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Abstract

Multi-agentdomainsconsistingof teamsof agentghatneedto collaboraten anadwersarialenviron-
mentoffer challengingesearclopportunities.In thisarticle,weintroduceperiodicteamsyndironization
(PTS)domainsastime-criticalervironmentdn whichagentsactautonomouslwith low communication,
but in which they canperiodicallysynchronizen a full-communicationsetting. The two main contri-
butions of this article are a flexible teamagentstructureand a methodfor inter-agentcommunication
in domainswith unreliable single-channelpw-bandwidthcommunication First, the novel teamagent
structureallows agentgo captureandreasoraboutteamagreementsWe achieve collaboratiorbetween
agentghroughtheintroductionof formations A formationdecomposethetaskspacedefininga setof
roles Homogeneouagentscanflexibly switchroleswithin formations,andagentscanchangeorma-
tionsdynamicallyaccordingo pre-definedriggersto beevaluatedatrun-time. Thisflexibility increases
theperformancef the overall team.Our teamworkstructurefurtherincludespre-planningor frequent
situations.Secondthe novel communicatiormethodis designedor useduringthelow-communication
periodsin PTSdomains. It overcomeghe obstaclego interragentcommunicatiorin multi-agenten-
vironmentswith unreliable high-cost,low-bandwidthcommunication.We fully implementedoththe
flexible teamworkstructureandthe communicatiormethodin the domainof simulatedrobotic socceyr
and conducteccontrolledempirical experimentsto verify their effectiveness.In addition,our simula-
tor teammadeit to the semi-finalsof the RoboCup-97competition,in which 29 teamsparticipated.
It achieved a total scoreof 67—9over six differentgames,and successfullyjdemonstratedts flexible
teamworkstructureandinter-agentcommunication.

1 Intr oduction

A multi-agentsystemwhich involves several agentsthat collaboratetowardsthe achiezementof a joint
objectve is viewed asa teamof agents. Most proposedeamworkstructurege.g. joint intentions[7],
sharedplans[13]) rely on agentsin a multi-agentsystemto negotiateand/orcontractwith eachotherin
ordertoinitiate teamplans.However, in dynamic real-timedomainswith limited communicationgomplex
negotiationprotocolsmaytaketoo muchtime and/orbe infeasibledueto communicationmestrictions.

*Thisresearclis sponsoredh partby the DARPA/RL KnowledgeBasedPlanningandSchedulingnitiative undergrantnumber
F30602-95-1-0018Theviews andconclusionsontainedn this documentarethoseof the authorsandshouldnot be interpreted
asrepresentinghe official policiesor endorsementgitherexpressear implied, of theU. S. Government.



Ourwork hasbeenfocusedin time-critical ervironmentsin which agentdn ateamalternatebetween
periodsof limited and unlimited communication.This focus motivatesthe introductionof Periodic Team
Syndironization(PTS)domains.In PTSdomainsduring the limited communicatiorperiods,agentaneed
to actautonomouslywhile still working towardsa commonteamgoal. Time-criticalernvironmentsrequire
real-timeresponseand thereforeeliminatethe possibility of heary communicatioramongteamagents.
However, in PTSdomainsagentsanperiodicallysynchronizen a safe full-communicationsetting.

Ourwork is situatedin anexampleof a PTSdomain,simulatedroboticsoccel{16]. In roboticsoccey
teamscanplanstratgiesbeforethe game at halftime, or at otherbreakpointsbut duringthe courseof the
game,communicatioris limited. The soccerserver[25] is a widely usedrobotic soccersimulatorwith a
single,low-bandwidthunreliablecommunicatiorchannefor all agentsn theervironment[1].

In this article, we describeour generateammemberagentarchitecturesuitablefor creatingteamsof
agentsn PTSdomains. This architecturencludesa mechanisnfor defining pre-determinednulti-agent
protocolsaccessibléo the entireteam,calledlockerroom agreements Within this teammemberagent
architectureandusingthelockerroomagreementye defineour flexible teamworkstructurethatallows for
taskdecompositioranddynamicrole assignmenin PTSdomains.In addition,we defineacommunication
protocolin serviceof thelockerroomagreementhatis suitablefor useduringlow-communicatiorperiods
in a classof PTSdomains:domainswith low-bandwidth singlechannecommunicatiorenvironments.

The team memberagentarchitecturedescribedin this article definesa completeagent,including
perceptioncognition,andaction. It is fully implementedisa simulatedroboticsoccerteam.

This articleis organizedasfollows. Section2 expandsuponthe introductionof PTSdomainsandthe
two main contributionsof this article: a flexible teamworkstructureanda low-bandwidthcommunication
paradigm. Section3 presentshe generalagentarchitecturewithin which both the flexible teamwork
structureandthe low-bandwidthcommunicatiorparadigmaresituated.Sections4 and5 formally present
the teamworkstructureandthe communicatiorparadigmrespectrely. Section6 givesdetailsof our full
implementationf both main contributions of this article within the simulatedrobotic soccerdomain.
Section7 present&xtensve empiricalresultstestingthe effectivenesof theseimplementationsSection8
is devotedto discussiorandrelatedwork andSection9 concludes.

2 PTSDomains

We defineperiodicteamsynchronizatiomomainsasdomainswith thefollowing characteristics:

e Thereis ateamof autonomousgentsA thatcollaborateowardstheachiezementof ajoint long-term
goalG.

e Periodicallytheteamcansynchronizevith norestriction®ncommunicationtheagentsanin effect
inform eachotherof their entire internal statesand decision-makingnechanismsvith no adwerse
effectsupontheachievementof G. Theseperiodsof full communicatiorcanbethoughtof astimes
atwhich theteamis “off-line.”

¢ In generali.e.,whentheagentsare“on-line”):

— The domainis dynamicandreal-timemeaningthat teamperformanceas adwerselyaffectedif
anagentceaseso actfor aperiodof time: G is eitherlesslikely to be achieved, or likely to be
achievedfartherin thefuture. Thatis, consideragenta;. Assumethatall otheragentbehaiors
arefixedandthatwerea; to actoptimally, G would be achiezedwith probabilityp attime¢. If
a; stopsactingfor ary periodof time andthenresumesctingoptimally, either:

* G will beachiezedwith probabilityp’ attime ¢ with p’ < p; or
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+ G will beachiezedwith probabilityp attimet’ with ¢’ > ¢.

— Thedomainhasunreliable communicationeitherin termsof transmissioneliability or band-
width limits. In particular:

+ If anagentz; € A sendsamessage. intendedor agentz; € A, thenm arriveswith some
probabilityq < 1; or
* Agenta; canonly receve x messagesvery y time units.

In theextreme,if ¢ = O orif 2 = 0, thenthe periodsof full communicatiorareinterlearedwith periods
of no communicationrequiringthe agentgo actcompletelyautonomouslyIn all casesthereis a costto
relyingon communication.If agente; cannotcarry on with its actionuntil receving a messagdrom a;,
thenthe teams performancecould suffer. Becauseof the unreliablecommunicationthe messagenight
not getthroughon thefirst try. And becausef the dynamic,real-timenatureof the domain,the teams
likelihood of or efficiengy atachiezing G is reduced.

Roboticsoccelis aPTSdomainsinceteamscanplanstratgiesbeforethegame at halftime,or atother
breakpointsbut duringthe courseof thegame communications limited. For example thesoccersener’s
communicatiorprotocolinvolves a single, low-bandwidth,unreliablecommunicationchannelfor all 22
agentdq1].

In PTSdomainsteamsarelong-termentitiessothatit makessensdor themto have periodic,reliable,
privatesynchronizatiompportunitiesn whichthey canform off-line agreementfor futureusein unreliable,
time-criticalervironments.This view of teamds complementaryo teamghatform onthefly for aspecific
actionandkeepcommunicatinghroughouthe executionof thatactionasin [7]. Insteadjn PTSdomains,
teamsdefine coordinationprotocolsduring the synchronizationopportunity and then disperseinto the
ervironment,actingautonomouslyvith limited or nocommunicatiorpossible.

It hasbeenclaimedthat pre-determinedeamactionsare not flexible or robustto failure [39]. In the
contet of PTSdomains,a key contribution of our work is the demonstratiorthat pre-determineanulti-
agentprotocolscanfacilitate effective teamworkwhile retainingflexibility . We call thesepre-determined
protocolslockerroomagreementsFormedduringthe periodicsynchronizatiompportunitiesjockerroom
agreementarerememberedienticallyby all agentsandallow themto coordinateefficiently.

In this article, we presentthe teammemberagentarchitectule, an agentarchitecturesuitedfor team
agentsn PTSdomains. The architectureallows for an agentto act collaboratvely basedon lockerroom
agreements.

A firstapproacho PTSdomaingsto breakthetaskathandinto multiplerigid roles,assigningpneagent
to eachrole. Thuseachcomponenof the taskis accomplishec&ndthereare no conflictssamongagents
in termsof how they shouldaccomplishthe teamgoal. However suchan approachs subjectto several
problems:inflexibility to short-termchangege.g. onerobotis non-operational)inflexibility to long-term
changege.g. arouteis blocked),andalack of facility for reassigningoles.

We introduceinsteadormationsasateamworkstructurewithin theteammemberagentarchitecture A
formationdecomposethetaskspacealefiningasetof roleswith associatethbehaiors. In agenerakcenario
with heterogeneousgentssubset®f homogeneouagentanflexibly switchroleswithin formationsand
agentscanchangdormationsdynamically

Within thesePTSdomainsandourflexible teamworkstructureseveralchallengesirise. Suchchallenges
include:

¢ how to represenandfollow lockerroomagreements;
¢ how to determinghe appropriatégimesfor agentdo changeolesand/orformations;

e how to ensurghatall agentsareusingthe sameformation;and
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e how to ensurdhatall rolesin aformationarefilled: sincetheagentsareautonomousinddo notshare
memory they couldeasilybecomeuncoordinated.

Also within the teammemberagentarchitecturewe introducea communicatiorparadigmappropri-
atefor agentsn PTSdomainswith single-channellow-bandwidth,unreliablecommunicatiorduringthe
dynamic,real-time (on-line) phasewf operation. Not all PTS domainshave suchcommunicatiorervi-
ronmentsput agentsoperatingin thosethatdo canimplementthis communicatiorparadigmwithin their
lockerroomagreements.

In anutshellthe contributionsof this article are: the introductionof the conceptof PTSdomainsand
lockerroomagreementdhe definitionof a generateammemberagentarchitecturestructurefor defining
a flexible teamworkstructure;the facilitation of smoothtransitionsamongrolesand entireformations;a
methodfor usingrolesto definepre-compilednulti-step multi-agentplans;andtechniquesor dealingwith
the obstacledo inter-agentcommunicatiorduring the low-communicatiorperiodsof PTS domainswith
single-channelpw-bandwidth unreliablecommunicatiorduringthe “on-line” periods.

In additionto simulatedoboticsoccerthereareseveralotherexamplesof PTSdomains suchashospi-
tal/factorymaintenanc], multi-spacecrafimissiong30], searchandrescueandbattlefieldcombat39].
Therearealsoseveralotherdomainswith similarcommunicatiomequirementso theonesconsideredhere.
For example,auralcommunicationn crovdedsettingsis one. Both peopleandrobotsusingauralsensors
([11]) mustcontendwith multiple simultaneousudiblestreams.They alsohave alimit to the amountof
soundthey canprocessn a given amountof time, aswell asto the rangewithin which communication
is possible. Anotherexampleof sucha communicationervironmentis arbitrarily expandablesystems.
If agentsarent aware of what other agentsexist in the ervironment,then all agentsmustusea single
universally-knavnh communicatiorchannelatleastin orderto initiate communication.

3 Architecture Overview

The teammemberagentarchitecturds suitablefor PTS domains. Individual agentscan capturelocker
roomagreementandrespondo the ervironment,while actingautonomously Basedon a standardagent
paradigmpurteammemberagentarchitecturallows agentdo senseheernvironment,to reasoraboutand
selecttheiractionsandto actin therealworld. At teamsynchronizatiompportunitiestheteamalsomakes
alockerroomagreementor useby all agentsduring periodsof limited communication.Figure1 shawvs
thefunctionalinput/outputmodelof thearchitecture.

Theagentkeepdrackof threedifferenttypesof state:the world state thelockerroomagreementand
theinternal state The agentalsohastwo differenttypesof behaiors: internal behaviorsand external
behaviors

The world state reflectstheagents conceptiorof therealworld, bothvia its sensors&ndvia the predicted
effectsof its actions. It is updatedasa resultof interpretedsensoryinformation. It may also be
updatedaccordingto the predictedeffects of the externalbehaior modules chosenactions. The
world stateis directly accessibléo bothinternalandexternalbehaiors.

The locker-room agreement is setby the teamwhenit is ableto privately synchronize. It definesthe
flexible teamworkstructureandthe inter-agentcommunicatiorprotocols,if ary. Thelockerroom
agreemenis accessibl®nly to internalbehaiors.

The internal state storesthe agents internalvariables. It may reflectprevious and currentworld states,
possiblyas specifiedby the lockerroom agreement.For example, the agents role within a team
behaior could be storedaspartof theinternalstate. A window or distribution of pastworld states
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Locker-Room TEAM MEMBER
Agreement ARCHITECTURE

Figure 1: A functionalinput/ouputmodelof theteammemberagentarchitecturdor PTSdomains.

couldalsobe storedasa partof theinternalstate. The agentupdatests internalstatevia its internal
behaiors.

The internal behaviors updatethe agentsinternalstatebasednits currentinternalstate theworld state,
andtheteams lockerroomagreement.

The extemal behaviors referencethe world and internal states,and selectthe actionsto sendto the
actuators. The actionsaffect the real world, thus altering the agents future percepts. External
behaiors consideronly the world and internal states,without direct accessto the lockerroom
agreement.

Internalandexternalbehaiors aresimilar in structure asthey areboth setsof condition/actiorpairs
whereconditionsarelogical expression®overtheinputsandactionsarethemselesbehaiors asillustrated
in Figure2. In bothcasesabehaior is adirectedagyclic graph(DAG) of arbitrarydepth. Theleavesof the
DAGs arethe behaior types’respectie outputs: internal statechangedor internalbehaiors andaction
primitivesfor externalbehaiors. Oneleafis illustratedin Figure2.

Behavior(args)
if (condition) then Behavior(args)
if (condition) then Behavior(ar

Behavior(args)
if (condition) then Behavior(arg

if (condition) then Behavior(args)
.
L]

if (condition) tﬁen Behavior(args)

Behavior(args)
if (condition) then Primitive(arjz)

[ ]
If (condition) then Behavior(ar e e e ¢ |f (condition) then Primitive(args)

if (condition) then Primitive(args)

Figure 2: Behasiors in theteammemberagentarchitecture Both internalandexternalbehaiors areorganizedin a
directedagyclic graph.

This notion of behaior is consistentvith thatlaid outin [22]. In particular behaiors canbe nested
at differentlevels: selectionamonglower-level behaiors canbe considered higherlevel behaior, with
the overall agentbehaior considered single“do-the-task’behaior. Thereis onesuchtop-levelinternal



behaior andonetop-level externalbehaior; they arecalledwhenit is time to updatethe internalstateor
actin theworld, respectiely.

The following sectionintroducesthe teamwaorkstructurethat builds upon this teammemberagent
architecture. The teamworkstructureis designedor usein PTSdomains. It exploits the lockerroom
agreemenandthe behaior definitionsof theteammemberagentarchitecture.

4 Teamwork Structure

Commonto all players,the lockerroom agreemenincludesthe teamstructurewhile teammembersare
actingin a time-critical ervironmentwith limited or no communication. In this section,we presentour
teamworkstructure.lt defines:

1. Flexible agentroleswith protocolsfor switchingamongthem;
2. Collectionsof roleshuilt into teamformations and

3. Multi-step, multi-agentplansfor executionin specificsituations:set-plays

The teamworkstructureindirectly affects the agentexternal behaiors by changingthe agents’internal
statesvia internalbehaiors.

4.1 Roles

A role, r, consistsof a specificationof an agents internal and external behaiors. The conditionsand
amgumentsof ary behaior candependntheagentscurrentrole, whichis afunctionof its internalstate.At
theextreme atop-level externalbehaior couldbeaswitch,callinganentirelydifferentbehaior sub-graph
for eachpossiblerole. However, therole canaffect theagents overall behaior atary level of its behaior
graph:it couldaffectjustthe agumentof a behaior deeplyembeddedh thebehaior graph.

Rolesmayberigid, completelyspecifyinganagentsbehaior. Orthey maybeflexible, leaving acertain
degreeof autonomyto the agentffilling therole. For example,consideranagentthathasaccesdo a clock
andthatcanblow awhistle. Roler couldrigidly specifythattheagenffilling it mustblow a whistleonthe
hourevery hour Ontheotherhand,role r couldleave someflexibility to the agentthatfills it, specifying
that no fewer than 25% but no morethan 75% of the timesthatthe hour changesthe agentmustblow a
whistle. In this case the agentmuststaywithin a parametriacangein orderto successfullyfill therole,
but on every givenhourchangeijt canchoosdor itself whatto do. By specifyingrangesof parametersr
behaior options,theagenffilling role » canbe givenanarbitraryamountof flexibility .

A rolein theroboticsoccerdomain,canbe a positionsuchasa midfielder In thehospitalmaintenance
domain,arole couldspecifythewing of the hospitalwhosefloorsthe appropriateagentshouldkeepclean,
while in thewebsearchldomain,it couldspecifya senerto search.

4.2 Formations

We achieve collaboratiorbetweeragentdhroughtheintroductionof formations A formationdecomposes
thetaskspaceadefininga setof roles. Formationsincludeasmary rolesasthereareagentsn theteam,so
thateachrole s filled by oneagent. In addition,formationscanspecifysub-formationser units, thatdo
notinvolve thewholeteam.A unit consistof a subsebf rolesfrom theformation,acaptain andintra-unit
interactionamongtheroles.

For ateamof n agentsd = {aj, ay, .. ., a,}, ary formationis of theform

F={R,{Uy,Uy,...,Us}}
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whereR is asetof rolesR = {rq,rp,...,r,} suchthati # j = r; # r;. Notethattherearethe same
numberof rolesasthereareagents However, it is possibleto defineredundantolessuchthatthe behaior

specificatiorof r; is equivalentto thatof r; (z # 7). EachunitU; is asubsedf R: U; = {r;1, ri2, ..., i}

suchthatr;, € R, a # b = r;, # r andr;q is thecaptain or unitleader Themap A — R is notfixed:
rolescanbefilled by differenthomogeneouagents A singlerole maybea partof any numbetrof unitsand
formations.

Units areusedto dealwith local problemsolving issues. Ratherthaninvolving the entireteamin a
sub-problemthe rolesthat addresst are organizedinto a unit. Captainsare unit-memberswith special
privilegesin termsof directingthe otherunit members.

Rolesandformationsareintroducedindependenthfrom the agentshat areto fill them. Thelocker
roomagreemengpecifiesaninitial formation;aninitial mapfrom agentdo roles;andrun-timetriggersfor
dynamicchangingof formations. At ary giventime, eachagenthasan opinion asto whatformationthe
teamis currentlyusing. Agentskeepmappings4 — R from teammate$o rolesin the currentformation.
All this teamstructuringinformationis storedin theagents internalstate.It canbe alteredvia theagents
internalbehaiors.

Sinceagentareautonomousndoperatingn aPTSdomain,duringthe periodsof limited communica-
tion thereis noguarante¢hatthey will all think thattheteamis usingthesameormation,northatthey have
accuratenapsA — R. In fact,theonly guaranteés thateachagenknowsits own currentrole. Thus,in our
implementatiorof theteamworkstructure we createrobustbehaiors for teamagentsvhich donotdepend
uponhaving correct,up-to-dateknowledgeof teammatesinternalstates:they degradegracefully When
limited communications available,efficient low-bandwidthcommunicatiorprotocolscanallow agentgo
inform eachotherof theirrolesperiodically Figure3illustratesateamof agentssmoothlyswitchingroles
andformationsover time.

Roles -, Formations

s ol ... . [0 o) FL={r2,r4,5:6{r4,rs}}
ne 50 o F2={r1,r3,r5,r6{r5,r6} }
3@ @

TeamFormation= F2
A — R=4{(al,r5),(a2,r6),(all),(a4r3)}

TeamFormation= F2
A~ R=4{(al,r5),(a2,r3),(a%),(a4rl)}

TeamFormation= F1
A~ R={(al,rb5),(a2,r4),(a%),(a4r2)}

Figure 3: A teamof agentssmoothlyswitchingrolesandformationsover time. Differentrolesarerepresenteds
differentlyshadectircles. Formationsarepossiblyoverlappingcollectionsof roles. Units within the formationsare
indicatedwithin a dottedenclosure.The definitionsof all roles,formations,andunits areknown to all agents.An
agents currentrole is indicatedby the shadectircle in its headandits currentformationis indicatedby anarrow to
theformation. The agentdirst switchroleswhile stayingin the sameformation;thenthey switchto anentirely nen
formation.



4.3 Set-Plays

As apartof thelockerroomagreementthe teamcandefinemulti-stepmulti-agentplansto be executedat
appropriatdimes. Particularly if thereare certainsituationsthat occurrepeatedlyit makessensdor the
teamto devise plansfor thosesituationsaheadf time. We definea set-playasthe combinatiorof:

e A trigger conditionindicatingthe setof statesn which the set-playis actvated;and

e A setof set-playroles R, = {spr1,...,spr,}, m < n definingthe actionsto be takenby the
participantdn the set-play Eachset-playrole spr; includes:

— A set-playbehaviorto beexecuted;and

— A terminationconditionindicatingthe setof statesn which anagentshouldceasdilling the
set-playrole andresumdts normalbehaior.

Theset-playsaredefinedn thelockerroomagreemensothatthey areknown to all agentontheteam.
Notethata set-playneednotinvolve theentireteam: m < n. Thelockerroomagreemenalsoincludesa
generaffunctionto maprolesin aformationto rolesin aset-play: F' — R;,. Thusset-playrolesarenot
assignedo pre-determine@gentsjnsteadthey arefilled by whicherser agentis filling the appropriateole
in theteams currentformation.

5 Communication Paradigm

The teamworkstructuredefinedin Section4 is designedo be appropriatefor all PTSdomains. In the
subclassf PTSdomainswith single-channelpw-bandwidth unreliablecommunicatiorduringtheperiods
of limited communicationsuchasthe soccersener, the communicatiorparadigmdefinedin this section
is alsoappropriate. The communicatiorparadigmfurtherillustratesthe useof thelockerroomagreement
within theteammemberagentarchitecture RecallthatPTSdomainamayhave no communicatiorpossible
duringthe*on-line” periods. In thosecasespf course the communicatiorparadigmpresentedheredoes
notapply.

Domainswith single-channellow-bandwidth,unreliablecommunicatiorraiseseveral challengedor
inter-agentcommunication.The lockerroom agreementanbe usedto makeinter-agentcommunication
moreefficientandreliable. Thefive challengesddressetly our communicatiorapproactare:

1. Teammemberseedsomemethodof identifyingwhichmessagesn thesinglechannelareintended
for which agent.

2. Sincethereis a singlecommunicatiorchannel,agentsmustbe preparedor actve interferenceby
hostileagents A hostileagentcould mimic messages haspreviously heardat randomtimes.

3. Sincethecommunicatiorchannehaslow bandwidth the teammustpreventitself from “talking all
atonce’ Many communicatiorutterancegall for responsefrom all teammembersHowever, if all
teammembersespondsimultaneouslyfew of theresponsewiill getthrough.

4. Sincecommunicatioris unreliable,agentsmustbe robust to lost messagestheir behaiors cannot
dependuponreceving communicationsrom ateammate.

5. Teamsmust determinehow to maximizethe chanceghat they are usingthe sameteam stratgy
(formation)despitethe factsthateachis actingautonomoushandthatcommunications unreliable.



Communication Environment Challenges

e Marny agentsteams e Messageargetinganddistinguishing

e Single-channel e Rohustnesso active interference

e Low-bandwidth e Multiple simultaneousesponses

e Unreliable e Rohustnesso lostmessages
e_Teamcoordination

Table 1: Thecharacteristicandchallenge®f thetype of communicatiorervironmentconsideredn this thesis.

Thecharacteristicandchallenge®f thiscommunicatiorervironmentaresummarizedn Tablel.
In orderto meetthesechallengesa teamusesmessagewith the following fields, all of whosesyntax
andsemanticaredefinedwithin thelockerroomagreement:

e The <team-identifier identifiesmessagefrom within the teamasopposedo anotherteamin an
adersarialervironment.

e The<unique-team-membdD > is adifferentsequentiaintegerassignedo eachteammember
e The<encoded-time-stampis a securitycodethatcanbe usedto verify amessaga'authenticity

e The<time-stamped-team-strafe> indicateshe currentformationthatthe sendebelievestheteam
is using.

e The <selected-internal-statecancontainportionsof thesendess internalstate.

e The<message-type and <message-datacontainthe semanticcontentof theindividual message.
Themessagesanuseary syntacticandsemanticodegKQML [10] andKIF [12] for example).The
lockerroomagreemenalsoincludesa mappingfrom messagéypeto responseequirements.

e The <tamget- indicatesthe intendedrecipient(s)of the message.lt could be intendedfor a single
teammemberidentified eitherby <unique-team-membédb> or by role within the teams current
formation;for a unit of thecurrentformation;or for all teammembers.

In additionto the protocoldefinedwithin thelockerroomagreementomeinternalstatevariablesneed
to be devotedto communication.Whenan agenthearsa messageit interpretsit and updateghe world
stateto reflectary informationtransmittedby the messagelt alsostoresthe contentof the messagasa
specialvariablelast-messa ge. Furthermorebasednthelockerroomagreementaninternalbehaior
then updateghe internal state. If the messageequiresa responsethreevariablesin the internal state
aremanipulatedy aninternalbehaior: response , response-f la g, andcommunicat e-d el ay.
response istheactualrespons¢hatshouldbegivenby theageniasdeterminedn partby thelockerroom
agreement All threeof thesevariablesarethenreferencedy an externalbehaior to determinewhena
responsehouldbe given. For exampleonecondition-actiorpair of the top-level externalbehaior might
be:if (respons e-f la g set and communicat e-d el ay==0) then say(resp onse).

Theremaindeof this sectiondetailshow theseparticularmessagéieldsandinternalstatevariablescan
be usedto meetthe challengesummarizedn Tablel.

5.1 Messagerlargeting and Distinguishing

Sincethereis a singlecommunicatiorchannelagenta; hearsmessagesentby all agentsvhetheror not
they areintendedor it. Messagesentby agentfrom anotheteamarecompletelyignored.Messagesent
by ateammateareidentifiedby the <team-identifier field. Sinceall teammemberknow thelockerroom
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agreementgentsnonitorall messageBom teammate$o determingheirteammatesinternalstateseven
if the contentof themessagés intendedfor anotheteammate.

Agentscan distinguishmessageshat are intendedfor them by checkingthe <team-identifier and
<target- fields. An agenta; paysattentionto a messagérom a memberof the sameteamthatis targeted
to a;, to theentireteam,or to somesubsebf theteamthatincludese;. The <tamget> field couldidentify an
individualagenteitherby its uniquelD numberor by therole thatit is currentlyplaying. Thus,amessage
couldbesentto theagentplayingaparticularolewithoutknowing whichagenthatis. Similarly, amessage
couldbetargetedtowardsall agentdn aunit of theteams currentformation.

5.2 Robustnesgo Active Interfer ence

The only further difficulty relatedto an agentdistinguishingwhich messageareintendedfor it arisesin
the presencef active interference Considera hostileagenth which hearsa messagéhatis directedto «;
attimet. h hasfull accesso themessagsinceall agentusethe samecommunicatiorchannel. Thusif A
remembershe messagandsendsanidenticalmessageattime «, agente; will mistakenlybelieve thatthe
messagés from ateammateAlthoughthe messagevasappropriateattimet, it maybeobsoleteattime «
andit couldpotentiallyconfuses; ash intends.

This potentialdifficulty is avoidedwith the <encoded-time-stampfield. Evena simpletime stamp
is likely to safgguardagainstinterferencesinceh is not privy to the lockerroom agreementit doesnot
necessariljknow which field is the time stamp. However, if & discoserswhich field is the time stampby
noticingthatit alwaysmatcheghetime of the messageit could alterthe field basedon the time elapsed
betweentimest andw«. Indeed,if thereis a globally accessibleslock, = would simply have to replacet
with u in the messageHowever, theteamcansafguardagainstsuchinterferenceaechniquedy encoding
the time-stampusingan injective function chosenas a part of the lockerroom agreement.This function
canuseary of the othermessagdields asargumentsn orderto makedecryptionasdifficult aspossible.
The only requirementis that a teammateeceving the messageaninvert the function to determinethe
time at which the messagevassent. If thetime atwhich it wassentis eithertoo far in the pastor in the
future (accordingo thelockerroomagreementthenthe messageanbe safelyignored.In particulay the
lockerroomagreemenhasavariablemessage-l ag-to le ran ce encodinghistime. If amessageent
attimet arrivesattime u with « — ¢ > message-l ag- to ler ance, thenthemessagésignored.

By observingenoughmessageandcomparinghemwith theactualtime, it is theoreticallypossiblefor
hostileagentgo cracksimplecodesandalterthe <encoded-time-stampfield appropriatelypeforesending
a falsemessageHowever, the function canbe madearbitrarily complex sothatsucha featis intractable
within the context of the domain. If secreg is critical and computationunconstraineda theoretically
safeencryptionschemecanbe used. The deggreeof complity necessarylependaiponthe numberof
messagethat will be sentafter the lockerroom agreement.With few enoughmessagesaven a simple
linearcombinationof thenumericaimessagdéieldsmaysufice.

5.3 Multiple SimultaneousResponses

Thenext challengeo meetis thatof messagethatrequireresponsefom severalteammatesHowever, not
all messageareof thistype. For example,amessageneaning'whereareyou?” requiresaresponsewhile

“look outbehindyou” doesnot. Thereforeit is first necessaryor agentdo classifymessages termsof

whetheror notthey requireresponseasafunctionof the <message-type field. Sincethelow-bandwidth
channepreventsmultiple simultaneousesponsegheagentsnustalsoreasoraboutthenumberof intended
recipientsasindicatedby the <tamget> field. Takingthesetwo factorsinto accounttherearesix typesof

messagesndicatedhereasal,a2,a3,b1,b2andb3:
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Responseequested
Messag&amget no | yes
Singleagent al bl
Wholeteam a2 b2
Part of team a3 b3
Whenhearingary messagethe agentupdatests internalbeliefsof the otheragents statusasindicatedby

the <time-stamped-team-strale> and<selected-internal-statefields. However, only whenthemessage
is intendedfor it doesit considerthe contentof the message.Thenit usesthe following algorithmin
responséo the message:

1. If themessageequiresnoresponsdtypesal—3) theagentsimply updatests internalstate.

2. If the messageaequiresa responsethen set response to the appropriateresponsemessage,
response-f lag =1and

o If theagentwastheonly taiget(typebl),respondmmediately:
communicat e-d el ay =0;

e If themessagés sentto morethanonetarget (typesb2 andb3), setcommunicate- delay
basedon the differencebetweenthe <unique-team-membdb > of the messageenderand
thatof therecever. Thuseachteammateespondsitadifferenttime,leaving timefor teammate
messagew go through.

An internalbehaior keepsdecrementingommunicate- delay astime passesAn externalbehaior
useshecommunicatiorcondition-actiorpair presente@bore:

if (response- fl ag set and communicat e- del ay==0) then say(respon se)
wheresayis anactuatomprimitive. Playersalsosetthecommunicate- delay variablein theeventthat
they needto sendmultiplemessagew thesameagenin ashorttime. Thiscommunicatiomparadigmallows
agentgo continuereal-timeactingwhile reasoningaboutthe appropriatd¢ime to communicate.

5.4 Robustnesgo Lost Messages

In orderto meetthe challengeraisedby unreliablecommunicatiorleadingto lost messagesagentsmust
notdependn communicatiorio act. Communications structuredsothatit helpsagentaipdateheirworld
andinternalstates.But agentsdo not stopactingwhile waiting for communicationgrom teammatesAs
broughtup in [38], sucha casecould causenfinite loopingif a critical teammatdails to respondor ary
reason.As well ascontinuingto act while waiting for communicate- delay to expire, agentsensure
thatthey do notrely oninteragentcommunicatiorby continuingto actwhile waiting for responsefrom
teammates.They alsomaintainworld andinternalstateswithout help from teammates. Communication
canimprove the reliability of an agents world stateby elucidatingsomeof an agents hiddenstate;but
communications notnecessaryor anagentto maintainareasonablapproximatiorof theworld state.

5.5 TeamCoordination

Finally, teamcoordinations difficult to achiese in thefaceof the possibilitythatautonomouseammembers
may not agreeon the <time-stamped-team-strafe> or the mappingfrom teammateso roleswithin the
teamstratgy. Again, thereare no disastrougesultsshouldteam membergemporarilyadoptdifferent
strat@ies;however they aremorelikely to achieve theirgoal G if they canstaycoordinated.
Onemethodof coordinationis via the lockerroom agreement.Agentsagreeon globally accessible
ervironmentalcuesas triggersfor switchesin teamstratgy. Another methodof coordinationwhich

11



complementshisfirst approachs via thetime stamp.Whenhearinga messagérom ateammaténdicating
thatthe teamstratey is differentfrom the agents currentideaof the teamstrateyy, the agentadoptsthe
morerecenteamstrat@y: if thereceved messagesteamstrat@y hasatime-stamghatis morerecenthan
thatontheagents currentteamstratey, it switchesptherwiset keepghe sameteamstratgy andinforms
its teammatef the change . Thuschangesn teamstratgy canquickly propagateéhroughtheteam.

In particular supposehat agenta; heardat time ¢ that the teamformationis Fj. It thenhearsa
messagdrom agenta; indicatingthat the teamformationwassetto £ attime u. If ¢ < u, thenfs is
a morerecentteamdecisionandit updatedts notion of the teams formationto F,. However, if v < ¢,
it is agenta; thathasanobsoleteview of the formation. «; thensendsa messagéo «; indicatingin the
<time-stamped-team-stratg> field thatthe formationwassetto F; attime ¢, thuscausinga; to update
its notion of the teams formation. In the rareeventhatt = u, thelockerroom agreemenmustspecify
anorderof precedencamongrolesin orderfor theagentso determinewhich agents ideaof the current
formationto regardascorrect.

Dependingon the availablebandwidthin the particularapplicationthe <selected-internal-statecan
alsobeusedto facilitateteamcoordinationby helpingto keepthe teammemberaip-to-dateregardingthe
mappingA — R, andperhapsegardingobjectlocationsthatmightbe hiddento individual agents.

6 Implementation in the Robotic SoccerDomain

Roboticsoccelis averygoodexampleof aPTSdomain:teamsancoordinatebeforethegame athalf-time,
andatotherbreakpoints,but communications limited duringplay[17]. Introducedy Mackworth[20], the
roboticsoccerdomainhasbeengainingpopularityasanAl androboticstest-bedwith systemdaving been
recentlydevelopedbothin simulationandwith realrobots[16]. Roboticsocceris a multi-agentdomain
with heterogeneousitleasttwo typesof agentsvenif eachteamis homogeneousgommunicatinggents.
For asuney of researctissuesarisingin thistypeof domain se€32]. Theresearctpresentedh thisarticle
wasfirst developedn simulationandsomeof it hasalsobeensuccessfullyusedonourrealrobotteam[41].

Thesoccesener[25, 1], whichsenesasthe substratsimulatorfor theresearcheportedn thisarticle,
capturesenoughreal-worldcompleities to be a very challengingdomain. This simulatoris realisticin
mary ways: (i) the players’visionis limited; (ii) the playerscancommunicatdy postingto a blackboard
thatis visible (but not necessarilyntelligible) to all players;(iii) eachplayeris controlledby a separate
process{iv) eachteamhas11 membersyv) playershave limited stamina;(vi) actuatorsandsensorsare
noisy; (vii) dynamicsand kinematicsare modeled;and (viii) play occursin real time the agentsmust
reactto their sensoryinputsat roughly the samespeedas humanor robotic soccerplayers. The soccer
sener was successfullyusedasthe basisfor the RoboCup-97&imulatorcompetitionin which 29 teams
participated17].

As presentedn [1] The soccersener modelsa communicationervironmentappropriatein a time-
pressured¢rovdedervironment. All 22 agentq11 on eachteam)usea single,unreliablecommunication
channel. When one agentspeaks agentson both teamscan hearthe messagemmediatelyalong with
the (relative) directionfrom which it came. The speakeis notinherentlyknown. Agentshave a limited
communicatiorrange,hearingonly messagespokenfrom within a certaindistance. They alsohave a
limited communicatiorcapacity hearinga maximumof 1 messagevery 200 msec(actionsare possible
every 100msec,soif all otheragentsaarespeakingasfastasthey can,only 1 of every 42 messagewill be
heard). Thuscommunicatioris extremelyunreliable. We useversion3 of this simulatorfor the research
reportedn thisarticle.

This sectiondetailsthe full implementationof both main contritutions of this article: the flexible
teamworkstructureandthe novel communicatiorparadigm.Both implementationsre unified within the
sameroboticsoccersystem:the CMUnited-97simulatorteam[33].
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All 22 agentgincludingadwersariespn samechannel
Limited communicatiomangeandcapacity

No guarante®f soundgyettingthrough
Instantaneousommunication

Table 2: Characteristicef thesoccersener communicatiormodel.

6.1 Teamwork Structur e Implementation

Oneapproachto taskdecompositiorin the soccersener is to assignfixed positionsto agents. Suchan
approacheadsto severalproblems:i) short-terminflexibility in thattheplayerscannotadaptheirpositions
totheball’slocationonthefield; ii) long-terminflexibility in thattheteamcannot&adapto opponenstrategy;
andiii) localinefficiengy in thatplayersoftengettired runningacrosghefield backto their positionsafter
chasingthe ball. Our formationsallow for flexible teamworkand combattheseproblems. (As the term
“position” is oftenusedto denotethe concepof “role” in thesoccerdomain,in this sectionwe usethetwo
termsinterchangeably

This sectiondescribeghe CMUnited-97 simulatorteamimplementationof the teamworkstructure
presentedn Section4. In the contet of the teammemberagentarchitecturen Section3, it coversthe
lockerroomagreementheinternalbehaiors, andtheinternalstate.

6.1.1 Domain Instantiations of Rolesand Formations

Figure4 shaws a simplified top-level externalbehaior usedby a teamagent. The agents top priority is
to locatetheball. If the ball’s locationis known, it movestowardsthe ball or goesto its position(i.e., to
assumats role), dependingon its internalstate. It alsoresponddo ary requesteccommunicationgrom
teammates.

External Behavior: Play Soccer()

If (Ball Lost) Face Ball()

If (Ball known AND Chasing) Handle Ball(args1)

If (Ball known AND Not Chasing) Passive Offense(args2)
If (Commuincate Flag Set) Communicate()

Figure 4: An exampleof a simplifiedtop-level externalbehaior for aroboticsoccemlayer

Thereferencedhandleball” and“passve offense’behaiorsmaybeaffectedby theagents currentrole
and/orformation. Sucheffectsarerealizedby referenceso theinternalstateeitherat the level of function
amgumentg(argsl,amgs?2),or within sub-beheiors. None of the actionsin the condition-actiorpairshere
areactionprimitives;rather they arecallsto lowerlevel behaiors.

The definition of a position includeshome coordinates a homerange and a maximumrange as
illustratedin Figure5. The position’s homecoordinatesrethe defaultlocationto which theagentshould
go. However, the agenthassomeflexibility , beingableto setits actualhomepositionarywherewithin the
homerange.Whenmoving outsideof themaxrange theagentis nolongerconsideredo bein theposition.
Thehomeandmaxrangef differentpositionscanoverlap,evenif they arepartof the sameformations.

A formationconsistof a setof positionsanda setof units (asdefinedin Section4.2). The formation
andeachof the units canalso specifyinter-positionbehaior specificationdor the memberpositions,as
illustratedin Figure6(a). In this casetheformationsspecifyinter-roleinteractionspnamelythe positionsto

'Oneof the teamsin Pre-RoboCup-9§15] usedand dependedipontheseassignmentsthe playerswould passto the fixed
positionsregardlesf whethertherewasaplayerthere.
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Figure 5: Differentpositionswith homecoordinate@ndhomeandmaxranges.

whichaplayershouldconsideipassingheball. We usedecisiontreelearningto helpplayersdecidewhere
to pasq36]. Figure6(b)illustratesthe units,therolesinvolved,andtheir captains.Here,the unitscontain
defendersiidfielders forwards left playerscenterplayers andright players.
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Figure 6: (a) A possibleformation(4-3-3)for ateamof 11 players.Arrows represenpassingoptions. (b) Positions
canbelongto morethanoneunit.

Sincethe playersareall autonomousin additionto knowing its own role, eachonehasits own belief
of the teams currentformationalongwith the time at which that formationwas adopted,and a map of
teammateso positions.ldeally, the playershave consistenbeliefsasto theteams state but this condition
cannotbe guaranteethetweersynchronizatioropportunities.

For example,considerthe passie offensebehaior in Figure4. This externalbehaior referenceshe
agentsinternalstatevia aseriesof functioncalls. Specifically theagents to move to somelocationwithin
thehomerangeof its currentpositionin theteams currentformation:

TargetLocation € HomeRange(MyPosition(CurrentFormation())) (1)

whereHomeRangdp) returnsthe homerangeof positionp; MyPositio n(f ) returnsa players own
currentpositionin formationf; andCurrentFo rmati on( ) returngheplayersownopinionof theteams
currentformation. Thusthe internalbehaiors that determinethe players currentpositionandformation
affect its externalbehaior. Notice thatby specifyinga rangeof possiblelocations,therole leavessome
flexibility to the autonomougplayer: it canchoosewhich specificTargetLoc ati on to move to within
therange.

Differentrolescanalso have entirely differentexternalbehaiors. As presentedn Section4.1, each
role could have anentirelydifferentexternalbehaior subgraph.

Ourteamworkstructurefor PTSdomainsallowsfor severalsignificantfeaturesn our simulatedsoccer
team.Thesefeaturesare: (i) the definition of switchingamongmultiple formationswith units; (i) flexible
positionadjustmenandpositionswitching;(iii) andpre-definedspecialpurposeplays(set-plays).
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6.1.2 Dynamic Switching of Formations

We implementedseveral differentformations rangingfrom very defensie (8-2-0)to very offensve (2-4-
4)2 Thefull definitionsof all of the formationsarea partof thelockerroom agreementTherefore they
areall known to all teammatesHowever duringthe periodsof full autonomyandlimited communication,
it is not necessariljknown whatformationthe restof the teammatesreusing. Threeapproachesanbe
takento addresshis problem:

Static formation: theformationis setby thelockerroomagreemenandnever changes;

Run-time formation switch: duringteamsynchronizatiompportunitiestheteamsetsglobally accessible
run-timeevaluationmetricsasformation-changingndicators.

Communication-triggered formation switch: one team memberdecidesthat the team should switch
formationsandcommunicateghe decisionto teammates.

Bothrun-timeformationswitchesandcommunication-triggerefibrmationswitchesareinternalbehar-
iors. Therun-timetriggersandcommunicatiorprotocolsaredefinedin thelockerroomagreementWhen
a run-timeevaluationmetricindicatesthat the formationshouldchange or whena heardcommunication
triggersaformationchangeaninternalbehaior changesheplayers opinionof theteamsformationin its
internalstate.

This changein internal state can then affect external behaiors. For example, a switch in for-
mationschangeshe output of the CurrentFo rmati on() functionin Equationl. The outputsof
MyPositio n() andHomeRange() arealsoaltered:thenew formationconsistf adifferentcollection
of roleswith differenthomeranges.Thusthe passve offenseexternalbehaior changesasa resultof the
formationswitch.

The CMUnited-97simulatorteamusesrun-timeformationswitches.Basedon the amountof time left
relative to the differencein score: the teamswitchesto an offensive formationif it waslosing nearthe
endof the gameanda defensve formationif it waswinning. Specifically the teamstartsoutin a 4-4-2
formation. If AMinutes is the numberof minutesleft in thegame,andAS core is the differencein score
(AScore > 0Qif theteamis winning; AScore < 0 if theteamis losing), thenthe teamusesthe following
run-timealgorithm:

o If AScore < 0and—AScore > AMinutes, thenswitchto a 3-3-4formation;
e If AScore > 0andAScore > AMinutes, thenswitchto a8-2-Oformation;
e Otherwiseswitchto (or stayin) a 4-4-2formation.

Sinceeachagentis ableto independentlykeeptrack of the scoreandtime, the agentsare alwaysableto
switchformationssimultaneously

Communication-triggeretbrmation switcheshave also beenimplementedand tested. Details are
presentedh the context of thecommunicatiorparadigmmplementatior(Section6.2).

6.1.3 Flexible Positions

As emphasizedhroughouthomogeneouagentscanplay differentpositions. But sucha capabilityraises
the challengingssueof whenthe playersshouldchangepositions.In addition,with teammateswitching

2Soccerformationsare typically describedasthe X-Y-Z whereX, Y, and Z arethe numberof defendersmidfielders,and
forwardsrespectiely. It is assumedhatthe eleventhplayeris the goaltendef18].
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positions,a players internalplayerpositionmap A — R couldbecomencorrectand/orincomplete.The
lockerroom agreemenprovides proceduredo the teamthat allow for coordinatedrole changing. In
CMUnited's case the lockerroom agreementlesignatesin orderof precedencéor the positionswithin
eachunit. Unlesstheir pursuitof the ball leadsthemfrom their position, playersonly switchinto a more
importantpositionthantheir currentposition.

By switchingpositionswithin aformation,the overall joint performancef theteamcanbeimproved.
Position-switchindhasthe potentialto save playerenegy andto allow themto respondnorequickly to the
ball. However, switchingpositionscanalsocausencreaseglayermovementf aplayerhasto move across
thefield to occupyits new position. Playersmustweightthe possiblecostsandbenefitsbeforedecidingto
switch positions.

Like switchingformations,switching positionscan changeexternal behaiors via their referencego
theinternalstate. In Equationl, switchingpositionschangegshe valueof returnedby MyPosition () ,
thusalsoaffectingthevalueof HomeRange() : the playerexecutingthe passie offenseexternalbehaior
choosests locationfrom a differentrangeof possiblepositions.

In additionto having the flexibility to switch to a differentposition, CMUnited-97agentsalso have
flexibility within their positions. Thatis, the externalbehaior referenceshe internalstateto determinea
rangeof possibldocationsthataredeterminedy theplayers currentposition. However, within thisrange,
therole doesnotspecifytheplayers precisdocation. For example,in the passie offenseexternalbehaior
(equationl), the player mustchooseits TargetLoc at ion from within the homerangeof its current
position.

In the CMUnitedmulti-agentapproachthe playerpositionsitself flexibly suchthatit anticipateghatit
will beusefulto theteam,eitheroffensively or defensiely. The agentscanexercisethis flexibility within
its externalbehaiorsin two ways:

e Opponentnarking;
e Ball-dependenpositioning;

When marking opponentsagentsmove next to a given opponentratherthan stayingat the default
positionhome. The opponento mark canbe chosenby the player(e.g.,the closestopponent)or by the
unit captainwhich canensurethat all opponentsare marked,following a presetalgorithmaspart of the
lockerroomagreement.

When using ball-dependenpositioning, the agentadjustsits location within its rangebasedon the
instantaneoupositionof theball. For example,whentheball is onthe samesideof thefield astheagent,
theagenttriesto move to a point on the line definedby its own goalandtheball. Whentheball is onthe
othersideof thefield, the playeradjuststs positionbacktowardsits own goal.

6.1.4 Pre-PlannedSet-Plays

The final implementedmprovementfacilitated by our flexible teamworkstructureis the introductionof

set-playspr pre-definedspecialpurposeplays. As a partof thelockerroomagreementheteamcandefine
multi-step,multi-agentplansto be executedat appropriatdimes. Particularlyif therearecertainsituations
thatoccurrepeatedlyit makessensdor theteamto deviseplansfor thosesituations.

In the robotic soccerdomain,certainsituationsoccurrepeatedly For example,after every goal, there
is a kickoff from the centerspot. Whenthe ball goesout of bounds thereis a goal-kick,a cornerkick, or
a kick-in. In eachof thesesituations the refereeinforms the teamof the situations. Thusall the players
know to executethe appropriateset-play A particularreferees messageés the trigger conditionfor each
set-play Associatedvith eachset-playrole is a set-playbehaior indicatinga locationon thefield aswell
asanactionto executewhenthe ball arrives. The playerin a givenrole might passto the playerfilling
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anotherrole, shootat the goal, or kick the ball to someotherlocation. Theterminationconditionfor each
role is eitherthe successfuéxecutionof the prescribedactionor the passagef a specifiedamountof time
from the bgginning of the set-play

The lockerroom agreemenspecifiesthat the rolesin the currentteamformation are mappedto the
set-playrolesin thewayrequiringtheleastmovemenbf agentsromtheirpositionhomes.Thatis ' — R,
is choserto minimize}_, . cx,, Dist(r, spr) whereDist(r, spr) is thedistancdrom the homelocationof
role r to thehomelocationof its associatedet-playrole spr. This assignmenof rolesto set-playrolesis
partof eachagents internalbehaior.

For example,Figure7 illustratesa samplecornerkick set-play The set-playdesignatesive set-play
roles,eachwith a specificlocation,which shouldbefilled beforethe ball is put backinto play. Basedon
the homepositionsof the currentformation, eachindividual agentcandeterminethe bestmappingfrom
positionsto set-playlocations,i.e. the mappingthatrequiresthe leasttotal displacemenof the 5 players.
If thereis no playerfilling oneof the necessaryormationroles,thentheremustbe two playersfilling the
samerole, one of which mustmove to the vacantrole. In the eventthat no agentchoosedo do so, the
set-playcanproceedvith ary singleset-playrole unfilled. Theonly exceptionis thatsomeplayermustfill
theset-playrole responsibldor kicking the ball backinto play. A special-purposprotocolis incorporated
into the set-playbehaiors to guarantesucha condition.

Oncetheset-playrolesarefilled, eachplayerexecuteghe actionassociateavith its set-playrole asan
externalbehaior. As illustratedby the playerstartingthe cornerkick in Figure7, a playercould choose
amongpossibleactions,perhapsasedon the opponenfpositionsat the time of execution. No individual
playeris guaranteedf participatingin the play. For example,the uppermosset-playpositionis therejust
in caseoneof the otherplayersmissesa passor shootswide of thegoal: no playerwill passdirectlyto it.
Eachplayerleavesits set-playrole to resumeits former role eitherafter successfullykicking the ball, or

aftera pre-specifiedrole-specificamountof time.
o
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Figure 7: A samplecornerkick set-play The dashectirclesshawv the positionsin theteams currentformationand
dashedarrows indicatethe locationsof the set-playroles—blackcircles—thathey wouldfill. Solid arrowns indicate
thedirectiontheball is to bekickedaspartof eachset-playrole.

The set-playssignificantly improved CMUnited’s performance. During the RoboCup-97simulator
competition severalgoalswerescoredasa directresultof set-plays.

6.2 Communication Paradigm Implementation

In ourteamworkstructure playersareorganizednto teamformationswith eachplayerfilling auniquerole.
However playerscanswitchamongrolesandthe entireteamcanchangeormations.Both formationsand
rolesaredefinedaspartof the lockerroomagreementandeachplayeris givena uniquelD number It is
asignificantchallengefor playersto remaincoordinatedbothby all believing thatthey areusingthesame
formationandby filling all therolesin the formation. Sinceagentsareall completelyautonomoussuch
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coordinationis notguaranteed.

In PTSdomainswith limited communicationasopposedo no communicationpossibleduring the
dynamicreal-timeperiodsjnteragenttommunicatiortanhelptheteamstaycoordinated Communication
protocolsdefinedin thelockerroomagreementombinewith heardmessage® triggerinternalbehaiors
thatalterthe agent§internalstate.

ThissectiondescribesheCMUnited-97simulatoteamimplementatiorof thecommunicatioparadigm
presentedh Section5. All of theagentmessageareof theformat:

(CMUnited <Uniform-number- <Encoded-stamp <Formation-numbes <Formation-set-
time> <Position-number <target- <Message-type [<Message-data))

For example, player 8 might want to passto player6 but not know preciselywhereplayer6 is at the
moment.In this casejt couldsendthemessagéCMUnite d 8 312 1 0 7 ----> 6 Where are
you?) . “CMUnited 8" isthesendes teamandnumber;*312” is the <Encoded-stamp, in thiscase
an agreed-upotinear combinationof the currenttime, the formation number and the senders position
number;“1 0" is theteamformationplayer8 is usingfollowed by the time at which it startedusingit;
“7" is player8's currentposition; “----> 6" indicatesthat the messages for player6; and“Where
are you?”’ isamessagéypeindicatingthata particularresponsés requestedtherecipients coordinate
location. In this casethereis no messagelata.

All teammateshathearsucha messageipdatetheir internalstateso indicatethatplayer8 is playing
position 7. However only player 6 setsits response andresponse -fl ag internalstatevariables.
In this case,sincethetametis a single player the communicat e- del ay flagremainsat0. Werethe
messagé¢argetedtowardsthe wholeteamor to a subsebf theteam,thencommunicate- delay would
equal:

e |IF (my number> sendenumber)
((my number— sendenumber— 1)*2)*communicate -i nte rv al

e ELSE(((sendenmumber— my number— 1)*2)+1)*communicate- in ter val

wherecommunicate- in ter val isthetime betweeraudiblemessagefor a givenagent(200msecin
thedefaultsoccersener). Thus,assumingiofurtherinterferenceplayer8 would be ableto hearresponses
from all taigets.

Onceplayer6 is readyto respond,t might sendbackthe messag€CMUnited 6 342 1 0 5
----> all I'm at 4.1 -24.5) . Noticethatplayer6isusingthesameeamformationbutplaying
adifferentpositionfrom player8: position5. Sincethismessageoesnt requirearesponséasindicatedby
the“I'm at ” messagéype),themessagés accessibléo thewholeteam(*---->  all ”): allteammates
who hearthe messageipdatetheir world statesto reflectthe messagelata. In this case,player6 is at
coordinateposition(4.1, —24.5).

Wereplayer8 notto receve aresponsérom player6 beforepassingit couldstill pasgoits bestestimate
of player6’slocation: shouldthemessagéail to getthrough,no disastewouldresult. Suchis the natureof
mostcommunicatiorin this domain. Shouldtherebe a situationwhich absolutelyrequiresthata message
getthrough,the sendingagentcould repeatthe messaggeriodicallyuntil hearingconfirmationfrom the
recipientthat the messagdasarrived. However, sucha techniqgueconsumeshe single communication
channelndshouldbe usedsparingly

Notice that in the two example messagesbove, both playersare using the sameteam-formation.
However, suchis not alwaysthe case.Evenif they usecommonernvironmentalcuesto trigger formation
changespneplayermight missthecue. In orderto combatsucha case playersupdatethe teamformation
if ateammates usinga differentformationthatwassetalatertime asdetailedn Section5. For example,if
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player6’s messagdadbegun“(CMUnited 6 342 3 50 ...” indicatingthatit hadbeenusingteam
formation3 sincetime 50, aninternalbehaior in player8 would have changedts internalstateto indicate
thenew teamstratay.

Other examplesof messagdypesusedin our implementationof simulatedrobotic soccerplayers
include:

e Request/resporiohll location

Request/resportéammatdocation

e Inform passdestination

Inform goingto theball

Inform taking/leaing position

7 Results

Although the flexible teamworkand communicatiorparadigmimplementationsare meigedinto a single
roboticsoccesystemweareableto isolatetheeffectsof eachcontributionthroughcontrolledtesting. This
sectionpresent&mpiricalresultsdemonstratinghe effectivenessf bothmaincontritutionsof this article:
theflexible teamworkstructureandthe low-bandwidthcommunicatiorparadigm. In addition,the results
of the CMUnited-97simulatorteamat the RoboCup-9Zompetitionarereported.

7.1 Teamwork Structur e Results

The flexible teamworkstructureimprovesover a rigid structureby way of threecharacteristicsflexible
positioningwithin roles, set-plays,and changeabldormations. We testedthe benefitsof the first two
characteristichy playingateamwith flexible, changeablgositionsandset-playsagainsta “defaultteam”
with rigid positionsandno set-plays.Thebehaiors of the playersonthetwo teamsareotherwisddentical.
The advantageof beingableto changeformations—thethird characteristic—dependm the formation
beingusedby theopponent.Thereforewe testedeamsusingeachdefinedformationagainstachother

Standardyamesn thesocceisener systemlast10 minutes.However, dueto thelargeamountof noise,
gameresultsvary greatly All reportedresultsare cumulative over several games. Compiled statistics
includethenumberof 10-minutegamesvon, thetotal cumulatve goalsscoredoy eachteam,averagegoals
per game,andthe percentagef time thatthe ball wasin eachhalf of the field. The last statisticgivesa
roughestimateof the degreeto which eachteamwasableto controlthe ball.

7.1.1 Flexible Positionsand Set-Plays

In orderto testtheflexible teamworkstructure we rana teamusingball-dependenfiexible positionswith
set-playsagainstoneusingrigid positionsandno set-plays Both teamsuseda 4-4-2formation. As shovn
in Table3, the flexible teamsignificantlyoutperformedhe defaultteamover the courseof 38 games.
Furtherexperimentatiorshonved that both aspectf the flexible teamcontribute significantlyto the
teams successTable4 shavstheresultswhenateamusingflexible positionsbut no set-playglaysagainst

3Theteamworkstructureandcommunicatiorparadigmweresubsequentlimplementedn the CMUnited-98simulatorteamas
well. TheCMUnited-98simulatorteamcompetedn the RoboCup-9&ompetitionwinningall 8 of its gamegdy acombinedscore
of 66—0to becomehe 1998world champiorsimulatorteam[37].
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| (Game=10min.) || Flexible andSet-Plays| Default ||

Gameswon 34 1
Totalgoals 223 82
Avg. goals 5.87 2.16
Ball in own half 43.8% 56.2%

Table 3: Resultswhena flexible teamplaysagainsta rigid team. The flexible teamwon 34 out of 38 gameswith 3
ties.

the defaultteamandwhena teamusingset-playsut rigid positionsplaysagainstthe defaultteam,again
overthecourseof 38 games Both characteristicprovide a significantadwvantageover thedefaultteam but
they performevenbetterin combination.

Only Flexible Positions Only Set-Plays
| (Game=10min.) || Flexible | Default || | (Game=10min.) || Set-Plays| Default ||
Gameswvon 26 6 Gameswvon 28 5
Totalgoals 157 87 Totalgoals 187 108
Avg. goals 413 2.29 Avg. goals 4.92 2.84
Ball in own half 44.1% | 55.9% Ball in own half 47.6% | 52.4%

Table 4: Resultswhenonly usingflexible positionsand only usingset-plays. Eachindividually works betterthan
usingneither

7.1.2 Formations

In additionto the above tests,we testedthe variousformationsagainsteachother asreportedin Table5.
Eachentryshavs the goalsscoredfor andagainstwhenateamusingoneformationplayedagainsta team
usinganotherformationover the courseof 24 10-minutegames.Theright-mostcolumncollectsthe total
goalsscoredfor andagainsthe teamusingthatformationwhenplayingagainstall the otherteams.In all
casestheteamsusedflexible positions but no set-plays.

| formations|| 4-3-3 | 4-4-2 [ 3-5-2 | 8-2-0 | 3-3-4 [ 2-4-4 | totals |
4-3-3 68—60 | 68-54 | 24-28| 59-64| 70-65 || 289-271(51.6%)
4-4-2 60-68 68-46 | 22-24| 51-57| 81-50 || 282—24553.5%)
3-5-2 54-68| 46-68 13-32| 61-72| 75-73| 249-313(44.3%)
8-2-0 28-24| 24-22| 32-13 27-28| 45-36| 156-96 (61.9%)
3-3-4 64-59| 57-51| 72-61| 28-27 87-69 | 308—-267(53.6%)
2-4-4 65-70| 50-81| 73-75| 36-45| 69-87 293-38543.2%)

Table 5: Comparisorof the differentformations. Entriesin the tableshav the numberof goalsscored. Total (and
percentage¢umulatize goalsscoredagainsall formationsappeatn theright-mostcolumn.

Theresultsshav that the defensive formation (8-2-0) doesthe best. However the total goalsscored
whenusingthe defensie formationis quitelow. Ontheotherhand the 3-3-4formationperformswell with
ahighgoaltotal.

Thisstudyallowedusto deviseaneffectiveformation-switchingtrategy for RoboCup-970urteam[33]
useda4-4-2 formationin general switchingto a 8-2-Oformationif winning nearthe endof the game,or
a 3-3-4formationif losing. This stratgy, alongwith the flexible teamworkstructureasa whole,andthe
novel communicatiorparadigmhelpedusto performwell in thetournamentmakingit to the semi-finals
in afield of 29 teamsandout-scoringopponentdy atotal scoreof 67—9[16].
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We usedthisflexible teamworkstructureon ourrealrobotteam[41] whichwontheRoboCupsmall-size
robotcompetition. Although developedin simulation,all of the teamworkconceptsapply directly to real
robotteamsaswell. We wereableto reusethe developedapproactdirectly from our simulatorclientson
therobotsandimmediatelyachieve variableformations flexible positions andpositionswitching.

7.2 Communication Paradigm Results

While contrikuting to the overall succes®of the CMUnited-97simulatorteam,our novel communication
paradigmis alsodemonstrablyeffective in controlledexperimentation.In this section,we reportresults
reflectingtheagentsrobustnesso activeinterferencetheirability to handlemessagethatrequireresponses
from multiple teammembersandtheir ability to maintaina coordinatedeamstrateyy.

7.2.1 Robustnesso Interference

Relying on communicationprotocolsinvolves the dangerthat an opponentcould actively interfere by
mimicking an agents obsoletemessagessincethereis a singlecommunicatiorchannel,opponentsan
hearandmimic messagestendedfor teammates However, the < Encoded-stamp field guardsagainst
suchan attempt. As a test, we playeda communicatingeam (teamC) againsta teamthat periodically
repeatgastopponenimessagefieambD). TeamC setthe <Encoded-stamp field to <Uniform-number
x(send-time  + 37). Thusteammatesould determinesend-tim e by inverting the samecalculation
(known to all throughthe lockerroom agreement). Messageseceved more than a secondafter the
send-time  weredisregarded. The one-secondeenay accountdor the fact thatteammatesnay have
slightly differentnotionsof the currentglobaltime.

In our experiment,agentfrom teamD senta total of 73 falsemessageever the courseof a 5-minute
game. Not knowing teamC'’s lockerroom agreementthey wereunableto adjustthe <Encoded-stamp
field appropriately The numberof teamC agentshearinga falsemessageangedrom O to 11, averaging
3.6. In all caseseachof theteamC agenthearinghefalsemessageorrectlyignoredit. Only onemessage
truly from ateamC playerwasincorrectlyignoredby teamC players,dueto the sendingagents internal
clock temporarilydiverging from the correctvalue by morethana second. Althoughit didn't happenin
theexperiment,it is alsotheoreticallypossiblethatanagentfrom teamD could mimic a messagevithin a
secondof thetime thatit wasoriginally sent,thuscausingt to beindistinguishal# from valid messages.
However, in this casethecontentof themessagés presumablstill appropriateandconsequentlyinlikely
to confuseteamC.

7.2.2 Handling Multiple Responses

Next we testedour methodof handlingmultiple simultaneousesponse$o a singlemessage Placingall

11 agentswithin hearingrange,a single agentperiodically senta “where areyou” messagéeo the entire
teamandrecordedheresponses receved. In all casesall 10 teammatesieardthe original messagend
responded.However, asshawvn in Table 6, the useof our methoddramaticallyincreasedhe numberof

responsethatgotthroughto thesendingagent.Whentheteamusedcommunicat e-d el ay asspecified
in Section6, messageesponsesvere staggeredver the courseof about2.5 secondsallowing most of

the 10 responseto getthrough. Whenall agentsespondedt once(no delay),only oneresponséfrom a
randomteammatejvasheard.
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Numberof Responsey Responsdime (sec)
Min | Max | Avg Min | Max | Avg
NoDelay || 1 1 1.0 0.0 | 0.0 0.0
Delay 6 9 8.1 0.0 | 2.6 0.9
Table6: Thenumberof responsethatgetthroughto agentsvhenresponsearedelayedandwhenthey arenot. When

theteamusescommunicate-delay  asspecifiedin Section6, anaverageof 7.1 moreresponsegetthroughthan
whennotusingit. Averageresponséime remainsunderonesecond Both experimentsvereperformeds0times.

7.2.3 TeamcCoordination

Finally, we testedthe teams ability to maintaincoordinatedeamstrat@ieswhenchangingormationsvia
communicationOneplayerwasgiventhepowerto toggletheteams formationbetweeradefensie andan
offensive formation. Announcingthe changeonly once the restof teamhadto eitherreactto the original
messageyr getthenews from anotheiteammatevia othercommunicationsAs describedn Section6, the
<Formation-number and <Formation-set-time fields are usedfor this purpose.We ran two different
experiments eachconsistingof 50 formationchanges.In the first, a midfielder madethe changesthus
makingit possiblgor mostteammateto heartheoriginalmessageln thesecondexperimentfewer players
heardthe original messageainceit wassentby the goaltendefrom the far endof thefield. Evenso,the
teamwasableto changdormationsin anaveragetime of 3.4secondsResultsaresummarizedn Table7.

Entire TeamChangeTime (sec) HeardFrom
Decision-Maker|| Min | Max | Avg Var Decision-Maker
Goaltender 0.0 | 23.8| 34 17.8 46.6%
Midfielder 00| 79| 13 2.8 80.6%

Table 7: Thetimeit takesfor the entireteamto changeeamstratgieswhena singleagentmakeghedecision.Even
whenthe decision-makinggentis atthe edgeof the field (goaltender}othatfewer thanhalf of teammatesanhear
thesinglemessagéndicatingthe switch,theteamis completelycoordinatedafteran averageof 3.4 seconds.

7.3 RoboCup-97

TheRoboCup-9&imulatorcompetitionwasthefirst formal simulatedoboticsoccercompetition.With 29
teamsenteringfrom all aroundtheworld, it wasa very successfulournament.

It wasin preparatiorfor this competitionthatthe teammemberagentarchitecturejncluding boththe
flexible teamworkstructureandtheinteragentcommunicatiorparadigmwasdeveloped. Sincecompeti-
tionsarenotcontrolledexperimentstheir resultsarenot presente@sscientificvalidationof our individual
techniquesSuchvalidationis presentedn Section7.1and7.2. However, qualitative evaluationsandanec-
dotesfrom thesecompetitionsanprovide insightsinto thestrength@ndweaknessesf variousapproaches.

Table8 shavs theresultsof CMUnited-97s gamesdn this tournament CMUnited-97won 3 of its first
4 matchedy wide maigins, with the othermatchbeinga closevictory. Its 5th opponentFCMellon,was
alsoour own teamandwasidenticalto CMUnited exceptthatit did not usea flexible teamworkstructure:
playersdid not switch positions did not useflexible positioningof any sort,anddid not useset-plays.Our
goalin enteringFCMellonin the competitionwasto highlight theimpactof our researctcontritutionsin
CMUnited. Dueto theresultsreportedn Section7.1,we expectedCMUnitedto win thisgame.Beforethe
gamebetweenCMUnitedandFCMellon,FCMellonwonits 4 gamedy a combinedscoreof 49—4.

The subsequermjamewasagainstthe eventualtournamenthampionAT-Humboldt[5]. As described
in Section7.1,CMUnited-97useda 4-4-2formationin generalswitchingto an8-2-0formationif winning
nearthe endof the game,or a 3-3-4 formationif losing. Thetriggersfor theseformationswitcheswere
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Opponent Affiliation Score
(CMU—-Opp.)
LAI UniversidadCarloslll De Madrid, Spain 9 — 1
RM Knights RoyalMelbournelnst. of Tech.,Australia 16 — O
Kinki Kinki University Japan 6 — 5
TeamGarbageCollectors| Justsystem]apan 24 — 0
FCMellon Carngjie Mellon University, USA 6 — 0
AT-Humboldt HumboldtUniversityof Berlin, Germarny 0O — 6
ISIS InformationSciencesnstitute(USC),USA 1 -2
H TOTAL \ 62 — 14 H

Table 8: Thescoresf CMUnited-97s gamesdn the simulatorleagueof RoboCup-97 CMUnited-97won 5 of its 7
gamesfinishingin 4th placeout of 29 teams.*The lastgamewaslost by onegoalin overtime.

definedaspartof the lockerroom agreement.However, by the time CMUnited-97playedagainstthem,
it was clearfrom watchingothergamesthat AT-Humboldtwasthe teamto beat. Therefore,we altered
the teams lockerroom agreemenso that it would adopta more conserative, defensve stratgy at the
beginning of the game. As a result, AT-Humboldtscoredfewer goalsagainstCMUnited-97thanit did
againstary of its othercompetitors. The 6—0 resultmight have beeneven closerhad CMUnited-97not
switchedto the moreoffensive 3-3-4formationneartheendof the gamewhenit waslosingin anattempt,
thoughunsuccessfutp scoresomegoals.

Oneof the main adwvantageof the AT-Humboldtteamwasits ability to kick the ball harderthanary
otherteam. Its playersdid soby kicking the ball aroundthemseles,continuallyincreasingts velocity so
thatit endedup moving towardsthe goal fasterthanwasimaginedpossible. Sincethe soccersener did
notenforcea maximumball speeda propertythatwaschangedmmediatelyafterthe competition theball
could move arbitrarily fast, makingit impossibleto stop. With this adwvantageat the low-level behaior
level, noteam regardlesof how stratgically sophisticatedwasableto defeatAT-Humboldt.

Having lost in the semi-finals,CMUnited-97then playedin the 3rd-placegameagainstISIS [40].
CMUnited-97scoredfirst in this gameoff of a cornerkick set-play However, ISIS equalizecheartheend
of the gameandthe gamewentto overtime. ISIS scoredto win in what proved to be one of the more
exciting matcheof thetournament.

8 Discussionand RelatedWork

This article has presentech team memberagentarchitectureappropriatefor PTS domains. While the
implementatiordescribechereis in robotic soccerit is easyto seehow the architecturevould apply to
othersports suchasAmericanfootball. In thatcase the synchronizatioropportunitiesaremorefrequent,
but formationscanchangeduringthe courseof agame rolesaredefinedwith someflexibility sothatagents
canadjustto opponentbehaiors on the fly, andagentamustcommunicateefiiciently both betweerplays
onadrive andduringplays.

Thereare several otherexamplesof non-sports-relateB TS domains. Having successfullydeveloped
and deployedan autonomousspacecraff27], NASA is now interestedn multi-spacecraftmissions,or
constellation$30]. Sincespacecrafpointingconstraintdimit thecommunicatiorbothbetweerthespace-
craftandgroundcontrolandamongthe spacecraftthe spacecraftnustbe ableto actautonomouslyvhile
still working towardsthe constellationoverall goal. Using interferometrymissions—inwhich several
spacecraftoordinatepartsof a powerful imaginginstrumentto view distantobjects—asan example,the
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lockerroomagreementouldbe usedto defineseveralformationsto be usedfor viewing objectsthatareat
variousdistancer in differentpartsof the sky. Dependingon the relative locationsof theseobjects the
variousspacecrafinightinterchangeolesasthey imagedifferentobjects.

SearctandrescuescenariogouldalsobeformulatedasPTSdomains.If severalroboticagentsaretrying
to locatevictims in aremotedisasteisight,they may have to actquickly andautonomouslyNonetheless,
beforebgginningthe searchthey could defineseveralformationscorrespondingo differentgeographical
areasof focusingtheir search. Within theseformations,agentswould needto be assignedlexible roles
given that the precisesituationmay not be known or may changeunexpectedly The agentsmight also
agree aspartof their lockerroomagreemento switch formationseitheraftera certaintime or asaresult
of somelimited communicationperhapgrom a unit captain.

OtherPTSdomainghatcouldbeapplicationgor theteammemberlgentarchitecturarehospital/factory
maintenancg9] andbattlefieldcombaf39]. Networkpacketrouting[4] couldalsobeformulatedasaPTS
domainif thenetworknodesarepermittedo freely usenetworkbandwidthduringperiodsof otherwisdow
usage.They couldthenexchangepoliciesandfeedbackwith regardsto networkperformance.

The remainderof this sectionsummarizeghe previous work most closely relatedto the teamwork
structureand communicationparadigmas presentedn this article and gives an overvienv of previous
researchn theroboticsoccerdomain.

8.1 Teamwork Structure

Two popularmulti-agentteamworkstructuresjoint intentions[7] andsharedplans[13], considera team
to be a groupof agentghat negotiateand/orcontractwith eachotherin orderto initiate a teamplan. The
teamformsdynamicallyandstaysin closecommunicatioruntil the executionof the planis completed.In

contrasttheteamworkstructurgpresentedh thisarticlesupports persistenteameffort towardsacommon
high-level goalin thefaceof limited communication.

The conceptof the lockerroom agreementacilitatescoordinationwith little or no communication.
Althoughit hasbeenclaimedthat pre-determinedeamactionsare not flexible or robust to failure [39],
thelockerroomagreemenprovidesa mechanisnior pre-definingteamactionswith enoughflexibility to
succeed.In particular set-playsare pre-determinedeamactionsthat can be executedwithout the need
to negotiate or use extensie inter-agentcommunication: the lockerroom agreemenprovides enough
flexibility thattheagentsareableto seamlesshassumeheappropriateoles.

While we use the term “formation” to refer to the largestunit of the teamworkstructure,soccer
formationsarenotto beconfusedvith military-typeformationsn whichagentsnuststayin preciserelative
positions. Despitethis dual usageof theterm, we useit becausdormationis a standardermwithin the
soccerdomain[18]. For anexampleof a multi-agentsystendesignedor military formations see[3].

Castelfranchelassifiedifferenttypesof commitmentsn multi-agentervironmentd6]. In thiscontext,
lockerroom agreementsan be viewed as C-commitmentsor commitmentsdy teammemberdo do the
appropriatething at the right time, asopposedo S-commitmentsvith which agentsadopteachothers
goals. In the contet of [8], the creationof a lockerroom agreemenis normacceptancavhile its useis
norm compliance.Within the frameavork presentedhn [24], the architecturas for interactive softwareand
hardwaremulti-agents.

As mentionedn Section3, theconcepbf behaior in thecontet of ourteammembeiageniarchitecture
is consistentvith thatlaid outby Mataric[22]. There,"behavior” isdefinedas‘a controllaw with aparticular
goal, suchas wall-following or collision avoidance€. Behariors can be nestedat different levels with
selectioramongower-level behaiors consistingof ahigherlevel behaior. Similarly, internalandexternal
behaiors in our systemmaintainteam coordinationgoals, physical positioning goals, communication
goals,andervironmentalinformationgoals(suchasknowledgeof wherethe ball is). Thesebehaiors are

24



combinednto top-level internalandexternalbehaiors.

8.2 Communication Paradigm

Most interagentcommunicatiormodelsassumeeliable point-to-pointmessagepassingwith negligible
communicatiorcosts.In particular KQML assumegpoint-to-pointmessag@assingpossiblywith the aid
of facilitatoragentq10]. NonethelesKQML performatvescould be usedfor the contentportionsof our
communicatiorscheme. KQML doesnot addresshe problemsraisedby having a single,low-bandwidth
communicatiorchannel.

When communicationis reliable and the cost of communicationrelative to other actionsis small,
agentshave theluxury of usingreliable,multi-stepnegotiationprotocols.For example,in Cohens convoy
example[7], the communicatiortime requiredto form andmaintaina convoy of vehiclesis insignificant
comparedo thetime it takesthe corvoy to drive to its destination. Similarly, messaggassingamong
distributedinformationagentss typically very quick comparedo the searchesindserviceshatthey are
performing. Thus,it makessensdor agentdo initiate andconfirmtheir coalitionwhile guaranteeinghat
they will inform eachotherif they have troublefulfilling their partof thejoint action.

With only a singleteampresenta situationsimilar to the oneconsideredhereis examinedin [21]. In
thatcase like in the soccersener, messagesentareonly heardby agentswithin a circularregion of the
sender Communications usedfor cooperatiorandfor knowledgesharing.Like in theexamplesresented
in thesoccerdomain,agentattempto updateeachotherontheir own internalstatesvhencommunicating.
However, theexplorationtaskconsideredhereis muchsimplerthansoccerparticularlyin thatthereareno
opponentsisingthe samecommunicatiorchannelndin thatthe natureof thetaskallows for simpler less
urgentcommunication.

Althoughcommunicatiorin the presencef hostileagentds well studiedin military contexts from the
standpoinbf encryptiontheproblemconsideredhereis notthe same.While ary encryptionschemesould
be usedfor the messageontent,the work presentedhereassumeshatthe adwersariescannotdecodethe
message.Even so, they candisruptcommunicatiorby mimicking pastmessagesgextually: presumably
pastmessagdase somemeaningo theteamthatutteredthem. Our methodof messageodingbasedna
globally accessiblelock circumentsthis latter problem.

Evenwhencommunicatiortime is insignificantcomparedo actionexecution,suchasin a helicopter
fightingdomain,it canberisky for agentdo rely oncommunicationAs pointedoutin [38], if theteammate
with whom an agentis communicatinggetsshotdown, the agentcould be incapacitatedf it requiresa
responsdrom the teammate. This work also considersthe cost of communicationin termsof risking
opponentavesdroppin@ndthebenefitsof communicatiorin termsof shiftingrolesamongieammembers.
However, the problemgaisedby a singlecommunicatiorchannelandthe possibilityof active interference
arenot considerednor arethe challengesaisedwhencommunicatiorconflictswith real-timeaction.

Anotherapproachhatrecognizeshedangeiof basingoehaiorsuponmulti-stepcommunicatiorproto-
colsisALLIANCE [26]. Sinceaprimarygoalofthisworkis fault-toleranceonly broadcastommunications
areused. Agentsinform eachotherof whatthey arecurrentlydoing, but never askfor responsesin AL-
LIANCE, theteamusedgime-slicecommunicatiorsothateachagentperiodicallygetsexclusive useof the
singlecommunicatiorchannel.

A possibleapplicationof our communicatiormethodis to robotsusing audiocommunication. This
type of communicatioris inherentlysingle-channeandlow-bandwidth. An exampleof sucha systemis
the RobotEntertainmenSystemsvhich usesatonallanguagdg11]. Agentscancommunicatdy emitting
andrecognizinga rangeof audiblepitches.In sucha system the numberof bits permessagevould have
to belowered,but thegenerakechniquegpresentedh this articlestill apply.

Anotherexampleof sucha communicatiorervironmentis arbitrarily expandablesystems.If agents
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arent awareof what otheragentsexist in the ervironment,thenall agentamustusea single universally-
known communicatiorchannel atleastin orderto initiate communication.

8.3 Robotic Soccer

Many otherrobotic soccersystemshave beendevelopedboth in simulationandwith real robots. Using
a simulatorbasedcloselyuponthe Dynasimsystem[28], we previously usedMemory-based. earningto
allow a playerto learnwhento shootandwhento passthe ball [31]. We thenusedNeural Networksto
teacha playerto shoota moving ball into thegoal [35]. In the soccersener, we thenlayeredtwo learned
behaiorsto produceahigherlevel multi-agentehaior: passing34]. Alsoin thesoccersenerMatsubara
et al. useda NeuralNetworkto allow a playerto learnwhento shootandwhento pass[23] (asopposed
to the Memory-basedechniqueusedby us for a similar task). The RoboCup-97/imulatorcompetition
included29 teams mary of which demonstratedovel scientificcontributions,particularlyin thefield of
multi-agentiearning[16].

Roboticsoccerwith realrobotswaspioneeredy the Dynamogroup[29] and Asadas laboratory[2].
Receninternationatompetitionshave motivatedthecreatiorof awidevarietyof robotsocceteamg14, 16].

Most previousresearchbothin simulationandonrealrobotshasconcentratedn individual skills with
little attentionpaid to teamcoordination. A rareexceptionis [19] in which teamcoordinationis evolved
usinggeneticprogramming Unfortunately no generateamworkstructurecanbe extractedfrom thiswork
asit is evolvedin adomainspecificsetting.

9 Conclusion

In this article, we introduceda flexible teamworkstructurefor periodicteamsynchronizatioPTS) do-
mainsanda communicatiorparadigmeffective in domainswith low-bandwidth single-channelinreliable
communication.

Theteamworkstructureallows for multi-agentasksusinghomogeneouagentgo be decomposeahto
flexible roles. Rolesareorganizedinto formations,andagentscanfill ary role in ary formation. Agents
dynamicallychangerolesandformationsin responséo changingervironments. The teamworkstructure
includespre-plannindor frequentsituationsandagentsactindividually, but keeptheteams goalsin mind.
This flexible teamworkstructurebuilds uponour teammemberagentarchitecturewhich maintainsboth
aninternalandworld state,anda setof internalandexternalbehaiors. Coordinations achiezedthrough
limited communicatiorandpre-determineg@roceduresspartof alockerroomagreement.

In domainswith low-bandwidth,single-channelunreliablecommunication several issuesarisethat
neednot be consideredn most multi-agentdomains. We have identified theseissuesand presenteca
communicatiorparadigmwhich successfullyaddressethesechallengesLike theteamworkstructurethe
communicatiorparadigmis definedwithin thelockerroomagreement.

Boththeteamworkstructureandthecommunicatiorparadigmaresituatedwithin ateammemberagent
architecture Thelockerroomagreemenis a centralcomponentf this architecture.

We presentedh full implementatiorof our innovationsin the simulatedrobotic soccerdomain. Our
flexible teamworkstructureapproactwasdevelopedin simulationandsubsequenthalsosuccessfullyised
on real robots. Using this teamworkstructureas well asthe presenteccommunicationparadigm,the
CMUnited-97simulatorteammadeit to the semi-finalsof RoboCup-97.The real robotteam,usingthe
flexible teamworkstructure wonthe small-sizereal-robot RoboCup-97&vorld championship.
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