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Abstract— Agent based computing offers the ability to decentralize
computing solutionsby incorporating autonomy and intelligenceinto co-
operating, distrib uted applications. It provides an effective medium for
expressingsolutionsto problemsthat involve interaction with real-world
ervironmentsand allows modelling of the world state and its dynamics.
This model can be then usedto determine how candidate actions affect
the world, and how to choosethe bestfrom a setof actions. Most agent
paradigmsoverlook real-timerequirementsand computing resouicecon-
straints. In this paper, we discussthe application of agent basedcom-
puting to RoboCup and examine methodsto improve it. In particular,
we discussthe incorporation of a meta-level reasoningmechanismthat
handlesindividual agentorganization, plan generation, task allocation,
integration and plan execution. We also proposean architecture where
a meta-agentis further enhancedby combining it with system-leel re-
source allocation and optimization. The approach adopted by us unifies
agentbasedcomputing with adaptive resource managementfor dynamic
real-time systems. The goal is to build and implement a distrib uted, in-
telligent, agentbasedsystemfor dynamic real-time applications.

|. INTRODUCTION

In this paper we proposean architecturghatallows coop-
erationof multiple, intelligent agentsto solve a problemun-
der dynamic, real-time conditions. In particular we aretar
getingthe RoboCupChallengeasa test-bedor our research.
TheRoboCupchallengeepresentastandargroblemonfast-
moving multiple robots,which collaboratetogetherto play a
soccergame[7]. Pastapproachehave beenmonolithic in
theirdesignwhereinanagent(anindividualsocceplayer)isa
localproces®ragroupof processesnasinglemachine Dur-
ing a gameof soccercomputingneedanayincreasedepend-
ing onthestateof thegame.If theseprocessesannotmigrate
to a lessloadedprocessara single machinecould get over
loadedcausinganagentto fail to completdts computationsn
thedesiredtime. In generalwithout somemeansof dynamic
resourcananagementhereis aninefficient allocationof re-
sources.Our approachto achieve this objective canbe cate-
gorizedinto two main areasdistributedagentbasedcomput-
ing andresourcemanagementinderdynamic,real-timecon-
straints. This paperdiscusseshe developmentof agentsthat
are cognizantof the real-time constraintsand resources.To
easethe managementf theseagentswe proposethe devel-
opmentof meta-agentthatmanageahetime andresourcesor
theseagents.

Il. REAL-TIME SYSTEMS

A real-timesystemmay be characterize@sbeingstaticor
dynamic.A staticsystemis onewhoseresourcaequirements
do not changewith changesn its ervironment. A dynamic

system[15] is one whoseresourcerequirementshangeun-
predictablyat runtime. This characterizations basedon the
temporalpropertiesandexecutionbehaior of thesystem.The
majority of real-timecomputingresearcthasfocusedon sys-
temswhoserequirementsare evaluatedstatically However,
RoboCups ahighly dynamicenvironment.This precludeshe
accurateharacterizatioof the environmentandits properties
by static models. In suchcontexts, temporaland execution
characteristicsanonly bedeterminedaccuratelypy empirical
obsenationor experience(i.e.,aposteriori).In mostreal-time
computingmodels theexecutiontime of ajob is usedto char
acterizeworkloadstaticallyasanintegerworst-casexecution
time [3], [9], [6]. This is often difficult and sometimesm-
possible. The DeSiDeRaa (Dynamic, Scalable Dependable
Real-Time System)[15]middlevarewas designedo address
theseshortcomings. One of the fundamentainnovationsof
DeSiDeRad is the dynamicpathparadigmthatis employed
for modelingand resourcemanagementf distributed, real-
time systems. The primary metric usedin DeSiDeRaa is
the Quality of Service(QoS)thatis a measureof the path
lateng (end-to-end). The applicationprogramsof real-time
control paths sendtime-stampedeventsto the QoS metrics
component.This components responsibldor computingthe
path-level QoSmetrics(lik etemporalpropertiesandexecution
behaior) and sendsthemto the QoS monitor. The monitor
checksthe deviation of obsened QoSfrom therequiredQoS,
and notifies the QoS diagnosiscomponentwhen a violation
occurs.Thediagnosenotifiesthe actionselectioncomponent
of the cause(s)f poor QoS and recommendsactions(e.g.,
move a programto a differenthostor LAN, sheda program,
or replicatea program)to meetQoSrequirementsAction se-
lection ranksthe recommendedctions,identifiesredundant
actions, and forwards the resultsto the allocation analysis
component;this componentconsultsresourcediscovery for
hostandLAN loadindex metrics,anddeterminesan efficient
methodfor allocatingthe hardware resourcego performthe
actions,andrequestghat the actionsbe performedby the al-
locationenactmentomponentThis entiremodulesenesasa
ResourceManagerRM) for a distributedapplication.In this
paperwediscusgheintegrationof onesuchresourcananager
with anintelligentagent.

I1l. AN IDEAL, RATIONAL, REAL-TIME AGENT

An agentis arything that canbe viewed as perceving its
ervironmentthroughsensorandactingupontheervironment
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througheffectors; and a rational agentis one that "doesthe
rightthing” [1]. Figurel shovstheoverallstructureof aratio-
nalagenthatdeterminest courseof actionby applyingutility
theory[6]. In [1] anidealrationalagentis definedasonethat
doeswhatever is expectedto maximizea performancenea-
sure.Practicalconsiderationsuchascomputationatomplex-
ity andspacecompleity of "ideal” algorithmsare often pro-
hibitive. Real-timerequirementsactingin anervironmentand
computingresourceonstraint®ftenrequirethatabsoluteper
fectionbeabandonedbr reasonablejmely responsedJnfor-
tunately no frameawork existsfor reasoningabouthow "good”
asolutionanagentcanobtain,subjectto suchconstraintsAn
ideal,rational,real-timeagents onethatis cognizaniof when
it mustselectanaction. Its determinatiorof whattheworld is
like,andwhatit couldbelik e givenactionsby its effectors,is
boundedby timing requirementge.g.,whena responsenust
be madeto a conditionin the ervironmentin orderto effec-
tive). Anotheraspectof which the agentsshouldbe awareis
computingresourcesTo determingf a setof analysess fea-
sible, it is necessaryo know computingresourceneedsand
computingresourceavailability. Figure 3 illustratesthe in-
tegration of resource-aarenessnto an agent. The resource
needsof an agentperformingin a dynamicallychangingen-
vironment(like a soccerfield) changeconstantly As needs
changeanagentcangracefullyadaptby acquiringadditional
resourcesrom a RM. In additionto this, if the resourcesf
amachineareover worked,a RM movesapplicationsto ma-
chinesthatareunderutilized.

IV. MULTI-AGENT SYSTEMS

A multi-agentsystemmay be regardedasa groupof ideal,
rational, real-timeagentsinteractingwith oneanotherto col-
lectively achiese their goals. To achieve their goals,eachone
of theseindividual agentsneedsto be equippedo reasomot
only aboutthe ervironment, but also aboutthe behavior of
otheragentsBasedon this reasoningagentseedto generate
a sequencef actionsand executethem. In a heterogeneous
ervironmentlik e soccereachagenineeddo have astratgy to
solve a particularproblem. In this context, a stratgyy refers
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Fig. 2. Structureof anideal,reational real-timeagent

to a decision-makingmechanisnthat provides a long term
consideratiorfor selectingactionsto achieve specificgoals.
Eachstratay differsin the way it tacklesthe solution space
of the problem. The presenceof multiple agentsnecessitates
the needfor a differenttreatment. We needa coordination
mechanisnthat handlesthe interactionbetweenthe agents.
This mechanisnis responsibldor the implementatiorof the
agentsactionsandalsotheplanningprocesshatgoesinto the
implementationTraditionally, dependingntheirapproacho
solvingaproblemof this nature agentshave beendividedinto
threemaincateyories[12]

«+ Deliberative

« Reactve

« Hybrid

A. Deliberative Agents

In traditional Al approachesan agentis madeup of three
parts:sensorsa centralsymbolicreasoningandplanningsys-
tem and effectors. The centralprocessingsystemusessym-
bolic reasoningto decideon an appropriatesequencef ac-
tions, or plan. The plan is then executed,stepby step, by
the effectors. The problemwith planningsystemss thatthey
don't scalevery well whenthe compleity of the problemin-
crease@ndthey cant reactwell in realtime. Onereasorfor
this is that that world may changewhile the systemis doing
its, oftenslow, reasoningr during planexecution.Anotheris
thatplansrely on beingableto predictthe outcomeof a series
of actions,but theworld may not alwaysbehae aspredicted.
The main backboneof this designis a centralreasoningsys-
tem[11] thataccountdor the reactvity of theagent. Thisis
not appropriatefor a soccergame. If we relied on a central
reasoningsystem,our reasoningo actiontime would not be
shortenough.Normally, if we wereto designa soccemplaying
systemwith this architecturewe would needto assignsome
rolesto eachagentalongwith its associateglans. For exam-
ple, a planfor a playerin the offense(role)would be to move
to a positionin front of a goal, turn towardsthe ball until he
getscloseto it andthenkick it. Therearealot of problems
with this approacH13]. For instancejf the playeron offense



is unableto kick theball, theentireteamstratey fails. Also, if
theball is kickedtowardsthis player, he hasno corresponding
planto handleit. Evenif hedid have abackupplanto handle
a situationlik e that, he doesnot have the time to reactto it.
Thisleadsusto considera secondkind of architecturewhere
theagenthasno predefinedlansandis completelyreactve.

B. ReactiveAgents

Theseagentsmaintainno internalmodelof the currentsit-
uation. An actionis chosenby referencinga lookup table of
situation-actiorpairs. Thesekind of agentshave beenfound
to be very effective for well definedproblems. However in-
corporatingthemin a systemthatrequiresrun-timeflexibilty
or goal directedbehaior is very difficult [10] Also, this ap-
proachmakes sensewhen the ervironmentdoesnot change
very much. In a soccergame,a forward doesnot wait for the
ball to roll uptohim. Insteadheis proactve andrunstowards
theball to kick it. To draw a parallelwith the analogyfor the
deliberatve agentlet us considerwhatwould happenif a ball
wereto land up at a players feet, whenhe leastexpectsit. If
this were handledby a situation-actionpair, thenthe player
would mostlikely kick the ball. This may notbe beneficialin
thelongrun.

C. Hybrid Agents

To overcomethe weaknessedescribedabove, a combina-
tion of reactve anddeliberatve agentds used4]. Here,asys-
temis dividedinto two layers,onelayer doeshigh-level rea-
soning,the otherhandlesthe interactionwith the real world.
Theupperevelis normallyadeliberategplanningsystemwhile
the lower level is morereactive or behaior based.The kind
of agentthatwould be appropriatefor a soccermplaying agent
would be a hybrid agentwhosereactvity is determinedy its
behaior. An importantfeatureof the hybrid agentusedby
usis resourceawarenessEvery individual agentis fully cog-
nizantof the resourcesvailableto themandtheir individual
decisionsaareboundedy thatconstraint.

V. META-AGENTS

To beableto designa systemto handlethe challengedlis-
cussedbore, we needto do thefollowing things
« Designa representatioffor individual agentactionsand
have amethodto evaluatethem
« Have anagentthatis superiorto the existing agentsand
is capableof reasoningaboutthem
« Enableadaptabilityto improve the decisionmaking re-
quiredto selecta strateyy
To achieve theseobjectives,andallow coexistenceof multiple
agentswe proposethe developmeniof areusablemeta-agent
thatmanagesheseagents.Thegoalsof this meta-agenare
« Perform reasoning(to reasonabout agentautonomy):
This is going to decidehow much cooperationthere
needdso bebetweerthe agents
« Planning:Planactions

Resources/Utility
Resource
Manager

Meta-Agen!
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Fig. 3. A Meta-Agentframevork

« Individual Agent modeller: Maintain individual agent
stateinformation
« Other Agent modeller: Maintain information on other
agentsandattemptto predictfuture behavior

+ Conflict Manager:Classifyconflictsandresole them
Meta-agentareawayto helpagentoobsenetheervironment,
evaluatealternaties and prescribeand scheduleactions. In
addition, stratgyies can be formulatedand implementednot
only within an agentbut alsoamonga group of agents. For
ary given problem,variousstratgies may be available. The
mainrole of the meta-agenis to sift throughthesestratgies
and malke intelligent decisions. Eachagentwill consultthe
meta-agenprior to performinganalysesthe agentwill state
the desiredanalysesandthe utility of performingthem. Sub-
sequentlythemeta-agenwill determinehefeasibility of per
forming the actionsby consideringtiming requirementsand
resourceconstraints.In addition, extra resourcesnay be re-
guestedrom theresourcenanager

For the meta-agento make decisionsaboutthe individ-
ual agents,we needsomeway to assesghe capabilitiesof
the agentsandtherebyclassifythem. Th following agentat-
tributesallow usto classifythemuniquely

« Data/Knavledgecontainedwithin anagent

« Agentdependencies

« Agentbehaior: Setof statesgventsandtransitions
Sofar, we have establishedhe neccesityfor ameta-agenand
enumerateds responsibiltiesThe next sectiondealswith the
actualdesignof onesuchmeta-agent.

A. Meta-ggentdesign

The meta-agentlecideson a stratgy [14]. It determines
whatbehaiors of the agentswould achieve this stratey and
accordinglytriggersthosebehaiors. By triggeringonly the
behaiors appropriateto the currentstrategy, the meta-agent
alsoreducedehaior-behavior interactions Thisis alsoin ac-
cordancewith the layeredarchitecturene aretrying to build.
Higherlevel layersimplementmoreabstractbehaiors by se-
lectingandactivating the appropriatebehaiors from the next
level. The higherlevels provide the stratgic reasoningwhile



thelower level providesreactvity to the system.Thisleadsus
to the two mostimportantquestionghe meta-agenheedsto
answer

« How to chooseanappropriatestrateyy?

« How to characterizegentbehaiors?

B. Behaviormedanismof a singleagent

A behaior [8] may be thoughtof as a unit that controls
anaction. A groupof behaiors combinedin the right man-
ner achieve a stratgy. Eachlayerin our systemimplements
a completebehaior basedmodule. Therecanbe a number
of genericbehaiors(eachwith its associatedlobalinforma-
tion), asetof active behaiiors andprocessethatcontrolthese
behaiors. Genericbehaiors are fixed but active behaiors
change. A particularbehaior is createdby instantiatingit
from a genericbehavior with a specificparameter The best
possiblebehaior is achiezedby combiningtheapplicabiltyof
a behaior andits priority. Priority of a behaior is a mea-
sure of its importanceor desirability Thereis no central,
completeor symbolicdescriptionof the world. Theinforma-
tion extraction processtakesincoming perceptsgxtractsrel-
evantinformationfor eachgenericbehaior’s world informa-
tion (performingsomesimpleconsisteng checkingto ensure
thereliability of the storeddata),thenpasseshe information
to the behaior. The behaior instantiationprocessreceies
a commandfrom the layer above indicatinga new setof be-
haviors, with associategbriorities, thatareto be madeactive.
The behaior instantiationprocesslestrys the currentactive
behaiors andcreatesa new active behavior set,wheneerthe
upperlayer active behaiior changes.The active behaiorsin
thetopmostlayerareconstanfor thelife of theagent.

A genericbehaior providestwo functions,a control func-
tion, for issuinga command,and an applicability function
throughwhich the behaior indicatesits relevancein light of
the currentstateof theworld. A genericbehaior is designed
to control a very specificaction without regardto ary other
actionsthe agentmay execute. Eachgenericbehaior has
associatedvith it somesimple information aboutthe world
which hasbeenextractedfrom the incoming percepts.Infor-
mationfor higherlevel behaiors is at a more abstractevel
thanfor low level behaiors. For exampledefensean upper
level behaior, mayrecordthatthe ball is in the oppositehalf
of thefield, while Ball-intercept,a lower level behaior, may
recordthat the ball is 45 degreesto the left. The useof pa-
rameteraneanghatthe samegenericbehaioral codecanbe
usedmary timeswith varyingeffects.For example move may
be usedwith a numberof differentpositions.Onegenericbe-
havior may be part of several behaiors simultaneouslyeach
usingdifferentparameters.

A behaior issuecommandsndcalculatests applicability
without regardto the applicability or priority of otherbeha-
iors in the system. The meta-agenensureghat the resulting
interactionsbetweenbehaiors yield the bestrequired. In a
nutshell,the threemainfactorsthe meta-agentsesto choose

aparticularbehaior areapplicabiltyof the behavior, its prior-
ity andthe durationof thebehavior’s existence.

High level behaiors issuemessageso the next layer de-
scribingthe low level behaviors requiredto achieve the high
level strateyy. For instance,a high level behaior could be
Laund offensealongright wing. Thesewould leadlow level
behaiors like move to ball, move to right wing, passalong
right wing andkick ball to beinstantiatedvith corresponding
priorities. Sometimesadequatdime and/orresourcesre not
availableto performthe desiredanalyses.in thesesituations,
themeta-agenandtheindividualagentsegotiateto find asat-
isfactory compromise.This kind of negotiationand strateyic
decision-makingtakesinto consideratiorthe following con-
straints

« Stratgly imposedrequirements

« Costof executinga particularstratey

« Thequality of the solutionprovidedby the strateyy

Eachagenthas multiple objectves. The difficulty of the
problemlies in the fact that thereis no single objective so-
lution that canbe obtainedfor all the objectivesput together
So, ary kind of reasonings at besta trade-of. This could
leadto circumstance-dependesdlutionswhich aregenerally
acompromise RoboCupprovidesanidealtest-bedo imple-
menttheseagentmodels.It is a complex systemwherethere
aremultiple clientscompetingfor resourcesThe next section
describeghearchitectureadoptedby usto ensurethe optimal
distribution of resourcesimongthevariouscompetingclients.

VI. OUR RoBOCUP ARCHITECTURE

The architectureproposedby us is applicableto both the
simulatorleagueand the small sizedrobot league. The ex-
isting RoboCupclient modelsdo not adequatelyake into ac-
countthe real-timeconstraintfacedby the socceragentson
the field. This leadsto an overworked and sub-optimalsys-
tem. To performtheseactivities underreal-timeconditions,an
architecturds proposedhat putsthe entire RoboCupsubsys-
tem underthe control of a resourcemanager This manager
monitorsthe performanceof variousplayerson the field and
balanceghe processotoad basedon their capacities.In the
proposednodel,weintroducetheconcepbf aClientmanager
thatresidesn alevel betweerthe senerandthe clients. This
client managerbasedn theinput from theresourcananager
decidegheresourcemeededy every client. Theclientman-
agercommunicatesvith thesenerusingthelibrariesnativeto
thesenerandwith theclientsusingDeSiDeRa®’s communi-
cationlibraries.

The architectureproposedby usis a layeredone. This is
similar to a subsumptiorarchitecture[5], [2]. Figure 4 il-
lustratesthis architectureandthe variouslayers. Level 0 has
only two functions- detect/aoid obstaclesand gatherstatis-
tics. Thesestatisticsindicatethe numberof collisionsthatoc-
curredandthe numberof exceptionssentbackto level 1. If
thereareno obstaclestheplayercontinueson his currentpath,
elsehethrows anexceptionto level 1. Level 1 dealswith the
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factorsthat affect the action and performanceof the client.

This includes object tracking and exception handling from

level 0. Level 2 pertaingto theindividual planningadoptedoy

the clients. Someof the actionswe identifiedunderthis cat-

egory werethe actualstratgy planning(offense defenseand
goalie),playercommunicationutility of reasoningaindpredic-
tion. In level 3, we performtheactionevaluationof theclients.

This includesmodelingthe opponentsharingthe knowledge
learnedandcomputingtheresourcesieededo reasonAll the

levelsfollowing level 3 would follow thesamecommunication
path.

The main advantageof this schemes thatthe clientsmay
be distributed acrossdifferentmachines. The resourceman-
agerwould still be managingboth the CPU andthe network
loads. At animplementatiorievel, our systemhasthreemain
modules,the meta-agentthe playeragentand a databasef
theworld. Tablel summarizeshetasksperformedby eachof
these.

Meta-Agent |
Achieveshigh-level goalslike win or score
Analyzesgamestate
Coordinateseamorientedskills
Performsopponentnodelling

Autonomousplayeragents |

Fill aparticularrole in aformation
Executeinstructionsfrom the meta-agent
Recieve updatefrom thevision systemandupdateplans

World View database |

Providescurrentvision information
Keepsahistory
Predictopponenmovements

VIlI. CONCLUSIONS

Themainhighlightof ourarchitectures its uniqguenessRke-
sourcemanagemenis vital to dynamicsystemsoperatingin
real-time. The systemdevelopedby us balanceghe load be-
tweenthe differentmachinesunningthe clientsso asto en-

surereal-timeconstraintsaand achieve the mostefficient allo-
cation of computationakesources.The agentsdevelopedby
us arefully cognizantof the resourceswvailableto themand
the constraintof operation. Theseagentsareefficiently con-
trolled by the meta-agentvhich managegheir time andre-
sources.
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