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Abstract—This paper describesatest-bedfor technology
that unifies agentbasedcomputing and adaptive resource
managementfor dynamic real-time systems.We describe
a unified framework that combinesa hybrid agentbased
architecturewith explicit resourceadapting mechanisms.

. INTRODUCTION

SpaceMissionsof the 215 Centurywill be character
izedby constellation®f distributedspacecraftminiatur
ized sensorsand satellites,autonomousmobile robots,
increasedevels of automationand intelligent on-board
processing.New technologywill be infusedto achieve
desiredlevels of autonomyand processingcapability
Agent basedcomputingoffers the ability to decentral-
ize computingsolutionsby incorporatingautonomyand
intelligenceinto cooperatingdistributedapplications.It
providesaneffective mediumfor expressingsolutionsto
problemsthat involve interactionwith real-world ervi-
ronmentsand allows modeling of the world stateand
its dynamics. This model can be then usedto deter
mine how candidateactionsaffect the world, and how
to choosethe bestfrom a set of actions. Most agent
paradigmsverlookreal-timerequirementandcomput-
ing resourceonstraintsFor areal-timesystemtheright
answelateis wrong. Theeffectivenessf agentcomput-
ing canbe enhancedy combiningit with system-leel
resourceallocation optimization approaches.Adaptive
resourcemanagemenapproachesor real-timesystems
focus on guaranteeinghat real-time requirementsare
met with a particularsetof computingresourcesgven
in dynamicallychangingervironments.The authorsare
performingresearctwhichis unifying, for thefirst time,
the agentbasedcomputing paradigmwith the theory
of adaptve resourcananagemenfior dynamicreal-time
systems. This effort will producea resourcemanage-

mentmodelfor agentbasedsystemghathave real-time
constraints.The modelwill be evaluatedby applyingit
to two ground-basedtestbedprototypesof future NASA
systems:a satellite constellationcommandand control
system,anda groupof cooperatingautonomousnobile
robots.Theconstellatiorcommandandcontrolsystems
discussedn [5]. This papermrepresenttherobottestbed.
The effectivenesof adaptve resourcananagemenyill
beappliedto a cooperatinggroupof autonomousnobile
robots.Scenariowvill involve thetasksof learning plan-
ning, vision and navigation in unknavn ernvironments.
The taskswill have timing constraintsassociatedvith
them. A distributed setof computerswill be managed
dynamicallyto allow the agentscontrollingtherobotsto
make thebestdecisiongossibleundertheirresourceand
timing constraints.

The robot agentswill perform the RoboCupChal-
lenge. It represents standardoroblemon fast-maing
multiple robots, which collaborateto solve dynamic
problems[7]. It is designedto meetthe needof han-
dling realworld compleities. In RoboCuprobotscom-
petein a soccergame. RoboCupcan be viewed as a
multi-agentsystem,where software agentsprovide de-
cision supportfor dispatchingand engagingresources.
In sucha systemknowledge,actionandcontrolaredis-
tributedwhereeachagenimaycooperatecompeteor co-
exist. Pastapproachefl3] have beenmonolithicin their
designwhereinanagent(anindividual soccerplayer)is
alocal processor a group of processe®n a single ma-
chine. During a gameof soccer computingneedsmay
increasedependingon the stateof the game. If these
processegannotmigrateto a lessloadedprocessqra
singlemachinecouldgetoverloadedcausinganagento
fail to completeits computationsn the desiredtime. In
generalwithout somemeansof dynamicresourcanan-



agementthereis an inefficient allocationof resources.
Ourapproacho achiere thisobjective canbecateyorized

into two main areas distributed agentbasedcomputing

andresourcenanagemeninderdynamic real-timecon-

straints. This paperis a descriptionof the differentas-

pectsinvolvedin our RoboCuptestbed.

Il. REAL-TIME SYSTEMS

A real-time systemmay be characterizedas being
staticor dynamic.A staticsystemis onewhoseresource
requirementslo not changewith changesn its erviron-
ment. A dynamicsystem[18] is onewhoseresourcae-
quirementhangeunpredictablyat runtime. This char
acterizatioris basedn thetemporalpropertiesandexe-
cutionbehaior of the system.The majority of real-time
computingresearchhasfocusedon systemswhosere-
quirementsare evaluatedstatically However, RoboCup
is a highly dynamicervironment. This precludeghe ac-
curatecharacterizatiomf the ervironmentandits prop-
ertiesby staticmodels. In suchcontexts, temporaland
execution characteristicean only be determinedaccu-
ratelyby empiricalobserationor experiencegi.e.,apos-
teriori). In mostreal-time computingmodels, the ex-
ecutiontime of a job is usedto characterizeworkload
statically as an integer worst-caseexecution time [2],
[12], [6]. Thisis oftendifficult andsometimesmpossi-
ble. The DeSiDeRa®@ (Dynamic, Scalable Dependable
Real-Time System)[17Jmiddlevarewasdesignedo ad-
dresstheseshortcomings Oneof the fundamentalnno-
vationsof DeSiDeRa# is the dynamic path paradigm,
thatis emplosedfor modelingandresourcenanagement
of distributed,real-timesystems.

To determinethe practicalityof the resourcemanage-
ment model, we needa benchmarksuite and environ-
mentfor experimentalassessmerdf adaptve QoSand
resourcemanagemensoftware. The benchmarkplaces
load on computationand communicationresourcesoy
executionof softwarethatperformscontrolsystenmfunc-
tions(e.g,monitoringandevaluatingsensodata,or con-
trolling anactuator).Usability requirementslictatethat
the benchmarkapplicationcomponentse dynamically
controllable relocatableandreplicable.Traditionalcom-
puting benchmarkdq14], [8], [19], [15] are inadequate
for characterizinglynamicdistributedreal-timesystems.
Primarily, they were not designedto exhibit behaior
characteristioof control systems. Also, they focus on
componentlevel benchmarking,and thus they do not
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Fig. 1. Block diagramof theentiresystem

provide the notionof large grainentitieswith end-to-end
timing constraints.

Toaddressheseproblemswewill useDynBench16]
andRoboCupasbenchmarks.

I1l. TESTBED

This sectiongives an overvien of the physicaland
software architectureof robotsfor the RoboCupchal-
lengeproblem.

A. Hardware Design

The physicalrobot (Figure 1) is madeup of anomni-
directionalbaseaball-dribblerandakicker. Thecontrol
circuitry on boardthe robot includesa microprocessor
memoryand a wirelessrecever. Our hardware system
can be broadly classifiedinto Mechanicalcomponents,
Controlcircuits, Processoandcommunicatiordevices.

The mechanicaldesignof our robotswas developed
keepingin mind the agility andspeedof the robot. The
robots must also be able to kick and control the ball
accurately To provide greatermobility, our robotsare
equippedwith an omnidirectionalbase. The main fea-
turesof anomnidirectionakystemare:

« Ability to movein ary direction

« Ability to turntheorientationin ary direction
This allows therobotsto getfrom alocation(z, ;) and
anorientation®; to anew location(zs, y2) andorienta-
tion ©4 by following a trajectorywhile turning continu-
ously Besideghebasepurrobotis equippedwith aball
kicking mechanisnandadribble bar

The controls part of the robot can be classifiedinto
two main components the microprocessoandthe mo-
tor relatedelectronics. Figure 2 shavs a schematicof
our control system. The playerrobotsdo not requirea
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Fig. 2. Control SystemBlock diagram

lot of computationapower. Most of the computations

performedon off-boardworkstation.Theoff-boardcom-
puteranalyzeghevisualinformation,makespredictions
aboutthe player movementsand then tells eachrobot
whereheis andwherehemustgo. The processingach
robotneeddo dois:

« Given a final velocity vector orientationand posi-
tion, computeand executethe minimum time path
from thecurrentvelocity vector orientationandpo-
sition

« Givenapath,follow the pathwith a givenspeed A
pathis a seriesof positions/orientadns with conti-
nuity conditionsspecifiedat eachpoint (This is to
allow slower speedmotionsalong a well-specified
path)

« Keeptrackof hisposition,speedandorientationbe-
tweenvision updates

« Decode/processommunications. The off-board
computermay sendmessage$o specificrobotsto
the effect of armingthe kicker, or actvatingit, de-
pendingon how thekicker is implemented

« Controlthe speedf the spinningbladerobotkicker

In arobotsoccersystem,the robotsneedto commu-

nicatewith eachotherandwith the basestation. This
communicatiomeeddo bedonefrequentlyto helprobot
shareplansandfind their goals. Most of thesesystems
usea basestationor controller WirelessLANs allow
therobotsto transferinformation. Therearetwo waysto
connectthe wirelessLAN to the hardware on board. In
our case the processoon boardtherobotshasa PCM-
CIA interfacefor thewirelessLAN. In somecasesthere
isamicro-controlleron board.Forthesekind of systems,
therearewirelessserialmodemsthat connectto the se-
rial porton board.This moduleprovidesalot of avenues

for resourcemanagementDynamicresourceallocation
is atthe coreof high-performanceetwork operationsit

involvesthereal-timemanagemerdf communicatione-
sourcesthatis, intelligentallocationof frequeng chan-
nels,spreading-codesndtransmissionime-slotsto net-
work users,n orderto sharethe scarceradio bandwidth
efficiently amongthem.WrelessLANSs typically oper

ate on a dedicatecbandwidth,which for sereral of the
most popular frequeng allocationsrangesfrom 26 to

150 MHz. One of the most popularfrequeng bandsis

that centeredat 2.4 GHz. The channelcapacitycanbe
effectively utilized if the channelallocationis dynamic
[4]. Thisis taken careof by agentshatdynamicallyad-
just the characteristicof the datastreamto matchthe
changingnetwork conditions.

B. Softwae Design

The architectureproposeddy us s applicableto both
the simulatorleagueand the small sizedrobot league.
The existing RoboCupclient modelsdo not adequately
take into accountthe real-timeconstraintsfacedby the
socceragentson thefield. This leadsto an overworked
andsub-optimalsystem.To performtheseactvities un-
derreal-timeconditions,anarchitecturas proposedhat
putsthe entire RoboCupsubsystenunderthe control of
aresourcemanager This managemonitorsthe perfor
manceof variousplayerson the field and balanceghe
processorload basedon their capacities. In the pro-
posedmodel,we introducethe conceptof a Client man-
ager thatresidesin a level betweenthe sener andthe
clients. This client managerbasedon theinput from the
resourcemanagerwill decidethe resourcesneededby
every client. Theclient manageccommunicatesvith the
sener usingthelibrariesnative to thesenerandwith the
clientsusingDeSiDeRa®’s communicatiodibraries.

Our architecturds a layeredone. Thisis similarto a
subsumptiorrchitecturd3], [1]. Figure2 illustratesthis
architectureandthevariouslayers.Level 0 hasonly two
functions - detect/aoid obstaclesand gatherstatistics.
Thesestatisticsndicatethe numberof collisionsthatoc-
curredandthe numberof exceptionssentbackto level
1. If thereareno obstaclesthe playercontinueson his
currentpath. Otherwise hethrows anexceptionto level
1. Level 1 dealswith thefactorsthataffecttheactionand
performanceof the client. This includesobjecttracking
and exceptionhandlingfrom level 0. Level 2 pertains
to the individual planningadoptedby the clients. Some
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of the actionswe identifiedunderthis catgory werethe
actual stratgy planning (offense, defenseand goalie),
player communication,utility of reasoningand predic-
tion. In level 3, we performthe actionevaluationof the
clients. Thisincludesmodelingtheopponentsharingthe
knowledgelearnedand computingthe resourcesieeded
to reason.All thelevelsfollowing level 3 would follow
the samecommunicationpath. The main adwantageof
this schemas thatthe clientsmay be distributed across
differentmachinesTheresourcananagewould still be
managingooththe CPUandthenetwork loads.

The objective of avision systemis to captureframes
from an overheadcameraand extract information from
the picturefor our stratgyy module. Thatinvolves rec-
ognizing objectsin the image(like the ball, or another
robot) and determiningwherethey arein the world co-
ordinatesystem.Robotsoccelis a difficult ervironment
for imageprocessingPrimarily, it hasto bedonein real-
time sothatthegamehasnotchangedignificantlywhen
therobotis readyto reactto theinputfrom thevisionsys-
tem. To meetthis demandprocessingpneframeshould
take lessthan(1/30) of a second.Anotherissueis the
size of the camera. Besidesthe overheadcamera,the
goalierobotis equippedwith an on boardcamera.Our
on boardcamerahasto be small andlight to fit on the
robot. Small andlight cameragendto have low reso-
lution and unstablecolor reproduction. Thereare two
major techniquegshat allow us to identify the location
of objectsfrom animage. They are edg detectionand
thresholding Edgedetection9] recognizesdgesn the
picture,andtakesinto consideratiora priori knowledge
aboutthe shape®f the objectson thefield. Edgedetec-
tion is primarily a techniqueintendedfor greyscaleim-
ages,but canbe adaptedo color imagestoo. The two

maindisadwantagewith edgedetectiontechniquesre:

« They dont take adwantageof the color information

for identifying objects

« They aresensitve to noise
Thresholdind10] is readilyappliedto colorimagesand
it doestake adwantageof the color information. Objects
in animagearedistinguishedy their color. Pixelswith
similar colors are groupedtogetherby comparingeach
pixel in theimageto a setof thresholdvalues. Thresh-
olding suitsthe robot soccerervironmentwell, because
differenttypesof objectshave differentcolors. Also, this
methodis very efficient, sincecomparinganimageto a
setof color rangeswould be fasterthanedgedetection.
The task of the vision systemis to supply the stratgy
modulewith informationaboutthepositionof theobjects
it canseerelativeto agivenrobot. After thresholdingthe
pointon eachgroupof pixels closesto the centerof the
imageis identified. This givesus the distancebetween
various pointsin an image. Sincethe camerais cali-
bratedwe know the correlationbetweerthe distancesn
theimageandtheactualdistancedetweerobjectsonthe
field. Thiswouldenablearobotto know thewhereabouts
of every objecton the field. However, if someplayers
areblockingthefield landmarksandthe ball, estimating
therelative positionandorientationbecomedglifficult. In
suchcasesthe playersof ateamwould needto cooper
ateandbelief networks[11] would beusedto resole the
uncertainty

In thecaseof othersensingstratgies,theagentshould
find the ball andidentify the target. Besidesvision, typi-
cal sensorsusedin mobilerobotresearcharerangefind-
ers,sonarsandbumpersensors However, it is difficult
for themto discriminatethe ball and the tamget unless
specialequipment,such as a transmitter is setinside
the ball or tamget, or a global positioningsystemis ad-
ditionally usedto inform the positionsof all agents.The
simplestcaseis a global positioningsystemwithout on-
boardsensing.

V. CONCLUSIONS

Resourcenanagemens vital to dynamicsystemsop-
eratingin real-time.This paperdescribes testbedeing
developedfor evaluationof resourcemanagemeninid-
dleware. We have describedthe various modulesthat
constitutethe RoboCupsystemand discussedhe ap-
plicability of the resourcemanagerto a few of them.
Our systemwill allow assessmertf how effectively re-



sourcemanager$alancethe load betweenthe different
machinesrunning the clients so as to ensurereal-time
constraintsand achieve the most efficient allocation of

computationatesourcesTheagentdeingdevelopedby
usarefully cognizantof the resourceswvailableto them
andthe constraintf operation. Theseagentswill effi-

ciently controlledby a meta-agentvhich managesheir
time andresources.
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