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Abstlact— Creation of cooperative robot teamsfor complextasks
requiresnot only agentsthat can function well individually but also
agentsthat can coordinate their actions. This paper presentsse/-
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 advantage of their current location on the eld. We present
a robust protocol for dynamic role assignmentbased upon multi-
threadedcomputer programming that mitigates the risk often asso-
ciated with 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 approachto role as-
signment. The individual and supporting behaviours were testedat
RoboCup 2001in Seattle,Washington.

I. INTRODUCTION

Robotic socceris a domainthat incorporateamary of
thecoreproblemscharacteristiof mobilerobotics,includ-
ing localization, objectrecognition,motion planningand
multi-robotcoordination.Over the pasttwo years,our lab
has elded the CMU Hammerheadsa middle-sizedteam
in the RoboCupcompetition[1]. Baseduponthe teams
performancen its rst yearof competitionwe re ned the
teamfor its secondcompetitionthis year

Several hardware modi cations have beenmadeto the
teamsinceits detut at RoboCup2000in Melbourne Aus-
tralia, but the primitive behaiours of the teammembers
remainthe same.At the strategy level, however, theteam
is quitedifferent. Thisyearourfocuswasto combineolder
behaiour primitiveswith moresophisticatedeamcoordi-
nationthatallows the robotsto interactwith eachotherin
waysthatemphasiz¢he strengthsandminimizetheweak-
nesseof the team. By moving beyond simple, special-
ized playersand, instead,allowing robotsto have roles
thatblendtogetherelement®f multiple positions theteam
membersareableto supporteachotherand minimize in-
terference.

A. RoboticSoccer

RoboCupis aninternationalinitiative designedo pro-
mote Al androboticsthrougha well de ned domainthat
offers researchershe opportunityto apply a wide range
of technologyandsolutions[2]. The original domainfor
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the RoboCupFederationis that of robotic soccer The
CMU Hammerhead®001 are membersof the middle-
sizedleaguewhich consistsof the largestrobotscurrently
competing. In this leagueeachteamhasfour members,
eachof which canbe up 50cmin diameterand80kgs. All
robotscarry their own sensorsandarefully autonomous.
Colour coding is usedon the eld to distinguishobjects
of importance.The ball is orange the goalsare blue and
yellow, the eld is greenwith white walls and eld lines,
andthe robotsare primarily blackwith magentaandcyan
markers usedto identify teammates.The objectve, like
that of real socceris to move the ball into the opponent
goalwhile defendingyour own goal.

B. Collaboration and Coordination

In orderto distinguishbetweerthewaysthatrobotscan
work togetherwe differentiatebetweencollaborationand
coordination. Collaborationoccurswhen multiple robots
are working towardsthe samegoal but do not explicitly
coordinatetheir actions.Collaboratve robotsactas good
teammatesby avoiding other playersand broadcasting
usefulinformation to their teammates.Coordinationin-
volves more explicit protocolsfor decidingwhich robot
will do whatwhen. Coordinationdoesnot necessarilye-
quirecommunicationbut it doesrequirearobotto initiate
a speci ¢ behaiour or setof behaiours shouldit recog-
nizethatateammatés working towardsa certaingoal[3].
Dynamicrole assignmenis atypeof coordinateehaior
in which teammategntirely switch their rolesundercer
tain circumstances.

Developing collaborationand coordinationin a robotic
teamis a dif cult task. In soccey robotsmustminimize
their interferencesyet onerobot muststill getto the ball
and transportit to the goal. This paperpresentsan ap-
proachthatmakesuseof messagebetweerthe playersto
identify situationghatrequirethemto supportor avoid an-
otherplayerratherthango after the ball themseles. The
outcomeof this strat@y is thatthe playersareableto better
positionthemseleson the eld thanif eachrobotplayed
asanindividual. Dynamicrole assignmentasanextension
of thiscoordinationallowstheplayersto switchtheirroles
shouldtheir currentlocationsplacethemat a disadwantage
with respectto the gamestate. Switching rolesinvolves
risk asit canallow multiple playersto take on the same
role while noplayers |l someotherrole. Throughtheuse
of a protocol that requireslocks and acknavledgements,



only onerobot caninitiate a role assignmentnd dictate
therolesof its teammateghusmitigatingtherisk.

In the remainderof this paperwe will describeour re-
searctplatformfor roboticsoccemndtheindividual player
behaiours. A discussiorof the teambehaiours for col-
laborationand coordinationandthe limitations of this ap-
proachwill thenbepresentedA protocolfor dynamicrole
assignmenthat overcomessomeof theseproblemsis de-
scribedin thelastsection.

Il. RELATED WORK

Oursis not the only robotic soccerteamto exhibit co-
ordinatedbehaiours. A high level of cooperationhas
beenachiered amongsometeamsin the simulationand
small-sizeleaguesof RoboCupwhich have the bene ts of
non-ptysical robots, and global vision and planningre-
spectvely. Our team,which competesn 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
problemshowever, moremembersf thisleaguearestart-
ing to demonstrata sophisticatedevel of teamvork.

The CS Freilurg 2000 and ART 2000teamsboth use
x ed goalieswhile allowing their other playersto move
betweenroles of main attacler, helping attacler and de-
fender[4], [5]. Theseteamsuseutility functionsto cal-
culatewhich rolesthe playersshouldassume Eachmem-
ber of the CS Freiturg teamtransmitsthe valuesof utility
functionsfor assumingeachrole to all otherplayers. A
playercanswitchrolesif it hasthehighestutility valuefor
that role and the robot currentlyin that role also wishes
to switch,thusminimizing the probabilitythattwo players
take on the samerole at the sametime. ART 2000 uses
two utility functions,the valuesof which are also trans-
mittedto all players.Robotstake on rolesbaseduponthe
valueof theseutility functionsrelative to the otherplayers
with adoublethresholdusedto preventoscillationbetween
roles. The RMIT United 2000teamusesheuristicsbased
uponinformationgatheredrom aworld modelmaintained
by eachplayerto assignplayerroles[6]. Bonusedor the
playercurrentlyin agivenrole andconstanteuristiceval-
uation minimize the possibility of two playersassuming
the samerole. Finally, eachmemberof the Italian Golem
team evaluatesa Q-function for eachpossibleaction to
determinewhich behaiour it shouldactivate [7]. These
valuesarebroadcasto teammatesndthe playerwith the
highestQ-valueis allowedto executeits associatedction.
Thus,interferenceover the ball is minimizedasthe player
with theball will have priority in executingactionsregard-
ing ball manipulation.

Thereareelementf theseteamsthataresimilar to the
CMU Hammerheadsstrateyy. Ourbreakdavn of thethree
non-goalieplayersis similarto CSFreiturg andART 2000

with amainforward,supportingplayerandahalfback.Un-
like theseotherteams,however, we have unique support
of the goalieby the halfback. In partthis is becauseour
goalieis itself unique. The CMU Hammerheagjoaliewill
aggressiely leave the penaltybox in orderto cleara ball
away from the goalunlike thoseof the otherteams.

It is importantto realizethat the problem of deciding
thatarole swap shouldoccuris separatérom the problem
of executingthe swap reliably. One importantcontritu-
tion of this work is a protocolthat ensuresole swapsare
madereliably. The dynamicrole assignmenincorporated
in ourteaminvolvesa protocolfor genericrole assignment
thatcouldbeinitiatedthroughutility functionevaluationin
a fashionsimilar to theseotherteams,but hasextra safe-
guardsbeyond hysteresido ensurethatno role is held by
two playersatthe sametime. We, however, usecase-based
reasoningfor determiningwhenroles shouldbe changed
ratherthanutility functions.

Fig. 1. TheCMU Hammerhea@001Team.

I11. RESEARCH PLATFORM

The CMU Hammerhead2001 team is comprisedof
four robots(seeFigure 1). The robotswere constructed
at our lab as part of a projectto build inexpensve, au-
tonomousrobotsfor the study of multirobot systemsop-
eratingin dynamicand uncertainervironments. The un-
derlying mechanicaplatformis a commerciallyavailable
non-holonomicobot and passie trailer [8]. Mountedon
thetrailer is a Pentiumlaptopwhich runsthe robot's con-
trol systems.A shaftextendingabove the drive unit pro-
vides a mount for a digital camera,and a slip ring at-
tachmentensureghat the two-wheeleddrive unit canro-
tate freely underthe trailer. Eachrobot usescolour sey-
mentationof the imagesit recevesthroughits camerato
identify approximateangeandorientationto objectsin its
world [9]. Thedrive unit hasa microcontrollerthat con-
trolsthemotorsandprovidesodometryandbumpsensing.
Mountedto the front of the drive unit is a shallov scoop
thatallows therobotbettercontrol over the ball. Commu-
nication betweenrobotsis provided by wirelessEthernet
using PCMCIA cardson the robotsanda wirelessaccess
point.

Robotsare controlledusing the Clay library of Team-
Bots[10], [11]. TeamBotds a Java-basedollectionof ap-



plication programsand packagegor multi-agentrobotics
researchTheClay library is agroupof Java classesvhich
canbeeasilycombinedo createmotorschema-basetbn-
trol systemg12], whicharegenerallyrepresenteds nite-
statemachinesin this methodeachstatecorrespondso a
setof actvatedbehaiours, or a behaioural assemblage,
for accomplishinga task. Perceptuahodestake informa-
tion from the robot's sensorssuchasthe location of ob-
jectsof interestandobstacles.Thesenodesareembedded
in motor schemaso producevectorsrepresentinghe de-
siredtrajectoryof the robot. Behavioural assemblagesn
turn, areformedby combiningoneor moremotorschemas
through weightedlinear superposition. This behaiour-
basedapproacho robotcontrolis describedully in [10],
[12].

The bene ts of behaiour-basedcontrolin robotic soc-
ceris thatit allowsthecontrolsystento quickly locateand
acquirethe ball in a highly dynamicernvironment.A plan-
ning approachwould requirea fastplannerthatis capable
of dealingwith theconstraint®f ournon-holonomiaobot.
The succesof the motor schema-basedontrol systems
in generatingpathsfor our robotsin generalizedoushing
tasks(includingball dribbling) is describedn [13].

IV. INDIVIDUAL PLAYER BEHAVIOURS

The CMU Hammerhea@001teamis madeup of four
positionsor roles: a goalie, halfback, oater andforward.
While theseare x ed roles, they are complementaryand
overlapwith eachother This sectiondescribeghe basic
behaiours of eachrole. SectionsV, VI andVII will de-
scribethehigherlevel teamstratgiescreatedhroughcol-
laborationcoordinationanddynamicrole assignment.

77777 Forward Control Zone
HalfBack Control Zone
- GoalieControlZone

{1 Possible Forward Homebases
Possible HalfBack Homebases ~ — .. —
i1 Goalie Homebase

Fig.2. PlayerZonesof Control. Thisdiagramshavsthezonesof control,
or dangerzones for theforward, halfbackandgoalieandeachrole's
homebaseThe oater will haveazoneof controlandhomebasequal
to thatof theforwardor halfbackdependingiponwhich of thesetwo
sub-rolest is currentlyplaying. The controlzonesextendoutsideof
the eld of playin orderto take into accounterrorsin localization.

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

Figure 2), thenmove into a ball acquiringbehaiour that
lines the robot up behindthe ball facing the opponents'
goal. Oncetherobothascontrol of the ball, behaiour be-
tweenthe positionsvariesslightly. The goaliewill push
theball to the boundaryof its dangerzoneandthenreturn
backto its homebaseThe halfbackwill alsopushtheball
to theboundaryof its dangerzonebut, shouldit still retain
goodcontrol of the ball (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
solong asit is in their dangerzonewhich consistsof the
opponentssideof the eld. If arobotis unableto locate
theball aftersearchingor aspeci edlengthof time it will
returnto its homebaseFor the goaliethis is alwaysa spot
in the centreof the goaljustin front of the goalline, for
theotherrolesit is oneof severalpositionsdictatedby the
robot's currentlocationon the eld andthoseof its team-
mategqthiswill befurtherdiscussedh SectionV-B). Roles
alsodiffer in thespeedvith which a playerwill move. The
goaliemovesthefastestsit needgo “kick' theball out of
its dangerzone.Thehalfbackmovesslightly slower while
acquiringthe ball in orderto insurethatit is well lined-up
behindit, but will speedup oncethe ball is in its scoop.
Theforward movesthe slowestduringball acquisitionand
dribbling in orderto ensurethatit hastight control of the
ball. Thesecorebehaiours arethenfurthermodi ed by
teamcollaboratiorandcoordination.

We emphasizelefensen our strateyy becauseurgoalie
is someavhat handicappedy its non-holonomicnature.
While it might seemcounterintuitive to give precedence
to defensve players,whenfacedwith a strongteamone
doesnot wantthe defensie playersto yield control of the
ball to a forward but insteadwantsthe defensve players,
with their greaterspeedto mave the ball out of the defen-
sive zone.In orderto play defensiely we allow the oater
to actasa forward whenthe ball is in the offensive zone
but asa halfbackif the ball is in the defensie zoneor if
the true halfbackhascontrol of the ball andis outsideof
thedefensie zone.

V. COLLABORATIVE BEHAVIOURS
A. Teammatedvoidance

In orderto preventinterferencéetweerteammembers,
eachplayerhasthe ability to avoid its teammategncorpo-
ratedinto its basicbehaiours. This avoidanceis imple-
mentedtwo ways. The rst type of avoidanceis a linear
repulsionfrom anotherplayers location,reportedvia po-
sition messagegseeFigure 3). This type of avoidanceis
usedin lesscritical behaiours suchasgoing to a home-
base.Thesecondypeof avoidanceis amotorschemahat
swirls the robot aroundthe playerit is avoiding. This is
usedin behaioursin which the robotstill needsto make
progresstowardsa goal like the ball. The avoidanceof



teammate#n this fashionis aform of collaboration.A hi-
erarchicalschemethat modi es the degreeto which one
playerwill avoid anotheplayeris a coordinatedehaiour
andwill bediscussedn SectionVI-A.

p osition have ball goalie
time : 1500 time : 1800 time : 650
robotN um : 3 robotN um : 0 robotN um : 2
position : (x; y)(r;theta ) haveball : tr ue behaviour :leaving
heading : (x; y)(r;theta ) role: floater side : right
time : 3900 time : 6300
robotN um : 0 robotN um : 2
hav eball : f alse behaviour : enter ing
role : f loater side : centr e

Fig. 3. ExampleCollaborationand CoordinationMessages.The rst
messagés the position messagevhich is sentout by every playerto
indicateits currentposition. The secondmessageype is the have-
ball messageavhich is sentwhena playeris performingan acquire
behaiour andis within 1m of theball. The nal type of messagés
agoaliemessagevhich is sentby the goaliewhenit leavesor enters
the penaltybox while moving towardsthe ball.

B. Homebaséelection

Thenotionof returningto oneshomebashenaplayer
cannotseethe ball is importantto the way in which our
teamplays. The selectionof the homebaseallows us to
exploit the robotic soccerrule which hasthe refereeplac-
ing the ball on a penaltyspotwhen gameprogresss not
beingmade. The nine penaltyspotsarelocatedalongthe
centreline and2m in front of eachof the goals. If oneof
our robotsis in this locationor canseethis locationthen
we increaseour chanceof gaining control of the ball. As
mentionedearlier while the goalie’s homebasés a x ed
position,the otherplayersarefreeto selectfrom avariety
of positions.

The halfbackwill selecta homebaséalfway down the
defensie zone,eitheron the left or right side of the eld.
The sideis selectedby choosingthe side oppositeto that
lastusedby thegoaliefor enteringthepenaltyboxin order
to minimize interferencebetweerthe halfbackandgoalie.
Thisinformationis madeavailableto the halfbackthrough
thegoaliemessagesentwhenthegoalieentersandleaves
the penaltybox. Theforwardhastheoptionof threehome-
baselocations,the centreof the eld, thefar left penalty
spotor thefarright penaltyspot(seeFigure2) andchooses
theoneclosestoits currentiocation. The oater will either
selecta homebasén the defensie zoneor offensive zone
basedon its currentsub-role. While actingasa halfback,
it will selectthehalfbackhomebaséarthestway from the
currentlocationof the halfback,andwhile actingasa for-
wardit will selecttheforwardhomebaselosestto its cur-
rentlocationthatis notalsoclosesto theforward's current
location. A robotattemptgo goto thehomebaselosesto
its currentpositionbecauseherefereewill replacetheball
ontheclosestpenaltyspotto theball's currentlocation.

V1. PLAYER COORDINATION

This sectiondiscussesoordinationstrateyies that en-
abletwo or morerobotsto acttogether

A. Hierarchical Teammateivoidance

Theperformancef lastyears CMU Hammerheateam
shaved that a behaiour-basedapproachwhich hasevery
player avoiding every other player equally canresultin
repeateatollisionswith neitherrobotmakingprogressin-
stead,a hierarchicalavoidanceschemepermitsthe more
importantplayerto continueto make goodprogressvhile
the other playersavoid it. Thereare similarities between
this and the dominancehierarcly describedn [14]. Our
team gives precedencdo defensie players,and so the
goalieis alwaysat the top of the hierarcly andall players
will avoid it. The oater will alsoavoid the halfback,and
theforwardwill avoid the halfbackand oater in addition
to thegoalie. Avoidanceof teammatess alwaysincreased
in non-essentiabehaiours suchasreturningto a home-
baseandis minimizedin an essentiabehaiour suchas
acquiringtheball.

B. Ball Claiming

To further preventteammateanterferencea playerthat
is within 1m of the ball andis in a ball acquiring be-
haviour canclaim the ball usinga have-ball messagelf a
lower-rankedplayerhascontrolover theball anda higher
ranked playerthenclaimsit, thelowerrankedplayerloses
its claim on the ball. Again, this is donein a hierarchi-
cal fashionwith the goaliehaving priority, followedby the
halfback, oater andforwardrespectiely. The purposeof
the ball-claimingis two-fold: rstly, all playerswill avoid
theteammatehat currentlyhasthe ball in all behaiours,
regardlessof thatteammembers positionin the hierarcly;
andsecondlyknowledgethata certainteammatéascon-
trol of the ball is usedto move the otherplayersinto sup-
portingbehaiours.

C. TeammateSupport

We implementedtwo coordination strategjies: goalie
supportand offensive support. For both of thesesupport
strat@ies, one of the playerssendsout appropriatemes-
sagesandexpectsanothemrobotto adjustits behaiour ap-
propriately Specialgoalie messageare usedto indicate
whenthe goalieis out of the penaltybox, while offensive
supportis initiated by the have-ball messagesvhich are
alsousedto helpwith teammatevoidance.

As mentionedearlier by necessitythe CMU Hammer
headgoalieis aggressie. It will leave the penaltybox in
orderto clearaball avay from thegoal. Oncethisis done,
the goalie mustturn aroundand go backinto positionin
front of the goal. While the goalieis returningto the goal
it cannotseetheball andsothereis thedangerof anoppo-
nentbeingableto score.In orderto minimizethetime dur-
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Fig. 4. Goalie SupportFSM. The halfbackmavesbetweenits halfback
role andthatof goaliesupportbasedupongoalie messages.

ball visible

ball not visible

ing which our goal is unprotectedwe implementedsup-
port of the goalieby the halfback. Whenthe goalieleaves
the penaltybox it sendsa goalie messagendicating that
it is leaving andthe sideof the goalfrom which it is leav-
ing. Upon receiptof this messagethe halfbackwill go
into thegoalfrom theoppositesideandthenmove through
the penaltybox to take up a positionjust in front of the
penaltybox. Oncein this locationit will searchfor and
track the ball and, shouldthe ball comeinto the goalie's
dangerzone,interceptthe ball asshowvn by the nite state
machinein Figure4. Whenthe goaliehasclearedthe ball
away from thegoal(or givenup) it returnsto its homebase
and,asit re-enterghe penaltybox, it sendsa goalie mes-
sageindicatingthatit is enteringthe penaltybox andfrom
which sideit is entering.The halfbackwill thenmoveto a
homebasgositionthatis on the oppositeside of the eld
from the sideindicatedby this messageThis is designed
to minimizeinterferencewith thegoalie.

The progressof the halfbackthroughthe penalty box
takeslessthanthe 10 secondghatarepermittedfor a sec-
onddefendeto bein thisdefenserea.Overallthisscheme
leavesthegoalmoreprotectedhanthegoaliecandoalone.
Figure5 shavs a sequenc®f the halfbacksupportingthe
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 leastone of the two forwardswould attemptto acquire
the ball; however, it alsoresultedin interferencebetween
them. This year in additionto the hierarchicalschemedor
avoiding teammatesa supportingbehaiour wasusedthat
placesthe offensive playerwithout the ball at a more ad-
vantageousocation.

When an offensie player gains control of the ball, a
teammatewill move to a locationthatis just behindand
to onesideof it. This supportbehaiour is initialized by
thereceiptof a have-ball messagérom avalid player As
the playerwith the ball movesup the eld, so doesthis

supportingplayer If theinitial playershouldlosecontrol
of theball thenthe supportingplayeris in anideal position
to regain the teams control of the ball. The position of

this supportingplayer also helpsprevent opponentfrom

gettingto theball andhelpsblock themif they shouldgain

controlof theball. Thededicatedorwardis ableto support
eitherthe oater or halfback.andthe oater cansupporthe
forward (asshowvn in Figure6).

This offensive supportwassuccessfuin minimizingin-
terferencebetweenthe forward and oater andin adwan-
tageoushyplacingtherobotsonthe eld. Onebene t, was
thatthesupportingolayer whofrequentlycouldnotseethe
ball asit wasblocked from view, still maintaineda good
positionon the eld insteadof returningto its homebase
positionasit would have donein this situationthe previ-
ousyear

D. LimitationswithoutDynamicRoleAssignment

The halfbacks behaiour andoffensive supportgovern
how the robotsinteractas the ball movesup the eld; if
a halfbackmanagego gain control of the ball it will con-
tinue to move towardsthe goal until it losescontrol of it,
thusactingasa pseudo-fonard. It will besupportedy the
forwardwhile it hascontrolof the ball andthe oater will
dropbackto play defense Otherwisejf eithertheforward
or oater hascontrol of the ball they will be supportecby
the otherplayer One problemwith this approach;how-
ever, is thatif the halfbacklosescontrolovertheball when
it is closeto the opponens goal, it will give up andmove
backtowardsthe defensie zone. The oater, which has
beenstayingin the defensie zone,mustthenmove up the
eld in orderto supporttheforwardor to gettheball. This
resultsin wastedravel time andleavesthedefensevulner
able.Instead|f the playerscanswitchbetweertheirroles
of halfback,forwardand oater thenthey cantake adwan-
tageof their currentlocationsonthe eld.

VIlI. DYNAMIC ROLE ASSIGNMENT
A. TheHigh-Level SwapProtocol

Initiating a role changein a distributed systemsuchas
robotic soccerinvolvesrisk. For example,if two robots
simultaneouslydecideto initiate con icting role assign-
ments,it is possiblefor theteamto beleft with two attack-
ers,insteadof oneattacler andonedefender It is, there-
fore easyto draw parallelsbetweerbetweendynamicrole
assignmenandmulti-threadeccomputemprogrammingin
the latter, mutually exclusive locks, or mutexes, are fre-
guentlyusedto ensurehattwo threadswill notmanipulate
a dataregion at the sametime. Our methodof role swap-
ping borravs from this approacH15], [16].

A.1 TheProcesslLocking

In orderto successfullycompletea role reassignment,
theinitiating robotmust:



Fig.5. GoalieSupport.The halfback(playeronright) supportshegoalie(playeron left) whenthe goalieleavesthe penaltyboxin orderto clearthe ball

away from thegoal.

1. LOCK: Requestlocks' from eachof the otherrobots.
2. ACKLOCK: Receve acknavledgemenbdf locksfrom
eachrobot.

3. SWAP: Issuethe role reassignmentommandto each
robot.

4. ACKSWAP: Receve acknavledgementof the reas-
signmentfrom eachrobot.

It shouldbe notedthat during the entire decisionpro-
cessall robotswill continueto executethe behaioursap-
propriatefor their currentrole. Stepsl and?2 of therole
assignmenprocessare analogougo establishingcontrol
of amutex onadataspacesedby two distributedprogram
threads. In stepone, an initiating robot makesit knowvn
thatit wantsto try to reassigmroles,andlocks' the other
robotsout from alsotrying at the sametime. The initiat-
ing robotmustalsowait for anacknaviedgemenfrom the
otherrobots. If all the robotsdo not respondin a certain
period of time, the initiating robot simply abortsits reas-
signmentattemptasit is likely thatanothermrobotis trying
to reassigrolesat the sametime.

The robot that is being locked must also take steps
to avoid dead-lock. For example,if the initiating robot
crashedalfwaythroughtheprotocoladead-lockcouldoc-
cur. In orderto preventthis, atimeris seteachtime a dy-
namicrole reassignmentessagés receved. If thetimer
is allowed to expire beforeprogresss madetowardsthe
role reassignmenthentherobotis unlocked,andit is then
allowedto belockedandreassignedby otherrobots.

Notethatthereassignmergrotocoldoesnot neecdto ex-
plicitly resole situationsin which multiple robotstry to
initiate role swapsat the sametime (resourcecontention).
Our protocolforcesall robotsto unlock andwait a short
time beforeattemptinganothereassignmentt 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 occurmary timesbeforethe the conditions
leadingto theresourcecontentionchange.

Own Opponen
Goal Goal
ball

Fig. 6. Offensive Support. This simulationsnap-shoshaws the for-
ward (player0) in a supportve role duringoffensive play. The oater
(playerl) hascontrolof theball.

A.2 TheProcessReassignment

Onceit is known that all the other robots are willing
to exchangeroles, theinitiator assignsandtransmitseach
robot's new role. It again mustwait for acknavledgement
of thesemessagedf oneor morerobotsdo notrespondn
a pre-determinegberiod of time, thenthe initiating robot
musttake actionto remedythe situation. Two simpleap-
proachesare to either resendthe role assignmento the
robotsthatarenotrespondingor to ‘roll-back' the assign-
mentsto the previous con guration. Eachof thesehasits
adwantagesanddisadwantages Resendinghe unacknavl-
edgedrole may helpif the last messageavas lost due to
interferenceor network congestionhowever, if it waslost
becausef failed networking hardware, thenthis will not
help. "Rolling-back'to thepreviousassignmentss saferin
the caseof failed hardware: if therobotis still functional,
but unableto communicatethen the resultingteamwill
still have the correctnumberof attaclersanddefenders.

A.3 Sequencing

Network paclets can be delayedfor a numberof rea-
sons.Duringtesting,it wasobsenedthatamessaggener



atedby a rst, failed attemptat reassignmentould arrive
very late, in fact, late enoughto be receved while pro-
cessinga secondeassignmentequest.For example,if an
acknowledg-lok messagevasreceved late, it couldsig-
nal that the senderwas readyto undego a role change,
when in reality it was not ready and insteadhad been
locked by anotherrobot.

In orderto eliminatethe possibility of interferencdrom
pastdelayedmessages sequencédenti er wasaddedto
eachdynamicrole assignmenimessageThis is a counter
thatidenti es the reassignmenattemptto which the cur-
rent messagdelongs. In orderto processdynamicreas-
signmentmessageghe sequence&umberassociatedvith
alock-requestessagés storedwhenthe messagarrives.
Until eithertherole reassignmenis completeor the lock
timesout, all otherdynamicreassignmentessagemust
arrive from thelocking robot,andhave the samesequence
number Using this method,evenif two robotsare using
the samesequenceaumber their messagewvill notinter-
ferewith eachother

()

Start

()

\%ﬁ

Send Lock
Request

Receive Lock
Request

No

Receive
Reassignmen

Send Ack

Fig.7. Protocolfor DynamicRole AssignmentTheleft chartis followed
by robotsreceving roles. The right chartis followed by the robot
initiating thereassignment.

B. Implementation

This protocol for dynamic role assignmenthas been
implementedn TeamBotsandtestedin simulationusing
case-baserktasonindor decidingwhento initiate a swap,
andassignmentoll-backif acknavledgementgarenotre-
ceived from all team membersduring the reassignment
phase.

It is sub-optimalfor the halfbackto travel backto the
defensive zoneandthe oater move out of thatzoneif the
halfbacklosescontrolof the ball nearthe opponent goal.
Insteadjf thehalfbackcanthenbecomeaforward,it could
take advantageof its closepositionto theball andgoal,and
the oater, by becominga halfback,could take advantage
of its positionin the defensie zone. Therewould, there-
fore,benoneedfor playersto move aroundthe eld in this

situation. We implementeahis exact role switching pol-
icy, initiated by the halfbackwhenit losestight control of
the ball while in the upperhalf of the offensive zone. The
identi cation of thissituationis doneby the halfbackusing
its currentpositionandthatof theball onthe eld. Whenit
identi es this situation,it follows the procedureshavn in
Figure7 to initiate a swap. In the currentimplementation,
the forward will alwaysbecomea oater andthe original
oater ahalfback;however, this couldbefurtherre ned so
thattheteammemberclosesto the halfbackat the time of
aswapbecomeshenew forward. Figure8 shavs dynamic
role assignmenduring simulatedgameplay.

A more complicatedprocedurefor determiningwhen
to initialize role re-assignmentandwhat thosenew roles
shouldbe (suchasthe utility functionsdiscussedn Sec-
tion 1) canbe usedwith our protocolandthis remainsan
areaopento theteamfor furtherre nementin theupcom-
ing years.

VIII. LIMITATIONS

One limitation of the outlined collaborationand coor
dinationschemedie in their dependencen communica-
tion. Shouldcommunicationstop functioning, individual
playerswould not receve the position messageshat al-
low themto avoid their teammatesif no goalie or have-
ball messagearereceied thengoalieand offensive sup-
port will not be initialized. The teamstrateyy, howvever,
is baseduponplayersthat functionedin the previousyear
withoutthe morecomplex teambehaioursand,therefore,
will still beableto work towardsachiesing theirgoalseven
if communicatiorfails. Thedependencaponcommunica-
tion, however, canbe reducedthroughvisual detectionof
teammates.Using the colour markersthat indicateteam-
mates playerscouldlocateandmaintaina modelof where
their teammatesrelocatedin relationshipto the ball and
penaltybox. They couldthenusethe modelandhierarchi-
calinformationto decideif anotherobothascontrolof the
ball andif the goalieis out of the penaltybox. This would
allow themto both avoid their teammatesnd move into
appropriatesupportingbehaiours. Dynamicrole assign-
mentwill not function in the absenceof communication
asoutlinedin this paper Dueto its design;however, our
protocolcanrecover shouldcommunicatiorbe lost during
gameplay.

A secondimitation is thatof the quality of thelocaliza-
tion of eachplayer If playersarepoorlylocalizedrelative
to eachotherthentheir position messagewiill not bein-
terpretedcorrectly This wasseenduring extendedgame
play where one playerwould avoid the position sentby
a badly-localizedrobot and as a result, collide with that
robot. Poorlocalizationcanalsoleadto the goalienot be-
ing ableto recognizewhenit is out of the penaltybox or
properlylocatedin front of the goal. Again, visualinfor-
mationcanbeusedn theteambehaiours,eitherinsteadf



(@) (b)

(d) (e)

©
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Fig.8. DynamicRoleAssignmentThehalfback player0, gainscontrolof theball in (b) andmovesupthe eld while theforwardmovesinto asupporting
positionandthe oater dropsbackto play defens€(c) and(d)). Whentheopposinggoalietakestheball from thehalfbackin (e), the halfbackinitiates
aswapandswitchesto betheforward, while the original forward (player2) becomeshe oater andthe oater (playerl) becomeshehalfback.Play

thencontinuesn (f).

or augmentingcommunicatednformation,to reducethese
problems.

IX. CONCLUSIONS

Individual behaioursarenot sufcient for goodperfor
mancein robotic soccerandinsteadcollaborationandco-
ordinationarenecessaryHierarchicateammatevoidance
and supportminimize interferencebetweenplayersand
placethem at advantageougocationson the eld. With-
out the ability to dynamicallyswitchtheir roles; however,
the teammemberscannotalways take bestadwantageof
thegamesituationandsoperformances limited. A proto-
col for dynamicrole assignmentvasdevelopedin orderto
overcomethis limitation of theteam.
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