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GUARANÁ Robot-Soccer Team: Some Architectural Issues

A.H. Reali Costa
�

anna@pcs.usp.br

R. Pegoraro
�

pegoraro@bauru.unesp.br

G. Stolfi
�

gstolfi@lcs.poli.usp.br

J.S.Sichman
�

jaime@pcs.usp.br

F.M. Pait
�

pait@lac.usp.br

H. FerasoliFilho
�

ferasoli@bauru.unesp.br

�
Universityof SãoPaulo,Departmentof ComputerEngineering�
Universityof SãoPaulo,Departmentof ElectronicEngineering

Av. Prof.LucianoGualberto,158trav. 3, 05508-900,SãoPaulo,SP, Brazil�
Universityof theStateof SãoPaulo,Departmentof ComputerScience

Av. Luiz E.C.Coubes/n,17013-360,Bauru,SP, Brazil

Abstract ThispaperdescribestheGUARANÁ robot-soccerteam
that wasvice-championof the FIRA ’98 Gamesin the MiroSot
category. An overview of the vision and the strategy modules
is presented,andthehardwareandsoftwarearchitecturesof the
maincomputerandof therobotsaredescribed.

1 Intr oduction

Soccerenthusiastsconsiderthe sport an exciting strategic and
artistic game, which is usually decidedby the technicaland
physical abilities of the playersas well as by their collective
strategy. Likewise,robotsocceris anexciting strategic gamethat
servesto develop applicationsandtest techniquesin computer
vision, artificial intelligenceand multi-agentsystems. Speed,
ball handling,decisionmaking,andtheteam’scapacityto coop-
eratedeterminetheresultof thegame.

The MiroSot category of FIRA gamesis played betweentwo
robot-soccerteams,eachonecomprisingthreerobots. On top
of eachrobot is a label— blue for oneteamandyellow for the
other— throughwhichthevisionsystemcanidentify andlocate
robots.Vision tasksareperformedby a computerusingimages
originatingfrom a singlecamerahangingover thecenterof the
gamefield. Theresultinginformationis usedby a strategy mod-
ule which commandstherobotsvia wirelesscommunication.

This paper describesthe GUARANÁ team, worldwide vice-
championteamof FIRA ’98 in the MiroSot category. Section2
presentsthe architectureof the teamandgivesan overview of
the vision and strategy modules. Section3 describesits hard-

ware and software and discussesengineeringissuesregarding
thecentralcomputerandtherobots.

2 Team architecture

TheGUARANÁ teamarchitectureis composedof vision,predic-
tion, strategy, andcommunicationmodules.In thenext subsec-
tions,we describeeachof thesemodules.

2.1 Vision

Image interpretation— essentiallyrecognitionof playersand
ball — is basedon thecolorsof theimagecapturedby thecam-
era. We usedtwo rectangularlabelswith a blackmargin on top
of eachGUARANÁ player. Thefirst labelhasthe teamcolor —
either blue or yellow — and the second,pink label assiststhe
vision modulein determiningthe robot’s orientation. The ball
usedin the gameis an orangegolf ball. Figure1 shows the la-
belsusedon top of the GUARANÁ robots.

A preliminaryimageprocessingphaseconsistingin subtracting
an imageof the emptyfield from the capturedimageis usedto
simplify and speedup interpretation. This subtractionoccurs
only in R andG channelsof theimage,sincethesearesufficient
to detectany variationof every necessarycolor in the applica-
tion. Pixelsfor which theresultof thesubtractionis biggerthan
a pre-establishedthresholdareconsideredpossibleelementsof
thegame(ball or labels).Theircolorpatternsareanalyzedusing
valuestaken from both R/G and G/B relations,in order to re-
duceinfluencesof ambientillumination. Color identificationis
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Figure1: Robotidentificationlabels.

carriedout by matchingR/G andG/B relationswith predefined
color bands. We haverestrictedthis analysisto thecolorswhich
have meaningin thegame(yellow, blue,orange,andpink).

Centr oid

Neighboringpixels with similar colors are consideredcompo-
nentsof onesameelement. The elementsconsideredarepink,
yellow, blueandorangepatches,the orangeonebeingcircular.
The coordinates

���
	���
of the centroid(centerof mass)of each

elementarecomputedfrom the pixel coordinatesusingthefor-
mula(?): ������

�� �
� � � �

and
������

�� �
� � � �

where
��� � 	�� � 

arethe pixel coordinatesand � is the numberof
neighboringpixelsusedto groupthepixelsinto anelement.

Identification and Tracking

To senda commandto a robot,thecentralcomputermustknow
its state, consistingof position,orientation,andspeed.This re-
quiresa procedurefor identifying eachrobot.

In our system,thelabelson therobotsaresimilar, andtherefore
cannotbeusedto distinguisharobotfrom theothermembersof
the team. Theblackborderis usedto avoid misidentifyingtwo
robotsasonesingleelementwhenthey arein contact.

Whenthegameis startedeachrobot is identifiedby theuserof
the system. From then on identificationis donevia a tracking
algorithmwhich usesexhaustive optimizationto find the mini-
mumcostsolutionof thefollowing system:
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In the expressionsabove

"Q� � 	/RE	/S
is the numberof the robot

considered;
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and

W<� ���/	D�!	�"F
is theobjective functionto beminimized;

W %'��( � 	�( �  is thecartesiandistancebetweenelements
( � and( � in theimagecoordinatesystem;

W ( )�+-,�. ���1
is the centroidof the ith elementwith the team’s

color;W ( 3B5 6B7 �J�:
is thecentroidof thejth pink element;W (43BA�+DC���"F
is thecentroidof therth teamcolor elementiden-

tified in thepreviousimage;WX� ( )�+-,�. ���1
is thenumberof pixelsin theith teamcolor ele-

ment;WX� ( 3B5 6B7 �J�:
is thenumberof pixelsin thejth pink element;W

G � )�+-,/.
and

G
� )�+-,/. areupperandlower limits in thenumber

of pixels,which definethevalid rangeof thesizeof a team
color element.Thesevalueschangeaccordingto theimage
resolutionused.We used
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G
� )>+-,�.\�^] K

;W
G � 3B5 6*7

and

G
� 3*5 6B7 areupperandlower limits in the number

of pixels,which definethevalid rangeof thesizeof a pink
element.We used

G � 3*5 6B7 �_R K
and

G
� 3B5 6B7 �^S K

;WX� )�+-,/.
is the numberof teamcolor elementsin the image

andWX� 3B5 6B7
is thenumberof pink elementsin theimage.

This optimization algorithm is applied on each of the three
robotsin the team. As a result,the systemwill have threedif-
ferentpairs(teamcolor element,pink element),eachassociated
with oneof therobots.

Although correctnessof this tracking procedurewas not for-
mally proved, in practiceit was shown quite robust. We did
not experienceidentificationlossor swappingof robot tracking
duringthegames.

Orientation and Position

The robot’s orientationis definedby the angle ` rangingfrom
field’s axis

�
to the vector(pink centroid,teamcolor centroid),

as illustratedin Figure2. For the robot dimensionsandimage
resolutionused,the maximumdeviation observed was 10 de-
grees.
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α
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Figure2: Robotorientationfrom labels.

Theposition
���
	���

of theteamrobotsresultsfrom theweighted
averageof the positionsof the centroidsof the teamcolor and
pink labels,definingtherobot’sgeometriccenter. Theequations
usedare: ` �[a/bdcfe � �Fgihj�lk� g hj� k 	
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where
���og�	��Fg1

are the coordinatesof the centroidof the team
color element;

���Ek�	��#kF
is the coordinateof the centroidof the

pink element;and m � , m � arefactorsthatdependon thelabelsize
andimageresolution.In our case,m � � O

and m � �[S�U
Thepositionsof theadversaryrobotsandof theball aredefined
by thecentroidcoordinatesof theadversarycolor andball color
elements.

Orientationsaredeterminedby thedirectionof movement,given
by the differencebetweenthe positionsof the elementsin the
currentandpreviousimages.

New Coor dinate System

After identifying eachobjectin theimage,theimagecoordinate
system(in pixels) is transformedinto thefield cartesiansystem
(unity of 0.5cm),asshown in Figure3.
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300
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defense
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Figure3: Systemof coordinatesaftervision phase.

The vision moduleimplementedwasfast (7msper frame)and
robust,allowing variationsonilluminationconditionsandcolors
of the field, labels,andball. Settingup the vision systemwas
quick andeasy.

2.2 Prediction

A commandm
�

is sentto a robot
"

basedon the stateof all el-
ementsobserved in the imageat instant p

�
. Due to the delay

involved,it is necessaryto predictthe future stateof the robots
andthe ball in orderto estimatetheir stateat the momentthey
actuallyreceive thecommand.

The position,orientation,andvelocity of adversaryrobotsand
of the ball arepredictedbasedonly on the dataextractedfrom
the currentand previous imagesassumingconstantvelocities.
Predictionsfor the teamrobotsaremoreaccurateandtake into
accounttheir currentstatesandthe mostrecentcommandsac-
cordingto a nonlineardynamicalsystemof theform

�4q1r9s!t � �4q r ;\u q � �*q r 	 m � 	 m � e � 	BU*UBUB	 m � e � 
where: � q1r9s!t is the predictedstate,after delayof

L
(sensoring

andcommunication);� q r is the stateat instant
�

(sensorinput);"^� � 	/R�	�S
is the robot considered;m

� 	 m � e � 	BU*UBU@	 m � e � are the� ; � commandsconsidered;and
u q ��v  is anempiricallyadjusted

function.

2.3 Strategy

Every Brazilian is said to be a soccercoach. In humansoc-
cer, a strongerteamwill oftendefeatanotherwhich hassuperior
technique.Trustingour experience,we formulatedsomesimple
strategic rules:

W Against strongeropponents,emphasizedefenseto suffer
fewer goals.W Against slower opponents,attack. Therewill be time to
bring attackersbackto helpthedefense.

Behavior s

Thereexist threestrategical mainbehaviors that eachrobotcan
assumeaccordingto its position:

1. goalkeeper: The robot is placedin the projectedposition
of the ball on the defensive goal line if the ball is coming
towardsthe defensive region. Otherwisethe robot aligns
itself with theball in the

�
coordinate,alwaysremainingin

front of thegoal.

For fasterpositioningtherobotalwayskeepsanorientation
of 90 or 270degrees,asshown in Figure4.

start
positions

projected
position

Robot
(orientation: 90o)

Figure4: Goalkeeperbehavior.

2. defender: The robot is placedalong the coordinate
�

of
the ball, blocking the ball to prevent it from reachingthe
goal. It doesallow theball to passwhenit is beingpushed
away from the goal by the attacker. When the defender
andtheball arein a favorablesituationwith respectto the
adversarygoal it switchesbehavior with the attacker and
tries to score. The favorablesituationshappenwhen the
robot is the teamrobot closestto the ball in the transition
area,shown in figure5.

3. attacker/midfield:In thispositiontherobothastwo distinct
behaviors: (i) positioningmode,when the objective is to
position the robot behindthe ball, leadingto the goal or
blockingtheadversaryattack.Positioningservesto mount
an attackor strengthenthe defense.(ii) conductionmode,
whentherobotpushestheball from behindtowardstheop-
ponent’s goal.

Usually the robotsare sentdirectly towardsthe target. In the
attacker behavior however, a discontinuityin thetargetposition
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Figure5: Transitionarea.

happensduring the transitionbetweenpositioningandconduc-
tion modes. This discontinuity is smoothenedtaking into ac-
countthelimitationsof movementof therobot.

Trajectoryplanningconsiderscurrentstate� (currentspeed,po-
sition, andorientation)anddesiredstatew (desiredspeed,posi-
tion, andorientation)for the robot,asshown in Figure6a. The
dashedline indicatestheplannedpath.

A desiredandfeasiblecommandwhich would take therobot to
the target stateis chosen.The effect of applyingthe inverseof
this commandto thetargetrobotstatew is computed,generating
anew targetstatewEx (Figure6b). Theprocedureis repeatedusingwEx asthe targetstate,andsoon. The last commandthusgener-
ated,in fact thefirst we desireto use,is transmittedto therobot
(Figure 6d). The computationis repeatedfor eachnew image
duringtransition.
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Figure6: Planningof transitionbetweenobjectives.

Obstac le avoidance

The robotstry to avoid collision by planninga patharoundob-
stacles. Due to the dynamicnatureof the soccerdomain,our
robotscontinuallyreplantheir targetpositionsaroundobstacles
via incrementalgenerationof intermediatetargetpoints.

A robot
"

startsby trying to go from its position � towardsits
target w alonga straightline, defininga path y bFa�zo{/| }

from � tow . If following y b#a/z {/| }
it would comeacrossan obstacle~ as

in Figure 7a), the robot
"

aims at an intermediatetarget w:x as
shown in Figure7b,takinginto considerationthepoint �

�
where

thetrajectoriesof ~ and
"

intercept.

The velocity of the objectsandthe interceptionpoint �
�

define
the collision time p�� . If the collision time p�� is smallerthanthe
time p } thatrobot

"
will take to reachtarget w (that is,

K�� p�� �
p } ), andif theintersectionpoint �

�
of thetrajectoriesof

"
and~ is

insidethepath y b#a�zo{�| }
, thenanintermediatetarget wEx is defined.w:x is locatedat a distance

%
from �

�
, perpendicularlyto y b#a/zo{/| }

.
We have used

%n��R K
cm. Thealgorithmalsotakesinto account

the walls of the playing field in generatingintermediatetarget
points.
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Figure7: Obstacleavoidance.

Inter section of Trajectories

Theinterceptionpoint �
� ����� � 	�� � 

is definedasthepointwhere
thetrajectoryof robot

"
crossesthatof object ~ . An approximate

computationis used. The numberof iterations ��� after which
thetrajectoriesof

"
and ~ will intersecton

�
andthenumberof

iterations��� afterthey will intersecton
�

are

� � � � q h��f�%d�f��hj%!� q and � � � � q hj�!�%!�!��h�%d� q 	
where

��� q 	�� q  aretherobotcoordinates;
��� � 	�� � 

aretheobject
coordinates;and

%!� � 	�%!� � 	/%d� q 	 and
%d� q aredisplacementsof the

objectandrobotgivenby thedifferencebetweenthecurrentpo-
sition andtheprevious.

If ��� ��K
or ��� ��K

thereis no interceptionpoint. Robot
"

cannotinterceptobject ~ in a numberof iterationssmallerthan� � ���n�9c
� ��� 	 ���  . When
"

is far from ~ , ��� and ��� can be
different. However, they iteratively convergeto the samevalue
asthesystemevolves.

Theinterceptionpoint
��� � 	�� � 

is calculatedasfollows:� � � � � %!�'��;X�'�
and

� � � � � %d�8��;��8�
2.4 Comm unication system

Thecommunicationsystemis composedof onetransmitterand
threereceiversworking at 72.830MHz FSK. They wereadapted
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from R/C radioin orderto transmitdigital signals,with transmis-
sionrateof 1200bps,usingManchestercode(?). Thetransmit-
ter broadcasts� messagesto therobotsunderthefollowing proto-
col: 2 bits SYNC, 2 bits preamble,8 bits for robot

" � , 8 bits for
robot

" � , 8 bits for robot
" � , and4 bits for CheckSum. The 8

bits sentto eachrobot comprise4 bits for eachmotor (left and
right).

�V� �o� �o� ���� �2� �
left motor

� q � q � q � q� �2� �
right motor

where
�

is thedirectionthemotoris to turn,and
�

is theveloc-
ity (3 bits).

3 Hardware and software platf orms

The softwareof the GUARANÁ teamis centralizedandrunson
a PC PentiumII-233 MHz, usingWindows 95 andgenericpro-
grammingin BorlandC 4.0, includingsomeassemblerroutines
in thevision module.

Imagesare capturedby a JVC 3CCD color camerawith S-
VHS videooutputanddigitalizedby a PixelView PV-Bt-848 PCI

board.Thedigitalizedimageusesresolutionof 320x240pixels
and24 bit quantizationin RGB.

Imageprocessingis performedby thevision module,usingMi-
crosoftVideo for Windows (VfW) (?) asinterface. The useof
VfW providesversatilityandtransparency sinceit allows digital
imageacquisitionby any compatibleframegrabber. Thevision
moduleis ableto process30 framespersecond.

The robotsusemotorsadaptedfrom an electromechanicalcal-
culatingmachine.They aresmall Mabuchi DC motors,ratedat
about20 gf � in torqueat 5Vcc. A singlestagereductiongear
is usedfor eachmotor/wheelassembly, providing a 5:1 speed
reduction.

Oneachwheelthereis animprintedreflectivepattern,coupledto
a reflexive infra-redsensor, working asa rotarypulsegenerator.
Thepulsesfrom eachwheelarefedbackto theelectroniccontrol
unit in orderto allow speedcontrol(seeFigure8).

Robotscan develop a maximum speedof about 1 m/s. The
electroniccontrolunit is composedof anEEPROM-basedmicro-
controller(Atmel 89C2051),runningat 14.75MHz clock. The
motorsaredrivenby a full-bridge circuit usingcomplementary
MOS transistors.Thetransistorsareswitcheddirectly by micro-
controller I /O ports, allowing speedand direction control by
pulsewidth modulation.

Therobot’s receiver is adaptedfrom a FUTABA R/C doublecon-
version servo receiver. The digital signal is obtainedat the
FM discriminatoroutput, squared,and then sentto the micro-
controller, which is responsiblefor syncandclock recoveryand
Manchester(split-phase)demodulation.

Therobot’sbodywasbuilt with epoxy-fiberglassboardsand �l� R
inch plastic PVC pipe asbatteriesholders. Electric power was
suppliedby 4 NiCd AA cells,providing 800mA � h at 4.8Vcc.

Coppercladdingontherobot’stopcoveractsasthereceiving an-
tenna.Owing to therelatively high transmitterpower (100mW)
andthehighly sensitive receiver, therangeof theradiocommu-

nicationwasover50 meters.

Theuseof smallmotorsandplasticwheelsandbodyresultedin
a lightweight,robust,andlow-costrobot.

4 Conc lusion

The GUARANÁ team’s strongpointsareits straightforwardand
efficient tacticsandthevisionsystem:simple,robustto environ-
mentalvariations,andeasyto adjust.We believedthatthegood
performanceof theteamis dueto thereasonablebalanceof our
system.

Robotcontrolwasshown impreciseandcouldbenefitfrom im-
provements.To achieve a morecompetitive systemthe robots
would needstronger, higher-torquemotors.
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