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Abstract—Creation of cooperative robot teamsfor complex tasks
requiresnot only agentsthat can function well individually but also
agentsthat can coordinate their actions. This paper presentssev-
eral methodsfor collaboration and coordination in a team of soccer-
playing robots. In our approach, �xed collaborative supporting be-
haviours allow for robots to aid each other and decreaseinterfer -
ence.Coordinated dynamic role assignmentthen permits the robots
to take advantageof their curr ent location on the �eld. We present
a robust protocol for dynamic role assignmentbased upon multi-
thr eadedcomputer programming that mitigates the risk often asso-
ciatedwith initiating a role changein a distrib uted system.This pro-
tocol is independentfr om the manner in which the decisionto switch
rolesis made and would therefore support any approach to role as-
signment. The individual and supporting behaviours were testedat
RoboCup2001in Seattle,Washington.

I . INTRODUCTION

Robotic socceris a domainthat incorporatesmany of
thecoreproblemscharacteristicof mobilerobotics,includ-
ing localization,object recognition,motion planningand
multi-robotcoordination.Over thepasttwo years,our lab
has�elded the CMU Hammerheads,a middle-sizedteam
in the RoboCupcompetition[1]. Basedupon the team's
performancein its �rst yearof competition,we re�ned the
teamfor its secondcompetitionthisyear.

Several hardwaremodi�cations have beenmadeto the
teamsinceits debut at RoboCup2000in Melbourne,Aus-
tralia, but the primitive behaviours of the teammembers
remainthesame.At thestrategy level, however, the team
is quitedifferent.Thisyearourfocuswasto combineolder
behaviour primitiveswith moresophisticatedteamcoordi-
nationthatallows therobotsto interactwith eachotherin
waysthatemphasizethestrengthsandminimizetheweak-
nessesof the team. By moving beyond simple, special-
ized playersand, instead,allowing robots to have roles
thatblendtogetherelementsof multiplepositions,theteam
membersareableto supporteachotherandminimize in-
terference.

A. RoboticSoccer

RoboCupis an internationalinitiative designedto pro-
moteAI androboticsthrougha well de�ned domainthat
offers researchersthe opportunityto apply a wide range
of technologyandsolutions[2]. The original domainfor
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the RoboCupFederationis that of robotic soccer. The
CMU Hammerheads2001 are membersof the middle-
sizedleaguewhich consistsof the largestrobotscurrently
competing. In this leagueeachteamhasfour members,
eachof which canbeup 50cmin diameterand80kgs.All
robotscarry their own sensorsandarefully autonomous.
Colour coding is usedon the �eld to distinguishobjects
of importance.The ball is orange,the goalsareblue and
yellow, the �eld is greenwith white walls and�eld lines,
andtherobotsareprimarily blackwith magentaandcyan
markers usedto identify teammates.The objective, like
thatof realsoccer, is to move theball into theopponent's
goalwhile defendingyourown goal.

B. CollaborationandCoordination

In orderto distinguishbetweenthewaysthatrobotscan
work together, we differentiatebetweencollaborationand
coordination. Collaborationoccurswhenmultiple robots
are working towardsthe samegoal but do not explicitly
coordinatetheir actions.Collaborative robotsactas`good
teammates'by avoiding other playersand broadcasting
useful information to their teammates.Coordinationin-
volves more explicit protocolsfor decidingwhich robot
will do whatwhen. Coordinationdoesnot necessarilyre-
quirecommunication,but it doesrequirea robotto initiate
a speci�c behaviour or setof behaviours shouldit recog-
nizethata teammateis working towardsacertaingoal[3].
Dynamicroleassignmentis atypeof coordinatedbehavior
in which teammatesentirely switch their rolesundercer-
taincircumstances.

Developingcollaborationandcoordinationin a robotic
teamis a dif�cult task. In soccer, robotsmustminimize
their interferences,yet onerobot muststill get to the ball
and transportit to the goal. This paperpresentsan ap-
proachthatmakesuseof messagesbetweentheplayersto
identify situationsthatrequirethemto supportor avoid an-
otherplayerratherthango after the ball themselves. The
outcomeof thisstrategy is thattheplayersareableto better
positionthemselveson the �eld thanif eachrobotplayed
asanindividual. Dynamicroleassignment,asanextension
of thiscoordination,allowstheplayersto switchtheirroles
shouldtheir currentlocationsplacethematadisadvantage
with respectto the gamestate. Switching roles involves
risk as it canallow multiple playersto take on the same
role while no players�ll someotherrole. Throughtheuse
of a protocol that requireslocks and acknowledgements,



only one robot can initiate a role assignmentanddictate
therolesof its teammates,thusmitigatingtherisk.

In the remainderof this paperwe will describeour re-
searchplatformfor roboticsoccerandtheindividualplayer
behaviours. A discussionof the teambehaviours for col-
laborationandcoordinationandthe limitationsof this ap-
proachwill thenbepresented.A protocolfor dynamicrole
assignmentthatovercomessomeof theseproblemsis de-
scribedin thelastsection.

I I . RELATED WORK

Ours is not the only robotic soccerteamto exhibit co-
ordinatedbehaviours. A high level of cooperationhas
beenachieved amongsometeamsin the simulationand
small-sizeleaguesof RoboCupwhich have thebene�tsof
non-physical robots, and global vision and planning re-
spectively. Our team,which competesin the middle-size
league,facesthe requirementthat robots must be fully
autonomous. Due to the natureof autonomousmobile
robots,middle-sizedleaguecompetitorsinitially focused
on hardware problemsand solving single mobile robot
problems;however, moremembersof this leaguearestart-
ing to demonstrateasophisticatedlevel of teamwork.

The CS Freiburg 2000 and ART 2000 teamsboth use
�x ed goalieswhile allowing their other playersto move
betweenroles of main attacker, helping attacker and de-
fender[4], [5]. Theseteamsuseutility functionsto cal-
culatewhich rolestheplayersshouldassume.Eachmem-
berof theCSFreiburg teamtransmitsthevaluesof utility
functionsfor assumingeachrole to all other players. A
playercanswitchrolesif it hasthehighestutility valuefor
that role and the robot currently in that role also wishes
to switch,thusminimizing theprobabilitythattwo players
take on the samerole at the sametime. ART 2000uses
two utility functions,the valuesof which are also trans-
mittedto all players.Robotstake on rolesbaseduponthe
valueof theseutility functionsrelative to theotherplayers
with adoublethresholdusedto preventoscillationbetween
roles. TheRMIT United2000teamusesheuristicsbased
uponinformationgatheredfrom aworld modelmaintained
by eachplayerto assignplayerroles[6]. Bonusesfor the
playercurrentlyin agivenroleandconstantheuristiceval-
uation minimize the possibility of two playersassuming
thesamerole. Finally, eachmemberof the Italian Golem
team evaluatesa Q-function for eachpossibleaction to
determinewhich behaviour it shouldactivate [7]. These
valuesarebroadcastto teammatesandtheplayerwith the
highestQ-valueis allowedto executeits associatedaction.
Thus,interferenceover theball is minimizedastheplayer
with theball will havepriority in executingactionsregard-
ing ball manipulation.

Thereareelementsof theseteamsthataresimilar to the
CMU Hammerheads'strategy. Ourbreakdown of thethree
non-goalieplayersis similar to CSFreiburg andART 2000

with amainforward,supportingplayerandahalfback.Un-
like theseother teams,however, we have uniquesupport
of the goalieby the halfback. In part this is becauseour
goalieis itself unique.TheCMU Hammerheadgoaliewill
aggressively leave the penaltybox in orderto cleara ball
away from thegoalunlike thoseof theotherteams.

It is importantto realizethat the problemof deciding
thata roleswapshouldoccuris separatefrom theproblem
of executingthe swap reliably. One importantcontribu-
tion of this work is a protocolthatensuresrole swapsare
madereliably. Thedynamicrole assignmentincorporated
in our teaminvolvesaprotocolfor genericroleassignment
thatcouldbeinitiatedthroughutility functionevaluationin
a fashionsimilar to theseotherteams,but hasextra safe-
guardsbeyondhysteresisto ensurethatno role is heldby
two playersat thesametime. We,however, usecase-based
reasoningfor determiningwhenrolesshouldbe changed
ratherthanutility functions.

Fig. 1. TheCMU Hammerhead2001Team.

I I I . RESEARCH PLATFORM

The CMU Hammerhead2001 team is comprisedof
four robots(seeFigure 1). The robotswere constructed
at our lab as part of a project to build inexpensive, au-
tonomousrobotsfor the studyof multirobot systemsop-
eratingin dynamicanduncertainenvironments. The un-
derlying mechanicalplatform is a commerciallyavailable
non-holonomicrobot andpassive trailer [8]. Mountedon
thetrailer is a Pentiumlaptopwhich runstherobot's con-
trol systems.A shaftextendingabove the drive unit pro-
vides a mount for a digital camera,and a slip ring at-
tachmentensuresthat the two-wheeleddrive unit canro-
tate freely underthe trailer. Eachrobot usescolour seg-
mentationof the imagesit receivesthroughits camerato
identify approximaterangeandorientationto objectsin its
world [9]. The drive unit hasa microcontrollerthat con-
trols themotorsandprovidesodometryandbumpsensing.
Mountedto the front of the drive unit is a shallow scoop
thatallows therobotbettercontrolover theball. Commu-
nicationbetweenrobotsis provided by wirelessEthernet
usingPCMCIA cardson the robotsanda wirelessaccess
point.

Robotsare controlledusing the Clay library of Team-
Bots[10], [11]. TeamBotsis aJava-basedcollectionof ap-



plication programsandpackagesfor multi-agentrobotics
research.TheClay library is agroupof Javaclasseswhich
canbeeasilycombinedto createmotorschema-basedcon-
trol systems[12], whicharegenerallyrepresentedas�nite-
statemachines.In this methodeachstatecorrespondsto a
setof activatedbehaviours, or a behavioural assemblage,
for accomplishinga task. Perceptualnodestake informa-
tion from the robot's sensorssuchas the locationof ob-
jectsof interestandobstacles.Thesenodesareembedded
in motor schemasto producevectorsrepresentingthe de-
siredtrajectoryof the robot. Behavioural assemblages,in
turn,areformedby combiningoneor moremotorschemas
through weightedlinear superposition. This behaviour-
basedapproachto robotcontrol is describedfully in [10],
[12].

The bene�ts of behaviour-basedcontrol in robotic soc-
ceris thatit allowsthecontrolsystemto quickly locateand
acquiretheball in a highly dynamicenvironment.A plan-
ning approachwould requirea fastplannerthat is capable
of dealingwith theconstraintsof ournon-holonomicrobot.
The successof the motor schema-basedcontrol systems
in generatingpathsfor our robotsin generalizedpushing
tasks(includingball dribbling) is describedin [13].

IV. INDIVIDUAL PLAYER BEHAVIOURS

The CMU Hammerhead2001teamis madeup of four
positionsor roles: a goalie,halfback,�oater andforward.
While theseare �x ed roles, they arecomplementaryand
overlapwith eachother. This sectiondescribesthe basic
behaviours of eachrole. SectionsV, VI andVII will de-
scribethehigherlevel teamstrategiescreatedthroughcol-
laboration,coordinationanddynamicroleassignment.
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Fig.2. PlayerZonesof Control.Thisdiagramshowsthezonesof control,
or dangerzones,for theforward,halfbackandgoalieandeachrole's
homebase.The�oater will haveazoneof controlandhomebaseequal
to thatof theforwardor halfbackdependinguponwhichof thesetwo
sub-rolesit is currentlyplaying. Thecontrolzonesextendoutsideof
the�eld of play in orderto take into accounterrorsin localization.

At its core, each position has roughly the samebe-
haviour: 1) searchfor the ball by rotating in placeand
track it onceit hasbeenlocated;and 2) shouldthe ball
entertherole'sareaof control(its dangerzoneasshown in

Figure2), thenmove into a ball acquiringbehaviour that
lines the robot up behindthe ball facing the opponents'
goal. Oncetherobothascontrolof theball, behaviour be-
tweenthe positionsvariesslightly. The goaliewill push
theball to theboundaryof its dangerzoneandthenreturn
backto its homebase.Thehalfbackwill alsopushtheball
to theboundaryof its dangerzonebut, shouldit still retain
goodcontrolof theball (i.e. theball is in its scoop),then
it will continueto pushthe ball to the opposinggoal, re-
turning homeonly whenit losescontrol of the ball. The
�oater andforward will try to pushthe ball into the goal
so long asit is in their dangerzonewhich consistsof the
opponents'sideof the �eld. If a robot is unableto locate
theball aftersearchingfor aspeci�edlengthof time it will
returnto its homebase.For thegoaliethis is alwaysa spot
in the centreof the goal just in front of the goal line, for
theotherrolesit is oneof severalpositionsdictatedby the
robot's currentlocationon the �eld andthoseof its team-
mates(thiswill befurtherdiscussedin SectionV-B). Roles
alsodiffer in thespeedwith whichaplayerwill move. The
goaliemovesthefastestasit needsto `kick' theball outof
its dangerzone.Thehalfbackmovesslightly slower while
acquiringtheball in orderto insurethat it is well lined-up
behindit, but will speedup oncethe ball is in its scoop.
Theforwardmovestheslowestduringball acquisitionand
dribbling in orderto ensurethat it hastight controlof the
ball. Thesecorebehaviours arethenfurther modi�ed by
teamcollaborationandcoordination.

Weemphasizedefensein ourstrategy becauseourgoalie
is somewhat handicappedby its non-holonomicnature.
While it might seemcounter-intuitive to give precedence
to defensive players,when facedwith a strongteamone
doesnot want thedefensive playersto yield controlof the
ball to a forward but insteadwantsthe defensive players,
with their greaterspeed,to move theball out of thedefen-
sivezone.In orderto playdefensively weallow the�oater
to act asa forward whenthe ball is in the offensive zone
but asa halfbackif the ball is in the defensive zoneor if
the true halfbackhascontrol of the ball andis outsideof
thedefensive zone.

V. COLLABORATIVE BEHAVIOURS

A. TeammateAvoidance

In orderto preventinterferencebetweenteammembers,
eachplayerhastheability to avoid its teammatesincorpo-
ratedinto its basicbehaviours. This avoidanceis imple-
mentedtwo ways. The �rst type of avoidanceis a linear
repulsionfrom anotherplayer's location,reportedvia po-
sition messages(seeFigure3). This typeof avoidanceis
usedin lesscritical behaviours suchasgoing to a home-
base.Thesecondtypeof avoidanceis amotor-schemathat
swirls the robot aroundthe player it is avoiding. This is
usedin behaviours in which the robot still needsto make
progresstowardsa goal like the ball. The avoidanceof



teammatesin this fashionis a form of collaboration.A hi-
erarchicalschemethat modi�es the degreeto which one
playerwill avoid anotherplayeris acoordinatedbehaviour
andwill bediscussedin SectionVI-A.

p osition ha v e � ball goalie
time : 1500 time : 1800 time : 650
r obotN um : 3 r obotN um : 0 r obotN um : 2
position : (x; y )( r ; theta ) hav ebal l : tr ue behav iour : l eav ing
heading : (x; y )( r ; theta ) r ol e : f l oater side : r ig ht

time : 3900 time : 6300
r obotN um : 0 r obotN um : 2
hav ebal l : f al se behav iour : enter ing
r ol e : f l oater side : centr e

Fig. 3. ExampleCollaborationandCoordinationMessages.The �rst
messageis theposition messagewhich is sentout by every playerto
indicateits currentposition. The secondmessagetype is the have-
ball messagewhich is sentwhena player is performingan acquire
behaviour andis within 1m of theball. The �nal typeof messageis
a goaliemessagewhich is sentby thegoaliewhenit leavesor enters
thepenaltyboxwhile moving towardstheball.

B. HomebaseSelection

Thenotionof returningto one'shomebasewhenaplayer
cannotseethe ball is importantto the way in which our
teamplays. The selectionof the homebaseallows us to
exploit the roboticsoccerrule which hastherefereeplac-
ing the ball on a penaltyspotwhengameprogressis not
beingmade.Theninepenaltyspotsarelocatedalongthe
centreline and2m in front of eachof thegoals. If oneof
our robotsis in this locationor canseethis locationthen
we increaseour chanceof gainingcontrol of theball. As
mentionedearlier, while the goalie's homebaseis a �x ed
position,theotherplayersarefreeto selectfrom a variety
of positions.

Thehalfbackwill selecta homebasehalfway down the
defensive zone,eitheron the left or right sideof the �eld.
The sideis selectedby choosingthe sideoppositeto that
lastusedby thegoaliefor enteringthepenaltybox in order
to minimizeinterferencebetweenthehalfbackandgoalie.
This informationis madeavailableto thehalfbackthrough
thegoaliemessagessentwhenthegoalieentersandleaves
thepenaltybox. Theforwardhastheoptionof threehome-
baselocations,the centreof the �eld, the far left penalty
spotor thefarright penaltyspot(seeFigure2) andchooses
theoneclosestto its currentlocation.The�oater will either
selecta homebasein thedefensive zoneor offensive zone
basedon its currentsub-role.While actingasa halfback,
it will selectthehalfbackhomebasefarthestawayfrom the
currentlocationof thehalfback,andwhile actingasa for-
wardit will selecttheforwardhomebaseclosestto its cur-
rentlocationthatis notalsoclosestto theforward'scurrent
location.A robotattemptsto goto thehomebaseclosestto
its currentpositionbecausetherefereewill replacetheball
on theclosestpenaltyspotto theball's currentlocation.

VI . PLAYER COORDINATION

This sectiondiscussescoordinationstrategies that en-
abletwo or morerobotsto acttogether.

A. Hierarchical TeammateAvoidance

Theperformanceof lastyear'sCMU Hammerheadteam
showed that a behaviour-basedapproachwhich hasevery
player avoiding every other player equally, can result in
repeatedcollisionswith neitherrobotmakingprogress.In-
stead,a hierarchicalavoidanceschemepermitsthe more
importantplayerto continueto make goodprogresswhile
the otherplayersavoid it. Therearesimilaritiesbetween
this andthe dominancehierarchy describedin [14]. Our
team gives precedenceto defensive players,and so the
goalieis alwaysat thetop of thehierarchy andall players
will avoid it. The �oater will alsoavoid thehalfback,and
theforwardwill avoid thehalfbackand�oater in addition
to thegoalie.Avoidanceof teammatesis alwaysincreased
in non-essentialbehaviours suchas returningto a home-
baseand is minimized in an essentialbehaviour suchas
acquiringtheball.

B. Ball Claiming

To further prevent teammateinterference,a playerthat
is within 1m of the ball and is in a ball acquiring be-
haviour canclaim theball usinga have-ball message.If a
lower-rankedplayerhascontrolover theball andahigher-
rankedplayerthenclaimsit, thelower-rankedplayerloses
its claim on the ball. Again, this is donein a hierarchi-
cal fashionwith thegoaliehaving priority, followedby the
halfback,�oater andforwardrespectively. Thepurposeof
theball-claimingis two-fold: �rstly , all playerswill avoid
the teammatethatcurrentlyhastheball in all behaviours,
regardlessof thatteammember'spositionin thehierarchy;
andsecondly, knowledgethata certainteammatehascon-
trol of theball is usedto move theotherplayersinto sup-
portingbehaviours.

C. TeammateSupport

We implementedtwo coordinationstrategies: goalie
supportandoffensive support. For both of thesesupport
strategies, one of the playerssendsout appropriatemes-
sagesandexpectsanotherrobotto adjustits behaviour ap-
propriately. Specialgoalie messagesareusedto indicate
whenthegoalieis out of thepenaltybox, while offensive
supportis initiated by the have-ball messageswhich are
alsousedto helpwith teammateavoidance.

As mentionedearlier, by necessitythe CMU Hammer-
headgoalieis aggressive. It will leave thepenaltybox in
orderto clearaball away from thegoal.Oncethis is done,
the goaliemust turn aroundandgo back into position in
front of thegoal. While thegoalieis returningto thegoal
it cannotseetheball andsothereis thedangerof anoppo-
nentbeingableto score.In orderto minimizethetimedur-
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Fig. 4. GoalieSupportFSM. Thehalfbackmovesbetweenits halfback
roleandthatof goaliesupportbasedupongoaliemessages.

ing which our goal is unprotected,we implementedsup-
port of thegoalieby thehalfback.Whenthegoalieleaves
the penaltybox it sendsa goalie messageindicatingthat
it is leaving andthesideof thegoal from which it is leav-
ing. Upon receiptof this message,the halfbackwill go
into thegoalfrom theoppositesideandthenmovethrough
the penaltybox to take up a position just in front of the
penaltybox. Oncein this location it will searchfor and
track the ball and,shouldthe ball comeinto the goalie's
dangerzone,intercepttheball asshown by the�nite state
machinein Figure4. Whenthegoaliehasclearedtheball
away from thegoal(or givenup) it returnsto its homebase
and,asit re-entersthepenaltybox, it sendsa goaliemes-
sageindicatingthatit is enteringthepenaltybox andfrom
which sideit is entering.Thehalfbackwill thenmove to a
homebasepositionthat is on theoppositesideof the �eld
from thesideindicatedby this message.This is designed
to minimizeinterferencewith thegoalie.

The progressof the halfbackthroughthe penaltybox
takeslessthanthe10 secondsthatarepermittedfor a sec-
onddefendertobein thisdefensearea.Overallthisscheme
leavesthegoalmoreprotectedthanthegoaliecandoalone.
Figure5 shows a sequenceof thehalfbacksupportingthe
goalieduringgameplay.

In 2000,in orderto have full coverageof the �eld, the
teamhad two forwards,eachof which were responsible
for the entire offensive zone. This schemeensuredthat
at leastoneof the two forwardswould attemptto acquire
the ball; however, it alsoresultedin interferencebetween
them.This year, in additionto thehierarchicalschemefor
avoiding teammates,a supportingbehaviour wasusedthat
placesthe offensive playerwithout the ball at a moread-
vantageouslocation.

When an offensive player gains control of the ball, a
teammatewill move to a location that is just behindand
to onesideof it. This supportbehaviour is initialized by
thereceiptof a have-ball messagefrom a valid player. As
the player with the ball moves up the �eld, so doesthis

supportingplayer. If the initial playershouldlosecontrol
of theball thenthesupportingplayeris in anidealposition
to regain the team's control of the ball. The position of
this supportingplayeralsohelpsprevent opponentsfrom
gettingto theball andhelpsblock themif they shouldgain
controlof theball. Thededicatedforwardis ableto support
eitherthe�oater orhalfback,andthe�oater cansupportthe
forward(asshown in Figure6).

This offensive supportwassuccessfulin minimizing in-
terferencebetweenthe forward and�oater and in advan-
tageouslyplacingtherobotson the�eld. Onebene�t, was
thatthesupportingplayer, whofrequentlycouldnotseethe
ball as it wasblocked from view, still maintaineda good
positionon the �eld insteadof returningto its homebase
positionasit would have donein this situationthe previ-
ousyear.

D. LimitationswithoutDynamicRoleAssignment

The halfback's behaviour andoffensive supportgovern
how the robotsinteractas the ball movesup the �eld; if
a halfbackmanagesto gain controlof theball it will con-
tinue to move towardsthe goal until it losescontrol of it,
thusactingasapseudo-forward.It will besupportedby the
forwardwhile it hascontrolof theball andthe�oater will
dropbackto playdefense.Otherwise,if eithertheforward
or �oater hascontrolof theball they will besupportedby
the otherplayer. Oneproblemwith this approach;how-
ever, is thatif thehalfbacklosescontrolover theball when
it is closeto theopponent's goal, it will give up andmove
back towardsthe defensive zone. The �oater, which has
beenstayingin thedefensive zone,mustthenmove up the
�eld in orderto supporttheforwardor to gettheball. This
resultsin wastedtravel timeandleavesthedefensevulner-
able. Instead,if theplayerscanswitchbetweentheir roles
of halfback,forwardand�oater thenthey cantake advan-
tageof their currentlocationson the�eld.

VI I . DYNAMIC ROLE ASSIGNMENT

A. TheHigh-LevelSwapProtocol

Initiating a role changein a distributedsystemsuchas
robotic soccerinvolves risk. For example, if two robots
simultaneouslydecideto initiate con�icting role assign-
ments,it is possiblefor theteamto beleft with two attack-
ers,insteadof oneattacker andonedefender. It is, there-
fore easyto draw parallelsbetweenbetweendynamicrole
assignmentandmulti-threadedcomputerprogramming.In
the latter, mutually exclusive locks, or mutexes, are fre-
quentlyusedto ensurethattwo threadswill notmanipulate
a dataregion at thesametime. Our methodof role swap-
pingborrows from thisapproach[15], [16].

A.1 TheProcess:Locking

In order to successfullycompletea role reassignment,
theinitiating robotmust:



Fig. 5. GoalieSupport.Thehalfback(playeron right) supportsthegoalie(playeron left) whenthegoalieleavesthepenaltybox in orderto cleartheball
away from thegoal.

1. LOCK: Request̀locks' from eachof theotherrobots.
2. ACKLOCK: Receive acknowledgementof locksfrom
eachrobot.
3. SWAP: Issuethe role reassignmentcommandto each
robot.
4. ACKSWAP: Receive acknowledgementof the reas-
signmentfrom eachrobot.

It shouldbe notedthat during the entire decisionpro-
cess,all robotswill continueto executethebehavioursap-
propriatefor their currentrole. Steps1 and2 of the role
assignmentprocessare analogousto establishingcontrol
of amutex onadataspaceusedby two distributedprogram
threads. In stepone, an initiating robot makes it known
that it wantsto try to reassignroles,and`locks' theother
robotsout from alsotrying at the sametime. The initiat-
ing robotmustalsowait for anacknowledgementfrom the
otherrobots. If all the robotsdo not respondin a certain
periodof time, the initiating robot simply abortsits reas-
signmentattemptasit is likely thatanotherrobot is trying
to reassignrolesat thesametime.

The robot that is being locked must also take steps
to avoid dead-lock. For example, if the initiating robot
crasheshalfwaythroughtheprotocoladead-lockcouldoc-
cur. In orderto prevent this, a timer is seteachtime a dy-
namicrole reassignmentmessageis received. If the timer
is allowed to expire beforeprogressis madetowardsthe
rolereassignment,thentherobotis unlocked,andit is then
allowedto belockedandreassignedby otherrobots.

Notethatthereassignmentprotocoldoesnotneedto ex-
plicitly resolve situationsin which multiple robotstry to
initiate role swapsat thesametime (resourcecontention).
Our protocol forcesall robotsto unlock andwait a short
timebeforeattemptinganotherreassignment.It is possible
that the dead-lockconditionwill be reachedagain; how-
ever, given that RoboCupis a substantiallydynamicdo-
main involving mobile opponentsanda moving ball, this

is unlikely to occurmany timesbeforethe the conditions
leadingto theresourcecontentionchange.

Opponent
Goal

Own
Goal

ball

Fig. 6. Offensive Support. This simulationsnap-shotshows the for-
ward(player0) in asupportive roleduringoffensiveplay. The�oater
(player1) hascontrolof theball.

A.2 TheProcess:Reassignment

Once it is known that all the other robotsare willing
to exchangeroles,the initiator assignsandtransmitseach
robot's new role. It again mustwait for acknowledgement
of thesemessages.If oneor morerobotsdonot respondin
a pre-determinedperiodof time, thenthe initiating robot
musttake actionto remedythesituation. Two simpleap-
proachesare to either resendthe role assignmentto the
robotsthatarenot responding,or to `roll-back' theassign-
mentsto thepreviouscon�guration. Eachof thesehasits
advantagesanddisadvantages.Resendingtheunacknowl-
edgedrole may help if the last messagewas lost due to
interferenceor network congestion;however, if it waslost
becauseof failed networking hardware,thenthis will not
help.`Rolling-back'to thepreviousassignmentsis saferin
thecaseof failedhardware: if therobot is still functional,
but unableto communicate,then the resultingteamwill
still have thecorrectnumberof attackersanddefenders.

A.3 Sequencing

Network packets can be delayedfor a numberof rea-
sons.Duringtesting,it wasobservedthatamessagegener-



atedby a �rst, failedattemptat reassignmentcouldarrive
very late, in fact, late enoughto be received while pro-
cessinga secondreassignmentrequest.For example,if an
acknowledge-lock messagewasreceivedlate,it couldsig-
nal that the senderwas readyto undergo a role change,
when in reality it was not ready and insteadhad been
lockedby anotherrobot.

In orderto eliminatethepossibilityof interferencefrom
pastdelayedmessages,a sequenceidenti�er wasaddedto
eachdynamicrole assignmentmessage.This is a counter
that identi�es the reassignmentattemptto which the cur-
rent messagebelongs. In order to processdynamicreas-
signmentmessages,thesequencenumberassociatedwith
a lock-requestmessageis storedwhenthemessagearrives.
Until eitherthe role reassignmentis completeor the lock
timesout, all otherdynamicreassignmentmessagesmust
arrive from thelocking robot,andhave thesamesequence
number. Using this method,even if two robotsareusing
the samesequencenumber, their messageswill not inter-
ferewith eachother.

Request

Start

Receive Lock

Time out
Before Next
Message?

Yes

No

Reassignment
Receive

Send Ack

Send Lock
Request

Time?
Locks in
Got All

Send

Got All
Acks in
Time?

No

No

Yes

Yes

Start

Reassignments

Fig.7. Protocolfor DynamicRoleAssignment.Theleft chartis followed
by robotsreceiving roles. The right chart is followed by the robot
initiating thereassignment.

B. Implementation

This protocol for dynamic role assignmenthas been
implementedin TeamBotsandtestedin simulationusing
case-basedreasoningfor decidingwhento initiate a swap,
andassignmentroll-backif acknowledgementsarenot re-
ceived from all team membersduring the reassignment
phase.

It is sub-optimalfor the halfbackto travel back to the
defensive zoneandthe�oater move out of thatzoneif the
halfbacklosescontrolof theball neartheopponent's goal.
Instead,if thehalfbackcanthenbecomeaforward,it could
takeadvantageof its closepositionto theball andgoal,and
the �oater, by becominga halfback,could take advantage
of its positionin the defensive zone. Therewould, there-
fore,benoneedfor playersto movearoundthe�eld in this

situation. We implementedthis exact role switchingpol-
icy, initiatedby thehalfbackwhenit losestight controlof
theball while in theupperhalf of theoffensive zone.The
identi�cation of thissituationis doneby thehalfbackusing
its currentpositionandthatof theball onthe�eld. Whenit
identi�es this situation,it follows theprocedureshown in
Figure7 to initiate a swap. In thecurrentimplementation,
the forward will alwaysbecomea �oater andthe original
�oater ahalfback;however, thiscouldbefurtherre�ned so
thattheteammemberclosestto thehalfbackat thetimeof
aswapbecomesthenew forward.Figure8 showsdynamic
roleassignmentduringsimulatedgameplay.

A more complicatedprocedurefor determiningwhen
to initialize role re-assignmentsandwhat thosenew roles
shouldbe (suchasthe utility functionsdiscussedin Sec-
tion II) canbeusedwith our protocolandthis remainsan
areaopento theteamfor furtherre�nementin theupcom-
ing years.

VI I I . L IMITATIONS

One limitation of the outlined collaborationand coor-
dinationschemeslie in their dependenceon communica-
tion. Shouldcommunicationstopfunctioning, individual
playerswould not receive the position messagesthat al-
low themto avoid their teammates.If no goalie or have-
ball messagesarereceived thengoalieandoffensive sup-
port will not be initialized. The teamstrategy, however,
is baseduponplayersthat functionedin thepreviousyear
without themorecomplex teambehavioursand,therefore,
will still beableto work towardsachieving theirgoalseven
if communicationfails. Thedependenceuponcommunica-
tion, however, canbe reducedthroughvisualdetectionof
teammates.Using the colour markersthat indicateteam-
mates,playerscouldlocateandmaintainamodelof where
their teammatesarelocatedin relationshipto theball and
penaltybox. They couldthenusethemodelandhierarchi-
cal informationto decideif anotherrobothascontrolof the
ball andif thegoalieis out of thepenaltybox. This would
allow themto both avoid their teammatesandmove into
appropriatesupportingbehaviours. Dynamicrole assign-
ment will not function in the absenceof communication
asoutlinedin this paper. Due to its design;however, our
protocolcanrecover shouldcommunicationbelost during
gameplay.

A secondlimitation is thatof thequalityof thelocaliza-
tion of eachplayer. If player'sarepoorly localizedrelative
to eachotherthentheir position messageswill not be in-
terpretedcorrectly. This wasseenduring extendedgame
play whereone player would avoid the position sentby
a badly-localizedrobot and as a result, collide with that
robot. Poorlocalizationcanalsoleadto thegoalienot be-
ing ableto recognizewhenit is out of the penaltybox or
properlylocatedin front of the goal. Again, visual infor-
mationcanbeusedin theteambehaviours,eitherinsteadof



(a) (b) (c)

(d) (e) (f)

Fig.8. DynamicRoleAssignment.Thehalfback,player0,gainscontrolof theball in (b) andmovesupthe�eld while theforwardmovesinto asupporting
positionandthe�oater dropsbackto playdefense((c) and(d)). Whentheopposinggoalietakestheball from thehalfbackin (e),thehalfbackinitiates
a swapandswitchesto betheforward,while theoriginal forward(player2) becomesthe�oater andthe�oater (player1) becomesthehalfback.Play
thencontinuesin (f).

or augmentingcommunicatedinformation,to reducethese
problems.

IX. CONCLUSIONS

Individual behavioursarenot suf�cient for goodperfor-
mancein roboticsoccerandinsteadcollaborationandco-
ordinationarenecessary. Hierarchicalteammateavoidance
and supportminimize interferencebetweenplayersand
placethemat advantageouslocationson the �eld. With-
out theability to dynamicallyswitch their roles;however,
the teammemberscannotalways take bestadvantageof
thegamesituationandsoperformanceis limited. A proto-
col for dynamicroleassignmentwasdevelopedin orderto
overcomethis limitation of theteam.
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