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Abstract—This paper is about the autonomous control of
an autonomousunderwater vehicle (AUV), and the particular
considerationsrequired to allow proper control while towing a
100-meter vector sensorarray. Mission related objectives are
tempered by the needto consider the effect of a sequenceof
maneuwers on the motion of the towed array which is thought
not to tolerate sharp bendsor twists in sensitve material. We
describeand motivate an architecture for autonomy structured
on the behavior-based control model augmented with a novel
approach for performing behavior coordination using multi-
objective optimization. We provide detailed in- eld experimen-
tal results from recent exercises with two 21-inch AUVS in
Monterey Bay California.

I. INTRODUCTION
A. Motivation

The primary motivation for this work is to achieve the
ability to deplg/ large setsof autonomousmobile marine
platformsover awide areaof theocearernvironmentandover
a long period of time with little or no humansupervision.
Concerngover effective coverage,communicatiorrangeand
safeoperationof the platformsareall primary motivationsof
an effective form of autonomousontrol. The long duration
and unpredictablenature of the environment require the
vehiclesto adapttheir missionsand behae autonomously
as events unfold. Corversely practical concernsof marine
operationsover large areasrequire an elementof operator
predictability over the courseof time. Thesetwo character
istics can be at odds with eachother in practice,but can
be temperedby effective periodic communicationthrough
a network of x ed and mobile nodes co-deplyed in a
coordinatednannerdesignedo balanceindividual platform
and network objectives.

In the work describedhere, we focus on autonomous
control and communicationswith a single AUV tted with
a vector sensorarray (Fig. 1) operatingin an ervironment
with other AUVs having accessto one or more x ed or
mobile gatevay buoys, all equippedwith acousticmodems.
We have implementedand describeherea set of autonomy
behaiors sufcient for long term deployment, and dynamic
re-deplymentfrom ship or shorestation,andreportresults
from recentin-waterdeploymentexercisesin Monterey Bay.
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Fig. 1. A setof autonomousindervatervehiclesis deployed over a large
areaand time period to monitor undervater marinetrafc. One vehicleis
equippedwith a vector sensorarray (VSA) to provide contactand track
solutioninformationto be sharedvia acousticlink to otherAUVs andback
to shorevia a gatevay buoy, which itself could be mobile. The VSA-

equippednode or platform may also be redirectedby other nodesvia
acousticlink to deploy in anotherregion basedon information obtained
by other nodes.The VSA-equippedvehicle is responsiblefor ef ciently

meetingits deployment obligationswhile avoiding setsof maneuers that
would compromisethe safetyof the sensingand communicationstructure
of the array

Thetowed vectorsensorarrayis oneof the main elements
of this larger objective, which aims to exploit the latest
advancesin AUV technologyto deploy an autonomous
vehicleswith enduranceof the order of several months.A
critical elementof this approachincludessensorscalability
to the smallerplatform sizesaffordedby AUVs andef cient
enepgy useto obtaintherequiredlevelsof persistenceVector
sensotechnologyfacilitatesscalabilityby virtue of its higher
theoreticalgain for a given aperturelength.

B. Badground of BehaviorbasedControl

In behaior-basedsystemsplatformcontrolis the resultof
a setof independentspecializedmodulesworking together
to chooseappropriatevehicle actions.It hasbeenviewed as
an alternatve to the traditional sense-plan-actontrol loop
where decision-makingand planning are performedon a
singleworld modelthatis built up andmaintainedover time.
Commonlycited virtues of behaior-basedsystemsnclude:



the easeof developmentof the independentmodules,the

lack of a single complex world model, and the potentialfor

a highly reactive vehiclewith certainbehaiors triggeredby

the appropriatesventsin a dynamicervironment.The origin

of thesesystemsis commonly attributed to Brooks' “sub-

sumptionarchitecture’in [1]. Sincethen,it hasbeenusedin

a large variety of applicationsincluding: indoor robots,e.g.,
[2], [3], [4], [5], land vehicles,e.qg.,[6], andmarinevehicles,
e.g.,[7], [8], [9], [10], [11]. Action selectionis the process
of choosinga singleactionfor execution,giventhe outputof

eachbehaior. Action selectiorhaswell known dif culties as
reportedn [4] and[6] for which multi-objectve optimization
is thoughtto provide somecountermeasure.

Il. TECHNICAL APPROACH

A. The MOOS-IvPAutonomyArchitectue

This work uses the MOOS-IVP architecture for au-
tonomouscontrol. MOOS-IVP is composedof the Mission
OrientedOperatingSuite (MOOS), a open sourcesoftware
project for coordinatingsoftware processesunning on an
autonomoulatform, typically under GNU/Linux. MOOS-
IvP also containsthe IvP Helm, a behaior-basedhelm that
runs as a single MOOS processand uses multi-objective
optimization with the Intenal Programming(lvP) model
for behaior coordination,[12]. See[13] and[14] for other
examplesof MOOS-IvP on autonomousnarinevehicles.

A MOOS community containsprocesseghat communi-
cate through a databaseprocesscalled the MOOSDB, as
shavn in Fig. 2(a). MOOS ensuresa processexecutesits
“Iterate” methodat a speci ed frequeng and handlesnen
mail on eachiterationin a publishandsubscribenannerThe
IvP Helm runsasthe MOOS processpHelmIvP (Fig. 2(b)).
Eachiteration of the helm containsthe following steps:(1)
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Fig. 2. The IvP Helm runs as a processcalled pHelmlvP in a MOOS
community MOOS may be composedof processesfor data logging
(pLogger),datafusion (pNav), actuation(iPWMController),sensing(iGPS),
communicatio(pMOQOSBridge iMicroModem),andmuchmore.They can
all be run at differentfrequenciesas shavn.

mail is readfrom the MOOSDB, (2) informationis updated
for consumptionby behaiors, (3) behaiors produce an
objective function if applicable,(4) the objective functions
are resohed to producea single action, and (5) the action
is postedto the MOOSDB for consumptionby low-level
control MOOS processesThe behaiors usedin this work
arediscussedn SectionV.

B. The Bad-SeatDriver Paradigm

While low-level control taskssuch as navigation, depth-
keepingand vehicle safetywererelegatedto the AUV main
vehicle computer all high-level control inputs were derived
from a separatevehicle payloadcomputerrunningthe MIT
MOOS-IVP system. This computerincorporateda Linux-
basedCPU for general-purposeomputationatasks,suchas
the multi-objective helm, as well as a specialized8 GFlop
vector processorto supportheary signal processingloads
suchas spectrumanalysisand broad-bandbeamforming.

I1l. GENERAL PROPERTIES OF THE HELM AND
BEHAVIORS

A. Genenl Propertiesof the Helm

The IvP Helm, as a software module, can be viewed as
aninterfacebetweernthe setof behaiors andthe MOOSDB
andthe othersystemcomponentgonnectedo MOOSDB.Its
primaryfunctionatruntimeis to arbitratebetweerbehaiors
by soliciting objective functionsfrom each,over a common
decisionspace andperformingmulti-objective optimization.
Besidespostingthe resultingdecisionto the MOOSDB, the
helm also postsothervariable-alue pairsbasedon requests
of the behaiors generatedduring the behaiors' function-
producingiteration. This includesstateinformationthat one
behaior may communicatdo anotheracrossterations,such
as a condition that marks the completionof one behaior
and triggers the activation of anotheras describedby the
CONDITION and ENDFLAG parameterdelow.

The helm, upon startup,readsa con guration, i.e., mis-
sion, le with setsof parametersThe key parametergor
behaiors usedin experimentsreportedhere are described
in the following sections.An importantcomponentof our
researctobjectvesis to allow behaiors to be adaptve not
only to ervironmentevents, but also to periodic high-level
commandsrom eld control. This meansa mission le is
not a static script with a start and completion, but more
aptly describedas a state spacewith an initial state and
conditions for migrating betweenstatesbasedon events;
mission-control.ervironmentor otherwise.

B. Universal BehaviorParametes

The following parametersiescribepropertiesinheritedby
all behaiors describedn later sections.

PRIORITY. The priority weight of the producedobjective
function. A behaior may also be implementedto dynam-
ically determineits own priority weight.

DURATION: Thetime durationbeforethe behaior is marked
completedIf noneprovided, the behaior will not time-out.
The clock begins whenthe behaior rst becomesactive.

CONDITION: A condition that must be satis ed for the
behaior to be active. It is a equal-separategair such as
DEPLOv=true. If more than one conditionis given, they all
mustbe satis ed. The variablesare MOOS variablesandthe
helm automaticallysubscribedo a variable appearingas a
behaior condition.



RUNFLAG: A variableandavaluepostedwhile thebehaior is
active. It is a equal-separateplair suchas TRANSITING=true.
More thanonerun ag may be provided and canbe usedto
satisfy or block the conditionsof otherbehaiors.

ENDFLAG: A variableanda value postedwhenthe behaior
has completed.The circumstancesausingcompletionare
uniqueto the individual behaior, but if any behaior hasa
DURATION speci ed, the end ags are postedupon time-out,
which occurswhenthe durationspeci ed by the DURATION
parametehasbeenexceededThe valueof this parameteis
a equal-separatepair suchas ARRIVED_HOME=true.

UPDATES: A MOOS variablefrom which updatego behaior

parameterarereadfrom afterthe behaior hasbeeninitially

instantiatedand con gured at the helm startuptime. Any

parameteandvaluepairthatwould have beenlegal at startup
time is legal at runtime. This is one of the primary hooksto
the helm for mission control; the other being the behaior

conditionsdescribedabove.

IV. NETWORK AND FIELD CONTROL

A key componentof our objectve of ubiquitous, au-
tonomousmobile marine sensingplatformsis the periodic
interface to humansvia Network and Field Control (NAF-
CON) detailedbrie y here.

A. The WHOI AcousticModemand NAFCON Interface

The AUVs are equippedwith acousticmodemsfrom the
Woods Hole Oceanographidnstitute (WHOI) that imple-
mentan adaptve decisionfeedbaclkequalizemwith integrated
Doppler and errorcorrection to afford 80-bps frequengy
hopped-FSKmode communications.The modem provides
the userwith the tools necessaryto createa simple time-
division, multiple-accesgTbMA) network for masterslave
polled systems,or a random-accespeerto-peer network.
Each communicationtransactionincludes a short network
paclet calleda cycle-initialization. This speci esthe source,
destinationand data rate of the paclet to follow. In this
experiment,CompactControlLanguaggCCL) developedby
WHOI is usedto handlethe bandwidthlimitations underva-
ter.

In theseexperimentstwo primary typesof messagewere
sentby the NAFCON to the AUV; deplgy and prosecute.
The deploy messagénstructsthe AUV asto whereit should
operatefor efcient useof the eld. The messagencludes
latitude, longitude, and depth of deployment. A prosecute
messagés sentfrom NAFCON whena target of interesthas
beendetectedand localizedto an areaof uncertainty The
goal of the prosecutioris to betterlocalize, classify or track
the tamget. Similarly, the AUV reportsto the NAFCON by
sendingstatusreports,contactreportsandtrack reports.

The CCL messagesare decodedby the modem driver
and published as a variable in the MOOSDB (NAF-
CONMESSAGES). The pNAFCON MOOS processsubscribes
to the NAFCON.MESSAGES string variableand extractsdetails
of the messagaentby the NAFCON. Basedon the message
contentspNAFCON publishegnissioncontrolmessageand

set ags in the MOOSDB to allow the helm to activate
relevant behaiors.

B. AutonomyStatesand State-Tansitions

The vehicle mission speci cation usedin these experi-
mentswas comprisedof a setof statesbehaiors operating
in thosestates,and eventsfrom the eld and NAFCON for
transitioningbetweenstates.The statesare shovn in Fig. 3
and describedbelow.

ABORT

Fig. 3. The ve main vehicle autonomystates Eachstateis transitioned
into with the receiptof a NAFCON messag®f the samename.Eachstate
is comprisedof oneor morevehiclebehaiors responsibldor achieving the
objectives of that state.

DEPLOY-STATE: Enteredon receiptof the DEPLOY message.
The vehicletransitsto its deploymentlocationandbeginsto
loiter waiting for a prosecutemessage.

PROSECUTE-SATE: In this mode,the vehicle transitstoward
the currently estimatedcurrentposition of the tamget. If the
vehicle getswithin a predeterminedangeof the estimated
target position, it begins a loiter maneuer waiting for an
acoustic detection.If an acoustic detectionis made, the
vehicle will maneuer to track the target until it moves
outsideits operationabrea,it losesthetamet,ora RETURN
or ABORT messages receved.

ABORT-STATE: The vehicle will transit toward its abort
waypointusing the waypoint behaior describedin Section
V. Whenthe waypointis reacheda SURFACE messagavill

be generatecindthe vehiclewill enterthe SURFACE state.
The non-monotoniagadiusandduration-limit parametersre
utilized to handleerrantcaseswherethe vehicle missesthe
abortpoint.

SURMCE-STATE: SURFACE: The systeminitially begins in
this statewaiting for a DEPLOY messageThe SURFACE
messagés alsointernallygeneratedvhenthevehiclereaches
eitherits return or abortwaypoints.

RETURN-SRATE: The vehicle will transit toward its return
waypointusing the waypoint behaior describedin Section
V. Whenthe waypointis reacheda SURFACE messagés
generatedand the vehicle will enter the SURFACE state.
The non-monotoniaadiusandduration-limit parametersre
utilized to handleerrantcaseswherethe vehicle missesthe
returnpoint.



Eachstateis comprisedof one or more vehicle behaiors
responsibleor achieving the objectives of that state.These
behaiors are describednext.

V. HELM BEHAVIORS
A. TheWaypointBehavior

Thewaypointbehaior is for transitingto a setof speci ed
waypoints.The objective function producedby this behaior
is de ned overthe 2D actionspaceagivenby possibleheading
and speedchoices(Fig 5). The following parametersare
de ned for this behaior:

POINTS: A list of x,y pairsgivenaspointsin 2D spaceunits
in meters.

SPEED: The desiredspeed,in meters/secondat which the
vehicletravels throughthe points.

CAPTURERADIUS: Theradiustolerancejn metersfor satis-
fying the arrival at a waypoint.

ORDER: The order in which the waypoints are traversed.
Either “reverse”or the default “normal”.

LEAD: For track-line following, this is the distance,in

meters from the perpendicularintersectionpoint to the next

waypoint. The perpendicularintersectionpoint is the point
on the line given by the currentand previous waypointthat
is closestto the currentvehicle position. The vehicle steers
toward this point. If this point extends beyond the next

waypoint, the steeringpoint is exactly the next waypoint.
If headingtoward the rst waypoint, this steeringpoint is

just that waypoint.

REPEA: The number of times the vehicle will traverse
throughthe setof waypoints,proceedingo the 1stwaypoint
after the nth waypointhasbeenhit.

NM_RADIUS: The non-monotoniaadiusis the captureradius
distancewithin which a detectionof increasingdistancego

the waypointis treatedas a waypoint arrival. As a rule of

thumb,a distanceof twice the arrival radiusis used(Fig. 4).

~
arrival_radius > N

arrival_radius arrival_radius ’

(@ ®)

Fig. 4. (a) a successfulvaypointarrival by achiezing proximity lessthan
the captureradius. (b) a missedwaypoint likely resultingin the vehicle
looping back to try again. (c) a missedwaypoint but capture declared
arnyway whenthe distanceto thewaypointbeginsto increaseandthe vehicle
is within the non-monotoniaadius

B. The Loiter Behavior

This behaior is used for transiting to and repeatedly
traversing a set of waypoints forming a corvex polygon.
Typically the polygonis a hexagonforming a desiredloiter
region. Measuresaredescribedelav to ensurethis behaior
robustly handlesdynamicexit and re-entry modeswhen or
if the vehicle divergesfrom the loiter region dueto external

180

Fig. 5. The objectve function producedby the waypoint behaior is
de ned over possibleheadingandspeedralues Hereis anobjective function
favoring maneuers to a waypoint 135 degreesfrom the current vehicle
position and favoring speedscloser to the mid-rangeof capablevehicle
speedsHigher speedsare representedartherradially out from the center

events. And it is dynamically recon gurable to allow a
missioncontrol moduleto repeatedlyreassigrthe vehicleto
differentloiter regions by using a single persisteninstance
of the behaior. The following parametersare de ned for
this behaior in additionto the generalbehaior parameters
describedpreviously:

POLYGON: A list of X,y pairsindicatingpointsin 2D space.
Units arein in metersand mustdescribea corvex polygon;
As analternatve to listing a sequencef points,a orbit-style
polygon can be given by four valuesthe x andy position,
the radius,and the numberof pointson the polygon.
SPEED: Seethe waypointbehaior.

CAPTURERADIUS: Seethe waypointbehaior.

CLOoCKWISE: If “true”, thebehaior will in uence thevehicle
in a clockwisedirection aroundthe polygon.

NM_RADIUS: Seethe waypointbehaior.

ACQUIREDIST: Distancebetweenthe vehicle and polygon
that will trigger the behaior into acquire mode. Concerns
both the caseswvhenthe vehicleis inside aswell asoutside
the polygon;the re-acquirealgorithmsare differenthowever.

When the behaior is active, it is in either one of two
modes;the acquire mode or normal mode. In the normal
modeit is merely proceedingto the next waypoint on the
polygon. In the acquire mode, each iteration begins by
determininga polygonre-entryvertex, to minimizetheangle
to the following waypoint. The acquirepoint dependn the
chosendirectionof polygontraversal,asshowvn in Figure6.

CLOCKWISE = TRUE

CLOCKWISE = FALSE

Fig.6. Intheacquire mode,the polygonpointsareevaluatedfor suitability
in terms of a smoothentry trajectory Only the “viewable” points, those
viewable if the polygon were an opaqueobject and the viewer were at
the currentvehicle location, are contendersThe contendersare rated on
the follow-on anglegiven the desiredclockwiseor counterclockwiseloiter
direction. Larger follow-on anglesare preferredas showvn.

When in the acquire mode and outside the polygon,
the chosenvertex is the one most tangentialin either the
clockwise or counterclockwise direction as shovn in the
gure. When the vehicle is inside the polygon, the chosen



vertex is the onewhich formsthe mostobtuseanglebetween
the currentvehicle position, the vertex, and the follow-on
vertex. Unlike the casewhenoutsidethe polygon,the chosen
vertex changesas the vehicle makes progressback to the
polygonperimeter The effect is for the vehicleto spiral out
to the perimeterfor the smoothestre-entry into a normal
loitering path (SeeFig. 11).

The circumstancenostcommonfor triggeringthe acquire
modeis theinitial assignmento the vehicleto loiter ata new
givenregion in the X,Y plane.This assignmentould occur
while the vehicle happengo alreadybe within the polygon
for a numberof reasonsFurthermorethe vehicle could be
driven off the polygonloiter trajectorydueto ervironmental
(wind or current)forcesor thetemporarydominanceof other
vehicle behaiors suchas collision avoidanceor tracking of
anothervehicle.Oncethe behaior entersthe acquiremode,
it remainsin this mode until arriving at the rst waypoint
(de ned by the arrival and non-monotonicradii settings),
and switchesto normal mode until the acquiremodeis re-
triggeredor the behaior run conditionsare no longer met.

C. The Memory-Trn-Limit Behavior

The objectve of the Memory-Turn-Limit behaior is to
avoid vehicle turns that may cross back on its own path
and risk damageto the towed array Its con guration is
determinedby the two parametersdescribedbelovy which
combineto seta vehicleturn radiuslimit. However, it is not
strictly describedby a limited turn radius;it storesa time-
stampedhistory of recentrecordecheadingsand maintainsa
headingavelage, andformsits objectve functionon arange
deviation from that average.This behaior merely expresses
a preferencdor a particularheading.If otherbehaiors also
have a heading preference,coordination/compromisevill
take placethroughthe multi-objective optimizationprocess.
The following parametersre de ned for this behaior:

MEMORY _TIME: The durationof time for which the heading
history is maintainedand headingaveragecalculated.

TURN_RANGE: The rangeof headingvaluesdeviating from
the current headingaverageoutside of which the behaior
re ects sharppenaltyin its objective function.

The headinghistory is maintainedocally in the behaior
by storing the currently obsered headingand keeping a
gueueof n recentheadingswithin the MEMORY _TIME thresh-
old. The headingaveragecalculationbelov handlegheissue
of anglewrapin asetof n headingshp ::: h,; 1 whereeach
headingis in the range[0; 359]

headingavg = atanZs;c) ¢180=%4

wheres andc aregiven by:

w1
c= cos(hx¥#180)):
k=0

g 1
s= sin (hx¥#180));
k=0
The vehicleturn radiusr is not explicitly a parametenof the
behaior, but is given by:

r = v=((u=180)4;

wherev is the vehiclespeedandu is the turn rate given by:

U = TURN_.RANGE=MEMORY _TIME:

Thesameturn radiusis possiblewith differentpairsof values
for TURN_RANGE and MEMORY _TIME. However, larger values
of TURN.RANGE allow sharperinitial turns but temperthe
turn rate after the initial sharperturn hasbeenachieved.

D. The Go-To-DepthBehavior

This behaior will drive the vehicle to a sequenceof
speci ed depthsand duration at each depth. The duration
re ects the time at depth after achievzing that depth. The
behaior examinesthe current vehicle depth and declares
the target depth achieved if it is within the delta given
by cAPTUREDELTA. The behaior also storesthe recorded
depth from the prior behaior iteration, and if the tamet
depth is betweenthe prior depth and current depth, the
depthis consideredo be achieved regardlessof whetherthe
currentdepthis within the CAPTUREDELTA. The following
parametersre de ned for this behaior:

DEPTH: A list of depth-duratiorpairs. The durationapplies
from the time the depthis rst achieved.

REPEA: The number of times the vehicle will traverse
throughthe evolution of depths.The default valueis zero.

CAPTUREDELTA: The depthdifferencebetweencurrentand
tamget depthrequiredto declarea target depthachieved.

E. The Periodic-Speedehavior

This behaior will periodicallyin uence the speedof the
vehiclewhile remainingneutralat othertimes. The timing is
speci ed by a given periodlengthin which the in uence is
on, anda gap length specifyingthe time betweenperiods.It
wasconcevedfor useonan AUV equippedwith anacoustic
modem to periodically slov the vehicle to reduce self-
noise and reduce communicationdif culty . The following
parameterare de ned for this behaior:

PERIODLENGTH: Perioddurationduring which the behaior
producesan objective function over the desiredspeed.

PERIODGAP: Time durationin secondshetweenperiods.
PERIOD.SPEED: The desiredspeedin meters/second.
PERIOD.PEAKWIDTH: Thewidth of the peakin meters/second
in the speedobjective function. SeeFig. 7.

PERIODBASEWIDTH: Thewidth of thebasejn meters/second
in the speedobjective function. SeeFig. 7.

VI. EXPERIMENTAL RESULTS

Theresultsreportedin the sectionarefrom eld exercises
in Monterey Bay in August2006. The tow platform for the
seriesof experimentsdescribedwasan MIT 21 inch diam-
eter 158 inch-long AUV custombuilt by Blue n Robotics
in CambridgeMass(Fig. 8). The vehicle possessed single
ductedthrustercapableof propelling the vehicle and array
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Fig. 7. In (a)thepreferencas afor aparticularspeedandaslighttolerance
in eitherdirection.In (b) the preferencaes for a particularrangeof speeds
with a slight toleranceeitherway.

at betterthan 3 knots. The navigation systemof the vehicle
consistedf a GPSrecever (for surface x es),aLeicadigital
3-axis uxgate compass,Crossbav Attitude and Heading
ReferenceSystem(AHRS), and bottom-lockingRDI- Tele-
dyne WorkhorseNavigator 300 kHz Doppler Velocity Log
(DVL). Dead-reckning was achieved by fusing the above
sensorinputsvia a proprietaryBlue n algorithm.

A

Fig.8. TheMIT 21-inchBlue n autonomousindervatervehiclemodi ed
to tow a vectorsensorarray The insetphotoshows a severetwist incurred
on the array after vehicle calibration runs in the rst few days of eld
exercises.Vehicle control during the calibration runs was not conducted
usingthe autonomyarchitecturedescribechere,andseveral sharp(lessthan
40 meterradius)turnswere performedon the vehiclethatlik ely contributed
to thetwist shavn hereandseveral others.Theinsetphotowasshotthe day
prior to the main photo which re ects the repairto the array twist with a
cast-like patchhalfway down in the photo.No suchseveretwists or minor
twists were obsened when the autonomymethodsreportedin this paper
were used.Photosfrom Monteregy Bay exercisesAugust2006.

The prototypearray discussecherewas designedo sup-
port a speedrangefrom 0 to approximately4 knots. Zero
speedoperationwhereinthe array oats up behindthe vehi-
cle (which may be bottomed),invites the possibility of low-
power detectionmodesand extendedenduranceThe partic-
ular VSA testedin MB'06 consistedof 47 metersof light-
weighttow cablewith integral optical ber communications,
an 8 metervibration isolation module (VIM), 30 metersof
acousticarray and 15 metersof stability-enhancinglrogue.
SeeFigs.8 and9. In engineeringhearrayandits mechanical
interfaceto the Blue n 21 vehicle, particular attentionwas
payedto the issueof stability, which is typically poor for
low-tension(low-drag/lav-speed)systemsof this type. Such
instabilities are well known to be speeddependentand, in
this case dictatedthe selectionof arraymaterialsin addition

to a restrictedmaneuering envelopefor the AUV.

Drogue (15m)
Vehicle
Connector VIM( 8m)
Tow Cable (46m) Acoustic Module (30m)

Fig. 9. The vector sensorarray is roughly 100 metersin total length
composedf four sectiondeadingout from the AUV: a 47 metertow cable
section,an 8 metervibration isolationmodule,a 30 meteracousticmodule,
anda 15 meterdrogueat the end.

Thetow cablesectionof the VSA wascomposedin part,
of a thin steeltube surroundingber optic datacables.This
arraysectionwasthoughtto bevulnerableto damagef twists
or kinks were to occur during operation.We report here
two deploymentsusing the MOOS-IvP autonomymodule.
Resultsfrom deploymentsare describedn Figs. 10 and 11.

VIlI. CONCLUSION

This paperhasinvestigatedthe problemof controlling an
autonomousundervater vehicle towing a 100-metervector
sensofarray We describedh novel methodof behaior-based
controlusingmulti-objective optimizationanda novel setof
vehiclebehaiors thatweredemonstrateth eld exerciseso
effectively control an AUV underdifferent missioncircum-
stancever hoursof operation.This paperalsoprovides,to
our knowledge,the rst ever demonstratiorof sucha system
on a physical marine platform. Furtherresearchis ongoing
to explore the robustnessof this methodin more comple
navigation scenariospoth in simulationand on the water
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Fig. 10. Monteregy Bay experimentswith MIT 21-inchBlue n AUV towing a vectorsensorarray In (a) the AUV hascompletedits spiral out to shavn
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recevesa nev commandto redeply to anabortpoint. In (f) the vehicle approacheshe abortpoint and surfaces.The depthand speedof the vehicleare
plotted on the bottom versustime with the six framesin (a) thru (f) marked accordingly
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Fig. 11. Monterey Bay experimentswith MIT 21-inchBlue n AUV towing a vectorsensorarray In (a) the vehicle hasbeendeployed to a loiter region
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mins andthe contactis now openingrangeto the vehicle. The messagéo abortthe missionandreturnto a commandedibortpoint is imminent. The abort
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