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Abstract— Game environments provide a good domain for
serioussimulations such asthoseusedin training Navy conning
of cers. Curr ently, a typical training scenariorequiresmultiple
personnelto play each of the boats and thus is expensve. 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.
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I. INTRODUCTION

Virtual/gameervironmentsprovide agoodapplicationarea
both for entertainmentand for serious simulations such
as those used in training. In this paperwe 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 shipsin the contt of high-trafc,
potentially dangeroussituations.Developing sucha system
posessigni cant challengesandin this paperwe will present
anintegratedsolutionto threeof the major requirementgor
a successfutraining simulator

A rst challenges the ef ciency of the training systemin
termsof the personnerequiredfor runningthe system,and
thusits cost. Currently a typical training scenariorequires
multiple personnelto play the part of each of the trafc
boatsandis thusexpensve anddif cult to coordinateln this
paperwe proposeanapproacho reducingthetime andeffort
requiredfor this training by automatingthe behaior of the
boatsin the simulation(otherthanthe ship driven by the stu-
dentof cer). Takinginspirationfrom the eld of autonomous
robotics and we developedan authoring tool that enables
the developmentof intelligent, autonomouscontrollersthat
drive the behaior of a large numberof boats.We assume
that a set of primitive behaiors (e.g., avoidance maintain
station etc.) are available as basic navigation capabilities,
andthe authoringtool allows the constructionof controllers
for complex tasksfrom theseunderlyingbehaiors. With this,
our systemeliminatesthe necessityof having large number
of personnelfor a single students training, signi cantly
reducingthe costsinvolved.
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A secondchallengeis the readinessof responseof the
automatedoatswhenfacing changingsituationsas a result
of a trainees or other boats' actions.This requiresthat the
controllersbe ableto actin real-time,while continuingthe
execution of the assignedtasks. To achieve this goal we
will use Behasior-Based Control (BBC) [1], a paradigm
that has been successfullyused in robotics. BBC is an
effective approachto robot and autonomousagentcontrol
dueto its modularity and robust real-time properties While
BBC constitutesan excellent basisfor our chosendomain,
developingbehaior-basedsystemgequiressigni cant effort
on the part of the designer Thus, automatingthe processof
controller design, as our authoring mechanismwill allow,
becomewf key importanceln our work, the instructoruses
the authoringtool to createchallengingscenariosfor the
studentconning of cers, allowing for a fast and ef cient
transfer of knowledge from the expert to our automated
system.

Thethird challengds therealismof the behaviorexhibited
by the autonomoushoatsinvolved in the simulation,due to
the fact that ary behaior that departsfrom standardboat
navigationtechniquesvould have adetrimentaimpactonthe
studentstrainingexperienceThus,this requirementmposes
new constraintson how the boats' underlyingbehaviors are
implementedin contrastwith typical behaior-basedsystems
in which almostarny behaior thatachievesthe desiredgoals
is good.To implementtheserealisticcapabilitieswe acquired
expertknowledgeof ship navigation[2] andwe encodedhis
informationwithin a behaior-basedframenork.

The implementationof the gameengineand the graphics
display are also main componentf the entire system,but
they areoutsidethe scopeof this paper The work presented
here,a part of a larger scaleproject,focuseson the aspects
relatedto autonomousoatcontrol, as previously described.

The remainderof the paper is structured as follows:
Section Il describesrelated approachego our work and
Sectionlll describeur simulationernvironment.SectionlV
presentour behaior and controllerrepresentatiomnd Sec-
tion V presentsour behavior repertoire.Sectionsvl andVII
describethe details of our authoringtool. We presentour
experimentalresultsin Section VIl and concludewith a
summaryof the proposedapproachin SectionlX.



Il. RELATED WORK

Simulationsystemsfor training have receved signi cant
interest in recent years. Representate examples include
ight simulators[3] and battle eld simulators[4]. In con-
trast with the above approachesthe systemwe propose
in this paperprovides an authoringmechanismnto facilitate
the developmentof autonomouscontrollersfor the agents
involved in the simulation.Our approachis inspiredby the
programming by demonstation paradigm,which has been
employed in a wide range of domains, from intelligent
software systems[5] , to agent-basedrchitectureg6], to
robotics[7]

In the mobile roboticsdomain,which is the inspirationfor
our system,successfubpproacheshat rely on this method-
ology have demonstratedearning of reactive policies [8],
trajectories[9], or high-level representation®f sequential
tasks [10]. Theseapproacheemploy a teader following
strat@y, in which the robot learnerfollows a humanor a
robotteacherOur work is similar to thatof [11] , who peF
form the demonstratiorin a simulated,virtual ervironment.
Furthermorepur work relatesto teleoperationa very direct
approachfor teachinga robot by demonstrationTeleoper
ation can be performedusing data gloves [12] or multiple
DOFs trackballs [13]. Thesetechniquesenable robots to
learn motion trajectories[14] or manipulationtasks (e.g.,
[15]). Using such “lead-through”teachingapproacheg16]
requiresthat the demonstrationbe performedby a skilled
teacherasthe performanceof the teacherin demonstrating
the task has a greatin uence on the learnedcapabilities.
Another dif culty that may arise is that the teleoperation
may be performedthrough instrumentsthat are different
than what the humanoperatorwould usein accomplishing
the task. Also, the actual manipulationof the robot may
in uence the accurag of the demonstrationln contrastwith
theseapproachespur work usesan interface,which allows
the transferof expert knowledgethroughstandardcomputer
input devices.

I1l. SIMULATION ENVIRONMENT

We usea 3D simulationernvironment,called Lagoon(Fig-
ure 1), thatwasdevelopedby a largerteamat the University
of Nevada,Reno. This ervironmentallows for simulatinga
wide rangeof boats,from small cigaretteboatsto medium
ships, such as sailboats,to large ships, such as destryers
and aircraft carriers.All boatshave realistic physics,which
the controllerstake into accountwhenautonomouslhdriving
the ships.

Within this architecture,eachboat can be controlled via
the Authoring panel(Figure 1, right sideof screen)Whenan
entity is selectedhe panelandits associatedbehaiors refer
to thatentity. Wheneera new entity is selectedthe behavior
information for that new entity is displayed.There are 7
primitive behaiors, as describedin SectionV: approach,
maintain station ram, move to, avoid entity, avoid land and

r e. Thetop level of the Authoring paneldisplaysinformation
about the selectedentity: name, current speedand course,

Fig. 1. LagoonSimulationErnvironment

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 actuatingthe selectecentity, as
an alternatve to behaiors.

IV. BEHAVIOR-BASED CONTROL ARCHITECTURE

Behaior-based control (BBC) [1] has becomeone of
the most popular approachegso embeddedsystemcontrol
both in researchand in practical applications.Behavior-
basedsystems(BBS) employ a collection of concurrently
executing processeswhich take input from the sensorsor
other behaiors, and sendcommandgo the actuators.The
inputs determinethe activation level of a process:whether
it is on or not, and in somesystemsby how much. These
processes;alled behavios, representime-extendedactions
thataim to achieve or maintaincertaingoals,andarethe key
building blocks for intelligent, more complex behaior.

In this paperwe use a schema-basedepresentationof
behavios, similar to that describedin [17]. This choiceis
essentialfor the purposeof our work, sinceit provides a
continuousencodingof behaioral responsesind a uniform
output in the form of vectors generatedusing a potential
elds approach.

For the contmller representationwe use an extensionof
the standardBehasior-BasedSystemswe developed,which
provides a simple and naturalway of representingcomplex
tasksand sequence®f behaiors in the form of networks
of abstract behavios. In a behaior network, the links
betweenbehaiors represenfprecondition-postconditiode-
pendenciesyhich canhave threedifferenttypes:permanent
enabling and ordering Thus, the activation of a behaior
is dependennot only on its own preconditions(particular
ervironmental states), but also on the postconditionsof
its relevant predecessorgsequentialprecondition3. More
detailson this architecturecan be found in [18].



The abstiact behavios embedrepresentationsf a beha-
ior's goalsin the form of abstractedervironmentalstates,
whicharecontinuouslycomputedrom the sensorydata.This
is a key featureof our architectureanda critical aspectfor
learningfrom experienceln order to learn a taskthe robot
hasto createa link betweenperception (observationsand
the robot's behavios 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
behaiors, computesa speedanda headingfor the actuators.
If more than one non-avoidancebehaior is active at one
time, thespeedandheadingreturnedby eachactive behaior,
representeds a vectors,are addedby vector addition. The
resultingspeedandheadingarepassedo theactuatorsHow-
ever, if one of the avoidancebehaiors is active alongwith
othernon-avoidancebehaiors, the vectorfrom theavoidance
behaior is not fused with the other behaiors' output. In
sucha casetheotherbehaiors' vectorsaresummedandsent
to theavoidancebehaior asa“suggestion”. If theavoidance
behaior nds thatthe suggestedeadingand speeddo not
createa risk of collision, thenthe behaior will simply pass
the suggestedvalues directly to the actuators.If, on the
other hand,the avoidancebehaior nds that the suggested
headingand speedwill causea collision, the avoid behaior
will nd an alternatie headingand speedthatis ascloseto
the suggestedraluesas possiblewithout causinga collision.
Thesealternatve valueswill then be passeddirectly to the
actuators.

If both avoidancebehaiors are active at the sametime
as other behaviors, then eachavoidancebehaior (land and
entities) will nd an appropriateset of alternatve values
basedon the sameset of suggestedraluesfrom the other
behaiors. However, insteadof passingthesevaluesdirectly
to the actuatorsthe outputsof the two avoid behaiors will
be fusedas describedabove. The resultwill thenbe passed
to the actuators.

V. BEHAVIOR REPERTOIRE

A. Description

The mostimportantskill necessaryor our behaior reper
toire relatesto vesselnavigation, particularlywhererealistic
navigationis concernedin the agents/roboticsdomain,what
is mostimportantis to designbehaiors or skills thatachiese
certaindesiredgoalsfor the task, irrespectve 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
needto be designed.An additional constraintis that the
level of granularityfor theseskills hasto be appropriateto
allow for the types of tasksthat the boatswould perform.
As a result of theserequirementsthe main behaiors that
we identi ed asnecessanare the following:

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

Maintain Station: The goal of this behaior is to make
a maneuveringship (suchas a destrger) maintaina certain
station(distanceandbearing)with respecto a refeenceship
(suchasanaircraftcarrier). Thereare ve mainparameterso
this behavior: 1) the referenceship, 2) the way in which the
maneueris to be performed:constanspeedgconstantourse
or in a given amountof time; 3) the value for the maneuer
(i.e., speedcourseor time), 4) the new stationingpositionin
termsof distanceandbearing,and5) thetype of station,i.e.,
if the location is relative or absolute.When executing this
behaior, the maneuveringhip getsinto station,afterwhich
it continuesto track the refelenceship's courseand speed.
If the refeenceship changescourseor speed,the behaior
re-computeshe necessanactionsfor the maneuveringship,
in orderto maintainthe desiredstation.

Approach: The goal of this behaior is to geta maneu-
vering ship to reacha certainstation (distanceand bearing)
with respectto a refeience ship. This is similar to the
Maintain Stationbehavior andhasthe sameinput parameters,
the only differencebeingthatin apprad the maneuvering
ship will not maintainthe stationafter reachingit.

Move To: The goal of this behaior is to get a maneu-
vering ship to a speci c location,in (X, Y) coordinatesjn
the world. This behaior takes three main parametersi)
the way in which the maneuer is to be performed: with
a constantspeedor in a given amountof time; 2) the value
for the maneuer (i.e., speedor time), and 3) the new (X,
Y) position.

Ram: The goal of this behaior is to have a maneuvering
ship hit a target ship. This behaior takesthreemain param-
eters:1) the target ship, 2) the way in which the maneuer
is to be performed:constantspeed,constantcourseor in a
given amountof time, and 3) the value for the maneuer
(i.e., speedcourseor time).

Fire: Thegoalof this behaior is to directtheweaponre
from amaneuveringhipto a target ship. The soleparameter



of this behavior is the ship toward which to direct the re.
Avoid Entity: The goal of this behaior is to navigatea
boatsuchthatall collisionswith otherboatsare avoided,in
a mannerconsistentith the standarchavigation rules.
Avoid Land: The goal of this behaior is to avoid
collisionswith land,in amannerconsistentvith the standard
navigation rules.

As previously mentioned,simply achiezing the goals of
these behaiiors is insufcient if the boats do not obey
the ship navigation rules. In addition, the large number of
rulesin the navigation domain makes very challengingthe
task of implementingthem in a simple, modular manner
The following subsectionglescribethe approachwe took to
implementingthe main navigation rules into our behaior-
basedsystem.

B. Navigation

In the ship navigation domain,the courseand speedof a
ship is computedusing a maneuveringboard, or moboad.
This allows the crew to obtainthe courseand/orspeedthat
the ship should take to get into the desiredposition with
respectto anotherboat.
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Fig. 3. Maneuwering Board

The maneuveringhipis placedat the centerof the board,
andthe location, courseand speedof the refelenceship are
plottedwith respecto the center With this diagram thethree
modesof maneuering can be performed:1) constantspeed
(courseandtime to completionare computed),2) constant
course(speedandtime to completionare computed)and 3)
giventime (courseandspeedarecomputed) The moboardis
very usefulfor manualcomputationsuchasthat performed
on the ship. For our purpose,we representhe problemas
the relative motion of two objectsin Cartesiancoordinates,
assuminghatboth shipsmaintainthe samespeedandcourse
during the maneuer, asshavn in Figure 3, where:

So, S1 - position of the refelenceship at the beginning
and end of the maneuer

Mo, M1 - position of the maneuveringship at the
beginning and end of the maneuer

Ro, R1 - displacementbetweenthe two ships at the
beginning and end of the maneuer

dr - displacemenof the refeenceship over the course
of the maneuer

dm - displacementof the maneuveringship over the
courseof the maneuer

im - unit vectorrepresentinghe direction of the maneu-
vering ship

Vi - velocity vectorof the maneuveringship

ir- unit vectorrepresentinghe direction of the refeence
ship

v, - velocity vectorof the refelenceship

t - time to completethe maneuer

The equationof motionfor the maneuveringandreference

shipsis:
i jivelit =D+ imjivmii t @

whereD is the relative motion vector (Ro Rj). From
Equation1 we can nd the solutionsto the threetypes of
maneuers,asfollows:
1) Constant speed Keepingjjvmjj constant,we compute
the course(im) andthe time to completion(t), by solving
the systemof two equationsthat results from projecting
Equationl onto the (X, Y) coordinates.
2) Constant course. Keepingthe course(i,) constantwe
computethe speed(jjvy jj and the time to completion (t),
by solving the systemof two equationsthat results from
projectingEquationl onto the (X, Y) coordinates.
3) Constant time. Keepingt constant,we compute the
course(im) and speed(jjvmjj), by solving the system of
two equationsthat resultsfrom projecting Equation1 onto
the (X, Y) coordinates.

Due to the fact that the simulated ships have realistic
physics,we usea PD (proportionalderivative) controller to
slow down the shipsasthey approachtheir goal destination.
The speedsentto theactuatorss computedwith theformula:

Virina = Vr + KpDif f Speed+ Kyg Dif f Accel (2)

wherev; is the speedcomputedrom Equationl, K, and
K ¢4 areproportionalandrespectiely derivative constantsand
Dif f SpeedandDif f Accel arethe differencein speedand
acceleratiorbetweerthe maneueringship andthe reference
ship.

All four navigation behaviors, appmoad, maintainstation,
move to and ram, usethe above equationsparameterizedo
t their requirements.

C. Entity Avoidance

In typical robot/agent-basedontrollers, the role of the
obstacleavoidancebehaior is simply to avoid all obstacles.
In most caseshis is achieved by turning left whenthereis
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.

The mostimportantnavigationrule for avoidanceis thata
humanlooks aheadin time to determinewhetherhe will hit
an obstacle which cannotbe achieved by a purely reactive
controller We implementsuchlooking aheadcapabilitiesnto
our avoidancebehaior, as explainednext.

For the obstacleavoidancebehaior, eachshipin theworld
(otherthanthe avoiding ship)is representetly anellipsethat
is centeredabout that ship's centerof 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 and width of the ship, respectiely (Figure 4).
The avoiding shipis representegdimply asa point. Sincethe
speecandheadingof theavoidanceshipaswell asthe speeds
and headingsof all other shipsare known (in real life, this
informationcanbe obtainedthroughpassie sensing)we can
look forwardin timeto nd thepositionsof the shipsat 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
the own ship falls onto the ellipserepresentinganothership,
or, to put it anotherway, whenthe (x,y) point representing
the own ship satis es the equationof one of the avoidance
ellipses.Basedon this information, the avoidancebehaior
nds whethera collision is imminent, the time to collision,
and a revised speedor headingfor the own ship that will
avoid collisionswith other ships.

The (x; y) position of ary ship in time canbe expressed
asa pair of parametricequationswith time asa parameter
An ellipse canbe uniquely describedby its centerpoint, its
minor andmajor radii, andits orientation For ary givenship,
we cansafelyassumehat the radii will remainconstantas
they are proportionalto the dimensionsof the ship, which
are constantFurthermorewe assumehat the orientationof
an avoidanceellipsewill remainconstanin the future, since
shipsusually do not changeheadingwithout reason.If one
of theseassumptiongurns out to be false,suchaswhena
ship is turning, the avoidanceellipse is recalculatedbased
on the most recentvalues.The centerpoint of the ellipse,
like the point representinghe own ship, can be calculated
for somepointin the future usingthe ship's currentheading,
position,and speedasin Equation3:

h=Vt t
k:Vt t

COS ¢ + Xot
sin ¢ + Yot

®3)

where h is the x coordinateof the ellipse's center k is
the y coordinateof the ellipse's center v; is target ship's
velocity, t is the amountof time to look into the future,
is thetarget's heading xo; is the x coordinateof the target's
currentposition (x coordinateof currentellipse center),and
Yot is the y coordinateof the target's current position (y
coordinateof currentellipse center).

The equationof a boat's avoidanceellipse (centeredat
(h; k) androtatedby ) is given by equation4 below:

((xm_h) cos (H(ym k) sin ),

(4)

a
((ym k) cos & (xm h) sin 0)? _ 4
b2 -

wherexnm, Ym, h, k, and  arethe sameasabove, a is

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

We can nd outif a pointwill fall onanellipseby setting
thex, andyn, valuesrepresentinghe positionof the points
on the ellipseto the equationgfor the (x; y) positionof the
own ship and solving for time. The result is a quadratic
equationin t:

g(t; Xom; Yom; Vm; Vi; t;hik;ajb) = 0 (5)

Basedon the two solutionsof Equation5, the following
casesoccur:

1) If both solutionsare imaginary (negative discriminant),
then therewill be no intersectionat ary time betweenthe
point andthe ellipse, indicating no risk of collision.

2) If both solutions are equal (discriminant equal to 0),
thenthereis only one point of intersectionwith the ellipse,
meaningthat the own ship is traveling tangentiallyto the
avoidanceellipse of the ship to be avoided. In this case,
thereis no dangerof the shipsthemseles colliding, asthe
own ship never malkes its way inside the avoidanceellipse
of the othership.

3) If the discriminantis positive there are three possible
cases:i) If both solutions are positive, the own ship will
intersectthe avoidanceellipsetwice: onceto enterthe ellipse
and oncemoreto exit it (in this case,someevasive action
must be taken to avoid a collision); i) if both solutionsare
negative, thereis norisk of a collision (intuitively, this would
meanthattherewasan intersectiorat somepointin the past,
but thereis no dangerin the future); andiii) if onesolution
is negative and one solution is positive, then the own ship
hasintersectedthe avoidanceellipse oncein the past,and
will intersectit oncemorein the future (this indicatesthat
the own shipis within the avoidanceellipseof the othership,
and must take immediateand drastic evasive maneuersto
avoid a collision andleave the avoidanceellipse.)

If evasive actionmustbe taken, the following optionsare
consideredlf the own ship is within the avoidanceellipse
of anothership, this is seenas an emegeng situationand
the own ship will try to move behind and away from the
other ship asquickly aspossible.If, however, the dangerof
collision is sufciently far away in the future, the obstacle
avoidance behaior can make smaller adjustmentsto the
headingor speedof the own ship to eliminate the danger
of colliding with the othership. To achiese this, the obstacle
avoidancebehaior computesa headingand/or speedthat
resultsin a zerodiscriminantfor Equation5, (case2 above).
Navigation rules favor a changespeedratherthan heading,
thus the behavior rst attemptsto nd a new speedthat
satis esthe constraint:

(6)

This is a quadraticequationwith respectto speed,with
two solutions. If both solutions are valid speeds(positive
and lessthan or equalto the maximumspeedof the ship),
the behavior returnsthe highestspeedIf only onesolutionis

f (Xom; Yom; Xot; Yot; Vm;Vi; t;a;0) =0



avalid speedthat speeds used.If neithersolutionis valid,
thentheheadingmustbe changedo avoid a collision. To nd
avalid headingthe behaior rst nds whetherthe collision
would still be imminentif the own ship turned ve degrees
to theleft. If not,thenthe behaior continuedo testpotential
headingsijn incrementof ve degreesuntil it nds onethat
avoids a collision, at which point it usesthe sameprocess
to nd a correspondincgheadingto the right of the current
heading.This resultsin two headings(oneto the right, and
oneto the left) thatavoid a collision. The headingclosestto
the currentheadingis the one passedo the actuators.

The solutionto avoid one ship could potentially generate
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 putsin alist all the valid speedsand headingghat
will avoid that ship. After all the shipshave beenanalyzed
andthelist is built, the behavior iteratesthroughthe list and
eliminatesthe routesthat collide with other ships.The only
elementgemainingin thelist will bethe speedr headings
thatavoid collisionswith all the othershipsin the simulation.
Since speedchangedake priority over headingchangesijf
thereis at leastone speedremainingin the list, that speed
will be passedo the actuatorwith the currentheading.If
thereis morethanonepotentialspeedn thelist, the highest
speeds passedo the actuatorslf no speedchangesemain
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 behaior usesthis speedto
determinghe approximateadistancethatthe ship cantravel in
four minutes.Next, it checksif thereis ary land within that
distancejn all directionsfrom the ship. If nolandis present
in thatareathereis nolandto avoid. However, if thereis land
in front of the own ship, the behaior computesa heading
thatwill taketheshipaway from landanda speedhatmakes
the nearestland be outside of the four minute range. To
achieve this, the behaior usesthe distanceand bearingto
the nearestiand in the front 180-deyree eld of view. The
new speedis calculatedto be that distancedivided by four
minutes,to ensurethat the nearestland will lie outside of
the four minute range.The new headingis calculatedto be
thatbearingplus or minus90 degreeswhichereris closerto
the currentheading.This ensureghat insteadof continuing
to headtoward land, getting slower and slower until the
ship groundsitself, the ship will turn parallel to the land,
following its contouruntil thereis no morelandto avoid or
until the land avoidancebehaior is turnedoff.

VI. TRIGGERS

Triggersare a mechanisnthat allows the userto indicate
important situationsin the simulation, typically with the
purposeof changinga boat's behaior when that situation

occurs. A trigger is createdthrough the triggers panel of
our interface (Figure 5). We provide the following typesof
triggers: distancebetweenentities, entities within a certain
range,hull strengthof a particularship, or an arbitrary ag.

The panelallows the userto specifythe parametergor each
trigger, suchas, for example,the entitiesin the simulation
betweenwhich the distanceis to be monitored. The name
andcurrentvalue (updatedevery tick) of all createdtriggers
is displayedon the triggerspanelmainwindow. Triggerscan
be created,monitored,or deletedat arny time during either
authoringor execution.

Fig. 5. Trigger typesand panel

Thedistancebetweerentitiestriggeris includedfor corve-
nience,asit doesnot requireuserinput during authoringand
mary maritime maneuersdependon the distanceshetween
particular ships. However, for a more general event that
cannotbe describedin terms of the distancebetweentwo
entities or the damagetaken by a particular ship, there are
arbitrary ag triggersas well. Thesework similarly to the
othertriggers,in thatthey areusercreatedandindicatewhen
a controllershouldchangebehaior. However, thesetriggers
arebinary ags, meaningthatthey canonly hold oneof two
values:true or false.Also, thesetriggersrequire userinput
not only during authoring,but alsoduring execution.A ag
trigger usually represents&n event that the userwill have to
specifyhimself, suchasthe startof a scenarioFor example,
to adda ag triggerto starta scenariothe userwould 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, and changethe behavior of the ship he/she
is controlling. This informs the systemthat that behaior
shouldonly be activated after the "Start Scenario” ag has
beenset. Then,whenthe controlleris 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.



VIl. AUTHORING

During authoring the instructorstartsor stopsthe relevant
behaiors using the Control Panel interface. While these
behaviors areexecutedthe authoringtool continuouslymon-
itors the statusof the behaiors' postconditionsTo build the
task representatiorfcontroller) we add to the network task
representatiomn instanceof all behaiors 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 the behaiors weretrue areknown, andare
usedto determineif theseeffectswereactive in overlapping
intenvals or in sequenceBasedon the above information,
the algorithm generatesproper dependeng links between
behaiors (i.e., permanent,enabling or ordering) (off-line
stage).This one-shotlearning processis describedin more
detailin [19]. Theonly differencein thework presentedhere
is that the constructionof the taskrepresentationsias done
off-line.

While authoringa controller, if triggers are needed,the
userrst createsll thetriggersto beusedduringthatsession.
While a scenariois being recorded,if the userwishesto
indicatechangesn behaior 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
changedo the desiredbehaior. During playbackof thesame
scenario,the systemwill monitor the stateof this trigger.
Whenthe stateof the executiontriggerapproachethatof the
usercreatedtrigger, the systemswitchesthe boat's behaior
accordingto the demonstration.

VIIlI. EXPERIMENTAL RESULTS

In this sectionwe describethe performanceof our system
during behaior performancetesting and during controller
authoring. This experimental validation demonstrateghe
main capabilitiesof our system:autonomougontrol of mul-
tiple boats,complianceo navigationstandardendauthoring
of complex controllers.

A. BehaviorPerformance

The behaiors that involved the underlyingnavigation ca-
pability (appmoad, maintain station ram andmove to have
beenthoroughlytestedthroughoutthe experimentdisted be-
low. Their performancesorrectlyandfaithfully demonstrated
complianceto the rules of ship navigation.

We successfullytestedavoid entitiesin numeroussitua-
tions, including the following: 1) moving own-shipfrom one
side of stationary/maing target ship to the other side, 2)
moving own-ship from one end of stationary/mweing target
ship to otherend, 3) moving own-shipfrom one side of two
stationary/maeing shipswhoseellipsesoverlapto the other
side and 4) moving own-ship from one side of a crovded
groupof moving andstationaryshipsto the otherside. These
representhe most probablesituationsto be encounteredy
a boatin high-trafc areas.

Fig. 6. Behavior performancevaluation: Destrger maintainsstationwith
respecto aircraft carrier; V-formation avoids big shipswhile moving west.

We successfullytested the avoid land behaior in the
following representatie situations:1) moving own-shipfrom
point far away from landto point nearland, 2) moving own-
ship from point nearland to point fartheraway from land,
3) moving own-shipto a point within a land mass(triggered
avoidanceanddid not move ontoland), 4) moving own-ship
to a point on the otherside of a land mass.

By attachingMaintain station behaiors to several boats,
in a layout such as required by a formation, we enabled
autonomousgroup behaior, for large number of boats.
Currently we canorganizearny numberof boats(asallowed
by the computationapower of thecomputer)in thefollowing
formationsine, row, andV-formation The boatsinvolvedin
a group maintaintheir assignedormationwhile performing
othertasks,suchasmaoving to anew location,or approaching
atarget.While performingthesemaneuers,thegroupavoids
obstacles keeping the formation together Figure 6 showvs
a group of 5 boatsin V-formation moving to the left of
a destrger and aircraft carrier while performing obstacle
avoidance . Thebottom gure shaws theformationregrouped
after avoidance.The boatscan dynamically switch between
formations.



B. Contoller Authoring

We have performeda large numberof authoringexperi-
ments(more than 10 differentscenarios)with all scenarios
beinglearnedcorrectly Below we list a few exampleswhich
aremostrelevant for the training of conningof cers.

1. ZigZag Attack: A small boat movesinto position with

respecto a big ship,thenapproachesa groupthatmaintains
distantstationof that ship. The groupmovesin V-formation.
Ona ag triggerthe small boatapproacheshe 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-approachethe
big boatand maintainsclosestationto it. Whengettingwith

a given range(distancetrigger), the small boat moves into

positionbehindthe big ship andramsit.

2.Defend A destrgyer (escort)maintainsstationwith respect
to an aircraft carrierto be defended A small cigaretteboat
approacheghe destrgyer. When the cigarette boat comes
within a buffer range of the aircraft carrier (e.g., 1000
yards)a distancetriggeris activated,after which the escorts
behaior changesfrom maintain station on carrier to ram
cigaretteboat.

3. Attack-Distract Two boatstake turns distractingso one
or bothcanramatarget.Boat A maintainsa positionin front
andslightly to the side of the Targetat a long range,asif it
wantsto be seenbut not consideredh threat.Boat B 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 approachand backsoff.

IX. CONCLUSION

In this paperwe presentedan approachto efcient 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 the context of high-trafc, potentiallydangerous
situations.Developing sucha systemposessigni cant chal-
lengesandin this paperwe presentedan integratedsolution
to three of the major requirementdor a successfutraining
simulator: 1) the efciency of the training system 2) the
readinessof responseof the boatsand 3) the realism of
the behavior of the automatedboat controllers.To address
thesechallengesve developedanauthoringtool thatenables
the developmentof intelligent, autonomouscontrollersthat
drive the behaior of alarge numberof boats.Thisliminates
the necessityof having large number of personnelfor a
single students training, signi cantly reducing the costs
involved. We developeda Behavior-BasedControl architec-
ture that provides responsie automateccontrollers,and we
incorporatedexpert ship navigation knowledge to provide
realistic behaior for the automatedboats. To demonstrate
our approachwe presentedxperimentalresultsdescribing
the main capabilitiesof our system.
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