
1

A Training SimulationSystemwith RealisticAutonomousShip Control

Monica Nicolescu,RyanLeigh, Adam Olenderski, Lt. RyanAleson(Retd.)

SushilLouis, Sergiu Dascalu, Ancient PathsMusement

Chris Miles, JuanQuiroz, info@ancientpathsmusement.com

University of Nevada,Reno

1664N. Virginia St. MS 171

Reno,NV, 89523

monica|leigh|olenderski|sushil|

dascalus|miles|quiroz@cse.unr.edu

Abstract

In this paperwe presenta computationalapproachto developingeffective training systemsfor virtual simulation

environments.In particular, we focus on a Naval simulation system,used for training of conning of�cers. The

currentlyexisting training solutionsrequiremultiple expert personnelto control eachvesselin a training scenario,or

arecumbersometo useby a singleinstructor. The inability of currenttechnologyto provide anautomatedmechanism

for competitive realisticboatbehaviors thuscompromisesthegoalof �e xible, anytime,anywheretraining.In thispaper

we proposeanapproachthat reducesthe time andeffort requiredfor trainingof conningof�cers, by integratingnovel

approachesto autonomouscontrolwithin a simulationenvironment.Our solutionis to develop intelligent,autonomous

controllers that drive the behavior of eachboat. To increasethe system's ef�ciency we provide a mechanismfor

creatingsuchcontrollers,from the demonstrationof a navigation expert, using a simple programminginterface.In

addition, our approachdealswith two signi�cant and relatedchallenges:the realismof behaviorexhibited by the

automatedboatsand their real-timeresponseto changes in the environment.In this paper, we describethe control

architecturewe developedthat enablesthe real-timeresponseof boatsand the repertoireof realistic behaviors we

designedfor thisapplication.Wealsopresentourapproachfor facilitatingtheautomaticauthoringof trainingscenarios

andwe demonstratethe capabilitiesof our systemwith experimentalresults.

I . INTRODUCTION

Virtual simulationenvironmentsprovideagoodapplicationareabothfor entertainmentandfor serioussimulations

suchasthoseusedin training.In this paper, we focuson anapplicationfor trainingconningof®cersandwe describe

our approachto creatinga robustandeffective trainingsystem.Thegoalof this training is to teachconningof®cers

how to drive big ships in the context of high-traf®c, potentially dangeroussituations.Developing an appropriate

training systemposessigni®cantchallenges,which will be addressedin this paper.

A signi®cantproblemwith current training solutionsis the reducedef�ciency of the systems,in termsof the

personnelrequiredfor running them, and thus their cost. Currently, a typical training scenariofollows scripted

procedures,with pre-plannedevents,and are performedin low-densityenvironments.The latter constraintis due
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to the fact that eachboathasto be manuallycontrolledby a subjectmaterexpert (SME) in ship navigation. This

resultsin two typesof trainingstrategies:i) multiple SMEsplay the part of eachof the traf®c boatsin thescenario

(Figure 1), and ii) a single SME controls between10-20 ships simultaneously, using a systemsuch as the one

shown in Figure 2. Theseapproachesare both expensive, due to the numberof SME involved, and tedious,due

to the complexity of the boat control that the SMEs have to deal with. In this paper, we proposean approachto

reducingthe time and effort requiredfor this training, by automatingthe behavior of the boatsin the simulation

(other than the ship driven by the studentof®cer). The new approachallows for �e xible training scenarios,with

varieddecisionpoints,andwith heavy densityenvironments.

a) Multiple SMEscontrol traf®c boats b) Traineeof®cer with headmounteddisplay

Fig. 1. Current,expensive approachto training.

Fig. 2. Current,complex approachto training.

Taking inspirationfrom the ®eld of autonomousrobotics,we developeda Controller Authoring Tool (CAT) that

enablesthe developmentof intelligent, autonomouscontrollers.Each controller drives the behavior of a single

boat,which throughautomationallows for scenarioswith signi®cantly larger numberof boats.For this work, we

assumethata setof primitive behaviors (e.g.,avoidance, maintainingstation, etc.)areavailableasbasicnavigation
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capabilities,and the authoringtool allows the constructionof controllersfor complex tasksfrom theseunderlying

behaviors. With CAT, a trainerexpert cancreatenew training scenarios,which could be run with minimal support,

due to the fact that all the boatsin the scenarioare now underautonomouscontrol (Figure 3). Thus,our system

eliminatesthe necessityof having large numberof personnelfor a singlestudent's training, signi®cantlyreducing

the costsinvolved.

Fig. 3. Proposedsolution to training: autonomousboatcontrol andsimple interface.

Developingthe basisnavigationbehaviors for CAT posestwo main challenges.A ®rst challengeis the readiness

of responseof theautomatedboatswhenfacingchangingsituationsasa resultof a trainee's or otherboats'actions.

This requiresthat the autonomousboat controllersbe able to act in real-time,while continuingthe executionof

the assignedtasks.To achieve this goal we useBehavior-BasedControl (BBC) (Arkin 1998),a paradigmthat has

beensuccessfullyusedin robotics.BBC is an effective approachto robot and autonomousagentcontrol due to

its modularity and robust real-timeproperties.While BBC constitutesan excellent basisfor our chosendomain,

developing behavior-basedsystemsrequiressigni®canteffort on the part of the designer. Thus, automatingthe

processof controller designbecomesof key importance.In our work, the instructor usesthe authoringtool to

createchallengingtraining scenariosfor the studentconningof®cers,for a fastandef®cient transferof knowledge

from the expert to the automatedcontrol system.

A secondchallengeis the realismof the behaviorexhibited by the autonomousboatsinvolved in the simulation.

This is due to the fact that any behavior that departsfrom standardboat navigation techniqueswould have a

detrimentalimpacton thestudents'trainingexperience.This requirementimposesnew constraintson how theboats'

underlyingbehaviors are implemented,in contrastwith typical behavior-basedsystemsin which the modality of

achieving the desiredgoalsis not necessarilyimportant.To implementrealisticnavigation capabilitieswe acquired

expert knowledgeof ship navigation (JohnV. Noel 1988),which we encodedwithin a behavior-basedframework.
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The implementationof thegameengineandthegraphicsdisplayarealsomain componentsof the entiresystem,

but they are outsidethe scopeof this paper. The work presentedhere,a part of a larger scaleproject, focuseson

the aspectsrelatedto autonomousboatcontrol.

The remainderof the paperis structuredas follows: SectionII describesrelatedapproachesto our work and

SectionIII describesour simulationenvironment.SectionIV presentsour behavior andcontrollerrepresentationand

SectionV presentsour behavior repertoire.SectionVI describesthe conceptof controller triggersandSectionVII

describesthe detailsof our authoringapproach.We presentour experimentalresultsin SectionVIII andconclude

with a summaryof the proposedapproachin SectionIX.

I I . RELATED WORK

Simulationsystemsfor traininghave receivedsigni®cantinterestin recentyears.Representative examplesinclude

�ight simulators(Tambe,Johnson,Jones,Koss,Laird, Rosenbloom& Schwamb 1995, van Lent & Laird 1999,

Pearson,Huffman, Willis, Laird & Jones1993) and battle®eldsimulators(Calder, Smith, Courtemarche,Mar &

Ceranowicz 1993,PhongsakPrasithsangaree& Lewis 2004).In contrastwith the above approaches,the systemwe

proposein this paperprovidesan authoringmechanismto facilitatethe developmentof autonomouscontrollersfor

the agentsinvolved in the simulation.Our approachis inspiredby the programmingby demonstration or learning

from apprenticeshipparadigm,in which systemslearn from observinghumanexpert behavior. This methodhas

beenemployed in a wide rangeof domains,suchas intelligent software systems(Lieberman2001a, Lieberman

2001b, Lieberman& Shearin2001),VLSI design(Mitchel, Mahadevan& Steinberg 2005),physics(Shavlik 1985),

agent-basedarchitectures(Angros 2000),and robotics(Schaal1997,Dautenhahn& Nehaniv 2002,Abbeel & Ng

2005).

In the mobile roboticsdomain,which provided the inspiration for our system,successfulapproachesthat rely

on learning from demonstrationhave shown learning of reactive policies (Hayes& Demiris 1994), trajectories

(Gaussier, Moga, Banquet& Quoy 1998),or high-level representationsof sequentialtasks(Nicolescu& Mataríc

2003).Theseapproachesemploy a teacher following strategy, in which therobot learnerfollows a humanor a robot

teacher. Our work is similar to that of (Aleotti, Caselli & Reggiani 2004,Onda,Suehiro& Kitagaki 2002,Ogata

& Takahashi1994), who perform the demonstrationin a simulated,virtual environment.Furthermore,our work

relatesto teleoperation,a very directapproachfor teachingby demonstration.Teleoperationcanbeperformedusing

data gloves (Voyles & Khosla 2001) or multiple DOFs trackballs(Kaiser & Dillmann 1996). Thesetechniques

enablerobotsto learn motion trajectories(Delson& West 1996) or manipulationtasks(e.g., (Yang,Xu & Chen

1993)).Using such“lead-through”teachingapproaches(Todd 1986)requiresthat the demonstrationbe performed

by a skilled teacher, as the performanceof the teacherin demonstratingthe task has a great in�uence on the

learnedcapabilities.Anotherdif®culty thatmayarisein teleoperationis that the trainingmaybeperformedthrough

instrumentsthat aredifferent thanwhat the humanoperatorwould usein accomplishingthe task. In addition, the

actualmanipulationof the robot may in�uence the accuracy of the demonstration.Within the scopeof this work,

we proposethe useof an interfaceas a tool for learningnew training scenariosfrom an expert's demonstration.
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This interfaceis signi®cantlyoptimizedfrom that currentlyusedby thenavy expertsduring their trainingexercises

andallows the transferof expert knowledgethroughstandardcomputerinput devices.

I I I . SIMULATION ENVIRONMENT

For this work, we developeda 3D simulationenvironment,calledLagoon(Figure3), which allows for simulating

awide rangeof boats,from smallcigaretteboatsto mediumships,suchassailboats,to largeships,suchasdestroyers

and aircraft carriers.All boatshave realistic physics,which the controllerstake into accountwhen autonomously

driving the ships.Within this architecture,eachboat can be controlledvia the Authoring or the Executionpanel

(Figure3, right sideof screen).Whenanentity is selected,thepanelandits associatedbehaviors refer to thatentity.

Whenever a new entity is selected,thebehavior informationfor thatnew entity is displayed.Theboatsareequipped

with 7 primitive behaviors, eachof which hasan associatedcontrol panel(SectionV): approach, maintainstation,

ram, move to, avoidentity, avoid land and�r e. The top level of the Authoringpaneldisplaysinformationaboutthe

selectedentity: name,currentspeedandcourse,desiredspeedandcourse,andposition.The lower sectiondisplays

informationaboutthe target ship (whenapplicable- SectionV): name,speed,heading,position,rangeandbearing

to target. The bottomsectionof the Authoring panelprovidesmanualcontrolsfor actuatingthe selectedentity, as

an alternative to behaviors.

IV. BEHAVIOR-BASED CONTROL ARCHITECTURE

Behavior-basedcontrol (BBC) (Arkin 1998) has becomeone of the most popular approachesto embedded

systemcontrolboth in researchandin practicalapplications.Behavior-basedsystems(BBS) employ a collectionof

concurrentlyexecutingprocesses,which take input from the sensorsor otherbehaviors, andsendcommandsto the

actuators.Theseprocesses,calledbehaviors, representtime-extendedactionsthataim to achieve or maintaincertain

goals,andarethekey building blocksfor intelligent,morecomplex behavior. In this paperwe usea schema-based

representationof behaviors, similar to that describedin (Arkin 1987).This choiceis essentialfor the purposeof

our work, since it provides a continuousencodingof behavioral responsesand a uniform output in the form of

vectorsgeneratedusinga potential®elds approach.

Fig. 4. Exampleof a behavior network. Behaviors are

representedasovals, triggersasrectangles.

For the controller representationwe use an extensionof the

standardBehavior-BasedSystemswe developed,which provides

a simple and natural way of representingcomplex tasks and

sequencesof behaviors in the form of networks of behaviors.

In a behavior network, the links betweenbehaviors represent

precondition-postconditiondependencies,which allow for encod-

ing andexecutionof sequencedtasks.Thesequencingof behaviors

can be encodedusing threedifferent typesof precondition-postconditionlinks: permanent, enablingandordering

(Nicolescu& Mataríc 2002).
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Eachlink type correspondsto a different time interval during which a predecessorbehavior's goalsshouldbe

achieved, with respectto activating the successorbehavior. In addition, the activation of a behavior can also be

regulatedby conditionsthat are independentof the behaviors' goals.Theseconditionsare encodedas triggers,

andcanbe dynamicallycreatedduring authoringof new controllers(SectionVI). Figure4 shows an exampleof a

behavior network, which describesthe following activity: upon®ring the Start scenariotrigger, the controlledboat

approachesBoatA; as soonas the distancebetweenthe controlledboat andBoatB is smallerthana threshold(as

monitoredby the Distancetrigger), the boatmovesinto maintainingstationwith respectto BoatB; whenTrigger1

is setby the instructor, the boatmovesto a speci®clocation in the world.

In our architecture,the behaviors embedrepresentationsof a behavior's goalsin the form of abstractedenviron-

mentalstates,which arecontinuouslycomputedfrom the sensorydata.The statusof thesegoalsis communicated

throughthe postcondition� preconditionlinks betweenbehaviors. To decideweatherit shouldrun, eachbehavior

checksthe statusof the goalsfrom all predecessorbehaviors and the statusof its associatedtriggers.If all these

conditionsaremet,thebehavior startsits execution.With this representation,a tasksequenceis completelyspeci®ed

by the directedacyclic graphtasknetwork.

In our system,a controllercouldpotentiallyhave multiple concurrentlyrunningbehaviors.For suchsituations,we

usethe following actionselectionmechanism.Eachbehavior, including the avoid entity andavoid land behaviors,

computesa speedanda headingfor the actuators.If more thanonenon-avoidancebehavior is active at one time,

the speedand headingreturnedby eachactive behavior, representedas a vectors,are addedby vector addition.

The resultingspeedandheadingarepassedto the actuators.However, if oneof the avoidancebehaviors is active

along with other non-avoidancebehaviors, the vector from the avoidancebehavior is not fused with the other

behaviors' output. In such a case,the other behaviors' vectorsare summedand sent to the avoidancebehavior

as a “suggestion”. If the avoidancebehavior ®nds that the suggestedheadingand speeddo not createa risk of

collision, thenthebehavior will simply passthesuggestedvaluesdirectly to theactuators.If, on theotherhand,the

avoidancebehavior ®nds that the suggestedheadingandspeedwill causea collision, the avoid behavior will ®nd

an alternative headingand speedthat is as close to the suggestedvaluesas possiblewithout causinga collision.

Thesealternative valueswill thenbe passeddirectly to the actuators(SectionV-C).

If both avoidancebehaviors are active at the sametime asother behaviors, theneachavoidancebehavior (land

andentities)will ®nd an appropriateset of alternative valuesbasedon the sameset of suggestedvaluesfrom the

other behaviors. However, insteadof passingthesevaluesdirectly to the actuators,the outputsof the two avoid

behaviors will be fusedasdescribedabove. The resultwill thenbe passedto the actuators.

V. BEHAVIOR REPERTOIRE FOR REALISTIC NAVIGATION

A. Description

The most important skill necessaryfor our behavior repertoirerelatesto vesselnavigation, particularly where

realistic navigation is concerned.In the agents/roboticsdomain,what is most importantis to designbehaviors or

skills that achieve certaindesiredgoals for the task, with little regard on the modality in which thosegoalsare
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reached.For ship handlingand navigation, following the “rules of the road”' (JohnV. Noel 1988) is of utmost

importanceand imposessigni®cantconstraintson how the ship's basic capabilitiesare designed.An additional

constraintis that the level of granularityfor theseskills hasto be appropriateto allow for the typesof tasksthat

the boatswould needto perform.

Fig. 5. Behavior Panels:Approach,Maintain Station,Move To, Ram

Basedon the above requirements,we identi®eda setof corebehaviors, which cancover the entirespectrumof

requirednavigation tasks(the control panelsfor four of the behaviors areshown in Figure5):

� Maintain Station: This behavior encapsulatesa typical navigation maneuver, in which a maneuveringship

(suchasa destroyer) maintainsa certainstation(distanceandbearing)with respectto a referenceship (suchasan

aircraft carrier). This behavior takes ®ve parameters:1) the referenceship, 2) the way in which the maneuver is

to be performed:constantspeed,constantcourseor in a given amountof time, 3) the valuefor the maneuver (i.e.,

speed,courseor time), 4) the desiredstationingposition in termsof distanceand bearing,and 5) if the position

is relative or absolute.When executing this behavior, the maneuveringship gets into the requiredstation,after

which it continuesto track the referenceship's courseandspeed.If the referenceship changescourseor speed,the

behavior re-computesthe necessarycontrol commandsfor the maneuveringship, in order to maintainthe desired

station.

� Approach: This behavior is similar to the Maintain Stationbehavior and hasthe sameinput parameters.The

differenceis that the goal of this behavior is simply to get a maneuveringship to reacha certainstation(distance

andbearing)with respectto a referenceship, without maintainingthat stationafterward.

� Move To: The goal of this behavior is to get a maneuveringship to a speci®clocation in the world, in (X,

Y) coordinates.This behavior takesthreemain parameters:1) the way in which the maneuver is to be performed:

with a constantspeedor in a given amountof time; 2) the valuefor the maneuver (i.e., speedor time), and3) the

desired(X, Y) position.

� Ram: The goal of this behavior is to have a maneuveringship hit a target ship. This behavior takesthreemain

parameters:1) thetargetship,2) theway in which themaneuver is to beperformed:constantspeed,constantcourse
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or in a given amountof time, and 3) the value for the maneuver (i.e., speed,courseor time). This behavior uses

the sameprocedureasmaintainstation,with the distanceto target parameterset to zero.

� Fir e: The goal of this behavior is to direct the weapon®re from a maneuveringship to a target ship. The sole

parameterof this behavior is the ship toward which to direct the ®re.

� Avoid Entity: The goal of this behavior is to navigate a boat such that all collisions with other boatsare

avoided,in a mannerconsistentwith the standardnavigation rules (SectionV-C).

� Avoid Land: Thegoalof this behavior is to avoid collisionswith land,in a mannerconsistentwith thestandard

navigation rules (SectionV-D).

As previously mentioned,simply achieving the goalsof thesebehaviors is insuf®cient if the boatsdo not obey

the ship navigation rules. In addition, the large numberof rules in the navigation domainmakesvery challenging

the taskof implementingtheserulesin a simple,modularmanner. The following subsectionsdescribeour approach

to implementingthe main navigation rules into our behavior-basedsystem.

B. Navigation

On an actualship, the desiredcourseandspeedof a ship is computedusinga maneuveringboard, or moboard

(Figure6a)).This allows thecrew to obtainthecourseand/orspeedthat theshipshouldtake to get into thedesired

positionwith respectto anotherboat.

a) Standardmaneuvering board b) Maneuvering boardin Cartesiancoordinates

Fig. 6. Maneuvering BoardRepresentations

Whenusingthemoboard,themaneuveringship is placedat thecenterof theboard,andthe location,courseand

speedof thereferenceshipareplottedwith respectto thecenter. With this diagram,thethreemodesof maneuvering

canbe performed:1) constantspeed(courseandtime to completionarecomputed),2) constantcourse(speedand

time to completionarecomputed)and3) given time (courseandspeedarecomputed).This representationis very

useful for manualcomputation,suchas that performedby a humanoperator. For our purpose,we representthe
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problem as the relative motion of two objectsin Cartesiancoordinates,assumingthat both ships maintain their

speedandcourseduring the maneuver, asshown in Figure6 b), where:

� S0, S1 - positionof the referenceship at the beginning andendof the maneuver

� M 0, M 1 - positionof the maneuveringship at the beginning andendof the maneuver

� R0, R1 - displacementbetweenthe two shipsat the beginning andendof the maneuver

� dr - displacementof the referenceship over the courseof the maneuver

� dm - displacementof the maneuveringship over the courseof the maneuver

� ~i m - unit vector representingthe directionof the maneuveringship

� ~vm - velocity vectorof the maneuveringship

� ~i r - unit vector representingthe directionof the referenceship

� ~vr - velocity vectorof the referenceship

� t - time to completethe maneuver

The equationof motion for the maneuveringandreferenceshipsis:

~i r jj~vr jj t = ~D + ~i m jj~vm jj t (1)

where ~D is the relative motion vector ( ~R0 � ~R1). In Equation1, two of the threevariablesjj~vm jj , ~i m or t are

unknown, correspondingto the threepossibletypesof maneuvers.From Equation1 we can ®nd the solutionsto

the differentmaneuvers,as follows:

1) Constant speed. Keepingjj~vm jj constant,we computethecourse(~i m ) andthetime to completion(t), by solving

the systemof two equationsthat resultsfrom projectingEquation1 onto the (X, Y) coordinates.

2) Constant course.Keepingthe course(~i m ) constant,we computethe speed(jj~vm jj ) andthe time to completion

(t), by solving the systemof two equationsthat resultsfrom projectingEquation1 onto the (X, Y) coordinates.

3) Constant time. Keepingt constant,we computethe course(~i m ) and speed(jj~vm jj ), by solving the systemof

two equationsthat resultsfrom projectingEquation1 onto the (X, Y) coordinates.

Due to the fact that the simulatedshipshave realisticphysics,we usea PD (proportionalderivative) controller

to slow down the shipsas they approachtheir goal destination.The speedsentto the actuatorsis computedwith

the formula:

vmF inal = vm + K pDif f Speed+ K d � D if f Accel (2)

where vm is the speedcomputedfrom Equation1, K p and K d are proportionaland respectively derivative

constantsandD if f SpeedandD if f Accel are the differencein speedandaccelerationbetweenthe maneuvering

ship and the referenceship.

All four navigation behaviors, approach, maintain station,move to and ram, usethe above equations,parame-

terizedto ®t their requirements.
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C. Entity Avoidance

In typical robot/agent-basedcontrollers,theroleof theobstacleavoidancebehavior is simply to avoid all obstacles.

In mostcasesthis is achieved by turning left whenthereis an obstacleto the right or by turning right whenthere

is an obstacleto the left. To accuratelymimic the actionsof a humandriving a ship, several importantconstraints

apply.

Fig. 7. ObstacleAvoidance

The most important navigation rule for avoidance is that a

humanlooks aheadin time to determinewhetherhe will hit an

obstacle,behavior which cannotbe achieved by a purely reactive

controller. We implementsuchlooking aheadcapabilitiesinto our

avoidancebehavior, asexplainednext.

For the obstacleavoidancebehavior, each ship in the world

(other than the avoiding ship) is representedby an ellipse that is

centeredabout that ship's centerof mass,rotatedsuch that the

major axis of the ellipseis parallel to that ship's heading,andwhosemajor andminor radii areproportionalto the

lengthandwidth of the ship, respectively (Figure7). The avoiding ship is representedsimply asa point. Sincethe

speedandheadingof the avoidanceship aswell as the speedsandheadingsof all other shipsareknown (in real

life, this informationcan be obtainedthroughpassive sensing),we can look forward in time to ®nd the positions

of the shipsat somepoint in the future, assumingthat their speedor direction doesnot change.Along with this

information,we canalsoobtaintheequationsof theships' correspondingellipses.A collision is predictedto occur

whenthe point representingthe own ship falls onto the ellipserepresentinganothership,or, to put it anotherway,

when the (x,y) point representingthe own ship satis®esthe equationof one of the avoidanceellipses.Basedon

this information,the avoidancebehavior ®nds whethera collision is imminent,the time to collision, anda revised

speedor headingfor the own ship that will avoid collisionswith otherships.

The(x; y) positionof any shipin timecanbeexpressedasapairof parametricequations,with timeasaparameter.

An ellipsecanbeuniquelydescribedby its centerpoint, its minor andmajorradii, andits orientation.For any given

ship, we can safely assumethat the radii will remainconstant,as they are proportionalto the dimensionsof the

ship,which areconstant.Furthermore,we assumethat the orientationof an avoidanceellipsewill remainconstant

in the future, sinceshipsusually do not changeheadingwithout reason.If one of theseassumptionsturns out to

be false,suchaswhena ship is turning, the avoidanceellipseis recalculatedbasedon the mostrecentvalues.The

centerpoint of the ellipse,like the point representingthe own ship, canbe calculatedfor somepoint in the future

using the ship's currentheading,position,andspeedas in Equation3:

h = vt � t � cos�t + x0t

k = vt � t � sin� t + y0t

(3)

whereh is the x coordinateof the ellipse's center, k is the y coordinateof the ellipse's center, vt is target ship's

velocity, t is the amountof time to look into the future, � t is the target's heading,x0t is the x coordinateof the
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target's currentposition (x coordinateof currentellipsecenter),andy0t is the y coordinateof the target's current

position (y coordinateof currentellipsecenter).

The equationof a boat's avoidanceellipse (centeredat (h; k) androtatedby � t ) is given by equation4 below:

(( x m � h ) � cos� t +( ym � k ) � sin� t )2

a2 + (( ym � k ) � cos� t � (x m � h ) � sin� t )2

b2 = 1 (4)

wherexm , ym , h, k, and� t arethesameasabove, a is the major radiusof the ellipse,andb is theminor radius

of the ellipse.

We can ®nd out if a point will fall on an ellipse by settingthe xm and ym valuesrepresentingthe position of

the pointson the ellipseto the equationsfor the (x; y) positionof the own ship andsolving for time. The result is

a quadraticequationin t, with x0m , y0m , vm , vt , � t , h, k, a, b asknown parameters:

g(t) = q2t2 + q1t + q0 = 0 (5)

Basedon the possiblesolutionsof Equation5, the following casesoccur:

1) If both solutionsare imaginary (negative discriminant),then therewill be no intersectionat any time between

the point and the ellipse,indicatingno risk of collision.

2) If bothsolutionsare equal(discriminantequalto 0), thenthereis only onepoint of intersectionwith theellipse,

meaningthat the own ship is traveling tangentiallyto the avoidanceellipseof the ship to be avoided.In this case,

there is no dangerof the ships themselves colliding, as the own ship never makes its way inside the avoidance

ellipseof the othership.

3) If the discriminantis positive, thereare threepossiblecases:i) If both solutionsarepositive, the own ship will

intersectthe avoidanceellipse twice: onceto enterthe ellipseandoncemore to exit it (in this case,someevasive

actionmustbetakento avoid a collision); ii) if bothsolutionsarenegative, thereis no risk of a collision (intuitively,

this would meanthat therewas an intersectionat somepoint in the past,but there is no dangerin the future);

and iii) if one solution is negative and one solution is positive, then the own ship has intersectedthe avoidance

ellipseoncein the past,andwill intersectit oncemore in the future (this indicatesthat the own ship is within the

avoidanceellipse of the other ship, and must take immediateand drasticevasive maneuvers to avoid a collision

and leave the avoidanceellipse.)

If evasive action must be taken, the following optionsare considered.If the own ship is within the avoidance

ellipseof anothership, this is seenasan emergency situationand the own ship will try to move behindandaway

from theothership asquickly aspossible.If, however, thedangerof collision is suf®ciently far away in the future,

theobstacleavoidancebehavior canmake smalleradjustmentsto theheadingor speedof theown ship to eliminate

the dangerof colliding with the other ship. To achieve this, the obstacleavoidancebehavior computesa heading

and/orspeedthat resultsin a zerodiscriminantfor Equation5 (case2 above), resultingin a quadraticequationin

vm , with x0m , y0m , x0t , y0t , vt , � t , a, b asknown parameters.Navigation rules favor a changespeedratherthan

heading,thus the behavior ®rst attemptsto ®nd a new speedthat satis®esthe constraint:
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f (vm ) = r2v2
m + r1vm + r0 = 0 (6)

If the equationhastwo valid solutions(speedsarepositive andlessthanor equalto the maximumspeedof the

ship), the behavior returnsthe highestspeed.If only one solution is a valid speed,that speedis used.If neither

solution is valid, thenthe headingmustbe changedto avoid a collision. To ®nd a valid heading,the behavior ®rst

®nds whetherthe collision would still be imminent if the own ship turned®ve degreesto the left. If not, then the

behavior continuesto testpotentialheadings,in incrementsof ®ve degrees,until it ®ndsonethatavoidsa collision,

at which point it usesthe sameprocessto ®nd a correspondingheadingto the right of the currentheading.This

resultsin two headings(one to the right, and one to the left) that avoid a collision. The headingclosestto the

currentheadingis the onepassedto the actuators.

The solutionto avoid oneship could potentiallygeneratecollisionswith others.Our approachusesa mechanism

to dealwith avoiding multiple ships,asfollows: for everyshipon a collision coursewith theown ship,theavoidance

behavior puts in a list all the valid speedsand headingsthat will avoid that ship. After all the shipshave been

analyzedandthe list is built, the behavior iteratesthroughthe list andeliminatesthe routesthat collide with other

ships.The only elementsremainingin the list will be the speedsor headingsthat avoid collisions with all the

othershipsin the simulation.Sincespeedchangestake priority over headingchanges,if thereis at leastonespeed

remainingin the list, that speedwill be passedto the actuatorwith the currentheading.If thereis more thanone

potentialspeedin the list, the highestspeedis passedto the actuators.If no speedchangesremainin the list, then

the potentialheadingthat is closestto the currentheadingis passedto the actuatorsalongwith the currentspeed.

D. Land Avoidance

To determinewhetheror not a ship is in dangerof colliding with land, theavoid land behavior usesthespeedof

theship,asindicatedin (JohnV. Noel 1988).This speedis to determinetheapproximatedistancethat the ship can

travel in four minutes,to checkif thereis any land within that distance,in all directionsfrom the ship. If no land

is presentin that area,thereis no land to avoid. However, if thereis land in front of the own ship, the behavior

computesa headingthat will take the ship away from land anda speedthat makes the nearestland be outsideof

the four minute range.To achieve this, the behavior usesthe distanceandbearingto the nearestland in the front

180-degree®eld of view. The new speedis calculatedto be that distancedivided by four minutes,to ensurethat

the nearestland will lie outsideof the four minute range.The new headingis calculatedto be that bearingplus

or minus 90 degrees,whichever is closer to the currentheading.This ensuresthat insteadof continuingto head

toward land,gettingslower andslower until theship groundsitself, theshipwill turn parallelto the land,following

its contouruntil thereis no more land to avoid or until the land avoidancebehavior is turnedoff.

VI . TRIGGERS

Triggersareusedto encodein abehavior network controllerimportantsituationsin thetrainingscenario.Typically,

they areusedwith the purposeof changinga boat's behavior whenthat situationoccurs.
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Fig. 8. Trigger typesandpanel.

During thecontrollerauthoringstage,the trigger informationis

recordedin the behavior-basedcontroller, as a trigger condition,

as describedin SectionIV. Triggerscan be createdthrough the

triggerspanelof our interface,shown in Figure8. The following

typesof triggersare available: distancebetweenentities, entities

within a certain range, hull strength of a particular ship, or an

arbitrary instructor �a g. The panelallows the userto specify the

parametersfor eachtrigger, suchas,for example,the entitiesbe-

tweenwhich thedistanceis to bemonitored.Thenameandcurrent

value(updatedevery tick) of all createdtriggersis displayedon the

triggerspanelmain window. Triggerscan be created,monitored,

or deletedat any time during eitherauthoringor execution.

All triggers,with the exceptionof the instructor �a g triggers,do not requireuserinput (i.e., settingthe trigger)

during execution.For these,the true or false value of the trigger is automaticallycomputedfrom the parameter

information.In contrast,an instructor �a g trigger requiresuserinput both during authoringandexecution.Sucha

trigger usually representsan event whoseoccurrencethe instructorwants to specify himself, suchas the start of

a scenario.At executionstage,this trigger will be set by the instructorat the appropriatetime when the students

arefully preparedto begin the exercise.The instructor�ag triggersareparticularlyimportantfor thenaval training

application,as they allow the instructorto activatespeci®cstagesof the scenarioat the time that will provide the

besttraining experiencefor the students.

During authoring,triggersare set by clicking the Critical Juncturebutton. With the exceptionof the instructor

�a gs, all other triggerswill recordas parametersthe correspondingvaluescomputedat the time when the button

waspressed.During execution,the instructor �a gs aresetby selectingthe check-boxnext to the desired�ag and

clicking the Critical Juncturebutton.

The set of triggerscan easily be extendedto captureadditionaleventshappeningduring a task execution.This

can be achieved in two ways: by introducingnew typesof triggers(doneby the systemdesigner)or by creating

arbitrary triggersusing the instructor �a gs (doneby the user).

VI I . CONTROLLER AUTHORING APPROACH

To createnew controllersfor aparticularboat,theinstructorusestheAuthoringpanelof theControlPanelinterface

(Figure 3) to start or stop the relevant behaviors (Figure 5). While the behaviors are executed,the authoringtool

continuouslymonitorsthestatusof thebehaviors' postconditions.To build thecontrollerwe addto thenetwork task

representationaninstanceof all behaviorswhosepostconditionshavebeendetectedastrueduringthedemonstration,

in the order of their occurrence.At the end of the teachingexperience,the intervals of time when the effects of

eachof the behaviors were true are known, and are usedto determineif theseeffectswere active in overlapping

intervalsor in sequence.Basedon theabove information,thealgorithmgeneratesproperdependency links between
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behaviors (i.e., permanent,enablingor ordering). This learningprocessis describedin more detail in (Nicolescu

& Mataríc 2001),with applicationto the mobile robot domain.

The processfor authoringa controllerproceedsas follows:

1) The userstartsthe authoringby pressingthe Record button.

2) If any triggersareneeded,theuser®rst createsall thetriggersto beusedduringthatsession.While a scenario

is being recorded,if the userwishesto indicatechangesin behavior basedon someparticularevent in the

world, he/shenavigatesto thetriggerspanel,clicks on thecheck-boxnext to theappropriatetriggerto indicate

its relevance,clicks the Critical Juncturebutton, and thenstartsthe desiredbehavior.

3) To starta behavior, the userselectsthe appropriatebehavior panel,selectsits parametersandclicks the Start

button. At this time, the button's label changesto Stop, which the usercanpressto indicatethe endof that

behavior. Theuseractivatesandde-activatesbehaviors in sequencesuchasto follow thestepsof thecontroller

task.

4) The userendsthe authoringprocessby pressingthe Savebutton.

During playbackof the samescenario,the systemwill monitor the stateof all triggers.When the stateof the

executiontrigger approachesthat of the user-createdtrigger, the systemswitchesthe boat's behavior accordingto

the demonstration.With respectto the avoidancebehaviors, the systemwill run the controller as was indicated

during authoring: if no avoidancebehaviors were included, the correspondingboat has a potential for collision

eitherwith land or otherboats.

VI I I . EXPERIMENTAL RESULTS

In this section we describethe performanceof our systemduring behavior performancetesting and during

controllerauthoring,andalsopresent®eld resultsfrom theuseof our systemin realnavy training.This experimental

validationdemonstratesthe main capabilitiesof our system:autonomouscontrol of multiple boats,complianceto

navigation standardsandauthoringof complex controllers.

A. BehaviorPerformance

The behaviors that involved the underlyingnavigation capability (approach, maintainstation, ram, andmove to

have beenthoroughly testedthroughoutthe experimentslisted below. Their performancecorrectly and faithfully

demonstratedcomplianceto the rulesof ship navigation.

We successfullytestedavoid entitiesin numeroussituations,including the following: 1) moving own-ship from

onesideof stationary/moving target ship to the otherside,2) moving own-shipfrom oneendof stationary/moving

target ship to otherend,3) moving own-shipfrom onesideof two stationary/moving shipswhoseellipsesoverlap

to the othersideand4) moving own-shipfrom onesideof a crowdedgroupof moving andstationaryshipsto the

otherside.Theserepresentthemostprobablesituationsto beencounteredby a boatin high-traf®c areas.Currently,

the systemcan run up to 80 shipswith both avoidanceand navigation behaviors in real time. This performance

providesa realismof behavior that enablesan effective learningexperiencefor the trainees.

October9, 2007 DRAFT



15

Fig. 9. Behavior performanceevaluation:Destroyer maintainsstationwith respectto aircraftcarrier;V-formationavoidsbig shipswhile moving

west.

We successfullytestedthe avoid land behavior in the following representative situations:1) moving own-ship

from point far away from land to point nearland, 2) moving own-ship from point nearland to point fartheraway

from land,3) moving own-shipto a point within a land mass(triggeredavoidanceanddid not move onto land),4)

moving own-ship to a point on the othersideof a land mass.

By attachingMaintain stationbehaviors to severalboats,in a layoutsuchasrequiredby a formation,we enabled

autonomousgroupbehavior, for largenumberof boats.Currently, we canorganizeany numberof boats(asallowed

by the computationalpower of the computer)in the following formations:line, row, and V-formation. The boats

involved in a group maintain their assignedformation while performing other tasks,such as moving to a new

location, or approachinga target. While performing thesemaneuvers, the group avoids obstacles,keeping the

formationtogether. Figure9 shows a groupof 5 boatsin V-formation, moving to the left of a destroyer andaircraft

carrier, while performingobstacleavoidance.The bottom ®gure shows the formation regroupedafter avoidance.

The boatscandynamicallyswitch betweenformations.

B. Controller Authoring

We have performeda large numberof authoringexperimentswith differentscenarios,with all controllersbeing

learnedcorrectly. Below we givedetaileddescriptionof two examples,which arerelevantfor thetrainingof conning

of®cers.

Scenario1: sneakattack (Figure10). After a ScenarioStart trigger, a small boatmovesinto positionwith respect

to big ship #1, then maintainsstationwith respectto it, suchthat it is hiddenfrom view from ship #2. Big ship

#2 navigatesin oppositedirection from ship #1 in a channel.When a Distancetrigger1 betweenthe ship #1 and

ship #2 ®res, the small boat switchesto maintainingstation aheadof ship #2. When a secondDistancetrigger

betweenthe small boat and ship #2 ®res, the small boat switchesto ramming ship #2. The network controller,
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a) Diagramof tasksequence

b) Network controller for scenario1

Fig. 10. Scenariodiagramandcontrollernetwork for scenario1.

shown in Figure 10 b), representsall thesesuccessive stages,with the appropriatebehaviors being activatedby

properpreconditionlinks andtriggerconditions.Figure11 shows two snapshotsfrom theexecutionof thescenario,

with a cigaretteboat,a containership (Ship #1) anda destroyer (Ship #2).

This describesthe executionof the sneakattackduring training. However, how did the network controlling the

behavior of thesmall boatcomeabout?Below we describetheauthoringof this network by providing step-by-step

detailson the scenario's authoringby an instructor.

1) Using the mousemenu,createthreeships.

2) Positionandorient shipsasdescribedabove andshown in Figures10 and 11.

3) Mouseselectthe small boatwhosenetwork is beingauthored.

4) Pressthe red start-recordbutton on the behavior network authoringpanel.

5) Createthreetriggers.

a) Createthreedistancetriggersusing the trigger creationpanel.Trigger #2 betweenship #2 and small

boatand trigger #3 alsobetweenship #2 andsmall boat.

b) CreateScenariostart trigger.

6) Commandship #1 to move towardsthe harborentrance.

7) Commandship #2 to move towardsin-harborports.

8) Commandsmall boat to maintainstationwith respectto ship #1. At this stageall threevesselsaremoving.

9) Fire trigger #2 when ship #2 approacheswithin 150 yardsof the small boat.Trigger #2's thresholdis now
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Fig. 11. Snapshotsof the task execution in a simulatedSanDiego harbor. Left: Small boat gets into position w.r.t. Ship1 (distancesto big

boatsareshown with yellow lines). Right: View from the perspective of the small boat.

recordedas150.

10) Commandsmall boat to maintainstation 100 yards aheadof ship #2, causingthe boat to begin swinging

out from behindship #1 andtowardsthe bow of ship #2 (our target). This maintainstationbehavior and its

parameterswill now be associatedwith trigger #2 andwill activatewhentrigger #2 ®res during execution.

11) Fire trigger #3 whenthe small boat is within 150 yardsof ship #2 recordingtrigger #3's thresholdas150.

12) Commandsmall boat to ram ship #2. This ram behavior and its parametersare thenassociatedwith trigger

#3 andwill activatewhentrigger #3 ®res during execution.

13) Pressthe save button on the behavior network authoringpanel.

Oncesaved to a ®le, the constructedbehavior network canbe usedfor sneakattacksin SanDiego. It may alsobe

usedin other contexts and scenariosalthough,as with any program,some“debugging” and ®ne tuning (suchas

changingdistancetrigger thresholds)may needto be done.

Scenario 2: zig-zag attack (Figure 10). After a ScenarioStart trigger, a small boat moves into position with

respectto a big ship, then maintainsdistantstationsouth-eastof ship; on Trigger 1 (from SME), the small boat

changesto maintainingstationnorth-eastof big ship;upona Querytrigger from thebig ship, thesmall boatmoves

to maintainingstationnorth-westof big ship; at Trigger 2 (from SME), the small boat approachesthe big ship

at the eastand then rams it. The network controller for this scenario,shown in Figure 12, encapsulatesall the

above stages:the threesuccessive stepsof maintainingstationwith respectto the big ship, followed by approach

andram. The ®rst four behaviors have correspondingtriggersthat enabletheir activation, basedon the conditions

demonstratedduring authoring.

During training of navy of®cers,the learnedbehavior network controllersare assignedto speci®cboats,which

will navigateautonomouslyunderthe control of the behavior network. Using the CAT interface,the instructorhas

alsotheopportunityto adjustvariablesof thecontrollerduringtheexecutionof thescenario,providing anadditional
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a) Diagramof tasksequence

b) Network controller for scenario2

Fig. 12. Scenariodiagramandcontrollernetwork for scenario2.

level of �e xibility for training.

The impact of our systemto the of®cer training experiencehas multiple levels. First, it allows for increased

scenariocomplexity, in that our solutioncanhandleup to 80 simultaneouslyrunningboats,relieving the instructor

from controlling themby hand.This numberis currentlyachieved by parallelizingthe control of the entitiesin the

simulation.Second,our systemprovidesimproved adaptabilityfrom the scriptedscenarios,by allowing �e xibility

in task execution,while exhibiting realistic behavior, consistentwith the navigation rules of the road. Third, by

automatingthe navigation of the boats in the simulation, we allow for larger studentto instructor ratios, thus

increasingthe ef®ciency of training.

C. Field Results

Currently, this systemhasbeendeployed at the SurfaceWarfareOf®cer's School(SWOS) in RhodeIsland,and

is usedin conjunctionwith the existing control interfaceon the Full Mission Bridge Simulator(FMB). The FMB

is a mock-upof a real ship bridge, locatedin the centerof a cylindrical projectionwall, on which the graphics
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imageis projectedin 360 degrees.The bridge is equippedwith realistic consolesand instrumentation,which the

navy of®cer studentsusefor realistic training.

To date,the following scenarioshave beentested:

� Scenario 1: testing the performanceof the Controller Authoring Tool by having an expert drive a destroyer

(DDG51) in an openoceanscenario,while maneuvering to try to escapefrom a CAT-controlledcigaretteboatthat

was maintainingstationwith respectto the DDG51. The expert could not lose the cigaretteboat,which also did

not crashinto any otherboat in the scenariodespitethe expert's efforts to make it do so.

� Scenario 2: studentspracticed“shouldering” with a Navy RHIB in a port transit escort scenario.Because

CAT-controlledboatsavoid otherentitieswhile carryingout their majorobjective (in this case,maintainingstation),

when the escortingNavy RHIB comesclose to the maintainingcigaretteboat, the RHIB essentiallynudges(or

shoulders)thecigaretteboataway (without actualcontact).The cigaretteboatthencomesbackto maintainstation.

This behavior canonly be obtainedwith CAT controlledboatsandincreasedthe realismof the simulation.SWOS

was impressedwith this emergentbehavior.

� Scenarios3 thr ough 5 aretacticalscenarios,onein openoceanandtwo in littoral waters.Eachof thesethree

scenarioshadbetween21 to 40 vesselsmost of which followed ®xed paths.Simulationof®cersonly controlleda

small subset,betweentwo and®ve, of thesevesselsat any onetime during a training. In the openoceanscenario,

althoughtherearemorethantwentyvessels,they arefar apartandthusrelatively easyto avoid. Thereis no land to

avoid either. We werealsoableto implementformationsduringlong transitsthatmoveboatsandshipsinto position.

CAT maintainstheseboatsin formation while approachingtheir targets.Formationswork simply. A designated

lead boat is asked to approacha ship, the rest of the boatsin the formation maintainstationwith respectto the

lead boat giving the impressionof a formation.Oncethe boatsin formation comewithin a thresholddistanceof

their targets,they split andmaneuver asseparateentitiesrunningdifferentbehaviors.

According to our subjectmatterexpert, the openoceanscenariohasbeenthe mostsuccessful,sinceour behavior

basedcontrollershandleopenoceanavoidancebest.Therewerestill somecollision problemsin tight maneuvering

situationsassociatedwith littoral waters.The level of workloadin this scenariohasbeenreducedthroughspreading

out tasks.Currently, the hardestaspectof controlling scenariosis the weapons,but this is due to the integration

with the existing training system.

Without behavior basedcontrollers,SWOS was restrictedsincethe simulationof®cersfound it dif®cult to control

more than four vesselssimultaneously. Adding behavior basedcontrollersallowed experimentationwith adding

more boatsto the scenarios.Initially, we could control more boatsbut our graphicswere lagging with low frame

rates.Sinceour goalswas to start running thesescenarioswith more boats,we have now improved the graphics

frame rate and optimizedthe controllersin order to be able to control up to eighty (80) entitieswith acceptable

framerates.

In termsof net workloadsavings, sincewe have to control AI andweaponsseparately, SWOS addedan instructor

for thesetests.Soneitherinstructorhasto work ashard,but to datetheresultshave beenimprovedscenariorealism

andcomplexity andnot manpower savings.Bettersystemsintegrationwith existing systemsat SWOS will address
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this issue.

Regardingtherealismof behavior of theCAT-controlledboats,oneof thestudentgroupswasaskedafter training

if they noticedanything peculiaraboutboatsin thescenario.Theanswerfrom theentiregroupwasthat“We thought

the boatsbehaved realistically”.

IX. CONCLUSION

In this paperwepresentedanapproachto ef®cientandrealisticdesignof seriousgamesimulators,with application

to ship navigation.The goal of this systemis to provide the infrastructureneededto train conningof®cersto drive

big shipsin thecontext of high-traf®c, potentiallydangeroussituations.Developingsucha systemposessigni®cant

challengesandin this paperwe presentedan integratedsolutionto threeof themajor requirementsfor a successful

trainingsimulator:1) theef�ciency of thetrainingsystem, 2) thereadinessof responseof theboatsand3) therealism

of thebehaviorof theautomatedboatcontrollers.To addressthesechallengeswe developeda Controller Authoring

Tool thatenablesthedevelopmentof intelligent,autonomouscontrollersthatdrive thebehavior of a largenumberof

boats.This eliminatesthenecessityof having largenumberof personnelfor a singlestudent's training,signi®cantly

reducingthecostsinvolved.We developeda Behavior-BasedControlarchitecturethatprovidesresponsiveautomated

controllers,andwe incorporatedexpert ship navigation knowledgeto provide realisticbehavior for the automated

boats.To demonstrateour approach,we presentedexperimentalresultsdescribingthe main capabilitiesof our

system.
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