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Abstract— Game envir onments provide a good domain for
serioussimulations suchas thoseusedin training Navy conning
of�cers. Curr ently, a typical training scenariorequiresmultiple
personnel to play each of the boats and thus is expensive. We
propose an approach to addressing this issue by developing
intelligent, autonomous controllers for each boat. Signi�cant
challenges toward achieving these goals are the realism of
behavior exhibited by the automated boats and their real-
time responseto change. In this paper we describe a control
architecture that enablesthe real-time responseof boats and
the repertoire of realistic behaviors we developed for this
application. We demonstratethe capabilities of our systemwith
experimental results.

Keywords: Training Games

I . INTRODUCTION

Virtual/gameenvironmentsprovideagoodapplicationarea
both for entertainmentand for serious simulations such
as those used in training. In this paper we focus on an
application for training conning of�cers and we describe
our approachto creating a robust and effective training
system. The goal for such systemsis to teach conning
of�cers to drive big ships in the context of high-traf�c,
potentially dangeroussituations.Developing sucha system
posessigni�cant challengesandin this paperwe will present
an integratedsolutionto threeof the major requirementsfor
a successfultraining simulator.

A �rst challengeis theef�ciency of the training system, in
termsof the personnelrequiredfor runningthe system,and
thus its cost. Currently, a typical training scenariorequires
multiple personnelto play the part of each of the traf�c
boatsandis thusexpensiveanddif�cult to coordinate.In this
paperwe proposeanapproachto reducingthetime andeffort
requiredfor this training by automatingthe behavior of the
boatsin thesimulation(otherthantheshipdrivenby thestu-
dentof�cer). Takinginspirationfrom the�eld of autonomous
robotics and we developedan authoring tool that enables
the developmentof intelligent, autonomouscontrollersthat
drive the behavior of a large numberof boats.We assume
that a set of primitive behaviors (e.g., avoidance, maintain
station, etc.) are available as basic navigation capabilities,
andthe authoringtool allows the constructionof controllers
for complex tasksfrom theseunderlyingbehaviors.With this,
our systemeliminatesthe necessityof having large number
of personnelfor a single student's training, signi�cantly
reducingthe costsinvolved.

A secondchallengeis the readinessof responseof the
automatedboatswhenfacingchangingsituationsasa result
of a trainee's or other boats' actions.This requiresthat the
controllersbe able to act in real-time,while continuingthe
execution of the assignedtasks. To achieve this goal we
will use Behavior-Based Control (BBC) [1], a paradigm
that has been successfullyused in robotics. BBC is an
effective approachto robot and autonomousagentcontrol
due to its modularityandrobust real-timeproperties.While
BBC constitutesan excellent basisfor our chosendomain,
developingbehavior-basedsystemsrequiressigni�cant effort
on the part of the designer. Thus,automatingthe processof
controller design,as our authoringmechanismwill allow,
becomesof key importance.In our work, the instructoruses
the authoring tool to createchallengingscenariosfor the
studentconning of�cers, allowing for a fast and ef�cient
transfer of knowledge from the expert to our automated
system.

Thethird challengeis therealismof thebehaviorexhibited
by the autonomousboatsinvolved in the simulation,due to
the fact that any behavior that departsfrom standardboat
navigationtechniqueswouldhaveadetrimentalimpactonthe
students'trainingexperience.Thus,this requirementimposes
new constraintson how the boats' underlyingbehaviors are
implemented,in contrastwith typicalbehavior-basedsystems
in which almostany behavior thatachievesthedesiredgoals
is good.To implementtheserealisticcapabilitieswe acquired
expertknowledgeof shipnavigation[2] andwe encodedthis
informationwithin a behavior-basedframework.

The implementationof the gameengineandthe graphics
display are also main componentsof the entire system,but
they areoutsidethe scopeof this paper. The work presented
here,a part of a larger scaleproject,focuseson the aspects
relatedto autonomousboatcontrol,aspreviously described.

The remainder of the paper is structured as follows:
Section II describesrelated approachesto our work and
SectionIII describesour simulationenvironment.SectionIV
presentsour behavior andcontrollerrepresentationandSec-
tion V presentsour behavior repertoire.SectionsVI andVII
describethe details of our authoring tool. We presentour
experimentalresults in Section VIII and concludewith a
summaryof the proposedapproachin SectionIX.



I I . RELATED WORK

Simulationsystemsfor training have received signi�cant
interest in recent years. Representative examples include
�ight simulators[3] and battle�eld simulators[4]. In con-
trast with the above approaches,the system we propose
in this paperprovides an authoringmechanismto facilitate
the developmentof autonomouscontrollers for the agents
involved in the simulation.Our approachis inspiredby the
programmingby demonstration paradigm,which has been
employed in a wide range of domains, from intelligent
software systems[5] , to agent-basedarchitectures[6], to
robotics[7]

In themobileroboticsdomain,which is the inspirationfor
our system,successfulapproachesthat rely on this method-
ology have demonstratedlearning of reactive policies [8],
trajectories[9], or high-level representationsof sequential
tasks [10]. Theseapproachesemploy a teacher following
strategy, in which the robot learner follows a humanor a
robot teacher. Our work is similar to that of [11] , who per-
form the demonstrationin a simulated,virtual environment.
Furthermore,our work relatesto teleoperation,a very direct
approachfor teachinga robot by demonstration.Teleoper-
ation can be performedusing data gloves [12] or multiple
DOFs trackballs [13]. These techniquesenable robots to
learn motion trajectories[14] or manipulationtasks (e.g.,
[15]). Using such “lead-through” teachingapproaches[16]
requiresthat the demonstrationbe performedby a skilled
teacher, as the performanceof the teacherin demonstrating
the task has a great in�uence on the learnedcapabilities.
Another dif�culty that may arise is that the teleoperation
may be performed through instrumentsthat are different
than what the humanoperatorwould use in accomplishing
the task. Also, the actual manipulationof the robot may
in�uence theaccuracy of thedemonstration.In contrastwith
theseapproaches,our work usesan interface,which allows
the transferof expert knowledgethroughstandardcomputer
input devices.

I I I . SIMULATION ENVIRONMENT

We usea 3D simulationenvironment,calledLagoon(Fig-
ure1), thatwasdevelopedby a larger teamat theUniversity
of Nevada,Reno.This environmentallows for simulatinga
wide rangeof boats,from small cigaretteboatsto medium
ships, such as sailboats,to large ships, such as destroyers
andaircraft carriers.All boatshave realisticphysics,which
thecontrollerstake into accountwhenautonomouslydriving
the ships.

Within this architecture,eachboat can be controlledvia
theAuthoringpanel(Figure1, right sideof screen).Whenan
entity is selectedthepanelandits associatedbehaviors refer
to thatentity. Whenevera new entity is selected,thebehavior
information for that new entity is displayed.There are 7
primitive behaviors, as describedin Section V: approach,
maintainstation, ram, move to, avoid entity, avoid land and
�r e. Thetop level of theAuthoringpaneldisplaysinformation
about the selectedentity: name,current speedand course,

Fig. 1. LagoonSimulationEnvironment

desiredspeedand course,and position. The lower section
displaysinformation aboutthe target ship (when applicable
- Section V): name, speed,heading,position, range and
bearingto target.The bottomsectionof the Authoring panel
providesmanualcontrolsfor actuatingtheselectedentity, as
an alternative to behaviors.

IV. BEHAVIOR-BASED CONTROL ARCHITECTURE

Behavior-basedcontrol (BBC) [1] has becomeone of
the most popular approachesto embeddedsystemcontrol
both in researchand in practical applications.Behavior-
basedsystems(BBS) employ a collection of concurrently
executing processes,which take input from the sensorsor
other behaviors, and sendcommandsto the actuators.The
inputs determinethe activation level of a process:whether
it is on or not, and in somesystemsby how much. These
processes,calledbehaviors, representtime-extendedactions
thataim to achieve or maintaincertaingoals,andarethekey
building blocks for intelligent, morecomplex behavior.

In this paper we use a schema-basedrepresentationof
behaviors, similar to that describedin [17]. This choice is
essentialfor the purposeof our work, since it provides a
continuousencodingof behavioral responsesanda uniform
output in the form of vectors generatedusing a potential
�elds approach.

For the controller representationwe usean extensionof
the standardBehavior-BasedSystemswe developed,which
providesa simple and naturalway of representingcomplex
tasksand sequencesof behaviors in the form of networks
of abstract behaviors. In a behavior network, the links
betweenbehaviors representprecondition-postconditionde-
pendencies,which canhave threedifferenttypes:permanent,
enabling and ordering. Thus, the activation of a behavior
is dependentnot only on its own preconditions(particular
environmental states), but also on the postconditionsof
its relevant predecessors(sequentialpreconditions). More
detailson this architecturecanbe found in [18].



Theabstract behaviors embedrepresentationsof a behav-
ior's goals in the form of abstractedenvironmentalstates,
whicharecontinuouslycomputedfrom thesensorydata.This
is a key featureof our architecture,anda critical aspectfor
learningfrom experience.In order to learn a task the robot
has to createa link betweenperception(observations)and
the robot's behaviors that would achieve the sameobserved
effects.

In our system,a controller could potentially have mul-
tiple concurrently running behaviors. For such situations,
our systemusesthe following action selectionmechanism.
Each behavior, including the avoid entity and avoid land
behaviors, computesa speedanda headingfor theactuators.
If more than one non-avoidancebehavior is active at one
time, thespeedandheadingreturnedby eachactivebehavior,
representedas a vectors,are addedby vectoraddition.The
resultingspeedandheadingarepassedto theactuators.How-
ever, if one of the avoidancebehaviors is active along with
othernon-avoidancebehaviors,thevectorfrom theavoidance
behavior is not fused with the other behaviors' output. In
suchacase,theotherbehaviors' vectorsaresummedandsent
to theavoidancebehavior asa “suggestion”. If theavoidance
behavior �nds that the suggestedheadingand speeddo not
createa risk of collision, thenthe behavior will simply pass
the suggestedvalues directly to the actuators.If, on the
other hand,the avoidancebehavior �nds that the suggested
headingandspeedwill causea collision, the avoid behavior
will �nd an alternative headingandspeedthat is ascloseto
the suggestedvaluesaspossiblewithout causinga collision.
Thesealternative valueswill then be passeddirectly to the
actuators.

If both avoidancebehaviors are active at the sametime
as other behaviors, then eachavoidancebehavior (land and
entities) will �nd an appropriateset of alternative values
basedon 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 passed
to the actuators.

V. BEHAVIOR REPERTOIRE

A. Description

Themostimportantskill necessaryfor our behavior reper-
toire relatesto vesselnavigation,particularlywhererealistic
navigation is concerned.In theagents/roboticsdomain,what
is mostimportantis to designbehaviors or skills thatachieve
certaindesiredgoalsfor the task, irrespective of how those
goals are reached.However, ship handling and navigation
have to obey the “rules of the road”' [2], thus imposing
signi�cant constraintson how the ship's basic capabilities
need to be designed.An additional constraint is that the
level of granularityfor theseskills hasto be appropriateto
allow for the types of tasksthat the boatswould perform.
As a result of theserequirements,the main behaviors that
we identi�ed asnecessaryare the following:

Fig. 2. Behavior Panels:Approach,Maintain Station,Move To, Ram

� Maintain Station: The goal of this behavior is to make
a maneuveringship (suchasa destroyer) maintaina certain
station(distanceandbearing)with respectto a referenceship
(suchasanaircraftcarrier).Thereare� vemainparametersto
this behavior: 1) the referenceship,2) the way in which the
maneuver is to beperformed:constantspeed,constantcourse
or in a given amountof time; 3) the valuefor the maneuver
(i.e., speed,courseor time),4) thenew stationingpositionin
termsof distanceandbearing,and5) thetypeof station,i.e.,
if the location is relative or absolute.When executing this
behavior, themaneuveringshipgetsinto station,afterwhich
it continuesto track the referenceship's courseand speed.
If the referenceship changescourseor speed,the behavior
re-computesthenecessaryactionsfor the maneuveringship,
in order to maintainthe desiredstation.
� Approach: The goal of this behavior is to get a maneu-

vering ship to reacha certainstation(distanceandbearing)
with respect to a reference ship. This is similar to the
MaintainStationbehavior andhasthesameinputparameters,
the only differencebeing that in approach the maneuvering
ship will not maintainthe stationafter reachingit.
� Move To: The goal of this behavior is to get a maneu-

vering ship to a speci�c location, in (X, Y) coordinates,in
the world. This behavior takes three main parameters:1)
the way in which the maneuver is to be performed:with
a constantspeedor in a given amountof time; 2) the value
for the maneuver (i.e., speedor time), and 3) the new (X,
Y) position.
� Ram: Thegoalof this behavior is to have a maneuvering

ship hit a target ship. This behavior takesthreemainparam-
eters:1) the target ship, 2) the way in which the maneuver
is to be performed:constantspeed,constantcourseor in a
given amountof time, and 3) the value for the maneuver
(i.e., speed,courseor time).
� Fir e: Thegoalof thisbehavior is to directtheweapon�re

from a maneuveringshipto a target ship. Thesoleparameter



of this behavior is the ship toward which to direct the �re.
� Avoid Entity: The goal of this behavior is to navigatea

boatsuchthat all collisionswith otherboatsareavoided,in
a mannerconsistentwith the standardnavigation rules.
� Avoid Land: The goal of this behavior is to avoid

collisionswith land,in a mannerconsistentwith thestandard
navigation rules.

As previously mentioned,simply achieving the goals of
these behaviors is insuf�cient if the boats do not obey
the ship navigation rules. In addition, the large numberof
rules in the navigation domainmakes very challengingthe
task of implementingthem in a simple, modular manner.
The following subsectionsdescribethe approachwe took to
implementingthe main navigation rules into our behavior-
basedsystem.

B. Navigation

In the ship navigation domain,the courseandspeedof a
ship is computedusing a maneuveringboard, or moboard.
This allows the crew to obtain the courseand/orspeedthat
the ship should take to get into the desiredposition with
respectto anotherboat.

Fig. 3. Maneuvering Board

Themaneuveringship is placedat thecenterof theboard,
and the location,courseandspeedof the referenceship are
plottedwith respectto thecenter. With thisdiagram,thethree
modesof maneuveringcanbe performed:1) constantspeed
(courseand time to completionare computed),2) constant
course(speedandtime to completionarecomputed)and3)
giventime (courseandspeedarecomputed).Themoboardis
very useful for manualcomputation,suchasthat performed
on the ship. For our purpose,we representthe problemas
the relative motion of two objectsin Cartesiancoordinates,
assumingthatbothshipsmaintainthesamespeedandcourse
during the maneuver, asshown in Figure3, where:
� S0, S1 - position of the referenceship at the beginning

andendof the maneuver
� M 0, M 1 - position of the maneuveringship at the

beginning andendof the maneuver
� R0, R1 - displacementbetweenthe two ships at the

beginning andendof the maneuver
� dr - displacementof the referenceship over the course

of the maneuver
� dm - displacementof the maneuveringship over the

courseof the maneuver
� i m - unit vectorrepresentingthe directionof the maneu-

vering ship

� vm - velocity vectorof the maneuveringship
� i r - unit vectorrepresentingthedirectionof the reference

ship
� vr - velocity vectorof the referenceship
� t - time to completethe maneuver
Theequationof motionfor themaneuveringandreference

shipsis:

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

whereD is the relative motion vector (R0 � R1). From
Equation1 we can �nd the solutionsto the three typesof
maneuvers,as follows:
1) Constant speed. Keeping jjvm jj constant,we compute
the course(i m ) and the time to completion(t), by solving
the system of two equationsthat results from projecting
Equation1 onto the (X, Y) coordinates.
2) Constant course.Keepingthe course(i m ) constant,we
computethe speed(jjvm jj and the time to completion(t),
by solving the systemof two equationsthat results from
projectingEquation1 onto the (X, Y) coordinates.
3) Constant time. Keeping t constant,we compute the
course(i m ) and speed(jjvm jj ), by solving the systemof
two equationsthat resultsfrom projectingEquation1 onto
the (X, Y) coordinates.

Due to the fact that the simulatedships have realistic
physics,we usea PD (proportionalderivative) controller to
slow down the shipsasthey approachtheir goal destination.
Thespeedsentto theactuatorsis computedwith theformula:

vr F inal = vr + K pDif f Speed+ K d � D if f Accel (2)

wherevr is thespeedcomputedfrom Equation1, K p and
K d areproportionalandrespectively derivativeconstantsand
D if f SpeedandD if f Accel arethedifferencein speedand
accelerationbetweenthemaneuveringshipandthereference
ship.

All four navigationbehaviors,approach, maintainstation,
move to andram, usethe above equations,parameterizedto
�t their requirements.

C. Entity Avoidance

In typical robot/agent-basedcontrollers, the role of the
obstacleavoidancebehavior is simply to avoid all obstacles.
In most casesthis is achieved by turning left when thereis
an obstacleto the right or by turning right when there is
an obstacleto the left. To accuratelymimic the actionsof a
humandriving a ship, several importantconstraintsapply.

Themostimportantnavigationrule for avoidanceis thata
humanlooks aheadin time to determinewhetherhe will hit
an obstacle,which cannotbe achieved by a purely reactive
controller. We implementsuchlookingaheadcapabilitiesinto
our avoidancebehavior, asexplainednext.

For theobstacleavoidancebehavior, eachshipin theworld
(otherthantheavoidingship)is representedby anellipsethat
is centeredabout that ship's center of mass,rotated such
that the major axis of the ellipse is parallel to that ship's



Fig. 4. ObstacleAvoidance

heading,and whosemajor and minor radii are proportional
to the length andwidth of the ship, respectively (Figure4).
Theavoiding ship is representedsimply asa point. Sincethe
speedandheadingof theavoidanceshipaswell asthespeeds
and headingsof all other shipsare known (in real life, this
informationcanbeobtainedthroughpassivesensing),wecan
look forwardin time to �nd thepositionsof theshipsat some
point in the future, assumingthat their speedor direction
doesnot change.Along with this information, we can also
obtain the equationsof the ships' correspondingellipses.A
collision is predictedto occur when the point representing
theown ship falls onto the ellipserepresentinganothership,
or, to put it anotherway, when the (x,y) point representing
the own ship satis�es the equationof one of the avoidance
ellipses.Basedon this information, the avoidancebehavior
�nds whethera collision is imminent, the time to collision,
and a revised speedor headingfor the own ship that will
avoid collisionswith otherships.

The (x; y) position of any ship in time can be expressed
asa pair of parametricequations,with time asa parameter.
An ellipsecanbe uniquelydescribedby its centerpoint, its
minorandmajorradii, andits orientation.For any givenship,
we cansafelyassumethat the radii will remainconstant,as
they are proportionalto the dimensionsof the ship, which
areconstant.Furthermore,we assumethat the orientationof
anavoidanceellipsewill remainconstantin the future,since
shipsusually do not changeheadingwithout reason.If one
of theseassumptionsturns out to be false,suchas when a
ship is turning, the avoidanceellipse is recalculatedbased
on the most recentvalues.The centerpoint of the ellipse,
like the point representingthe own ship, can be calculated
for somepoint in the futureusingtheship's currentheading,
position,andspeedas in Equation3:

h = vt � t � cos�t + x0t

k = vt � t � sin� t + y0t
(3)

where h 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 thex coordinateof the target's
currentposition (x coordinateof currentellipsecenter),and
y0t 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 are the sameas above, a is

the major radiusof the ellipse,andb is the minor radiusof
the ellipse.

We can�nd out if a point will fall on anellipseby setting
thexm andym valuesrepresentingthepositionof thepoints
on the ellipse to the equationsfor the (x; y) position of the
own ship and solving for time. The result is a quadratic
equationin t:

g(t; x0m ; y0m ; vm ; vt ; � t ; h; k; a; b) = 0 (5)

Basedon the two solutionsof Equation5, the following
casesoccur:
1) If both solutionsare imaginary (negative discriminant),
then there will be no intersectionat any time betweenthe
point and the ellipse, indicatingno risk of collision.
2) If both solutions are equal (discriminant equal to 0),
then thereis only onepoint of intersectionwith the ellipse,
meaningthat the own ship is traveling tangentially to the
avoidanceellipse of the ship to be avoided. In this case,
thereis no dangerof the shipsthemselvescolliding, as the
own ship never makes its way inside the avoidanceellipse
of the othership.
3) If the discriminant is positive, there are three possible
cases:i) If both solutions are positive, the own ship will
intersecttheavoidanceellipsetwice: onceto entertheellipse
and oncemore to exit it (in this case,someevasive action
must be taken to avoid a collision); ii) if both solutionsare
negative,thereis no risk of a collision (intuitively, this would
meanthattherewasanintersectionat somepoint in thepast,
but thereis no dangerin the future); andiii) if onesolution
is negative and one solution is positive, then the own ship
has intersectedthe avoidanceellipse once in the past,and
will intersectit oncemore in the future (this indicatesthat
theown shipis within theavoidanceellipseof theothership,
and must take immediateand drasticevasive maneuvers to
avoid a collision and leave the avoidanceellipse.)

If evasive actionmustbe taken, the following optionsare
considered.If the own ship is within the avoidanceellipse
of anothership, this is seenas an emergency situationand
the own ship will try to move behind and away from the
othership asquickly aspossible.If, however, the dangerof
collision is suf�ciently far away in the future, the obstacle
avoidance behavior can make smaller adjustmentsto the
headingor speedof the own ship to eliminate the danger
of colliding with theothership.To achieve this, theobstacle
avoidancebehavior computesa headingand/or speedthat
resultsin a zerodiscriminantfor Equation5, (case2 above).
Navigation rules favor a changespeedrather than heading,
thus the behavior �rst attemptsto �nd a new speedthat
satis�es the constraint:

f (x0m ; y0m ; x0t ; y0t ; vm ; vt ; � t ; a; b) = 0 (6)

This is a quadraticequationwith respectto speed,with
two solutions. If both solutions are valid speeds(positive
and less than or equal to the maximumspeedof the ship),
thebehavior returnsthehighestspeed.If only onesolutionis



a valid speed,that speedis used.If neithersolutionis valid,
thentheheadingmustbechangedto avoid acollision.To �nd
a valid heading,thebehavior �rst �nds whetherthecollision
would still be imminent if the own ship turned� ve degrees
to theleft. If not, thenthebehavior continuesto testpotential
headings,in incrementsof � ve degrees,until it �nds onethat
avoids a collision, at which point it usesthe sameprocess
to �nd a correspondingheadingto the right of the current
heading.This resultsin two headings(one to the right, and
oneto the left) that avoid a collision. The headingclosestto
the currentheadingis the onepassedto the actuators.

The solution to avoid oneship could potentiallygenerate
collisions with others.Our approachusesa mechanismto
deal with avoiding multiple ships, as follows: for every
ship on a collision coursewith the own ship, the avoidance
behavior puts in a list all the valid speedsandheadingsthat
will avoid that ship. After all the shipshave beenanalyzed
andthe list is built, thebehavior iteratesthroughthe list and
eliminatesthe routesthat collide with otherships.The only
elementsremainingin the list will be thespeedsor headings
thatavoid collisionswith all theothershipsin thesimulation.
Sincespeedchangestake priority over headingchanges,if
there is at leastone speedremainingin the list, that speed
will be passedto the actuatorwith the current heading.If
thereis morethanonepotentialspeedin the list, thehighest
speedis passedto the actuators.If no speedchangesremain
in the list, then the potential headingthat is closestto the
current headingis passedto the actuatorsalong with the
currentspeed.

D. Land Avoidance

To determine whether or not a ship is in danger of
groundingitself, the avoid land behavior usesthe speedof
the ship,asindicatedin [2]. The behavior usesthis speedto
determinetheapproximatedistancethattheshipcantravel in
four minutes.Next, it checksif thereis any land within that
distance,in all directionsfrom theship. If no land is present
in thatarea,thereis no landto avoid. However, if thereis land
in front of the own ship, the behavior computesa heading
thatwill take theshipaway from landanda speedthatmakes
the nearestland be outside of the four minute range.To
achieve this, the behavior usesthe distanceand bearingto
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
thatbearingplusor minus90 degrees,whichever is closerto
the currentheading.This ensuresthat insteadof continuing
to head toward land, getting slower and slower until the
ship groundsitself, the ship will turn parallel to the land,
following its contouruntil thereis no more land to avoid or
until the land avoidancebehavior is turnedoff.

VI . TRIGGERS

Triggersarea mechanismthat allows the userto indicate
important situations in the simulation, typically with the
purposeof changinga boat's behavior when that situation

occurs.A trigger is createdthrough the triggers panel of
our interface(Figure 5). We provide the following typesof
triggers:distancebetweenentities,entitieswithin a certain
range,hull strengthof a particularship,or an arbitrary �ag.
The panelallows the userto specifytheparametersfor each
trigger, suchas, for example,the entities in the simulation
betweenwhich the distanceis to be monitored.The name
andcurrentvalue(updatedevery tick) of all createdtriggers
is displayedon thetriggerspanelmainwindow. Triggerscan
be created,monitored,or deletedat any time during either
authoringor execution.

Fig. 5. Trigger typesandpanel

Thedistancebetweenentitiestriggeris includedfor conve-
nience,asit doesnot requireuserinput duringauthoringand
many maritimemaneuversdependon the distancesbetween
particular ships. However, for a more general event that
cannotbe describedin terms of the distancebetweentwo
entitiesor the damagetaken by a particularship, thereare
arbitrary �ag triggers as well. Thesework similarly to the
othertriggers,in that they areusercreatedandindicatewhen
a controllershouldchangebehavior. However, thesetriggers
arebinary �ags, meaningthat they canonly hold oneof two
values:true or false.Also, thesetriggersrequireuser input
not only during authoring,but alsoduring execution.A �ag
trigger usually representsan event that the userwill have to
specifyhimself,suchasthestartof a scenario.For example,
to adda �ag trigger to starta scenario,theuserwould create
a trigger named”Start Scenario” before authoring.While
recording, when the user is ready to begin the scenario,
he would navigate to the triggers panel, click the check-
box next to the ”Start Scenario” trigger, click the Critical
Juncturebutton, andchangethe behavior of the ship he/she
is controlling. This informs the systemthat that behavior
shouldonly be activatedafter the ”Start Scenario”�ag has
beenset.Then,whenthe controller is executed,it will wait
until the userexplicitly activatesthat �ag beforecontinuing.
This is doneby navigating to the triggerspanel,clicking the
check-boxnext to the desired�ag trigger, and clicking the
Critical Juncturebutton.



VII . AUTHORING

During authoring,theinstructorstartsor stopstherelevant
behaviors using the Control Panel interface. While these
behaviorsareexecuted,theauthoringtool continuouslymon-
itors thestatusof thebehaviors' postconditions.To build the
task representation(controller) we add to the network task
representationan instanceof all behaviors whosepostcondi-
tions have beendetectedas true during the demonstration,
in the order of their occurrence(on-line stage).At the end
of the teachingexperience,the intervals of time when the
effectsof eachof thebehaviors weretrueareknown, andare
usedto determineif theseeffectswereactive in overlapping
intervals or in sequence.Basedon the above information,
the algorithm generatesproper dependency links between
behaviors (i.e., permanent,enabling or ordering) (off-line
stage).This one-shotlearningprocessis describedin more
detail in [19]. Theonly differencein thework presentedhere
is that the constructionof the taskrepresentationswasdone
off-line.

While authoringa controller, if triggers are needed,the
user�rst createsall thetriggersto beusedduringthatsession.
While a scenariois being recorded,if the user wishes to
indicatechangesin behavior basedon someparticularevent
in the world, he/shenavigatesto the triggers panel, clicks
on the check-boxnext to the appropriatetrigger to indicate
its relevance,clicks the Critical Juncturebutton, and then
changesto thedesiredbehavior. Duringplaybackof thesame
scenario,the systemwill monitor the stateof this trigger.
Whenthestateof theexecutiontriggerapproachesthatof the
user-createdtrigger, the systemswitchesthe boat's behavior
accordingto the demonstration.

VI I I . EXPERIMENTAL RESULTS

In this sectionwe describetheperformanceof our system
during behavior performancetesting and during controller
authoring. This experimental validation demonstratesthe
maincapabilitiesof our system:autonomouscontrolof mul-
tiple boats,complianceto navigationstandardsandauthoring
of complex controllers.

A. BehaviorPerformance

The behaviors that involved the underlyingnavigation ca-
pability (approach, maintainstation, ram, andmove to have
beenthoroughlytestedthroughouttheexperimentslistedbe-
low. Their performancecorrectlyandfaithfully demonstrated
complianceto the rulesof ship navigation.

We successfullytestedavoid entities in numeroussitua-
tions,including thefollowing: 1) moving own-shipfrom one
side of stationary/moving target ship to the other side, 2)
moving own-ship from one end of stationary/moving target
ship to otherend,3) moving own-shipfrom onesideof two
stationary/moving shipswhoseellipsesoverlap to the other
side and 4) moving own-ship from one side of a crowded
groupof moving andstationaryshipsto theotherside.These
representthe mostprobablesituationsto be encounteredby
a boat in high-traf�c areas.

Fig. 6. Behavior performanceevaluation:Destroyer maintainsstationwith
respectto aircraft carrier;V-formationavoids big shipswhile moving west.

We successfullytested the avoid land behavior in the
following representativesituations:1) moving own-shipfrom
point far away from land to point nearland,2) moving own-
ship from point near land to point fartheraway from land,
3) moving own-shipto a point within a landmass(triggered
avoidanceanddid not move onto land),4) moving own-ship
to a point on the othersideof a land mass.

By attachingMaintain station behaviors to several boats,
in a layout such as required by a formation, we enabled
autonomousgroup behavior, for large number of boats.
Currently, we canorganizeany numberof boats(asallowed
by thecomputationalpowerof thecomputer)in thefollowing
formations:line, row, andV-formation. Theboatsinvolvedin
a groupmaintaintheir assignedformationwhile performing
othertasks,suchasmoving to anew location,or approaching
a target.While performingthesemaneuvers,thegroupavoids
obstacles,keeping the formation together. Figure 6 shows
a group of 5 boats in V-formation, moving to the left of
a destroyer and aircraft carrier, while performing obstacle
avoidance.Thebottom�gure shows theformationregrouped
after avoidance.The boatscandynamicallyswitch between
formations.



B. Controller Authoring

We have performeda large numberof authoringexperi-
ments(more than10 differentscenarios),with all scenarios
beinglearnedcorrectly. Below we list a few examples,which
aremost relevant for the training of conningof�cers.

1. ZigZag Attack : A small boat moves into position with
respectto a big ship, thenapproachesa groupthatmaintains
distantstationof thatship.Thegroupmovesin V-formation.
On a �ag trigger the small boatapproachesthe big boatand
maintainsstationuntil a secondtrigger goesoff. Next, the
small boat rejoins the boat group in the distance.When a
third �ag trigger goesoff, the small boat re-approachesthe
big boatandmaintainsclosestationto it. Whengettingwith
a given range(distancetrigger), the small boat moves into
positionbehindthe big ship andramsit.

2. Defend: A destroyer (escort)maintainsstationwith respect
to an aircraft carrier to be defended.A small cigaretteboat
approachesthe destroyer. When the cigaretteboat comes
within a buffer range of the aircraft carrier (e.g., 1000
yards)a distancetrigger is activated,afterwhich theescort's
behavior changesfrom maintain station on carrier to ram
cigaretteboat.

3. Attack-Distract Two boatstake turns distractingso one
or bothcanrama target.BoatA maintainsa positionin front
andslightly to the sideof the Target at a long range,asif it
wantsto beseenbut not considereda threat.BoatB startsto
the side of the target and slowly begins to collide with the
Target. OnceB is with in a certainrangehopefully gaining
the attentionof the Target, A startsa full-speedram. Once
A startsthe ram, B stopsits approachandbacksoff.

IX. CONCLUSION

In this paperwe presentedan approachto ef�cient and
realisticdesignof seriousgamesimulators,with application
to ship navigation. The goal of this systemis to provide
the infrastructureneededto train conning of�cers to drive
big shipsin thecontext of high-traf�c, potentiallydangerous
situations.Developingsucha systemposessigni�cant chal-
lengesandin this paperwe presentedan integratedsolution
to threeof the major requirementsfor a successfultraining
simulator: 1) the ef�ciency of the training system, 2) the
readinessof responseof the boats and 3) the realism of
the behaviorof the automatedboat controllers.To address
thesechallengeswe developedanauthoringtool thatenables
the developmentof intelligent, autonomouscontrollersthat
drive thebehavior of a largenumberof boats.Thiseliminates
the necessityof having large number of personnelfor a
single student's training, signi�cantly reducing the costs
involved.We developeda Behavior-BasedControl architec-
ture that providesresponsive automatedcontrollers,andwe
incorporatedexpert ship navigation knowledge to provide
realistic behavior for the automatedboats.To demonstrate
our approach,we presentedexperimentalresultsdescribing
the main capabilitiesof our system.
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