasetheDOA
remainslimited,ataround60degrees.Groucho,bystaying
closertothetarget,positionherselfinabetterpositionby
consideringpossiblefuturemaneuversofthetarget.Finally,
themovementisalsoeffectivefromanSNRperspective
(seeFig.7).TheSNRfortheracetrackcasedecreases
duetothecombinedeffectoftheincreasingdistanceand
movementtowardsthearrayendfire.Intheadaptivecase,
theSNRremainshigher.Thisishighlybeneficialsincethis
notonlyreducesthelocalisationerror,butalsoincreasesthe
probabilityofdetection.

V.CONCLUSION

Ping number
500 510 520 530 540 550 560 570 580

E
st
i
m
at
e
d 
n
or
m
al
i
z
e
d 
S
N
R 
[
d
B]

0.75

0.8

0.85

0.9

0.95

1

Real experiment
Simulated racetrack

Inthispaper, wedescribedtheuseofadata-driven
Mission ManagementLayer(MML)runningon-boardthe
vehiclesmanagingallthephasesofalittoralsurveillance
missioninthepresenceofCASprocessing.Inparticular,
theMMLfindsatrade-offbetweenexplorationofthearea
andexploitationofthecues(tracks)byselectingthemost

Fig.7. EstimatednormalizedSNRfortherealexperimentandforthe
simulatedracetrack.

likelytracksoriginatedbythetargetforfurtherprosecution.
Inthiscase,MMLlaunchesarecedinghorizon,non-myopic
algorithmwhichcontrolstheAUV’sheadingtoimprovethe
trackingperformance.

TheexperimentsatseaduringLCAS15demonstratedthat
theproposedautonomyarchitecturecanbeexecutedon-
boardtheAUVswithreal-timeCASprocessing.CAS,which
hasgainedrecentlyattentionforASWinlittoralscenarios,
offersthepromiseof multipledetectionsper waveform
cycle.Thiscanpotentiallyimprovethequality/lengthof
tracks,thusincreasingtheadaptivebehaviour’sperformance
intermsofachievabledetectionandtrackingperformance.
Thenon-myopic,adaptivebehaviour,inturn,canprovide
clearbenefitsfromthedetectionandtrackingpointofview,
suchasincreasingtheSNR,reducingthelocalisationerror
andmaintainingthetracksforlonger.Furtherinvestigation
isrequiredtoevaluatetheperformanceofCASinlittoral
scenarios.OurfutureworkwillfocusonextendingtheMML
conceptstoamulti-agentsystem.
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