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Abstract

Thesuccessf CSFreilburg at RoboCup2000canbeattributed
to a robust and accurateperceptionapproachand an effec-
tive cooperationbetweenplayersbasedon sophisticatedsoc-
cer skills. In this paper we presentour multi-agentcoordi-
nationapproachfor both, actionand perception,andour rich
setof basicskills which allow to respondto a large rangeof
situationsin an appropriatevay. Furthermorepur action se-
lection methodbasedon an extensionto behavior networksis
described.Resultsincluding statisticsfrom CS Freiturg final
gamesat RoboCup2000arepresented.

1 Intr oduction

After winning RoboCupin 1998andcomingin third in 1999,
CS Freilurg won the competition in the F2000 league at
RoboCup2000 again. One of the reasondfor this success
is most probably the accurateand reliable self-localization
methodbasedon laserrangefinders[8]. However, while this
was basicallyenoughto win the competitionin 1998, it was
necessaryo work on a numberof differentproblemareasin
orderto staycompetitive.

Our mainresearchaim for RoboCup2000wasto developand
testnew techniquesn the areasof action selectionand multi-
robotcoopeation. In orderto do sowe alsohadto redesigrthe
action repertoie andto rethink what kind of problemscould
be solved by a group of robotsin which way. In additionto
theseissueswe further enhancedur perceptiontecinolagy.
However, mostof the work in this areawas alreadydonein
1999[10] andwill bedescribednly briefly.

Figure 1 depictsthe softwarearchitectureof our players. The
perceptiontechnologyasdescribedn Section3 is the basisof
ourteam. For RoboCup2000we completelyredesigneaur
strategy component. We emplgy a variation of the dynamic
role assignmenasusedin the ARTteam[3] anda variationof
the SFAR [11] techniquefor determiningoptimal positionson
thefield for eachplayer Oneof the objectvesin the develop-
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Fig. 1. Playerarchitecture

mentfor the year2000wasto enhancehe basicskills of the

socceragents.In particular we addeda dribbling skill anda

ball-shootingskill. For both of thesenew skills, it wasneces-
saryto modify the hardwareandto accountfor thesemodifi-

cationsby incorporatingnew software. In orderto choosethe

right actionin eachsituation,someactionselectiormedanism
is necessaryWe designeda new actionselectionmechanism
basedon Dorer’s [4] extendedbehaior networks, which are

usedin Dorer’s simulationteam|[5], therunnerupin the 1999

competition.

2 Hardware

Thebasichardwaresetupof CS Freiturg hasremainedmainly
unchangegincetheteamfirst participatecat RoboCupin 1998
[7]. Figure?2 shows a picture of one of our Pioneerl robots
enhancedby a custom-madéicking device, the Cognachrome
vision systemfor ball recognition,a SICK laserrangefinder
for self-localizationandobjectrecognition,a ToshibaLibretto
Notebookfor local information processingand the WaveLan
radioethernefor communication.

Themajorhardwareimprovementn 2000wasa new powerful
kickerandanew ball steeringnechanism.Thekickeris based
on awind-screerwiper motor which compressefour springs
attachedo the ball steeringplate. The springscanbereleased
by a solenoidwith the resultof a very strongkick. The ball
steeringflipperscanbe turnedto an upright positionandback
by two separatelyworking DC motors. The movableflippers
helpedto avoid situationswhererobotswould getstuckor ac-
cidentallyhit the ball while turningtowardsit. In thefuturewe



Fig. 2. A CSFreilurg player

intendto exploit the new featurefor anelaborateball intercep-
tion behavior.

3 Perception

As our researchgroupalreadygot alot of experiencewith dif-
ferent self-localizationmethodsusing laserrangefinder data
[6] it hasbeenan obvious stepto adapta variantof themfor
our soccerrobots. Themethoddevelopedfor the CSFreiturg
teamextractsline sgmentdrom alaserscanandmatcheshem
to ana priori line modelof the soccerfield. Only lines of a
certainminimum extendaretakeninto accountfor discarding
other playersthat are presentin the field of the rangefinder.
The scan-matchegositionis fusedin a Kalmanfilter with the
estimaterom odometry{7].

After matchinga scanto the a priori modelof thesocceffield,

playersareextractedfrom the scanby remaoving all pointsbe-
longing to the field walls and clusteringthe remainingones.
For eachclusterthe centerof gravity is computedandconsid-
eredasthe centerof a player. Inherentto this approachs the
systematicaerror dueto the differentshape®f the robots. At

leastfor someplayersthis error canbe reduced,e.g. in our
systemwe assumehatthe opponengoalkeepeiis usuallyori-

entedparallelto the goalline, thusaddinga constanbffsetto

thecenterof gravity generallyreduceghepositionerrorfor the
opponengoalie'.

For recognizingandtrackingthe ball we make useof the Cog-

nachromevision systemwhich deliverspixel-areainformation
(socalledblobg of previouslytrainedcolors. We extendecthe

suppliedsoftwareto overcomeproblemswith noisy readings,
to enhancecolor training,andto customizethe computecdblob

informationto our needs.

A filter doesplausibility teststo discardblobs whoseshape,
sizeor positionmalke it very unlikely to correspondo theball.
Fromtheremainingblobsthe oneclosesto the previously se-
lectedblob is chosenand — by fitting a circle to it — various
propertiessuchas center radius, or size in pixels are deter
mined.Fitting a circle to the blob seemedo improve theover-

10f coursethis offset dependson the shapeof the opponent goalieand
hasto beadjustedbeforethegame.

all positionestimationof theball aslocalizationwasstill accu-
ratewhenthe ball waspartially occludedby otherrobots.

From the computedblob centerthe global ball positionis de-
terminedby usingan off-line learnedmappingtablethat con-
tainsdistanceand headingvaluesfor eachpixel. This lookup
table is autonomouslylearnedby the robot beforethe game
by positioningitself at variouspositionon the field andtaking
measurementsf the ball which staysat a fixed position. Inter-
polationis thenusedto computethedistanceandheadingpairs
for pixelswhereno explicit informationis available.

Despiteof theappliedfilterswesstill obsenedinfrequentwrong
ball measurementdueto reflectionson shiry surfacesor badly
trainedcolors,e.g.we hadproblemswith thewhite field mark-
ings becausavhentraining the ball color, shiry reflectionson
theball appearedo have asimilar color. In orderto detectsuch
wrong ball measurementa global sensorintegration module
comparesheobsenationsof all players.

In thefirst versionof our multi-robotsensolintegrationmodule
wewereusingasimpleaveragingmethodfor computingglobal
positionsof all objectson thefield [7]. However, we encoun-
teredproblemswith very inaccurateor evencompletelywrong
measurements.g. wrong ball obsenationsas mentionedin

the previous section,which corrupteda coherentglobal posi-
tion. Thereforeamoresophisticatednethod namelyKalman
filtering, for fusing obsenationsandrejectingoutliersis now

employed. Whentrackingthe ball, however, rejectingoutliers
by using a validation gate hasa big disadwantage: Oncethe
systemis trackingthe ball basedon a wrong ball obsenration,
thefilter needsseveralcyclesuntil it acceptotherobsenations
again.

Thereforewe employedadualmethodcombiningMarkov Lo-
calization[2] which employs a multi-modalprobability distri-
bution for fusing ball obsenationswith a uni-modalKalman
filter for preciseball localization[6]. Thisway, the Kalmanfil-
teralwaystrackstheball usingobsenationsvalidatedoy oneor
morerobotsandonly few cyclesareneededn casethe system
wastrackinga ball basedonwrongobsenations.

4 Strategy

The CSFreilurg playersorganizethemselesin roles,namely
active supportandstrategic. While the active playeralways
triesto getandplay the ball, the supportingplayerattemptsto
assisthy positioningitself appropriately The strateyic player
occupiesa gooddefensve position.

Eachplayerconstantlycalculatedts utility to pursuea certain
role and communicateshe resultto its teammatesBasedon
its own andtherecevedutilities a playerdecideswhichrole it
wantsto take. This approachis similar to the onetakenby the
ARTteam[3],? however, the CS Freilurg playersadditionally
communicateo their teammatesvhich role they arecurrently
pursuingandwhichrole they desireto take. A role canonly be
takenfrom anothemplayerif the own utility for thisrole is the

2Note, however, thatour approactwasdevelopedindependently



bestof all playersandtherobotcurrentlypursuingtherole also
wantsto changeits role. Following this stratgy makesit less
likely thattwo or more playersare pursuingthe samerole at
thesametime thanassigningolesbasedn utility valuesonly.
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Fig. 3. Visualizationof the resultsof the global sensorintegration
togetherwith a players utilities for taking a certainrole, its current
role andits currentaction. Thesmallwhite circle denoteghe position
of theball asdeterminedy theglobalsensoiintegration,whereaghe
smallgrey onescorrespondo the ball asperceved by the individual
players.

Figure3 shavs a screenshoof the globalview duringa game.
While theactive playerdribblestheball aroundanopponenthe
supportingplayermovesto its targetpositionandthe strateic
playerobsenestheball. Rolesfor thefield playersareassigned
in theorderactive strategic, support Sincethegoalkeepethas
a specialhardwaresetup,it's role is fixed by assigningappro-
priateutility valuesto all roles.

The target positionsof the playersare determinedsimilar to

the SFAR methodof the CMU teamin the small size league
[11]. Fromthecurrentsituationobsenedby therobotsapoten-
tial field is constructedvhich includesrepulsie forcesarising

from opponentplayersandattractingonesfrom desirablepo-

sitions, e.g. positionsfrom wherethe ball is visible. Positions
arethenselectedbasedon therobot'’s currentrole, i.e. the po-

sition of theactive playeris setcloseto theball, the supporting
playeris placedto the sideandbehindthe active one,andthe

stratgyic playertakesa defensve positionwhich is abouthalf

way betweerthe own goalandthe ball but behindall opponent
players.

Figure4 shaws a traceof the positionsof our playersandthe
ball duringthe quarterfinal againstCMU andthefinal against
Golem While in the quarterfinal our teamspentmostof the
time in the opponent half, our playerswereforcedinto their
own half mostof thetime duringthefinal game.Thehigh cor-
relationbetweenthe positionof the ball andour playershow-
everdemonstratethe effective positioningof our team.

5 Tactics: BasicSkills and Action Selection

In orderto play an effective and successfugameof robotic
soccera powerful setof basicskills is needed. This section
describeghe basicskills implementedor the goalkeeperand
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Fig. 4. Traceof thepositionsof theball (black)andthe CSFreiburgs’
players during(a) the quarterfinal and(b) thefinal.

thefield playersin CSFreiturg, aswell asthemethodof action
selectiondevelopedfor thefield players.

5.1 Goalkeeper

As in mostotherrobotsoccerteamsin the middle sizeleague
the hardware configurationof our goalkeeperdiffers from the
one of the field playerswhich is mainly becauseof the dif-

ferenttasksthe goalkeeperandfield playersare designedor.

Our goaliehasa specialhardwaresetupwherethe headof the
robot, containingthe sonararray laserrangefinderandvision

camerajs mountedd0° to onesideallowing therobotto move
quickly parallelto the goal line (seeFigure5). This kind of

setupis quite popularin the middle size leagueand usedby

otherteamstoo.

Ourgoalkeepeusessix skills sketchedn Figure5 for keeping
the ball from rolling over our goal line. If the robot doesnt
know wherethe ball is, it rotatesleft andright searchindor it
(SeachBall). If theball doesnotdirectlyroll towardsour goal,
the areaof attackis minimized by moving to a positionfrom
whereboth sidesto the robot allow approximatelythe same
amountof angularspacefor the ball passingbetweengoalie
and goal posts(BlockBall). On the left andright side of the
goal, the robot turns towardsthe cornersgiving lesschances
for anopponento scoreadirectgoal. Thelastthreeskills con-
cerncaseof directgoaldangemwherethe ball or anopponent
is moving directly towardsour goal (InterceptBall) Herethe
robot movesto an interceptionpoint basedon the headingof
the ball (Figure5(d)), the headingof an opponentowning the
ball (Figure 5(e)), or the headingof an opponentto the ball
(Figure5(f)). The lasttwo and more sophisticatedacticsare
basedon the assumptiorthat the attackingrobotwill kick the
ball in a straightway whichis truefor mostrobotteamspartic-
ipatingin the middle sizeleaguebut is not true for teamslike
Golemor Alpha++. Thereforethesetwo tacticscanbeturned
on or off beforea gamestarts.



Fig. 5. Goalkeepers tacticsfor saving CS Freiburg’s goal: (a) ball
searching,(b) minimizing areaof attack, (c) turning to corner (d)
interceptingball, (e) intelligentinterceptionusingopponentheading,
and(f) intelligentinterceptionusingopponento ball heading.

5.2 BasicSkills for Field Players

To gethold of the ball a playermovesto a positionbehindthe
ball following a collision-freetrajectorygeneratedy a path
planningsystemwhich constantly(re)planspathsbasedn the
player’s perceptionof the world (GoToBall). The systemis
basedn potentialfieldsandusesA* searchor finding its way
out of local minima. If closeto the ball a playerapproaches
the ball in a reactie mannerto getit preciselybetweenthe
flipperswhile still avoiding obstacle{GetBal). Oncein ball
possessiona player turns and moves the ball carefully until
facingin a directionwhich allows for anattack(TurnBall). If
the playeris right in front of the opponentgoal it kicks the
ball in a directionwhereno obstacledlock the directway to
the goal (ShootGod)l. Otherwiseit first headsowardsa clear
areain the goal andturns sharplyjust beforekicking in case
the opponentgoalkeepemaoavedin its way (MoveShootEint).
However, if obstaclesarein the way to the goal, the player
tries to dribble aroundthem (DribbleBall) unlessthereis not
enoughroom. In this casethe ball is kickedto a positionclose
to the opponentgjoal by alsoconsideringeboundshotsusing
the walls (Shoot®Fos). In the event of beingtoo closeto an
opponentor to the field borderthe ball is propelledaway by
turning quickly in anappropriatedirection(TurnAwayBall). If
aplayergetsstuckcloseto anobstaclét triesto freeitself by
first moving away slowly and (if this doesnt help) thentry-
ing randommoves(FreeFomsStal). However a playerdoesnt
give way if theball is stuckbetweerhimselfandan opponent
to avoid beingpushedwith the ball towardshis own goal (Wai-
tAndBlo).

Againstfastplayingteamsour robotswereoftenoutperformed
in theracefor theball whenapproachingt carefully Wethere-

fore developedtwo variantsof a skill for situationsin which
speedis crucial. Both let the robot rush to the ball and hit
it forwardswhile still avoiding obstacles. In offensive play
BumpShoot@énseis employed to hit the ball into the oppo-
nentsgoal whenvery closeto it. In defensie play the useof
BumpShootDefensmnbe switchedon or off accordingto the
strengthof theopponent.

Playersfulfilling strateic taskspositionthemselesfollowing

collision-freepathsto dynamicallydeterminedpositions(Go-
ToPos). Fromthesepositionsthe playerseithersearchthe ball

if notvisible (SeachBall) by rotatingconstantlyor obsere it

by turning until facingit (ObserveBa)l. In offensive play a
supportingplayermayalsotake a positionfrom whereit should
be ableto scorea goaldirectly (WaitForPasg. Oncein sucha
positionit signalsto its teammateshatit is waiting to getthe
ball passed.The decisionis thenup to the ball owning player
whetherto passthe ball (PassBal) or try to scorea goal by

itself. Especiallyagainstfastplayingteamswe rarely got the
chanceo try out ball passingoetweerplayers.Equippedwith

the strong kicking device shootingat the opponentgyoal al-

waysappearednorepromisingthanpassingheball to another
teammate.

To comply with the "10-secondsrule” a player keepstrack
of the time it is spendingin a penalty area. Wheneer it
spentmorethanthe allowedtimeit leavesthe areafollowing a
collision-freepathgeneratedby the samepathplanningsystem
asemployedin the GoToBall skill (LeavelenaltyAera).

At RoboCup2000,ourteamseemedo be oneof thefew teams
capableof effectively dribbling with the ball andthe only one
which exploited deliberatelythe possibility of reboundshots
usingthewalls. Thereforegheseskills will bedescribedn more
detail.

Figure 6(a) shavs a screenshoof a player's local view while
dribbling. In every cycle, potential continuationsof the cur-
rentplay areconsideredSuchcontinuationsarelinesto points
closerto the opponent'sgoal within a certain angle range
aroundtherobot’s heading.
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Fig. 6. A CSFreilurg players view of theworld while (a) dribbling
and(b) ball-shooting Circlesdenoteotherrobotsandthe smallcircle
in front of the playercorrespondgo the ball. Lines almostparallel
to thefield bordersare perceved by the laserrangefinder The other
linesleadingaway from the playerareevaluatedby theskills.




All the possibldinesareevaluatedandthedirectionof thebest
line sampleis takenasthe new desiredheadingof therobot. A
line is evaluatedby assigninga valueto it, whichis the higher
thefurtherit is away from objects thelessturningis necessary
for the playerandthe closerits headingis to the opponent's
goal center Determiningthe robotsheadingthis way and ad-
justing the wheel velocities appropriatelyin every cycle lets
therobotsmoothlyandsafelydribblearoundobstaclesvithout
loosingthe ball. The CS Freilburg teamscoredsomebeautiful
goals aftera playerhaddribbledthe ball over thefield around
opponentsalongan S-like trajectory Of course,all this only
works becausehe ball steeringmechanismallows for a tight
ball control.

Figure 6(b) shavs a screenshotof a player during ball-
shooting. For this skill the lines arereflectedat the walls and
areevaluatedto find the bestdirectionwhereto kick the ball.
A line’s valueis the higherthe further away from obstacles
it is, the closerits endpointis to the opponents goal andthe
lessturningis requiredfor the playerto facein the samedirec-
tion. Takinginto accountthatthe ball doesnt rebounceat the
field bordersin a perfectbilliard-lik e mannemve manuallycal-
ibratedthe correlationbetweerthe anglesof reflection. Using
the shootingskill our playerswereableto play the ball effec-
tively to favorablepositionsandevento scoregoalsdirectly.

Figure 7 shaws statisticsof how long a skill wasactive for a
certainrole. Sincewe constantlyimproved and modifiedthe
actionselectionmechanisnduring the preliminary gamesthe
statisticsare basedon the threefinal gamesonly. We found
it quite surprisingthatthe playerswere searchingor the ball

up to 10 % of the playingtime. However analysisof the log-

files shaved that the high numberscanbe eitherattributedto

communicatiorproblemsor to oneof few situationswhereno

playerwasseeingheball. In thefinal gamegheball wasseen
by theteamin 95% of the playingtime.

The statisticsshow that the goalkeeperwas most of the time

minimizing the areaof attackbut not underdirectthreatsince
the InterceptBallskill wasonly active in 11 % of thetime. The
supportingandstrateic playerspentmostof theirtime observ-
ing the ball. This was intendedsince moving more often or

more accuratelyto their target positionsresultsin a very ner

vous behaior aswe could obsere in one of our preliminary
games. It turnedout that for our ratherslow robots staying
at one spotwas more effective than moving andturning con-
stantly Becausehe strateyic playerusually occupieda good
defendingpositionwe allowedit to move evenless.

At afirst glanceit seemssurprisingthatthe active playerwas
mostof thetime (64 %) occupiedwith gettinghold of the balll.
However the fact that after kicking the ball the active player
usually startsto follow the ball againexplainsthe high num-
bersfor GoTo andGetBall. Neverthelesst madeuseof all the
skills availableto it. This demonstratethat the active player
in factdistinguishedetweeralargenumberof differentgame
situations.

5.3 Action Selectionfor Field Players

Our action selectionmoduleis basedon extendedbehavior
networks proposedoy Dorer [4]. They area revised and ex-
tendedversionof the behaior networks introducedby Maes
[9] andcanbeviewedasa particularform of decision-theoretic
planning. The main structuralelementsn extendedbehaior
networks are competencenoduleswhich consistof a certain
behaior to be executed,preconditionsand positive or nega-
tive effects. Goals can explicitly be specifiedand can have
a situation-dependentlevance,reflectingthe agents current
motivations.The stateof the environment,asit is percevedby
theagent,js describedria anumberof continuougpropositions
p; € [0..1]. Competencenodulesare connectedvith goalsif
they areableto influencegoal conditionsand alsowith each
other, if a competencenodulehasan effect thatis a precon-
dition of another Along the resultingnetwork connectionsan
acitivation spreadingmedanismis defined,with goalsbeing
the sourceof activation. An actionis selectedby considering
eachcompetencanodules executability and receved activa-
tion.
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Fig. 8. A partof CSFreiburg’s extendedbehaior network.

Figure 8 shaws a part of the extendedbehaior network that
wasusedat RoboCup2000. Theellipsesrepresenthecompe-
tencemoduleswith their preconditiondbelon andtheir effects
ontop of them. Currentlyour playershave two goals: Shoota
soccegoal or coopeatewith teammatesTherelevancecondi-
tion role_active(playerhasrole active) ensureshatonly oneof
thesegoalsis relevantat atime dependingon the player’s cur-
rentrole. The strengthof the effect connectiongindicatedby
thenumberaext to arrons) aresetmanuallysofar andreflect
prioritiesamongthe competencenodules.

6 Conclusion

The gamesplayedby CS Freilurg at RoboCup2000 looked
muchmoredynamicthanthegamedn 1999and1998.So,the
cooperatiommechanismandthe actionselection(with the new
actionrepertoireseento haveimprovedour play considerably

However, alsothe otherteamshave improved their play. In
general,it seemsto be the casethat the performanceof all
F2000teamshave increasecdver the yearsandthat thereare
morevery goodteamsnow — providedwe measurehe perfor
manceby goals/minute.As canbe seenin Fig. 9, the average
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Fig. 9. Goalratesat RoboCuptournamentsn goalsperminute.

Furthermoreat RoboCup2000 therewas a large numberof

teamswith a performancevery closeto the performanceof

CS Freiturg. In fact, while in previous years, CS Freilurg

wasthe only teamwith an averagegoal rate of morethan0.2

goals/minuteat RoboCup2000therewere5 teamswith asim-

ilar goalrate. Furthermorejt wasobviousto everybodythat
the mechanicatlesignof CE Sharifand Golemwasdefinitely
superiorto ours. Thatwe neverthelessvereableto stayahead
canat leastpartially be attributedto the carefuldesignof our

actionstheactionselectiormechanisnaswell asthecoopera-
tion mechanisms.It shouldalsobe noted,however, thatsome
gameresultswerevery close. In particulat the final andthe

third/fourth placegameswveredecidedby penaltykicks.

In the future, we intendto enhanceour robot baseto male it
fasterto uselearningtechniquegor tuningskill parameterso
refinethemethodof actionselectionandto enhanceeamplay.
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