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Abstract. Simulationhasbecomeanessentialpartin thedevelopmentprocessof
autonomousroboticsystems.In thedomainof robotics,developersoftenarecon-
frontedwith problemslike noisysensordata,hardwaremalfunctionsandscarce
or temporarilyinoperablehardwareresources.A solutionto mostof theproblems
canbe given by tools which allow the simulationof the applicationscenarioin
varying degreesof abstractionandthe suppressionof unwantedfeaturesof the
domain(like e.g.sensornoise).The RoboCupscenarioof autonomousmobile
robotsplayingsocceris onesuchdomainwheretheabove mentionedproblems
typically arise.
In this work we will presenta �e xible simulationplatform for the RoboCup
F2000 leaguedevelopedas a joint open sourceproject by the universitiesof
Freiburg [14] andStuttgart[8] which achievesa maximumdegreeof modular-
ity by a plugin basedarchitectureandallows teamsto easilydevelop andshare
software modulesfor the simulationof different sensors,kinematicsand even
completeplayerbehaviors.
Moreover we show how pluginscanbe utilized to implementbenchmarktasks
for multi robot learningandgive anexamplethatdemonstrateshow thegeneric
plugin approachcanbeextendedtowardstheimplementationof hardwareinde-
pendentalgorithmsfor robotlocalization.

1 Intr oduction

Simulationhasbecomean essentialpart in the developmentprocessof autonomous
roboticsystems.In thedomainof robotics,developersoftenareconfrontedwith prob-
lemslike noisysensordata,hardwaremalfunctionsandscarceor temporarilyinopera-
blehardwareresources.A solutionto mostof theproblemscanbegivenby toolswhich
allow thesimulationof theapplicationscenarioin varyingdegreesof abstractionand
thesuppressionof unwantedfeaturesof thedomain(likee.g.sensornoise).

The RoboCupscenarioof autonomousmobile robotsplaying socceris onesuch
domainwheretheabovementionedproblemstypically arise.In contrastto thethesim-
ulationleague[6] wherethereis a prede�nedtypeof playerwith �x edactionandper-
ceptioncapabilitiesin the simulatedenvironment,the F2000leaguepermitsa great
diversity of robotsin shape,kinematicsandsensorics.Typically, teamsin the F2000
leagueusemulti sensorapproachesto gatherrelevant informationabouttheir environ-
mentfor the taskof playing soccer. Here,all kind of local sensors,like ultrasonicor



infraredsensors,laserrange�nders, camerasor omni-visionsensors,may be usedin
arbitrarycombinationson therobot.

Existing simulationtools for the F2000leagueusually are ratherspecializedfor
a certainrobot architectureof one team,restrictedto a certainsoftware languageor
deeplyinterwovenwithin theteam'ssoftwarestructure[1] . Evenif acertainadaptabil-
ity to differentkindsof robotsetupsor robotcontrolpropertiespartiallywasconsidered
within somesoftwaredesigns[2], usuallya lot of work still hasto be spentto adapt
thesoftwareto the individual needsof oneteamwithout any generalbene�t for other
teams.

In this paperwe presenta �e xible simulationplatform for the RoboCupF2000
leaguedevelopedasa joint opensourceprojectby theuniversitiesof Freiburg [14] and
Stuttgart[8]. Thesimulatorisbasedonaclient/serverconceptthatallowsthesimulation
of diverserobotsandalsothesimulationof teamplay.

Thesimulatorachievesa maximumdegreeof modularityby a plugin basedarchi-
tecture.Softwarepluginsarewell known from the �eld of softwareengineering,par-
ticularly in the Internetcontext.They arebasicallydynamiclibrarieswhich extendthe
functionalityof anapplicationwhile loadedat runtime.We introducea genericplugin
conceptfor the simulationof the dynamicmodel and the sensorsof an autonomous
robot. This conceptmakes it possibleto easily develop and sharemodularsoftware
componentswhichcanbere-usedin variousrobotsetupsof differentteams.

Furthermorewe introducepluginsfor robotbehaviors.Thesearesoftwarecompo-
nentswhich implementa full playerbehavior in the senseof readingandreactingon
sensordatawhile runningasintegratedmoduleof thesimulation.We show how they
canbeutilized to implementbenchmarktasksfor multi robotlearning.

Finally we giveanexamplethatdemonstrateshow thegenericpluginapproachcan
beextendedtowardstheimplementationof hardwareindependentalgorithmsfor robot
localization.Thelatestversionof thesimulatoris freely availablefrom our homepage
[12].

The remainderof this paperis structuredasfollows. Section2 givesan overview
of the server andsection3 of the client part of the simulator. The conceptof plugins
which is usedby bothparts,will bedescribedin moredetail in Section4. In section5
we sketchsomeapplicationslike localizationandlearningandin section6 we give an
outlookto futuredevelopments.

2 Server architecture

Thecoreof theserver is a 2D physicssimulationthatcontinuouslycomputesthestate
of the world within discretetime intervals

���

. At time � , the simulationcalculatesthe
subsequentworld statefor time ���

���

by taking into accountvelocitiesof objectsand
theirmodi�ed internalstates,like for instancecommittedmotioncommandsto a robot.

As indicatedin �gure 1, the physicssimulation is basically in�uenced by robot
objectsexistingon theserver. Robotscaneitherbecontrolledby clientsconnectingvia
themessage board over a TCP/IPsocket or by a playerplugin which is startedwithin
thegraphicaluserinterface(GUI). In caseaplayerpluginis createdby theGUI, arobot
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Fig.1. Overview of theserver architecture

is createdandassignedto theplugin.If createdby themessageboard,therobotwill be
controlledby theremoteconnectedclient.

To eachrobotthereis a motionplugin anda sensorcontainerassociated.Themo-
tion plugin simulatesthe robot's dynamics,whereasthe sensorcontaineraggregates
variousplugins that implementthe simulationof its sensors.The creationof the dif-
ferentpluginsis doneby a plugin factorywhich detectstheavailablepluginsat server
startup.A moredetaileddescriptionof thepluginswill begivenin section4.

The individual setupof a robot is de�ned by a robotcon�guration �le which con-
tainsinformationon its sensorandmotionplugins.Furthermorethe�le includesa de-
scriptionof therobot'sgeometryandmanipulators.

Manipulatorsare designedas variablepartsof the robot geometrywhich can be
switchedbetweena setof stateswith differing geometricsetups.Furthermoremanipu-
latorstatescancontainanadditionalparameterdescribingtheirability to acceleratethe
ball which is neededfor thede�nition of kicking devices.

Additionally, the stateof the world canbe in�uenced by the refereemodule. The
intentionof this moduleis to implementa setof rulesrestrictingtherobotsactionsin
someway. At thecurrentstage,however, therefereeis limited to countthescore,taking
theball backinto thegameif crossingthe�eld boundaryandresettingthegamewhen
agoalwasmarked.Thephysicssimulationandthecommunicationwill bedescribedin
moredetail in thefollowing section.



2.1 PhysicsSimulation

Thephysicssimulationis carriedout in theplane.Simulationparameters,suchasfric-
tion, restitutionandcycle time are con�gurable by the simulationcon�guration �le.
The �le alsode�nes thesetupof theenvironmentwhich is describedby a setof geo-
metricprimitiveslikerectangles,ellipsesandtriangleswhichnearlyany scenariocanbe
built from. As somedomainsmayrequirethree-dimensionalinformation,eachprimi-
tive containstwo optional parametersspecifyingtheir beginning and end within the

� -plane.Robotsaredescribedby theseprimitivesaswell, but within theirspeci�c robot
con�guration �le. With a world describedby primitives,a simulationof rigid body
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Fig.2. An impactof two objectsin theplane

collisionscanbe carriedout. Unfortunatelyat the beginning of the simulatorproject
therewasno opensourcepackagefor this simulationavailable.Thereforewe imple-
mentedcalculationsbasedon ”Dynamics”, an old but enlighteningbook from Pestel
andThomson[11].

Figure2 pointsout the problemof calculatingrigid body collisionsin the plane:
Given two objectswith centersof mass
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� after thecollision. For a solution,we
needsix equationsto determinethesix unknowns.By the law of conservationof mo-
mentumalongeachspaceaxisweget:
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The angularmomentumof eachbody with respectto the origin is conserved.Due to
therestrictionthat thesimulationis carriedout in theplanetheangularmomentumis
one-dimensionalandbecausetherearetwo bodies,this resultsin two equations:
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where & � and & � denotethe momentof inertia of the two bodies.After Newton's hy-
pothesisthe ratio of the relative velocity in the � direction(if we assumethe impact
is in � direction)beforeandafter the collision equalsa constant(�� , where � is the
elasticity(alsoknown asrestitution):

 

��� (

 

���

� "

��% 
 � (

"

��% 
 � � (�� �

�

��� (

�

�!�

�$�

��% 
 � (

�

�!% 
 � � (5)

In orderto get thesixth formula,we have to make assumptionsaboutthe friction be-
tweenthetwo bodiesandthusaboutforcesin thetangentplane.In thesimulatorsofar,
we usea simplesolutionthat interpolatesbetweenthe two extremes”stickiness”and
”no friction” , which hasbeenintroducedby JohnHenckel[5]. Theshown calculation
canbegeneralizedfor thethreedimensionalcasewith little effort.

Onedif�culty in simulationis to determinetheexactmomentof collision.Usually
whena collision is detectedthe two objectsinvolved overlapby somedegreedueto
a limited time scaleresolutionof thesimulation.Hencethesimulationcalculatesback

� time stepswithin the last cycle if a collision occurred.So far, the accuracy of the
collisiondetectionsuf�ces for asimulationin real-timeandupto � vetimesfasterwhen
executedon a Pentium3 600MHzcomputer. We look forwardto improvethecollision
detectionto enableevenfastersimulations.

Anothercrucialcomponentof robotsimulationis a modelof therobot'sdynamics.
Dueto therich setof existingmodelswedecidedto leaveit openfor theuserstodevelop
pluginsfor speci�c robots.Nevertheless,thesimulatorcurrentlyincludesbasicmodels
for robotsequippedwith a differentialor omnidirectionaldrive which will be further
describedin section4.

2.2 Communication

Robotscan be controlledby clients connectingvia a TCP/IP socket to the message
board.This hastheadvantagethatclientscanbeprogrammedin any kind of language,
aslong asthey complywith theprotocol.Clientsprogrammedin C/C++canbelinked
directly with a provided client library and communicatewith the server by function
calls.

In the sake of simplicity, the protocol is basedon ASCII stringsthat startwith a
uniquecommandidenti�er followed by a list of parameters.Besidescommandsma-
nipulatingthestateof therobottherearealsocommandsto controlthesimulation,for
exampleto performaresetof thesimulationor to receivethecurrentscoreof thegame.

Dueto thegenericplugin architecture,theprotocolbetweenserver andclient does
notprescribeaformatfor theexchangeof sensordata.Thus,pluginshaveto implement
two abstractmethods,onefor readingandonefor writing anarrayof unsignedintegers
respectively. This array, which representsthesensor's currentdata,is thentransmitted
togetherwith a uniquesensoridenti�er anda timestampfrom theserver to theclient.
On the client side, the received arrayand timestamparewritten into the appropriate
sensorplugin.

Sincecomputerclocksareusuallyrunningasynchronously, we hadto integratea
timesynchronizationmechanismbetweenserverandclient.Thisis doneby exchanging



timestampsbetweenserver andclient during the connectionphasewhich areusedto
calculatea time offset value.When transmittingsensordatato a client this offset is
addedto thetimestampof thepackage.

In contrastto othersimulationserverswhichbroadcastthestateof theworld within
�x edtimecycles[10] clientshave to triggerthemessageboardfor receiving anupdate
of the world. This permitsclientswith individual cycle timesto connectto the simu-
lation. Theclient framework currentlyhandlesthesensorupdatesin a separatethread
with a defaultcycle time of �����	��� .

Thetime durationuntil theworld stateis completelytransmitteddependsstrongly
on theamountof datatheclient'ssensorpluginsrequests.Wemeasuredonour internal
network for a client requesting����� beamsof a LaserRangeFinder(LRF) sensor, dis-
tanceandangleto all lines,poles,andgoalson the�eld, andodometryinformation,a
durationbetween	 ��� and 
 ��� .

The latency of the server, which dependson the numberof simultaneouslycon-
nectedclients,hasbeenmeasuredbetween� ��� and �	��� in the caseof 
 actively
operatingclients.

3 Client architecture
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Figure3 showsanoverview of theclientarchitecture.Theclient consistsof a mod-
ule that managesthe communicationwith the server (Comm), a modulefor parsing
andaccessinginformationfrom therobotcon�guration �le (Parameters) anda sensor
containerholdingsensorpluginswhicharecreatedby theplugin factory.

TheParameters moduleparsestheclient's robotcon�guration �le which canthen
be usedfor accessinginformationon thepositionof sensorsor maximalvelocity set-
tings. On the client side informationon the sensorcon�guration is usedfor creating
therespectivesensorplugins,for examplethetypeof featurethecreatedsensorplugin
provides.The �le is alsotransmittedto theserver during theserver connectionphase
andusedtherefor thecreationof anequivalentrobotobjectin thesimulation.

Sensorpluginscreatedon theclient sideareequalto pluginscreatedon theserver,
but reducedof theability to generatedata.They canbeconsideredasdatabufferswhich
are�lled by thecommunicationmodule.

As indicatedby thedashedmodulesin the�gure, onecouldalso�ll thecontainerus-
ing threadsthatprocessinformationfrom realsensors.This is particularlyusefulwhen
designinghigh-level algorithmsbasedon thesensorcontainerconceptwhich work on
the generatedfeatures.In this casethealgorithmscaneasilybe evaluatedboth in the
simulationandon realrobots.

The sensorpluginsareautomaticallygeneratedand insertedinto the sensorcon-
tainerwhich provides functionality to searchfor andaccessspeci�c sensordataob-
jectsby certaincharacteristics.Within the container, sensorpluginsaredistinguished
by threeidenti�ers:

1. Thespeci�c modelof thesensor, for exampleDFW5001 or LMS2002

2. Thetypeof thesensor, for examplecameraor LRF
3. Thenameof theparticularfeature,for exampleballDistanceor 180DegreeScan

In orderto addressaparticularplugin,onecanquerythecontainerby providing one
or moreof theabove identi�ers. This hastheadvantagethat featurescanbeaddressed
in amoreabstractwayby their functionalityratherthanby aspeci�c sensorname.Thus
pluginsthatprovide equalfeatures,e.g.distanceToGoal from a vision or LRF plugin,
canbeexchangedin thecontainerwithoutdirectconsequencesfor theuserprogram.

FurthermoretheclientpackageprovidesanoptionalGUI modulethatcanbeusedto
displayinformationfrom thesensorsor additionalinformationgeneratedby algorithms
onahigherlevel.

4 Plugin Ar chitecture

Thepluginconceptwaschosensinceit offersthehighestdegreeof �e xibility andexten-
sibility while maintaininganindependentandstablesimulatorcore.Thepluginconcept
evolvedin stageswith theincreasingneedfor a strongermodularityof certainpartsof
thesimulatoruntil reachingthecurrentstatewhich,we hope,meetsmostof theexpec-
tationsandrequirementsfor theteamsof theF2000league.Figure4 shows theplugin
architecturefor thesensoricsandmotionsimulationwhichwill bedescribedin thefol-
lowing.
1 Firewire camerausedby theUniversityof Freiburg
2 SICK laserrange®nderusedby theRoboCupteamsof Freiburg andStuttgart
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SensorPlugins Usually the biggestdiscrepanciesbetweenrobotsof differentteams
apartfrom therobotchassisarethesensorsusedon therobotsandthedatarepresenta-
tion usedby thedataprocessingmodules,like differing coordinateframesor a camera
imagedataformatneededby aspeci�c colorsegmentationalgorithm.Consequentlythe
sensoricsplayacentralrolewithin thepluginarchitectureof thesimulator.

Althoughsensorpluginswerereferredto asoneplugintypein thepreviouschapters
for thesake of simplicity, thesensorconceptconsistsof two separateplugin types,one
for datagenerationandonefor datastorage.Sensorpluginsaccessthe currentworld
stateof the simulatorto generatedataof any desiredform. This datais storedwithin
the secondplugin type namedsensordata plugin which is neededfor a transparent
communicationbetweenserver andclient aswell asfor a databuffering on theclient
side.Onefunctionalityof thesensordatapluginsis thetransformationof theirspeci�c
datarepresentationto thedataformatrequiredby thecommunicationmoduleandvice
versa.Thereforea sensordata plugin hasto implementtheabstractmethodsgetData
andsetDatathat returnor take an arrayof unsignedintegers, representingthecurrent
dataof thesensor.

On anupdaterequestfrom theclient, sensordataplugin objectson theserver side
are�lled by thesensorplugins, transformedto thedatatransmissionformat,transferred
to theclientandre-transformedto theoriginaldataformatby thecorrespondingsensor



data plugin objectson the client side.This enablesthe replicationof the sensordata
from theserveron theclient sideandtherebyyieldsa server/clienttransparency.

Onemajor advantageof this conceptis that sensordataprocessingcaneitherbe
doneon theclient or on theserversideasbothsharethesameview on thesensordata.
Thiscanbeextremelyusefulwhentheamountof datagrowstoo largeto transmitit to a
client in areasonableamountof timelikee.g.arenderedhighresolutioncameraimage.

To build anew sensorpluginbasicallyonemethodgenerateData()hasto beimple-
mentedby thedeveloper. Within this methodthepositionof thesensoritself aswell as
informationaboutall otherobjectsconcerningposition,color andgeometricshapeare
accessibleby theframework within anabsolutecoordinateframe.This informationcan
thenbeusedto createthedataasusuallyprovidedby therealsensor. Optionally there
areauxiliary functionsfor simulatingsensornoiseor for two dimensionalray tracing.

(a) (b)

Fig. 5. Two screenshotsfrom theplugin for generatingarti®cial cameraimages:(a) anomnidi-
rectionalview asseenby a perfectwarp freeomnidirectionalcamerausingan isometricmirror
shapeasproposedby [9]. (b) a conventionalcameraperspective.

Until now thereexist severalsensorpluginsfor differentkindsof sensorsbasedon
thesensorequipmentusedby theteamsof Freiburg andStuttgart:

– odometry sensorproviding thecurrenttranslationalandrotationalvelocitiesanda
positionwithin theodometrycoordinateframe.Optionallyit maysupplyadditional
datafrom themotionpluginswhichwill bedescribedin thefollowing section.

– camerafor iconic data of ball, goalandcornerpostsconsideringa limited �eld of
view anda maximalview distance.

– iconic omnivision cameradetecting�eld linesandgoals,cornerpostsandtheball
in a 
������ �eld of view

– laser range �nder providing eitherraw distancedataobtainedby ray tracingor
iconic informationaboutobstaclesandanabsolutepositionwithin the�eld

– ultrasonic sensordetectingthe nearestobstaclewithin the openingangleof the
sensor

– camera image by 3D scenereconstruction deliversa 3D renderedview of the
sceneasseeneitherby acommonlyused2D cameraor aperfectomnivisionsensor
usingawarpfreeisometricmirror shapeasshown in Figure5.



Motion Plugins The integrationof differentkinematicsandcontrollertypesis facil-
itated by a further plugin type of the architecturenamedmotion plugin. Within the
simulatora robot'smotionis representedby a changeof its pose ��� �!
 �

�

� within a cer-
tain interval of time.Thischangeof pose(relocation)of therobotis requestedfrom the
motionplugin within eachupdatecycle of thesimulationto updatetherobot'sposein
theenvironment.

For the physicssimulationthe motion plugins must provide further information
aboutits currentvelocity vectorandtherotationalspeedwhich is neededfor thecolli-
sioncalculation.

To setmotioncommandsmotionpluginscaneitherbeaddressedby a setof stan-
dardcommands,suchassetRotationalVelocityor setTranslationalVelocity, or by a � -
dimensionalvector. The latterallows to addressmorecomplex motion models,asfor
exampleimplementedby theomni-directionalmotionplugin which is currentlydevel-
opedat theUniversityof Dortmund.

Sincea motionmodelmay requireto senddataaboutits internalstatebackto the
client themotionplugin interfaceprovidesonefurthermethodto retrieve motiondata
thatis automaticallyinvokedby thedefaultodometrysensorpluginof theserverwhich
makesthedataavailableon theclient sideaswell.

Currently thereare threedifferentmotion plugins available.One model is based
on a neuralnetwork that basicallypredictsthe robot's state ��� ��
 �
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� at �

� de-
pendingon the previous stateandvelocity settings �
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� at �
	 andwastrained
for Freiburg's Pioneerhardwarebase.A smallapplicationis alsoavailableto train the
modelfor otherrobot basesby a log �le recordedon the real robot while performing
representativemotions.A similarmethodhasalsobeenusedfor statepredictionby the
Agilo RoboCuppers[3,2].

A secondmodel is a mathematicalcalculationof a two wheel differential drive
basedon a a linear accelerationassumptionandparametertunedto realisticallymap
thebehavior of theNomadicScouthardwarebaseof theStuttgartCoPsteam.A third
implementationfor a holonomicthreewheelrobotbasewasdevelopedby theUniver-
sity of Dortmund.

Player Plugins After variousexperimentsandapplicationsof thesimulationserver, we
foundit a usefulfeatureto facilitatetheimplementationof simplerobotbehaviors that
runwithin thesimulatorwithout theoverheadof aremoteconnectedclient.This turned
out to be useful to simulateopponentplayerslike e.g. goalkeepersor for gathering
simulatedrobot sensordatato createan environmentmapwhich e.g.wasusedfor a
MonteCarlolocalizationapproach.For this kind of applicationtheframework offersa
third typeof socalledplayerpluginswhich is shown in �gure 6.

Eachplayerplugin controlsonerobot which is createdbasedon its con�guration
�le that is speci�ed within the plugin. Its corefunctionality is implementedwithin a
methodsenseAndActthatretrievessensorinformationfrom thesensordatapluginsand
determinesanactionwhich usuallyis a commandto themotionplugin or a triggering
of its robot manipulators.Alternatively a playerplugin canaccessthe world stateof
thesimulatordirectly andmanipulateit if needed.This mayeitherbeusefulwhenim-
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plementinga perfectplayerbehavior without limitationsby its sensorsor whencertain
environmentsituationsshallbecreatedarti�cially .

Eachplayerplugin is identi�ed at thestartof theserver andselectableby a menu
entrywithin thegraphicaluserinterfaceof theserver. Playerpluginscanbestartedand
stoppedby the GUI but canalso terminateby themselveswhentheir task is accom-
plished.Theplayercontrolmodulesupervisesall activeplayerpluginsandits assigned
robots.If eitherof themterminatesor is deletedit assurestheremoval of its counterpart
from thesimulator.

To modelcoordinatedor cooperativegroupbehaviorsof differentplayerpluginsthe
simulatorprovidesa commoncommunicationchannelfor messagebroadcastsamong
playerplugins.Eachplayercanthusbroadcastandreceivemessagesfrom otherplayer
pluginsto synchronizegroupactions.

Currentlytherearetwo playerplugin types.A goalkeeperplugin which canberun
with differentmodesof varying dif�culty intendedfor AI benchmarksand a plugin
to learn sensordatamodelsfor a Monte Carlo localizationapproachwhich will be
describedin thefollowing chapter.

5 Applications

5.1 A benchmark for Multiagent Learning

Theproposedarchitecturecomeswith two crucialadvantagesthatmakesit valuablefor
robot learning:Firstly, customizedsensorandmotionpluginsallow for differentkinds
of robotsto beusedwithin thesamelearningenvironment.Secondly, theusageof player
pluginson the server offers a modularway of designinganddistributing benchmark
taskswhile keepingthesamesetup.

Within thesimulatorframework, algorithmscanbedesignedfor learningon either
theclientor serverside.In bothcases,thealgorithm's input is takenfrom asensordata
containerandthe output is a commandto a motion plugin. Due to the abstractinter-
facesit is possiblethatanalgorithmcanbeappliedto differentrobottypes.As already
discussedin section3, sensorsareaddressableby theirspeci�c model,their typeor the
nameof afeaturethey provide.By addressingthefeaturedirectly, e.g.DistanceToGoal,
thealgorithmcanbeexecuted,regardlessby whichsensorthedatawasproduced.Note



that this works for pluginsthat provide featureswith equalidenti�ers andequaldata
format.

Another important issueis the evaluationof learningalgorithms.Generally, this
turnsout to be hardin the context of autonomousrobots,wherefrequentlyoccurring
changesin theenvironmentmakeit nearlyimpossibleto �nd thesametestingconditions
twice.

Hencewe introducedtheplayerpluginsfor implementinguniquebenchmarksitua-
tions.Oneplugin,whichis includedin thesimulatorpackage,implementsthecontrolof
a goalkeeperandcanbestartedwith differentpolicies.Theplugin canbeusedto eval-
uatetheperformanceof an opponent(or a team),that learnspoliciesto scoreagainst
the defendinggoalkeeper, that wasstartedat a speci�c level of skill. The goalkeeper
plugin canbestartedwith thepoliciesnotmoving, randomlymoving, movingbya pat-
tern, blocking theball, interceptingtheball andmixedpolicy. Thebenchmarkhasre-
centlybeenintroducedwithin theRoboCupSpecialInterestGroup(SIG)onMultiagent
Learning.

Our own experienceswith learninga complex control taskhave shown thatbehav-
iors learnedin thesimulationcanbeexecutedsuccessfullyon a real robotaswell [7].
Eventricky tasks,suchasdribblingandapproachingtheball,weremanagedwell by the
pre-trainedrobotsthathavebeentrainedwithin gamesagainsthand-codedopponentsor
againstthemselves.Also theteamfrom theUniversityof Stuttgartusesthesimulation
for learningskills.

5.2 Plugin basedlocalization

In this sectionwe give anexamplethatdemonstrateshow theplugin approachcanbe
extendedtowardshardware independentimplementationsof robot localizationalgo-
rithms.We extendedthe sensorplugin interfacefor the utilization of the well known
MonteCarloLocalizationmethod(MCL)[13].

Thekey ideabehindMarkov localizationis to maintaina belief �

���
�

�

�

� of thecur-
rent robot pose�

�

. The belief is updatedby successively integratingsensorreadings�

andactions� executedby therobot:

�

���
�

�

�

� ��� �
�

���

�

�

�

�

�
	

�
�

�

�
	

�
�

�

�
	

�
���
�
���

� 	

� (6)

Underthe assumptionof independencebetweenthe sensorreadingsandexecutedac-
tions,thebelief canbeupdatedfor sensorreadingsby
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where� �
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� denotestherobot'smotionmodel.

MCL improvesMarkov localizationby a moreef�cient representationof thebelief
�

���
�

�

�

� . Insteadof maintaininga belief for all poses,only a setof weightedsamplesis



updatedby equation7 and8. Sincethemethodhasbeenwell documentedby several
otherresearchers[13,4], we will not discussit in detail any further here.Instead,we
will focuson theperceptualmodelandits integrationto thesensorcontainer.

To implementMCL, onealsoneedsto know theperceptionalmodel� �

�

�

� � . In the
caseof containers,� is avectorof � features,whereeachfeatureis storedby apluginin
thecontainer. If we assumeindependenceamongthefeatureswith respectto thepose,
theperceptualmodelcanbecalculatedby � �

�

���

� � �����

�

�

�

�

��� ���

�

�

�

�

��� � � � � �

���

�

�

� � .
We extendedthe abstractinterfaceof the sensordatapluginsby the two methods

learnProbability(�

�

) andgetProbability(�

�

). Thesemethodsaresupposedfor learning
the sensorsobservation and accessingthe perceptualmodel for the pose �

�

respec-
tively. It is de�ned that in casethe sensorhasan expectationfor the queriedpose,
getProbability(�

�

) returnsa numberbetween� and � and (

� otherwise.Thereexists
alsoan interfacegetProbability(�

�

��� ) that allows to weight a sampleset � according
to the currentsensorreadingat pose �

�

. Note that it is assumedthat therewaseither
a call of generateDataor setDatabeforehandto assurethat the latestobservationsare
availableinsidetheplugin.Theinterfaceleavesopenhow theperceptualmodelhasto

(a) (b)

Fig. 7. Calculatingperceptualmodels:(a) the robotsexpectationof the featuresLRF Beam,
PoleDistance, PoleAngle, GoalDistanceandGoalAngle(b) the mixed perceptualmodelof the
featuresdistanceandangleto theblueandyellow goal.Darker regionsindicatesa higherproba-
bility of therobot'sposition.Sensornoiseis modeledby aGaussiandistributionwith 	�

�������

and 	�

��� for distancesandanglesrespectively.

berepresented.We useda commonrepresentationthatseparatestheperceptualmodel
in two tables,one for the expectationof eachposeandone for the sensormodel it-
self [13]. In this caseit is assumedthat learnProbability is calledwith noisefreedata,
sincethedatais storedin thetableof expectations.Thesecondtableis pre-calculated



from a Gaussiandistribution that re�ects the sensorsnoise.The returnvalueof get-
Probability is thensimply calculatedby a nestedlookupof thetwo tables.Figure7(a)
shows the expectationof the featuresLRF Beam, PoleDistance, PoleAngle, GoalDis-
tance, GoalAngle, and7(b) the mixed perceptualmodelof the latter two for the blue
andyellow goal.

The perceptualmodel canbe learnedat oncefor all featuresby a specialplayer
plugin in thesimulator. The plugin basicallymovesthe robot to all poseson the �eld
andexecutesgenerateDataandlearnProbability for all Markov plugins found in the
container.

During localization,theMCL implementationexecutesgetProbability on thecon-
tainerfor weightingthesamplesetrepresentingthecurrentbelief. We areplanningto
developa similar interfacefor themotion plugins.By this, the localizationalgorithm
canbedesignedcompletelyindependentof therobot'shardware.

6 Summary and outlook

In this paperwe presenteda modularandextendiblemulti-robot simulationenviron-
ment for the F2000leaguethat is suitablefor simulatingsensors,robot control tasks
andcooperative teamplay. An openplugin architecturehasbeenintroducedthat per-
mits teamsto designtheirown robotmodelsregardingsensorcon�gurationandmotion
control.With agrowing communityof teamsusingthissimulatorevenfull testmatches
can be held on a regular basiswithout physicalpresenceof the teams.Furthermore
we showed exemplarily, how the simulatorframework canbe utilized for Multiagent
learning.

Pastexperiencesin roboticshave shown that besidesa good idea for e.g.a new
localizationor featureextractionalgorithmtheconcreteimplementationplaysaneven
moreimportantrole.Unfortunately, thereareonly a few implementationsfreely avail-
ableandthosearein turn tailoredfor particularhardwareor datastructures.

Oneof the key motivation of our work is to foster the exchangeof software for
autonomousrobots.The proposedsimulatorarchitecturemakesclearhow this canbe
achieved in thecaseof a robotsimulation.Evenmorebene�cial, however, canbe the
exchangeof softwarecomponentsof real robots.For accomplishingthis goal,onehas
to introducea level of abstractionandto de�ne standardizedmethodsfor accessingthis
level.

Webelievethattheconceptof sensorcontainersprovidesagoodlevelof abstraction
on realrobotsystemsdueto thefollowing reasons:

– In thesameway, astheproposedsensorpluginsgeneratedatainsidethesimulation,
therecanalsobesensorpluginsrunningon a robotthatgeneratefeaturedatafrom
realsensors.RoboCupteamsusingthesamekind of sensorscouldtheneasilyshare
thosecomponents.

– As demonstratedby theMCL implementationin section5.2, theabstractinterface
of the plugins can be extendedfor localizationalgorithms.The exampleshows
generallyhow algorithmscanbedesignedthatoperateongenericcontainersrather
thanon speci�c implementationsfor sensordataprocessing.Algorithms that are



basedon genericcontainerscaneasilybe sharedamongteamsthat usethe same
abstractinterface.

– Theconceptallows to introduce”virtual sensor”pluginsthat implementthecom-
municationof high-level featuresamongdifferentteams.

TheGermanresearchprojectSPP1152-RoboCupis concernedwith certainaspects
regardingsoftware architecture,systemintegration and learning.One aim is to �nd
a commondescriptionfor sensortypesandpropertiesaswell asrobot geometryand
physics.We will adaptandcontributeour approachto theprojectandlook forwardto
get onestepcloserto the goal of a commondescriptionof robotsandmoreef�cient
softwaredevelopmentin theRoboCupdomain.
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