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This paperpresentsa simple,low costrobotic systembuilt from off the shelf sensorsandcomponentsgdesignedo

performaseriesof cooperatie tasksin generabndtightly coupledtasksin particular A tightly coupledtaskcanonly becompleted
throughcloseinteractionof a minimumnumberof robots(e.g. carryinga box otherwisempossibleto a singlerobot). The several
subsystemarebriefly describecandsomeexperimentalresultsarepresentedshaving thatit is possibleto overcomethe various
restrictionsof theseplatformsandstill implementrelatvely complex cooperatie behaiors.
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1 Intr oduction

Cooperatie roboticsusually involves using multiple
autonomousgentsn coordinationto achieze a com-
mon goal. The joint actionof simple, heterogeneous
robotsshouldtheoreticallyproducemoreefficient re-
sultswhencomparedo a single,morecomplex, spe-
cializedrobot(Arkin, 1999).

Themaingoal of a cooperatie systemis to carry
out a taskin a way to improve its overall efficiency
or evento allow it to be completedat all. Loosely
coupledcooperatiortakes placewhenthe main goal
canbe equally distributed amongsta teamof robots,
usinga strateyy similar to divide andconquer For in-
stancejf thetaskathandis to exploreanunknovnen-
vironment,it could be more efficiently accomplished
by partitioningthe areato be coveredamongtheteam
members. The failure of one or more robotsshould
not compromisehe maingoal (but probablyincrease
the total explorationtime), provided that therewere
enoughunits to finish the job. On the otherhand, if
a taskcanonly be completedthroughthe interaction
of a minimum numberof robots, it is calleda tightly
coupledtask. For example,a singlerobotis not able
to carry a heavy, large box if it doesnt have enough
power or graspingability. Giventheteamcapabilities,
this tightly coupledtask could only be satistctorily
completedoy closeinteractionof a numberof robots.

There are several advantagesof cooperatie,
multi-robot systemgqParker, 2000). The key features
are: better performance lower individual complex-
ity, possibility to allow remotesensingandinforma-
tion sharing,andfault tolerancethroughagentredun-
dang. However, therearealsomary dravbackssuch
as: physicalcollisionsduring navigation andinterac-
tion, difficulty in coordinatingdistinct, simultaneous
actions,and lack of inexpensve, reliable inter-robot
communicatiordevices.

Most successfulexisting systemsusually apply
adwanced high cost, specializedplatforms,with high
sensingandprocessingapabilities. However, cooper
ative behaior canalso be accomplishedy simpler,
less complex systems,provided a certain degree of
sensingandprocessingapabilitiess available.

The presentwork describesa simple testbedfor

Figurel. Manuelzao(on theleft) andMiguilim, two of VERLab's
cooperatie mobilerobots.

implementingand evaluatinga seriesof cooperatie
tasks. The systemconsistsof a few small robots
built from commerciallyavailable assemblingblocks
(Lego™), equippedwith commonoff the shelf sen-
sors,andlow cost,simple,in-housebuilt imagingand
communicationsystems.Fig. 1 shavs two of VER-

Lab’s robots, Manuelz&oand Miguilim, namedafter
two famouscountry side charactersmmortalizedby

GuimardesRosa,a famousBrazilian writer. The de-
velopmentof thesedevicesis describedn detail and
somecontrol strat@iesare validatedthrougha series
of realworld experimentsMoreover, oneof themain
objectives of this researclis to understandand eval-

uatethe limitations imposedby a simpler, restricted
systemon the performancesf cooperatie tasks.

The text is organizedas follows: Section2 re-
views someof the mostrelevantrelatedprojectscur-
rently underdevelopment.Section3 describeshe de-
sign methodologywith its basicassumptionsadwvan-
tagesandlimitations. Section4 describeghe system
and eachof its individual modules— mechanicals-
sembly controller, sensorscommunications- in de-
tail. Somerepresentatie experimentakesultsaredis-
cussedn Section5, andbasicconclusionsandfuture
directionspresentedn Section6.

2 RelatedWork

There has been significant work in cooperatie
robotics,with its applicationstechnologicahdwances
and open problemsbeing explored in physical and
simulatedsystemgParker, 2000). Therearenot, how-



ever, mary known systemsdevelopedfrom inexpen-
sive, rapidassemblycomponentaisthe presenbne.

Rybski et al. (1998) presenta group of simple,
Lego™ basedrobots, with limited sensingcapabili-
ties, usedin a searchand retrieval task. The abil-
ity of the systemto completethe task in a limited
amountof time is quantitatvely evaluatedwith regard
to the numberof robots, compleity of the erviron-
ment, and distribution of targets. Although loosely
coupledcooperatiorexists, the robotsare not explic-
itly coordinatedn orderto betterperformthetask,nor
do they useary kind of communicatiornto exchange
useful information. Lego™ basedrobotswere also
usedduring the RoboCupJr. competition(Lund and
Pagliarini, 2000), where userguided behasior-based
controllersallowedinexperiencedisergo createcom-
plex behaiors for a robot soccercompetition. Prim-
itive behaviors were previously integratedin the sys-
tem enablingfastdevelopmentof working robotshby
non-eperts.

Cooperatie tasks,suchasthe onesexploredin
this paper have beenextensvely explored. Loosely
coupledtasksusuallydealwith cooperatie mapping,
explorationand localization. Alur et al. (2000) pre-
senteda teamof mobilerobotswith considerablgro-
cessingcapabilitiesperforming several taskssuchas
localization, target acquisition, cooperatie mapping
andformationkeepingin unstructurecervironments.
The only sensorusedby eachagentis an omnidi-
rectionalon boardcamerathroughwhich they could
estimatetheir position relative to eachother and to
nearbyobstaclesCooperatiorbetweerhighly hetero-
geneousobotswasalsoreportedfor poseestimation
tasks(Vaughanet al., 2000), where an autonomous
helicopterusesits vision systemto detecta moving
groundrobot. Basedon GPSposeinformationsentby
thegroundrobot,the helicoptercapturegwo different
instancesf the groundrobot’s trajectoryto estimate
its own currentlocation.

Tightly coupledcooperatioris usuallyverifiedin
taskssuchasobjecttransportation SugarandKumar
(1999)presentedwo heterogeneoumbotscapableof
coordinatelycarryinga large, heary box while main-
taining a specifiedformation. Oneof the robots— the
follower— hasa force sensitve manipulatomwhile the
other—the leader— only relieson a fork-lift armwith
no force sensing While thefollower is built onanon-
holonomicplatform, the leaderis an omnidirectional
robot (Nomad XR4000), which highly increaseshe
group maneuering flexibility. The robotscommuni-
catetheir trajectoriesvia a wirelessEthernetwith the
follower compensatingleadreckoning errorsby ad-
justingtheforcesappliedby its compliantarm. A third
robot canbe addedto the teamto actasa scout,lo-
catingnearbyobstaclesandcommunicatingmproved
trajectoriego the carriers.

In this paper someexperimentsomavhatrelated
totheaboveresearchhave beenimplementedin order
to evaluatethe impactof simple non-holonomicplat-
formsonthe overall systemcapability

3 Methodology

The application of simple, in-housebuilt solutions
to build relatively complex systemsis one of the
main motivationsto this work. The devicespresented
hereevolve from the authors’previous experiencein
projects such as robotic soccer and undegraduate
robotics competitions. The MIneiROSOT (Campos
etal., 1998)robotic soccerteam,usessimple mobile
robots remotely coordinatedby a vision-basedcon-
trol systemrunningin aworkstation.Further internal
roboticscompetitionsallow undegraduatestudentgo
rapidly build smallrobotsystemsusingLego™ com-
ponentssimpleprocessinginitsandoff the shelfsen-
sorsandactuators.Thetasksinvolvedusuallyrequire
a certainknowledge of structuralmechanicsjnstru-
mentationandbasiccontroltheory

This backgroundmotivates building somavhat
more complex robots, using better sensors,actua-
tors and devices available in the laboratory to im-
plement cooperationand other complex behaiors.
The key ideais to evaluatecontrol stratejies previ-
ouslyimplementedn complex, robustroboticsystems
(Chaimawicz et al., 2001),on much simpler Lego™
basedplatforms. Furthermoreit is this researcts ob-
jective to verify whataspectof cooperatie behaior
may be obsened on simplet low costplatforms,and
whatis theinfluenceof thelimitationsof thisrestricted
system®n the overalltaskperformance.

4 SystemDevelopment

This sectionbriefly describeghe systemimplementa-
tion andits mainmodules:mechanicsgontroller sen-
sors,vision,communicatiorandvision basedground-
truth. Initially, two 30x25 cm mobile robotic plat-
forms were constructedeachwith someof the char
acteristicdescribedn the following subsectionsAl-
thoughtherobotsarebothbasednthesamemechan-
ical design,their useof on-boardsensorss quite dif-
ferent, allowing for somedegreeof heterogeneityat
leastatthe sensordevel.

4.1 Medanics

As mentionedeforetherobotswereassembledising
Lego™ building blocks. The blocks offer the possi-
bility of rapid assemblingand high flexibility, which
makesthemideal candidatesn proof-of-concepte-
signs. Furthermorea certainlevel of robustnessand
mechanicaprecisioncanbeachieved. Althoughthere
are mary design possibilities, the robots described
here are basedon wheeleddifferential driven plat-
forms. The kinematicand dynamicmodelsfor these
platformscan easily be derived similarly to the way
discussedby Pereiraetal. (2000).

Besidesthe locomotion subsystem,robot me-
chanicsincludesa supportingdevice with a platform
andtwo force sensorsvhich will be detailedin Sec-
tion 4.3. This device is usedwhen the robots must
maintainanappropriategraspon anobjectto be coop-
eratively transportedhroughouthe ervironment(See
Section5.3).



Force

Potentiometer
Axle

Spring

Figure2. Forcesensorimplementedwith a springandan angular
potentiometer

4.2 Contoller

Therobots’controlsystenisimplementecbnaHandy
Board™. This boardis basedon a 52-pin Motorola
MC68HC11processomwith 32K staticRAM, a 16x2

charactel.CD, four PWM outputsand 7 analogand
9 digital sensorinputs. The boardrunsinteractie C,

whichis amultitaskingversionof the C programming
language.

4.3 Sensos

Several typesof sensorsare installed on the robots,
bothfor localizationandinteractionwith the erviron-
ment. They are:

e Proximity Sensors— off the shelf Sharp
GP2D15infrared emitter/receter sensorsthat
enableobstacledetectionin arangebetweenl0
to 60cm.

e Contact Sensors— common microswitches
mountedon Lego™ blocks, usedto detectob-
stacleghatfor somereason(e.g. size,dynam-
ics) could not be detectedy the proximity sen-
sors.

e Shaft-encoders- optical incrementalshaft en-
coders,with 16 countsper turn, usedboth for
deadreckoningandto determineherobot’s ve-
locity. The encoderswere connectedapprox-
imately midway in the geartrain, to account
for higherresolutionandprecision(morecounts
perwheelrevolution).

e Ground FeatureDetection Sensors— two in-
frared sensorslocated at the bottom of the
robots,areusedio deteclandmarksonthefloor,
enablingtherobotto determineits global posi-
tion andorientationin theernvironment.

e Force Sensors— force sensitve devices used
whentherobotmustcarry, pushor pull objects.
These sensorswere assembledusing springs
andangularpotentiometersasshaowvn in Fig. 2.

4.4 \ision

Thevision systemaddsmary possibilitiesto the plat-
forms, such as performing visual seno control, us-
ing natural or artificial featuresin the environment
for poseestimation,visual tracking and monitoring,
andteleoperatiorfwhenworkingtogethemwith aradio
control module). The systemusesa monochromatic
batterypoweredmicrocamerao capturethe scenen
front of the robot. Sincethe Handy Board lacksthe

Figure 3. Onerobot as “seen” by the other The elipsesshav
both the infrared proximity sensoreflection(left) andthe infrared
communicatiortransmitter(right) perceved by the microcamera
CCD.

desiredrequirementgor efficientreal-timeimagepro-
cessingtherobotusesa radio frequeng link to send
thevideosignalto aremotecomputetthatfurtherpro-
cesseshedataandsendsackto therobottherequired
information(e.g.controlcommandspositionandori-
entation). This is achieved by usinga 900MHz au-
dio/videotransmitteron the robotanda recever con-
nectedo aframegrabberin theremotecomputer

Fig. 3 showns a singleframeof aleaderfollowing
task (seeSection5.1), wherethe follower is ableto
“see”andtrackits leader It is interestingo noticethat
the microcamera CCD is sensitve to infrared fre-
quenciesallowing the humaneye to perceve the in-
fraredcommunicatiorpulsesaswell asthereflection
of the infrared proximity sensoron the leaderrobot
(bright spotsin Fig. 3).

4.5 Communication

There are currently three communicationmodalities
implementedn the platforms: 1) unidirectionalradio
link betweeraremotehostcomputerandtherobot,2)
bidirectionalinfrared,and3) bidirectionalwired serial
links betweertherobots.

The unidirectionalradio link is basicallyusedto
senddata(e.g. commandsposeinformation)to the
robotsfrom anexternalhostcomputer This systemis
built from R/C modelcomponentsvith oneadditional
microcontroller(Microchip PIC16F86)usedasanin-
terfacefor the R/C radio signal. The informationis
encodedat the sourceusing PulseWidth Modulation
(PWM) andis sentby the R/C transmitterin continu-
ouspulsestreams.However, dueto time restrictions
of the microcontrollerin theinterfacebetweerthere-
mote computerand the radio transmitter the datais
quantizednto 256values.At therobot,anotheidevice
basedon the samemicrocontrollerextractsthe pulses
from the radio recever and makesthem available to
theHandyBoard. Thehostcomputeandthetransmit-
ting microcontrollercommunicatehroughthe RS232
standardorotocol,while the HandyBoardandthe re-
ceiving microcontrollerusea simplesynchronoupar
allel protocol. A block diagramof this subsystems
shavnin Fig. 4.

The bidirectional infrared systemis used as
a point-to-point communicationlink betweentwo
robotsor as a broadcastchannelfrom one robot to
the group. The built-in infrared sensorcomponenof
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Figure4. Radiocommunicatiorsystemblock diagram.

the Handy Board is usedas the recever, while the
transmittersare constitutedby a setof eightinfrared
LEDs disposedmnidirectionallyon a printedcircuit
board. Eachrobotis equippedwith two setsof trans-
mitters, one at the front and anotherat the back of
the structure,jn orderto overcomeline-of-sightprob-
lemsinherentto wirelessinfrared transmission.Fur-
thermore,in orderto improve the communicatioref-
ficiengy, the emittersare poweredby anindependent
9V batterypack, which offers higher power thanthe
built-in HandyBoardpower source.

The wired seriallink canbe usedin taskswhere
therobotsmaintainapproximatelyconstanposesel-
ative to eachother, within a closedistance.It simply
usesa serialcableconnectinghe HandyBoardserial
portsin eachrobot to createa reliable, bidirectional
point-to-pointcommunicationrchannel. Virtually any
datatype can be sentthroughthis link, what makes
it animportantfeaturewhentightly coupledcoopera-
tion, physicalinteractionanda higherdegreeof coor
dinationareinvolved.

4.6 Visionbasedground-truth

In orderto validatethe modelsand experiments,re-
liable globallocalizationis neededo supplyground-
truth information. The systemusedhereis composed
by a color CCD cameraandreal-timevision software,
developedat VERLab (Camposet al., 1998). The vi-
sion softwarerecevesasinput a sequencef images
containingtherobots,which areidentifiedwith a spe-
cific mark(seeFig. 5). Thesoftwarefirstly determines
the centerof eachcolor circular patchandthencom-
putesthe orientationof their centroids.The systemis
thenableto outputthe position (in pixels)andorien-
tationof therobots,at framerate(30 Hz).

One disadwantageof this systemis the limited
field of view of the camera.Although the robotsare
freeto move aboutan extendedregion, during the su-
pervisedteststheir working spacemustbe limited to
approximatelyt.0m? (whichis the cameras effective
viewing areafor the maximumheightallowedin the
lab), sothatthe softwaremay be ableto continuously
keeptrackof them.

4.7 SystenRestrictions

One of the goalsof this projectis to understandand
guantify the influenceof sensor processingand me-
chanicallimitations on the ability of therobotsto per
form the proposedasks. All of themhave someim-
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Figure5. Mark usedby thevision basedyround-truthsystem.

pactontheoverallflexibility andefficiency of theplat-
forms.

TheLego™ structure althougheasyto assemble
andmaodify, is ratherelastic,allowing high clearances
on the mechanismsgearsandaxes. This mayimply
onunpredictablenodelingerrors,speciallywhendead
reckoningtechniquesreusedfor robotlocalization.

Thebidirectionalinfraredcommunicatiorsystem
is ratherunreliable,even with the improvementsde-
scribedin Section4.5. Its shortrange low power link
hasvery limited bandwidthandthe infrared signalis
sensitve to lighting conditionsandinterference Still,
infrared transmissiorwill always needan occlusion-
freeline-of-sightto enablepoint-to-pointcommunica-
tion.

The HandyBoardlacksmemoryspace specially
if one wantsto keep track of the robot’s previous
statesandvariables.Also, its low frequeny sampling
rate makesit difficult to implementbasiccontrollers
which dependon higherfrequeny data,suchasmo-
tor mountedshaftencoders.

Neverthelessasit will be shavn next, the plat-
forms are ableto effectively perform several cooper
ative tasksandimplementrelatively complex beha-
iors, which arenormally accomplishedvith high end
mobilerobots.

5 Experiments

A setof experimentshasbeendevisedto verify the
ability of the proposedsystento implementbasic,co-
operatie behaviors. Someexamplesof both loosely
and tightly coupledcooperatie tasksare presented,
suchassimpleleaderfollowing andbox pushingwith
remotesensingandbox carryingwith obstacleavoid-
ance respectiely. Therobot's local sensorsareused
asinputsto thecontrollersandthevisionbasedsystem
is appliedto validatethe models.

5.1 Leaderfollowing

Although it may look rather simple, the correctex-

ecution of this kind of task is very demandingin

control and sensoryissues. It can be very useful
in practicalapplicationswhereheterogeneousobots
may use their teammatesinformation to determine
or even improve their own state estimate(Vaughan
et al., 2000; Roumeliotisand Bekey, 2000). In this

experimentit is assumedhat one of the robotshas
a globallocalizationschemgleader),while the other



200

y (pixels)

100

0

0 50 100 150 200 250 300 350

Figure 6. The leaderfollowing task. The leaderis marked with
crosseg+) while the follower is marked with asteriks(*). Infrared
communicationperformedatthe“IR” symbol,is usedby theleader
to startandfinish thetask.

canonly rely on its local sensorqfollower). When-
ever the follower wantsto go to a specificlocation,
it hasto follow the leader who actually hasthe abil-
ity to locatethe goal. The leaderfunctionis played
by Manuelzaowho is ableto globally localizeitself
in the environmentwith the groundfeaturedetection
sensors.Miguilim actsasthe follower, only relying
onits infraredproximity sensordo keeptheright dis-
tanceto its teammate.

Rohlusttrackingsystemsareusuallyvision-based
(Hanek and Schmitt, 2000; Jung et al., 1998) and
are able to extract several useful information from
the scene. Here, however, all the tracking will be
performedthroughthe readingsof the threeinfrared
proximity sensorson the follower. This (much)sim-
pler schemdacksthe ability to distinguishthe leader
from otherobjectswithin thefollower'ssensorsange.
Yet, this dravbackcanbeimprovedby simply having
therobotscommunicateheir intentionsof movement,
whichis subjectto futurework.

Fig. 6 shows the trajectoriesexecuted on the
leaderfollowing task, with the follower holding still
until theleademassedy it andsendsaninfraredmes-
sageto begin the movement. The leaderthen fol-
lows its desiredheadingwith the follower keepingup
within a certaindistance. This processgoeson until
the leaderreacheghe goal andinforms the follower,
that stopsat the desiredposition. As said before, a
view of the follower’s on-boardcameraat the exact
momentof infraredcommunications shovnin Fig. 3.

5.2 Boxpushingwith remotesensing

In this task, a large, heary box mustbe pushedfrom
a startpositionto a specifiedlocationin the erviron-
ment. The box canbe pushedby a singlerobot, but
dueto its heary mass(comparedo thatof the robot)
thereis significantslippageon the pushers wheels.
This makesthe useof deadreckoningtechniquegro-
hibitive, and suggeststhe implementationof some
otherway to evaluatethe pushers position.

To achieve the goal, the pusherneedshelp with
its localizationprocess. This help is provided by an
observerobot,whosemainfunctionis to maintainit-
self alignedto the box, within a closedistance.This
time Manuelz&oactsasthe pusher and Miguilim as

:
) &
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Figure 7. The box pushingtaskwith (a) onerobot alone,and (b)
the help of aremotesensar The pusheris marked with crosseg+)
while theobsereris markedwith asterikg(*). Thecirclesrepresent
thebox trajectoryandthe X representshetamet.

theobsenrer. Asthepushettriesto leadtheboxto the
desiredposition,theobsenerremainscloseenougho
follow approximatelythe samepath asits teammate.
Thepushercannotrely onits encodershut theonesin
the obsener shouldprovide a reasonabl@pproxima-
tion of theteamslocation. As the obserer travelsthe
desireddistance,it sendsan infrared messageo the
pusherandbothstopatthegoal (which would be oth-
erwiseimpossibleto be accomplishedy the pusher
alone).

The cooperatioris thusachieved at sensorevel,
asthe pusherusesthe obsener’s encodergo localize
itself. Fig. 7 shows the initial and final positionsof
both the pusheralone and the teamduring this goal
directedbox pushingtask. It canbeeasilynoticedthat
thetaskis correctlyaccomplishedvith the help of the
obsenerrobot.

5.3 Boxcarrying with obstacleavoidance

Carrying a box is considerablymore complec than
simply pushingit to the goal, sincetheremustbe co-

ordinationbetweenthe robotswhile moving in a un-

structuredervironment,performingsomelevel of ob-

stacleavoidanceandstill keepingtheappropriatesup-
port to the object. All maneuers are restrictedby

thereadingof theforcesensorsspeciallyconsidering
thatboth platformsarenon-holonomicasopposedo

previouswork by SugarandKumar(1999),whereone
of therobotsis omnidirectional.

The leading robot (Miguilim) guidesthe team
throughthe area,usingits infrared proximity sensors
to avoid nearbyobstacleswith thehelper(Manuelz&o)
simply trying to keepup, controlling its orientation
and velocity to maintain its force sensorreadings
alignedabove a certainthreshold.Theleadedimits its
headingcorrectionsby the valuesof its force sensors,
to betteraccommodatéhe box. Onthe otherside,the
helperusesa highly reactve controller, alwaystrying
to keepthe box safelysupported.

Fig. 8 shavsthegrouptrajectorythroughthecon-
strainedenvironment,smoothlydodgingnearbyobsta-
cles. It is importantto noticethatsimply avoiding ob-
staclesdoesnot presentmuch of a challengefor the
leaderalone.A highly constrainearvironmentcould
easily be traversedby its reactve controller What
makesthis taskdifficult is that the leaders reactions
arelimited to certainvaluesto avoid droppingthe box.
A typical configuratiorfor thistaskis shovnin Fig. 9.
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Figure 8. Two robots carrying a box while avoiding nearbyob-
stacles. The leaderis marked with asteriskg*) andthe helperis
marlkedwith crosseg+). Thecirclesrepresenthe boxtrajectory

6 Conclusion

This paperpresentedimple,low costmobile robotic
platformsableto performaseriesof cooperatietasks.
When comparedto powerful, complex, commercial
systems,one may seethat the proposedestbedper
forms well in the applicationsevaluatedhere, even
with the (various)known limitations. It may be stated
that by improving sensorcharacteristicssnemoryca-
pability andcommunicatiorfeaturesijt maybe possi-
ble to overcomesomeof thesedravbacks.

Theauthorsarecurrentlyworking onvisualseno
control on one of the robots,with remoteprocessing
beingperformedy eitheraworkstationor theNomad
200 mobile robot. In this taskthe cooperationwould
be achieved at the processorsgevel. The Nomad200
could also be involved in tasksof cooperatie local-
ization, wherethe small robotswould try to improve
their poseestimateshy using their teammates own
estimatesandthe knowledgeof relative positionob-
tainedby the Nomad200 vision system. By relying
on the serialwired communicationlink, it might be
possibleto implementrobustlayeredarchitecturegor
tightly coupledcooperatioranddynamicrole assign-
mentastheoneproposedy Chaimavicz etal. (2001).

The full detailsof the platformsand the exper
iments presentedhere, including compressedsideo
files, are available in the homepageof the project:
www. ver | ab. dcc. uf ng. br/ coop.

Acknowledgements

The authorswould like to thank all the peoplewho

directly or indirectly helped(and are currently help-

ing) the developmentof this system. Specialthanks
alsoto VERLab colleaguesfor the continuoussup-
port, suggestionsindvaluablediscussionsandto the

CNPq for their financial supporton this and other
relatedresearchprojects, under grants 140600/00-0,
131690/98-1and300212/99-2.

References

Alur, R., Das,A., EspositoJ., Fierro,R., Grudic, G., Hur,
Y., Kumar V., Lee, I., Ostronski, J., Pappas,G.,
Southall,B., Spletzer J. and Taylor, C. J. (2000). A
framewvork and architecturefor multirobot coordina-
tion, Proc. of thelInt. Sympon ExperimentaRobotics

Figure9. Miguilim helpedby Manuelzaccarryinga large box.

Arkin, R. C. (1999). BehaviorBasedRobotics The Mas-
sachusettinstituteof Technology

CamposM., Anicio, M., Canalho,M., Dias,R., Hartmann,
A., Nagem, D., Oliveira, V., Oliveira, E., Pereira,
G., Ribeiro, A., SanchesF. and Silveira, M. (1998).
MIneiROSOT —the developmentof a centralizedcon-
trol setof socceplaying micro-robots,Proc. of FIRA
RobotWorld Cup, Paris,pp.57—62.

Chaimawicz, L., SugarT., Kumar V. andCamposM. F. M.
(2001).An architecturdor tightly-coupledmulti-robot
cooperationProc. of the IEEE Int. Conf on Robotics
and Automation pp. 2292—-2297.

Hanek, R. and Schmitt, T. (2000). Vision-basedocaliza-
tion anddatafusionin a systemof cooperatingnobile
robots,Proc. of thelEEE/RSJnt. Conf on Intelligent
Robotsand Systems

Jung,D., Heinzmann,).andZelinsky, A. (1998).Rangeand
poseestimationfor visual serwing of a mobile robot,
Proc. of the|[EEE Int. Conf on Roboticsand Automa-
tion, pp.1226-1231.

Lund, H. H. and Pagliarini, L. (2000). Robocupjr. with
lego mindstormsProc. of the 2000IEEE Int. Conf on
Roboticsand Automation pp.813-819.

Parker, L. E. (2000).Currentstateof theartin distributedau-
tonomousmobile robotics,Proc. of the 4th Int. Symp.
on DistributedAutonomougoboticSystemspp.3-12.

Pereira,G. A. S., Campos,M. F. M. and Aguirre, L. A.
(2000). Data baseddynamicalmodel of vision ob-
sened small robots, Proc. of the IEEE Int. Conf on
Systemsylan and Cyberneticspp. 3312-3317.

Roumeliotis S.I. andBekey, G. A. (2000).Collective local-
ization: A distributedkalmanfilter approactto local-
ization of groupsof mobile robots,Proc. of the IEEE
Int. Conf on Roboticsand Automation pp. 2958—
2965.

Rybski, P, Larson,A., Lindahl, M. and Gini, M. (1998).
Performancevaluationof multiple robotsin a search
andretrieval task, Workshopon Atrtificial Intelligence
andManufacturing pp. 153-160.

Sugar T. andKumar V. (1999). Multiple cooperatingno-
bile manipulators,Proc. of the IEEE Int. Conf on
Roboticsand Automation

VaughanR. T., SukhatmeG. S., Mesa-MartinezF. J.and
Montgomery J. F. (2000). Fly spy: lightweight lo-
calizationandtarget tracking for cooperatingair and
ground robots, Proc. of the 4th Int. Symp.on Dis-
tributedAutonomoudRoboticSystems



