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Abstract

We are experimentingwith multiple mobile robotsundervisual control. The current
goal of our work is to constructan architecturefor robots engagedin cooperativeand
competitivebehaviour. Multiple robots have recently beenthe focus of much attention;
however the little work thathasbeendonewith implementedsystemshasinvolved simple
tasksandbehaviours We haveinitiatedthe Dynamo(DynamicsandMobile Robots)Project
to provide a link betweentheory and practice. One part of this projectis the Dynamite
testbedwhich consistsof a fleet of radio controlledvehiclesthat receivecommandsrom
a remotecomputer. Robot position and orientationis determinedusing off-board visual
sensing.We havechosensoccerplaying asa domainfor our experimentsinceit requires
real-timeinteractionwith a dynamicenvironment. It involves inter-robot cooperationas
well as competitionbetweenteams. We outline two complementaryapproachesakenin
our laboratoryto robot control. The first, ConstraintNets, is a modelfor robotic systems
and behaviourswhich providesa theoreticalfoundationfor systemsdesignand analysis.
The secondplacesthe emphasisin robot control on dynamic action selection; current
functionality includespath planningand motion control algorithms.

1 Introduction

Dynamo (Dynamicsand Mobile Robots)is an umbrellaprojectin our laboratoryfor research
in real-time control of mobile robots. Projectswithin Dynamoinclude systemswith on-board
and off-boardvision2 In this paper,we focus on the Dynamite testbedwhich is basedon off-
boardvision and off-board computation. Somepossibleexperimentsusing the testbedinclude
chasing,pushing,and soccer-playing. We have concentratedn the control of robots playing
soccer.A gameof soccermprovidesacomplexanddynamicenvironmentvhich challengegurrent
approacheso robot control. Robotsneedto cooperatewith teammembersaswell as compete
with robots on the opposingteam.

We arecurrentlyattemptingto haveteamsof robotsengagedn cooperativeandcompetitive
behaviour.Recently therehasbeenconsiderablenterestin multiple robots. Therehavebeena
numberof experimentsn this area,but they havebeenrestrictedto simpletasksandcooperative
behaviour[Kub92; Nor92; Mat92]. Competitionbetweenan agentand a hostile environment

1 To Appearin Proceedingf the IJCAI-93 Workshopon DynamicallylnteractingRobots
2 Alphabeticalorder
3 Otherwork in the DynamoProjectcanbe found in [BKL 793]



has beenaddressedn [AC87]; however,this work involved a softwareagentoperatingin a
simulation, not in the real world.

In Section2, we describethe Dynamite testbed. It consistsof a fleet of radio controlled
vehiclesthat receive commandsfrom a remotecomputer. In an integratedenvironmentwith
datdlow andMIMD computersyision programscanmonitorthe positionandorientationof each
robotat 60 Hz; planningandcontrol programscangenerateand sendout motor commandsat 50
Hz. This approachallowsumbilical-freebehaviourandvery rapid, lightweight fully autonomous
robots. As far aswe know, it is a uniqgueand successfubpproachto the trade-ofs involved in
mobile robot designalthougha relatedschemewas independentlyproposedn [Hal91].

In Section 3, two approachegsakenin our laboratoryto robot control are outlined. The
ConstraintNet (CN) approachdevelopedby Zhang and Mackworth is a formal model for
roboticsystemsandbehaviours.CN providesa denotationasemanticgor real-timeprogramming
languagesndfor the overallbehaviourof robotic systems.The desiredbehaviorcanbe verified
usingareal-timetemporallogic. The approachakenby Sahotaeemploysbehavioutbasedcontrol
with an emphasison dynamicaction selection. The mechanisnfor determiningactionis based
on inter-behaviourand inter-robot bidding.

This paperis a descriptionof work in progress.We hopeto haveteamsof robotsplaying
soccerintelligently. However, in the current state, individual robots are able to plan and
track paths; robot functionality also includes shootingthe ball at the opposingplayer’s net
and preventingballs from going in one’s own net. Two robots can competein a one-on-one
gameof soccer.

2 Dynamite: a Testbed for Experiments
with Soccer-Playing Robots

In this section,we will describethe Dynamitetestbedhatwe havedevelopedandits usefulness
in multiple robot experiments. The soccerdomainallows us to explore how competitionand
cooperationcan be accommodate@nd supportedby robot architectures.

The mobile robot basesare commerciallyavailableradio controlledvehicles. We havesix
1/24 scaleracing-carsgach22 cm long, 8 cm wide, and4 cm high excludingthe antenna.We
havedriven thesecarsundercontrol at speedof 140 cm/s? The soccerfield (244 cm by 122
cm in size)with the six carsanda ball is shownin Figure 1. Theball is the small objectin the
middle of the image;the two carson the right have eachbeenfitted with two circular colour
markersallowing the vision systemto identify their position and orientation. The robotsare
neitherasflexible nor ascompetentashumansoccerplayers. As a result,we havemodifiedthe
environmentn two ways. First, thereis a wall aroundthe soccerfield which preventsthe ball
(andthe players!) from going out of bounds.Secondtherearebarriersto preventthe ball from
getting trappedin the corners. Sincetheseare Canadianrobots,it is not unreasonabléor the
soccerfield to be shapedlike an ice hockeyrink.

The hardwareusedin this systemis shownin Figure 2. Thereis a single colour camera

mountedin afixed positionabovethe socceffield. Thevideooutputof the cameras transmitted

4 This, while equivalentto a scalespeedof 120 km/h, is far below the maximumspeedof the vehicle which is approximatelys m/s (or scale
500 km/h).




Figure 1. Robot Playersinhabiting the SoccerField
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Figure 2. Hardware Setup

to special-purposegideo processinchardwar@ namedthe DataCuben Figure2. The DataCube
is a dataflowcomputemwhich hasbeenprogrammedo classifyimagepixelsinto differentcolour
classesat video rate. This informationis transmittedto a network of transputer® which form

a MIMD computer. Additional vision processings performedon the transputergo find the

position, in screencoordinates,of the centroid of eachcolouredblob and to transformthese
positionsfrom screento world coordinates. The entire vision subsystems called the Vision

Engine[LBKL91]. The Vision Engineproduceshe absoluteposition and of all the objectson

the soccerfield. The orientationis also producedfor the cars,but not the ball. This is doneat

60 Hz with an accuracyin position nearl mm.

The reasoningand control component®f a vehicle canbe implementedon any numberof
transputersout of the availablepool. Currently, eachvehicleis controlledby a userprogram
running on its own transputemodé. An arbitrary numberof nodes,labeled1 to n in Figure
2, can be usedin parallel to control n independentvehicles. The movementof all vehicles
is controlledthrough a radio transmitterattachedto a single transputemode. Commandsare
transmittecto the vehiclesat arateof 50 Hz.2 Systemusersareableto install their own planning
and control routinesand simply link in to the vision and transmittersystems.The operationof
eachuserprogramdoesnot effect the operationof the others. User programscan competeand
cooperatewvith one anotheraswell as communicatehroughmessaggassing.

One of the advantage®f the environmentwe have built is that we are able to provide a
cleanuserinterface. The userprogramwhich is to performreasoningplanningand control is
shieldedfrom the someof the complexitiesin the world. The input to the userprogramis a
sequenc®f vectorsdescribingthe locationsof all the objects. The outputfrom the userprogram
is a sequenc®f control signals(“throttle” and“steeringangle”) sentto the vehicle. We believe
thatour interfaceis of significantbenefitto the user. It allows oneto focuson makingthe robot
“do the right thing” insteadof worrying aboutimplementationdetails. It is possibleto create

5 Therearetwo boards.The Digicolour boardconvertsanalogvideo to a digital signal, while the MV—200 is a softwarerecorfigurablevideo
processingroard.

6 The network consistsof a MAXTRAN transputerfor communicatingwith the DataCubeand 16 T800’s whoseinterconnectiortopology is
corfiguredin software.

7 Oneplanfor systemdevelopmentnvolves usingtwo transputersonefor on-line control, andthe otherfor off-line deliberation

8 This is the rate at which commercialR/C equipmentworks. It doesnot matchthe video rate. However, this doesnot have a significant
impacton the controllability of the vehiclessinceit only causesa slight increasen the latencyof the servoson the vehicle.



Figure 3. Two Dynamo Vehicles: Zeno (front) and Heraclitus(rear)

this interfacesince we have a robustvision systemand a reconfigurablenetwork of off-board

computers.Anotherbenefitis thatwe areableto connecta userprogramto eithera simulatoror

thereal system.Oneof the simulatorswasdevelopedy collecting statisticson the performance
of a vehicleundervariouscontrol signals. It hasprovedto be aninvaluabletool in developing
user programsfor control.

We have worked with 1/10 scaleradio controlled trucks, called Clod Busters,as well as
1/24 scaleracing cars. In Figure 3 a racingcar, Zend, is in the foregroundand a Clod Buster,
Heraclitus,is in the background.A 12 inch (30 cm) ruler is also visible. Clod Bustershave
alsobeenusedsuccessfullyfor soccer-playing® andfor other Dynamoprojects. They arelarge
enoughto supporton-boardvideo and computersihis opensa new rangeof experimentssuch
as indoor and outdoor navigation.

3 Approaches

In this sectionwe describetwo complementaryapproachesve are taking to robot control:
ConstraintNets (CN) and Dynamic Action Selectiont! We also describethe progresswe have
madeusing the two approachesCN providesa theoreticalfoundationfor systemsdesignand
analysis.The dynamicsandcontrolfor eachrobot, aswell astheinteractionbetweerrobots,can
be modeledusing CN. In the subsectioron Dynamic Action Selection,the emphasids on the
control of individual robotsand not on cooperatiorschemesWe feel that the rangeof possible
interactionsbetweenrobotsdependwon the underlyingarchitectureandrobot functionality. This
motivatesthe discussionof our approacheso building individual robots.

3.1 Constraint Nets

CN is a formal model for robotic systemsand behaviours. CN is composedof modules
with I/O ports[ZM92b]. A moduledefinesa transductionwhich is a mappingfrom its input
tracesto its outputtraces,subjectto the principle of causality: an outputvalue at any time can
dependonly on the input valuesbefore,or at, thattime. The languagehasa formal semantics
basedon the leastfixpoint of setsof equations[ZM92a]. In applyingit to a robot operating
in a given environment,one separatelyspecifiesthe behaviourof the robot plant, the robot
control programand the environment. The integratedsystemconsistingof plant, control, and
environmentcan then be shownto have various properties,such as safety and liveness. This
approachallows oneto specifyformally, andverify, modelsof embeddedontrol systems.Our
goalis to developit asa practicaltool for building real, complex,sensor-baserbbots. It canbe
seenasa developmenbf Brooks’ SubsumptiorArchitecture[Bro88] thatenhancests modular
advantagesvhile avoidingthe limitations of the augmentedinite statemachineapproach.

9 Thenamesareinspiredby Monty Python’ssoccer-playinghilosophersketch.ZenoandHeraclituswereparticularlyconcernedvith dynamic
worlds.

10 |n fact, the Clod Busterwas the only vehicle usedfor soccer-playinguntil recently. The impetusfor moving to smallervehicleswas to
operatemore vehiclesin the sameworkspace.

11 Theseapproacheslo not representhe views of all the authors.



A robotic systemis modeledas three machines:the robot plant, the robot control and the
environment.Eachis modeledseparatelyasa dynamicsystemby specifyinga CN with identified
input and output ports. The robotis modeledasa CN consistingof a coupling of its plant CN
andits control CN by identifying correspondingnput and outputports. Similarly, the robot CN
is coupledto the environmentCN to form a closedrobot-environmenCN.

CN providesa denotationalsemanticsfor real-time programminglanguagesand for the
overall behaviourof robotic systems.Moreover,a real-timetemporallogic hasbeendeveloped
for specifyingthe desiredpropertiesof the situatedrobot. The relationshipbetweena constraint
net model of a robotic systemand a temporallogic specificationof a desiredbehaviorcanbe
verified. Sofar, we havebeenableto specify,design,verify andimplementsystemdor a robot
that cantrack other robots[ZM92b], a robot that can escapefrom mazes,a two-handedrobot
that assembleobjects[ZM92c], and an elevatorsystem[ZM93]. For the Dynamite project
we have designeda simulationof the robot plantin CN andimplementeda controller for the
robotin CN that can plan and executepaths. Although CN can carry out traditional symbolic
computationon-line, such as solving ConstraintSatisfactionProblems[?] and path planning,
notice that much of the symbolic reasoningand theorem-provingmay be outsidethe agent,in
the mind of the designer.Good Old FashionedArtificial Intelligenceand Robotics(GOFAIR)
doesnot makethis distinction,assuminghat suchsymbolic reasoningoccursexplicitly in, and
only in, the mind of the agent[Mac93].

3.2 Dynamic Action Selection

An agentcooperatingand competingwith other agentsin a changingworld must behave
appropriately. We agreewith Brooks [Bro91]: “Intelligence is determinedby the dynamics
of interactionwith the world.” It is not sufficient for an agentto selectan action (or activity)
intelligently. An agentmustalso ensurethat any actionsit is performingare intelligent given
the current situation

It is not sufficient for a disembodiedff-line plannerto sendplansto a low-level controller.
Rather,the deliberativecomponenf(traditionally a planner)mustreactto changesn the world
asthey happen;dynamicaction selectionis needed.Maesstatedin [Mae90] the needfor such
a system,andarguedthattherearetrade-ofs involvedin actionselection.We disagreewith the
notion of trade-ofs. It is desirableto havean agentevaluateits goalsand the expectedutility
of its actionsasoften aspossible.The only way to do the right thing in an unpredictablevorld
is to look at it and decide— not to pursueone goal singlemindedly.

We proposea two layer architecturefor a robot controller. The lower layer is composedf
a setof task-following modules,eachof which caninteractwith the environmentto performa
well defined taskor activity. This follows from similar work by [Fir92]. The deliberativelayer
of our controlleris composef behaviourproducingmodules. The behaviourbasedapproach
is commonto much of the work on the situatedagents. However, we feel that the current
mechanismdor arbitratingamongbehavioursare inadequate.Our methodfor dynamicaction
selectionis basedon inter-behavioumidding, an approachmore generalthan other approaches
[Bro88; KR90].



The main idea behindthis theory of action selectionis that eachbehaviouris bestable to
identify how applicableit is in a given situation. Each behaviourindependentlyevaluateghe
world and reportsa utility estimateor bid to the other behaviours. The behaviourwith the
highestbid assumescontrol since it hasthe greatestutility. This follows from the theory of
drives in psychology[Tyr93]. The allowable bid rangesare set by the designer,just as the
hierarchyof behaviourss setin the SubsumptiormArchitecture. Oneadvantagef a this scheme
is thatthe bid rangescanbe setat run-timeor evenchangedn the fly in a systemwhich learns.
To clarify, thereis little relation betweenour approachand other systemslike ContractNets
[Smi80; Nor92] wherethereis negotiationbetweenbehaviours.

This theory of actionselectioncan be extendedo multiple robots. In this case,eachrobot
would broadcasits intendedactionsanda bid which estimateshe appropriatenessf thataction.
Robotswhoseactionsarein conflict will reevaluatehe situationincluding the bid information
of otherrobots. Robotswith lower bids than otherrobotswill lower their internal bid for that
actionwhich will resultin the selectionof someother action.

The effectivenessof the lower layer of our architecturehas beendemonstratedising the
Dynamitetestbed.Controller functionality includesmotion planning,ball shootingand playing
goal. Two robots can (and frequently do) competein a one-on-onegame of soccer. The
controller for eachrobot alternatesbetweendeliberation(action selectionand planning) and
execution(pursuinga specificaction). Thefunctionality of the executivelayerandthe usefulness
of the Dynamite testbedhasbeenestablished.We havea video which showsthe testbedand
documentghetwo robotsplaying soccer.The full advantagegainedfrom this approachwill be
demonstratedvery soon!) when controller performssimultaneousieliberationand execution.
We expectto havetwo teamswith threerobotson eachside playing soccerin the nearfuture.

4 Conclusion

One goal of the Dynamo Projectis to explore cooperationand competitionamong multiple
robots. We havedeveloped flexible environmentfor experimentsvith multiple radio controlled
vehicles. This is a unique and successfulapproachfor multiple robot experiments. Much of
our work is focusedon the soccerworld, althoughthe Dynamitetestbedcan be usedfor other
applications. Currently, only path planning, motion tracking, and somesimple activities have
beenimplemented.We have performedexperimentsvith competitionbetweentwo robotsand
soonhopeto haveteamsof competingrobots.
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