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Abstract. This paperpresentKiRo — a systemcapableof playingtablesoccer
onacompetitive level andin afully autonomousvay:. It cansene ahumanboth
asateammatendanopponenbut alsoallows for matchedbetweertwo artificial
players KiRo introduceghetablesoccergameasa newv domainfor theresearch
in thefields of roboticsandartificial intelligence.

1 Intr oduction

Thevision of the RoboCupresearclcommunityis to build a roboticsocceteamcapa-
ble of beatingthehumanworld champion- by 2050[3]. However, thegameof thepast
RoboCupcompetitionsshow, thatthereis a long way to go beforewe even canthink
aboutplaying againsta humanteam.It would be clearly helpful if one could define
tasksrelatedto RoboCupthat allow for a competitionagainsthumanswithout being
forcedto implementeverythingnecessaryo play real soccer For example,onecould
defineamixedhuman/machingamefor the simulationleagueln fact,therehave been
suchgamesalready

Even moreinterestingwould be a gamethatis alreadywell known andplayedby
alot of people.Sucha gameis table soccer' This gameis a popularpastimein bars
andamusemenarcadesimilar to billiards, but alsoa sportin its own right with com-
petitionsand even world championshipsDue to the rather simple ervironmentand
the restrictedskills requiredfor playingit, it seemedealisticto usto develop an au-
tonomoudablesocceplayercapableof beatingordinaryhumanplayersandto facethe
challengeof beatingthe humanworld champiornbeforetheyear2050.

Basedon our experienceof developingthe CSFreiburg roboticsocceteam(2,4—-6],
we startedto designandconstructan autonomousablesocceplayer, which we called
KiRc?. Thetablesoccergameraisesesearchyjuestionsimilarto the onesaddresseih
theRoboCupcontext. However, asthesensoandmotorproblemsareeasieto solve, ta-
ble soccerallows oneto focuson high-level researchissuesasin the simulationleague.
Neverthelessit presentshe challengeof constructinganintegratedsystemandhasthe
fascinatiorof arealrobotleague Amongotherthings,it seemdeasibleto successfully
apply learningtechniquesn arealworld scenaricandit seemswvorthwhile to explore
how thebehavior of theopponentanbemodeledn orderto refinetheplayersstrateyy.

An autonomousablesoccerplayerhasthe potentialof fascinatingpeoplewatching
or playingagainstt. It joins entertainmenandresearctandthusmay be attractive for
variouspurposesMaybetherewill bea“table soccedeague”in thefuture?

! Tablesocceiis alsocommonlyknown as“Bar Football” or “Foosball”.
2 KiRo standsfor Kicker-Roboter which is the germarexpressiorfor “table soccerobot”



The restof the paperis structuredas follows. We startwith a descriptionof the
generalsystemarchitecturein section2. Section3 presentdetails of the hardware
we developedto control the rotationalandtranslationaimovementsof a player’s rod.
Section4 describehiow we gainamodelof theworld from the cameradata.Section5
presentKiRo’s basicactionsandhow they areselectedSection6 reportsresultsfrom
matchesKiRo playedin the public. In section7 we concludeand give an outlook on
our futurework.

2 General Architecture

An importantcriterion in the designof KiRo wasto modify the naturalervironment
only asmuchasabsolutelynecessaryThereforewe boughta commerciallyavailable
tablesoccerandattachedheunitsfor controllingtherodsto the outsideof thetable.

Eachunit is individually mountable
andcontrolsonerod of aplayer Theonly
sensorsused are absoluteposition en-
codersof the motorsanda color camera
overlooking the table’. A standardper
sonal computerconnectsto the camera
andcontrolunit andhandlesll theinfor-
mationprocessingluringa game Figure
1 givesa sketchof the setup.

Figure 2 shows the structureof the
controlsoftwarewe developed Fromthe
cameradatathe position of the ball and
the positionsof the playersare estimated Theseestimatesareintegratedinto a world
modelwherethe direction of motion andthe velocity of an objectare calculated.In
addition, the world model generatesnformationwhich helpsto locatethe ball if not
visible. The encodersareusedto detectif the ball is locked betweena figure andthe
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Fig. 2. Thesoftwarearchitecture

floor. Thisinformationis very helpfulif a playerwantsto stopandcontroltheball, e.g.
for apasgo afigure of the samerod.

3 We discardedhe ideaof mountinga grid of photosensorgust abave the playing surfacefor
ball recognition becaus¢his would have meanta considerablenodificationof thesoccettable



Basedon the world model the action selectionmodulesdecideswhich behaior
from a setof basicskills is the mostappropriateonefor the givensituation.The execu-
tion of the selectedactionis thenmonitoredby the actioncontrol modulewhich sends
the suitablecommandgo the motors.

Tablesoccercanbe a very fastgamewherethe ball may move at velocitiesof up
to 10 m/s. This meansthat even at a framerate of 50 Hz the ball possiblytravels as
faras200mm betweertwo consecutie frames.In orderto copewith thesedemanding
conditionswe attemptto minimize the delaybetweera changean the ervironmentand
an action being taken in responseBy synchronizingthe vision and action selection
processesve achieve thatan actionis selectecandexecutedassoonasa new camera
imageis available.This reduceghe delayto the amountof time neededor digitizing
the cameras analoguesignal (approximately20msat a very high shutterspeed)plus
thetime neededor processinghe new informationandcommunicatingvith themotor
controllers(currentlyapproximatelyl1 ms). In orderto copewith this delay we date
backby 20msthe timestampwhich is assignedo a newly arrivedimageandestimate
the positionsof all objects11 msaheadof the currenttime. Of course this increases
theuncertaintyof anobject’s positionestimateput decreasethe effectsof thedelay

But reactivenessisn’t everything aryway: Interestingly professionalplayers af-
firmed, that very often their stratey ernvisionsjust not to reactto the movementsor
postureof the ball or the opponenfigures.At anadvancedevel of play onewould be
fooled by anopponentstrick too easilyandit is thereforeadvisableto concentraten
anelaborateandconstantlychangingpositioningschemeWhatdistinguishes profes-
sionalplayeris ratherhis stratgical play and his motoric skills to manipulatethe ball
thanhisfastreactiontime.

3 Hardware

Becausedn Germaly Lowensoccertablesare commonlyusedboth for competitions
andrecreatiorwe decidedo usetheir HomeSoccemodef for our purposesThetable
providesa playingfield of the size 1200mmx 680mmandhasfour rodson eachside.
Therearefiguresattachedo eachrod (1 for the goal keeper 2 for the defender5 for
themid field and3 for theattacler), which canbe usedto manipulatethe ball.

We designedhe unitsfor controlling

s the rotational and translational move-
mentsof aplayersrodin suchawaythat
they areeasilymountableto othermanu-
facturers tablesaswell. Figure3 showvs
amodelof a controlunit with a players
rod attachedo it. Coupledto abeltdrive,
theslideglidesonasplineshaftwhenthe
beltis moved by a motor. A secondmo-
tor andbelt drive causethe spline shaft,
Fig. 3. A controlunit andthusthe belt pulleys of the slide, to
rotate.As the players rod is attachedo

4 hitp:/Iwww.loewen.de/produkte/soccer/nomesocc.htm



theupperbelt pulley of the slide,ary desiredtranslationakndrotationalmovementof
aplayercanbeachievedby controllingthe correspondingnotorsappropriately

The Faulhaberseno motorsand motor controllerswe useare addressabl&ia an
RS232link in acomfortableway. To controleightmotors(2 for eachunit) atthe same
time we equippedthe PC AMD Athlon, 700 MHz, 256 MB Ramwith a Stallion Easy
I/O multi-port serialadapter

Eventhoughmore specializedsensorscould be used,we preferredto rely mainly
onthe positionencoder®f the motorsandon onecolor cameraThevision systemwe
employ consistsof a PhytecVCAM-110cameraanda PhytecpciGRABBER-4rame
grabber providing PAL imagesin YUV format. Becausewne analyzeeachhalf frame
individually, we achieve an effective framerate of 50 Hz with animageresolutionof
384x288pixels.In addition,a safetylight grid is usedto guarantee¢hatnobodywill be
harmedwhenputtinga handbetweerthe playerrods.

4 Vision and World Modeling

Using the very efficient CMVision library [1] for color sggmentationwe are ableto
extractthe positionsof the playersandthe positionof theball ataframerateof 50 Hz.
Sincethepositionof thetablerelativeto thecameramaychangeduringagame we have
developeda simplebut effective calibratingmechanisnwhich allows usto re-calibrate
thesystemeveryfew secondsThetransformatiomrmatrixfromimagecoordinateso real
world coordinatess determinedy examiningthefield linesandfinding boththecenter
circleandthecenterinesusinga simpletemplatematchingmethod First, startingwith
defaultvaluesthepositionandthesizeof acircletemplatds variedsystematicallyntil
thecorrelationwith the cameramagereaches maxima. As in thesuccesie cycle the

Fig. 4. An imagefrom the overheadcamera(a) andthe world modelderived from it (b). In the
imagethe calibrationcircle andline areplottedblack.In theworld modelthe ball is marked asa
white circle andthe ball owneris marked by a white frame.

previously determinedcircle center circle position and line orientationare taken as
startingvalues the describednethodusuallyfinds the relevantfield lines within a few
milliseconds— if the soccertabledoesnt move considerablyThe circle’s centerthen



yields the position of the table, the angleof the straightlines its orientationandthe
circle radiusthe zoomfactor Figure4 (a) shavs animagefrom the overheadcamera.
It canbe seerthatthe calibrationroutinerecognizedhe centercircle andline.

A players rod hasonly two degreesof freedomandbothits positionandthe dis-
tancebetweenits figuresare known. Thus, individually detectingthe positionsof all
thefiguresof arod createsedundantnformation.This meanghatwe canimprovethe
estimatesf the figures’ inclination and position by averagingover all figuresof that
rod. Thea priori knowledgealsopermitsusto improve the estimategor anindividual
playerbecausdlifferentblobsbelongingto the samefigure canbe associatedeliably.

Theangleof afigureis estimatedy comparingthe width of its boundingbox with
theminimumandmaximumpossiblevalues Dueto thelimited resolutionof thecamera
imageonly aroughandambiguousestimates possible For instancepnecannotreally
tell if afigureis pointingright towardsthetableor in the oppositedirection.However,
by examiningto which side of a rod a figure’s boundingbox further extends,it can
usuallybe detectedowardswhich sidethe figureis inclined. Knowing towardswhich
sideof arod afigureis “up” andassuminghatafigureis “down”, whenthe bounding
box andthusthefigure'sangleis small,is sufficientfor our purposestthe moment.

Currentlywe usea yellow ball in orderto simplify the perceptionproblem.Since
thereis no otheryellow objecton the field, all yellow blobscanbe usedto calculate
anoverallboundingbox. Usuallyits centercorrespondso the centerof the ball onthe
field, but theremight be considerablénaccuraciesf theball is partially coveredby a
rod’s figure. However, knowing the expectedsize of the ball, the boundingbox canbe
reconstructedlakinginto consideratiorthe coveringfigure.

Quite often the ball cannotbe identifiedin the cameraimage.This happensither
becaus@agoalwasscoredr - morefrequently- becauséheball is obscuredompletely
by afigure.In orderto ensureanappropriatdbehaior evenin thesesituationswe mark
a figure asthe “ball owner” if the visible ball is closeenoughto it. The knowledge,
which figure wasthe ball owner beforethe cameraost track of the ball permitsusto
assumehattheball is locatedright underneatithis figure,evenif thisfigureis moving.

Figure4 (b) shows a screenshobf the world model constructedrom the camera
image. Note, that even thoughnot plottedin the world model, it is known, towards
which sideof arod afigureis inclined.

5 Action Selectionand Action Control

In the first prototypeversionof KiRo we employ a simple decision-tredike action
selectionmechanismlt considershe currentgamesituationand choosesone of the
following basicactionsfor execution:

— DefaultActionmove andturn rod to defaulthomeposition

— KickBall: rotatetherod by 90° to kick the ball forward

— BlodkBall: movetherod sothata figureinterceptshe ball

— ClearBall: move to the samepositionasBlockBall but turn therod in orderto let
theball passrom behind

— BlodkAtRos move the rod so that a figure preventsthe ball passingat a specific
position



— ClearAtRPrs move therod to a specificpositionandturn therod in orderto let the
ball passfrom behind
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Fig. 5. Thedecisiontreefor selectinganaction

Figure5 shaws the decisiontree usedto selectan actionfor the rod of a player Only
afew predicatesareusedandthe actionsareselectedn a straightforvardway. All the
rodsaretreatedn the sameway, exceptthatthe positionsfor BlockAtRosandBlodkBall
arecalculatedndividually.

Every figure of a player's rod canmove within a certainrange.Usually the ranges
of two figuresoverlap and consequentiitheremay be situationswith two figuresas
candidatdor movingto aspecifictargetposition.In thesecasesve selecthefigurewith
the besttrade-of betweenits distanceto the target positionandthe distancefrom its
rangelimits to the targetposition. To avoid oscillation,e.g.whenblocking the moving
ball, we additionallypreferthefigurethatwasselectedn thelastcycle already

The exacttarget positionwherea figure tries to block the ball dependson the po-
sition, direction and velocity of the ball. If the ball is moving very fast, the position
wherethe ball is anticipatedto passthe rod is taken. However, if the ball is moving
very slowly, thetargetpositionis setin theway of theexpectedkicking directionof the
opponentit is assumedhatthe figuresof an offensive rod alwaysaim at the goaland
that otherfiguresusuallytry to kick the ball just forward. In orderto achieve smooth
transitionsbetweenthe anticipatedand the expectedposition, the target positionsfor
intermediateball velocitiesarecalculatedhy interpolatingbetweernthetwo positions.

To avoid unnecessaryhectic” behaior the velocity at which a rod is moved is
determinedy considerinchow urgentit is to reacha giventargetposition.If theball is
faraway andit is moving only slowly thereis no needfor afastreaction But thecloser
andthefastertheball gets,the higheris the speedassignedo therods.

The currently available basicactionsand the mannerof selectingthemleadto a
very “agile” and effective behaior. The well organizedteamline up andthe reliable



ball blocking skill make it quite difficult for an opponentto bring the ball forward.
In turn, the fact thatthe ball is kicked forward as soonas possiblemakesit hardfor
opponentgo reactfastenoughto block it. Testgameshave shavn, that even with a
simplestrateyy like the one presentedere,beginnersand amateurcanbe beatenby
theautonomousablesoccelplayer

6 Results

At the RoboCupGermanOpen’02 in Paderborrandthe Hannover Industrial Fair '02
KiRo playedduring nine daysfor a total of about22 hoursagainsthumanplayers.
Mostly men, but also a lot of womenwere queuingup, curiousto play table soccer
playeragainstamachineln the sameway kids, adolescentandadultswerefascinated
by KiRo, ambitiousto win andobviously having fun whenplaying. We weresurprised
by thefact,thatmostof the“testplayers”hadconsiderablexperienceandwerealready
playingatahigh standard.

Altogetherwe recorded102 matchesKiRo playedagainsthumanopponentsjg-
noring a lot of "trial games”,wherepeoplegave up very early or just wanteda quick
impressiorof how it is like to play againsta machine Alwaystwo playerswereplaying
asateamagainstKiRo. For all the gameswe recordedthe teams playing standard,
which we assessetly observingthe players’skills andtheir stratgical behaior, dis-
tinguishingbetweerthefollowing cateyories:

— A bainner hashardly ever playedand hasneitherspecialskills nor a strateical
understandindor thegame.

— An amateurplaysoncein awhile, hasfundamentatkills anda strateyical under
standingof thegame.

— An advancedlayeris playingregularly andconsciouslyimproving his skills and
stratgyy while playing

— A professionals explicitly practicingspeciakhotsor tricks, playswith anelaborate
stratgly andcompetesttournaments

| | Gameswon: Gamedost | Goalsshot: Goalsreceired |

Beginners 17:0 154: 28
Amateurs 56:11 501: 284
AdvancedPlayers 3:11 75:117
Professionals 0:4 7:40

Total 76: 26 737: 469

Table 1. gameresults

Table 1 shaws the resultsof the games.Of course,only a rough and subjectve as-
sessmentf theteams’playing standardvaspossible KiRo won about75% of all the
gamesandproofedto bea challengeor beginnersandamateursEvenagainstwo pro-
fessionabplayers(oneof themthe runnerup at the EuropearChampionshipn 1998),
KiRo managedo scoresomelucky goalsuntil they got usedto its playing style. Nev-
erthelesslik e the audienceandall the otherplayersthey appreciatediRo andoffered
to contritutetheir experienceandknowledgefor improving KiRo’s strateyy.



7 Conclusionand Future Work

We presented systemcapableof playingtablesoccerin a fully autonomousvay. In
its first prototypeversionit playswith a simplebut effective stratey andis ableto win
againstbeginnersand amateursPeopleplaying againstKiRo were obviously having
fun and with respectto the entertainingaspect(not the social aspectthough)of the
gamethey saw little differenceto playingagainsia humanplayet

Thefirst positive feedbackirom humantestplayersallows usto be optimistic re-
gardingtheacceptancef KiRo to the wider public. But the existing prototypeis more
thanjustatoy: it alsorepresents robustbasisfor researchn thefields of roboticsand
artificial intelligence.ln competitionsagainsthumanplayersor otherartificial players
researcttanbe evaluatedn anattractve way in therealworld.

Our futurework includesimproving the hardwareandextendingthe vision system
to enableplaying with a white ball. In addition,we planto focuson designinga new
actionselectionrmechanisnwhich incorporatesiew skills, allows for differentplaying
stylesandadaptdtself to the characteristicandcapabilitiesof the opponenplayer For
tuningthe parametersf the basicskills we attemptto applylearningtechniquesn the
realervironment.
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