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Abstract

Good Old FashionedArtificial Intelligence and Robotics (GOFAIR) relies on a set
of restrictive OmniscientFortuneTeller Assumptionsaboutthe agent,the world and their
relationship. The emeging SituatedAgent paradigmis challengingGOFAIR by grounding
theagentin spaceandtime, relaxingsomeof thoseassumptiongproposingnewarchitectures
and integrating perception, reasoningand action in behavioral modules. GOFAIR is
typically forcedto adopta hybrid architecturdor integratingsignal-base@ndsymbol-based
approachebecausef theinherentmismatchbetweerthe correspondingn-line andoff-line
computationaimodels. It is aguedthat SituatedAgentsshouldbe designedusinga unitary
on-line computationaimodel. The ConstraintNet model of Zhangand Mackworth satisfies
that requirement.Two systemdor situatedperceptionbuilt in our laboratoryare described
to illustrate the new approach: one for visual monitoring of a robot’s arm, the other for
real-timevisual control of multiple robotscompetingand cooperatingn a dynamicworld.

1 Intr oduction

The title of this paper,“On SeeingRobots”, leavessubstantialscopefor playful ex-
ploration. The simple ambiguityis, of course,betweendescribingrobotsthat seetheir
worlds and systemshat seerobots. Thesecategoriesare not exclusive: | alsocombine
them and discussrobotsthat seerobots and evenrobotsthat seethemselves.Further-
more, the title is designedto echo,and pay homageto, a classicvision paperentitled
“On SeeingThings” by Max Clowes[1] asl havedoneoncebefore[2]. But the context,
the agumentsand the conclusionsare new; the comparisonis usedexplicitly hereto
showthe differencebetweenthe classicalapproachandan emeping situatedapproacho
robotic perception.The mostimportantreadingof thetitle is thatthe paperis abouthow
we seerobots;it is aboutthe computationaparadigmsthe assumptionsthe architectures
and the tools we useto designand build robots.
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2 Good Old FashionedArtificial Intelligence and Robotics

The phraseGood Old FashionedAtrtificial Intelligence (GOFAI) was introduced by
Haugeland3] to characterizeéhe classicalsymbolmanipulationapproacho Al. In GO-
FAIl intelligenceis identifiedwith reasoningandreasoningwith rule-basedmanipulation
of symbolic structures.Given the fact that syntacticproof theory and Tarskiansemantic
modeltheory canbe placedin isomorphiccorrespondences GOFAI systemcanbe said
to reasonaboutthe real world. How it senseshe world andhow it actsin the world, if
at all, are secondaryconcernsdelegatedo separatgerceptionand action modules. We
extendGOFAI hereto Good Old FashionedAl and Robotics(GOFAIR) to characterize
the idea of building a robotic systemwith a perceptionfront end that translatesfrom
signalto symbol,a GOFAI systemasthe meatin the sandwichand a motor backend
that carriesout actionsin the world. So a GOFAIR systemconsistsof three modules
for perceptionreasoningand action, respectively. (This characterizatiorof a GOFAIR
robotis, of coursean unfair but usefulcaricature.)The paradigmatienvironmenthata
GOFRAIR robotinhabitsis the blocksworld. Clowes[1] andmanyothers[4] providedthe
toolsto build perceptuasystemghattranslatedarbitraryimagesof thatworld to symbolic
descriptiongor the purposesf reasoningand planning. Planningfor a GOFAIR robot,
using the situation calculusor the simplified STRIPSrepresentationmodelsactionsas
changedo a global world model, maintainedas a set of sentencesto producea plan.
In GOFAIR (but not in generalaswe shall see)a planis just a list of actionswhich if
executedwould changethe world into its desiredstate,providedthat the world were as
modelled,the actionmodelswere correctandthat nothing elseintervened.It is possible
to makeexplicit someof the meta-assumptionaboutthe agentandits world implicit in
much of the GOFAIR researchstrategy[5]:

O Assumption IR (Individuals and Relations): All thatis usefulfor an agentcan
be describedn termsof individuals and relationsamongstindividuals.

0 Assumption BK (Belief is Knowledge): An agent’sbeliefs aboutthe world are
true and justified.

0 Assumption DK (Definite Knowledge): An agent’sknowledgeof the world is
definite and positive.

0 Assumption CK (Complete Knowledge): The agent’sknowledgeof the world
is complete. This requiresthat everythingrelevantaboutthe world be known to
the agent. This ClosedWorld Assumptionallows the agentto assumesafely that
a fact is falseif it cannotinfer thatit is true.

O Assumption SE (Static Environment): The environmentis staticunlessanagent
changesit.

O Assumption OA (One Agent): Thereis only one agentin the world.
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O Assumption DW (Deterministic World): Givena completeanddefinite descrip-
tion of the world the agentcan predictall the effects of an action.

0 Assumption DSA (Discrete Sequential Actions): Actions are discreteand they
are carried out sequentially.

Theseassumptionareveryrestrictive. OA rulesout otheragentsactingcooperatively
to helpthe agent,competitivelyto frustratethe agent’splansor neutrally,asnaturemight
do. OA also meansthat the agentdoesnot haveto reactin real time to changesn the
world. DW rules out non-deterministicactions,such as tossinga coin. BK, DK and
CK meanthat the agentis really omniscient— it hasdefinite knowledgeof everything
relevantto achievingits goals. AssumptionDSA rulesoutthe needto considercontinuous
eventssuchas processesand the possibility of performingactionsconcurrently,which
would require reasoningaboutthe durationand terminationof actions. By making all
theseassumptiongxplicit we can considerrelaxing themindependentlyas needed.

To realizethe force of theseassumptiondet us considera world in which they are
all violated. Supposewve want to build a robotto play soccer. Quite apartfrom all the
difficult robotics and perceptionproblemsinvolved, we have substantialchallengesin
representatiorior planningand action. OA is violated: thereare cooperatingagentson
the robot’s team, competingagentson the other team, and neutral agentssuch as the
refereeandthe weather.DW is violated: it is not possibleto predictpreciselywherethe
ball will go whenit is kicked, evenif all the relevantfactorsare known. Eachof BK,
DK andCK is violated. Moreover,DSA is violated: continuouseventssuchasa player
runningto a position, or the ball moving throughthe air, occur concurrently.

Our idealizationsandsimpleworlds canlead us astray. The collectiveforce of these
assumptionss that, in GOFAIR, we postulatea world in which all the effects of an
actionare knowablebeforethe actionis takenin the world. In homageto this powerful
consequenceye dub themthe OmniscientFortuneTeller Assumptiong OFTA).

A further radical consequencef the OFTA is that they dictate that perceptionis
unnecessaryor intelligent actionexceptasit is neededo determinethe initial stateof
the world. They allow an agentto retreatinto its headconstructing,by reasonalone,
a plan as an action sequencavhich is then playedas a motor commandtape. In other
words, planningis reducedto finding a straight-line programwithout conditionalsor
loops. Someof the OFTA arenow beingrelaxed(see,for example the work on reactive
planning[6]) butthey still permeatehe way we designour agents.They havesanctioned
the divorceof reasoningrom perceptionandaction. Thereis aninterestinganalogyhere
with motor controlin robotics. The off-line approachto straight-lineplanningis directly
analogoudo openloop deadreckoningcontrol. They both embodythe assumptiorof
perfect knowledgeof the consequencesf all actions. The OFTA, and not the frame
problem which follows from them, is the real difficulty here. Justas deadreckoning
fails for navigation,the unacceptableonsequencesf the OFTA have forced a crisis
for GOFAIR which presagesa paradigmshift. In the period of extraordinaryscience
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provokedby the impendingcollapseof a paradigmthere are many contenderdor the
new paradigm[7]. Somebelievethat a normal processof relaxing someof the OFTA
assumptionsvill succeedpthersthatnothingshortof arevolutionwill work. Eitherway,
it is worth spendingsometime andeffort to understanéndmakeexplicit the foundations
of GOFAIR to seeif theyareall rottenor just a little shakyandin needof shoringup.

3 Situated Agents

The attempt,in the GOFAIR paradigm,to establishperceptionreasoningand actionas
semi-autonomousisciplineshasyielded useful mathematicabnd computationakesults
but hasalsoled to sterility. That strategyhasfailed to producethe coherentanalytical
sciencenecessaryfor the syntheticengineeringactivity of building intelligent agents.
Unlike Gaul, intelligenceis not divisible into threeparts. The perceptionyeasoningand
actionmodulesof GOFAIR not only can’t be built but alsodo not correspondo natural
scientfic domainswith cleaninterfacesandlimited interactionamongsthem. Perception,
reasoningand action correspondonly to labelsthat we useto caricatureaspectsof the
agent’'sbehavior. Brooks [8] has correctly pointed out that the traditional divide-and-
conquerAl approachto robotics, by slicing intelligenceinto perception,reasoningand
action, has pursueda strategythat doesnot scaleup. This, incidentally, implies that
any researchprogrambasedon that division will be sterile. But, althoughthis reduction
doesnot carry through, that's no excusefor abandoningreductionistscientific activity
and retreatingto holistic philosophizing. Alternate reductioniststrategiesare available,
suchasfocussingon hierarchieof behaviorunits, eachof which canembodyelementof
perceptionyeasoningandaction,asin the subsumptiorarchitecturd9]. |1 acceptBrooks’
diagnosisof the problembut not his prescriptionfor the solution[10]. It is clearthough
thatclosercouplingof perceptiorandaction,intermediatedy reasoningvhennecessary,
in embeddedehavioralmodulesis the correctgeneralapproach.As discussedater in
this paper,analternativedecompositiorstrategyis the ConstraintNet modelof intelligent
systemd11], that allows formal characterizatiorand implementatiortechniques.

Neither Al nor robotics (nor, for that matter, computationalvision or any other
subdisciplineof either field) can proceedautonomously. The version of divide-and-
conquerthat we have beenplaying, namely, functional decompositionjs not now the
best strategy. The bestpayof in the next few yearswill comefrom approacheghat
design,analyzeand build integratedagents. This requirementor cognitiveintegration
the tight coupling of perception,reasoningand action, should dominateour research
strategy.This is a non-trivial requirement:asl’ll arguelater,it follows asa consequence
that systemsmustbe designedandimplementedn a single unitary framework.

By abandoninghe OFTA, we seethat the agentcannotmaintain a faithful world
model by reasoningalone. (From this it doesnot follow, paceBrooks, that we should
abandonreason[12] or representatiorj13]!) Indeed,it cannotmaintaina completely
faithful world modelby any means.Actions havemanypossibleunpredictableoutcomes
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andrealworldscannotbe exhaustivelynodelled.But, rangesandlikelihoodsof outcomes
can be characterizedand real worlds can be partially modelled. Risk-taking under
uncertaintyis a necessanaspectof intelligent behavior. Perceptions not exhaustivejt
is purposive model-basedsituated,incrementaland multi-modal. Perceptuahctionsare
plannedand carried out to acquireknowledge. A blind person’scanetappingstrategy
illustratesthe coupling of perceptionreasoningand action: eachsubserveshe others.

Plansare robot programs. Straight-linecodeis only their simplestform. However,
we mustlearnthe automaticprogramminglesson.Evenin the predictable disembodied
world insidea computer,automaticprogramminghasprovenan elusivegoal. Automatic
planningin the world of a robotis muchharder.But planning,in its fully generality,is
not a necessargomponenbf anintelligentagent;however,respondingappropriatelyto
changesn the world is always necessary.

The claim is that Al androboticswill be integratedonly if Al researcherstop fo-
cussingon disembodiedsolipsisticreasonerandif roboticistsaccepthe needfor richer,
more adequatemethodologieso describethe world. Nonstandardogical approaches
basedon theory formation, dialectical reasoning,agumentstructures,belief as defea-
sible knowledge,situatedautomataand constraint-basedodel-theoretiapproachesre
all promisingbut they mustconsiderperceptionandactionasplayingrolesin the theory
beyondsimply providing truth valuesfor atomic propositions.Overthrowthe tyrannical
reasoner!For example ReiterandMackworth[14,15] haveprovideda logical framework
for depictionthat allows reasoningabouta world andimagesof that world, characteriz-
ing the interpretationf animageasthe logical modelsof the descriptionof the image,
the sceneand the image-scenanapping. This allows the coupling of perceptionand
reasoningthrougha commonlogic-basedanguage.

The critiquesand rejection, by some,of the GOFAIR paradigmhave given rise to
what we shall call the SituatedAgent (SA) approache®f Rosenscheirand Kaebling,
[16,17], Agre and Chapman[18,19], Smith [20], Brooks [12], Ballard [21], Winograd
and Flores [22], Lavignon and Shoham[23], Zhang and Mackworth [24] and many
others. The collection of SA approachess sometimesalso known loosely as Nouvelle
Al. It is hardto definethe SA approachsuccinctly;emeging paradigmscan often only
be definedin retrospect. Indeed, the various approachesardly constitutea mutually
consistentand coherentschool; but, they do representa movement. Perhapsa way to
conveythe flavor of the differenceis thatin GOFAIR ad hocis a term of abuse(used,
say, to describea systemwithout a Tarskiansemantics)jn SA, on the other hand,ad
hoc meaningliterally “to this”, is anindexical— a greatcompliment.In short,a situated
agentis a real physicalsystemgroundedand embeddedn a real world, hereand now,
acting and reactingin real-time.

Situatedagentsclearly indulge not only in situatedaction and, perhaps,n situated
reasoningout alsoin situatedperceptionf21,25]. Anothershift in movingfrom GOFAIR
to SA is from a single agentin a static world to multiple agentsin a dynamicworld
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which, for our purposesentailsalsoa shift from staticperceptionto dynamicperception.
So one themeof this paperis situateddynamicperception

Someof the connotationsof the shift from GOFAIR to SA can be elicited by the
shift from “Seeing Things” to “Seeing Robots”: the ultimately situatedagentseesnot
randomly-arrayedyjnexpectedthings” but a coherentdynamicevolving sceneresulting,
in part, from its own movementsand actions. This shift is most dramatically and
effectively conveyedwhen the robot seespartsof its own body.

4 Back to the Future

Feedbaclkcontroltheory,usingthe perceivedeffectsof actionsto controlfuture actionsin
orderto achievea desiredpurpose hasled to an array of mathematicahnd engineering
triumphs. Moreover, hierarchicalfeedbackcontrol theory hasshownus how to achieve
stable behaviorsfor a wide variety of complex systems,by closing feedbackloops
betweenthe agentand the world at every level of the hierarchicalstructure. This is
achieveddespitethe stubbornreality of phenomenasuchasjoint backlash friction and
flexible links, that are hard to model tractably. So far, however,hierarchicalfeedback
control has mostly beenusedto control agentswherethe environmentaldescriptionis
impoverished:an n-dimensionalvector of scalars.We needto apply the key insight of
hierarchicalfeedbackcontrol but usedescriptivelyricher languagesand methodologyto
model the environmentand the agentitself.

Occam’sRazorrequiresthat our most fundamentakesearchgoal shouldbe to base
the new paradigmon a unitary theory. Ideally sucha theory will be mathematicain
naturebut will leadto appropriatecomputationaformalisms. We alreadyknow that it
must include standardcontrol theory as a specialcase.

An alternativeto a unitary theoryis the approachtakenby many,of building hybrid
systemswith signal-basedow-level systemsand symbol-basedhigh-level GOFAIR
systems. The hybrid approachis estheticallyrepellentand pragmaticallycumbersome;
moreover,it hashad limited experimentalsuccess.

The root problemwith the hybrid approachs a completemismatchof the natureof
the two underlying computationalparadigms[24]. The GOFAIR symbol-manipulating
systemsare basedon off-line computationaimodelssuchasvirtual machinedor Lisp or
Prolog. In essenceheseareall in the off-line Turing Machineparadigmof computation.
An off-line model computesits output as a mathematicafunction of its inputs. There
is no notion that the inputs arrive over time. The signal-manipulatingsystemsthough,
are basedon on-line models. An on-line model, suchas a circuit, computesan output
trace(a function of time, on a discrete,denseor event-basedime structureto a domain
of values)asa transductionof its input traces. This fundamentalmismatchensureghat
the oft-discussedaignal-symbolnterfaceis hard,if notimpossibleto specifycoherently,
let alone build.
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Notice, in particular, that the off-line approachpervadesGOFAIR. Planning, for
example,is seenas an atemporalactivity; it involves reasoningabout actionsin time
but it doesnot occurin time. The recentflurry of activity in ‘anytime’ planningis an
acknowledgmenof thisdiscrepancyVisionis conceivedasimplementinga mathematical
functionwhoseinputis theretinal stimulationandwhoseoutputis, variously,adescription
of the image, a viewer-centreddescriptionof the visible surfacesor a world-centred
description. Deconstructionof GOFAIR along theselines is instructive, and perhaps
necessaryif we areto escapehe pervadingoff-line assumptions.

One of the requirementswve place on a unitary paradigmis that it subsume for
example, signal processing,control systems,analog and digital circuit models, and
dynamicalsystemsmostgenerally.(This is indeeda tall order.) All of theseparadigms
assumean on-line computationalmodel; they are also all of a venerablevintage. And
yet the impressioncreatedby GOFAIR is that we have left theseframeworksbehind,
or beneath,us. On the contrary,we mustrevisit them, include them and situatethem
in the symbolic paradigm;this requiressubstantialgeneralizatiorof both the traditional
signal-base@ndthe traditional symbol-base@pproaches(If this analysisis correctthis
move back to the future will indeedbe ironic, and painful, both for GOFAIR and for
Nouvelle Al; eachis ratherfond of thinking of itself asthe avantgarde) The unitary
approachwill only succeedfollowing this line of argument,if that generalizations a
single on-line computationalmodel.

One suchmodelis embodiedin the ConstraintNet (CN) approachthat Ying Zhang
and | have developed. CN is a model for robotic systemssoftware implementedas
moduleswith 1/0O ports[26]. A module performsa transductionfrom its input traces
to its output traces,subjectto the principle of causality: an output value at any time
candependonly on the input valuesbefore,or at, thattime. The languagehasa formal
semanticdasedon the leastfixpoint of setsof equationg11]. In applyingit to a robot
operatingn agivenenvironmenbneseparatelgpecifieghe behaviourof therobotplant,
the robot control programand the environment.The total systemcanthen be shownto
have various properties,such as safety and liveness,basedon provable propertiesof
its subsystems.This approachallows one to specify formally, and verify, models of
embeddedontrol systems.Our goal is to developit asa practicaltool for building real,
complex,sensor-basetbbots. It canbe seenasa developmenbf Brooks’ subsumption
architecture[8] that enhancests modularadvantagesvhile avoiding the limitations of
the augmentedinite statemachineapproach.

A robotsituatedin anenvironmenis modeledasthreemachines:therobotplant,the
robot control and the environment. Eachis modeledseparatelyas a dynamicalsystem
by specifyinga CN with identifiedinput andoutputports. The robotis modeledasa CN
consistingof a couplingof its plant CN andits control CN by identifying corresponding
input andoutputports. Similarly the robot CN is coupledto the environmenitCN to form
a closedrobot-enviromentCN.
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The CN modelis realizedas an on-line distributed programminglanguagewith a
formal algebraicdenotationakemantic&nda specficationlanguageareal-timetemporal
logic, that allows the designerto specify and prove propertiesof the situatedrobot by
provingthemof the robot-environmen€CN. Sofar, we havebeenableto specify,design,
verify andimplementsystemsfor a robot that can track other robots[26], a robot that
canescapdrom mazesand a two-handedobot that assemble®bjects[24], an elevator
system[27] and a car-like robot that can plan and executepathsundernon-holonomic
constraints.Although CN can carry out traditional symbolic computationon-line, such
as solving ConstraintSatisfactionProblemsand path planning, notice that much of the
symbolic reasoningand theorem-provingmay be outsidethe agent,in the mind of the
designer.GOFAIR doesnot makethis distinction,assuminghatsuchsymbolicreasoning
occursexplicitly in, and only in, the mind of the agent.

5 Situated Perception

Whetheror not SituatedAgentsin general,or ConstraintNetsin particular,emege as
the focus of the next paradigm,the choiceof target problemdomainis key for moving

beyondGOFAIR. It mustrequirefor its solution cognitive integration. It shouldrequire
experimentahndtheoreticalprogressn techniquedor perceptionyreasoningandaction
but be within their grasp,so to speak. It should be useful with objective criteria for

success perhapscompetingwith anotherbaselinetechnology. It should allow us to

acknowledgehe difficulty of automaticplanning. It shouldallow for situatedperception,
that is, perceptionin a specific environmentalcontext of the relevantenvironmental
variables.Given all that, it shouldalsobe as simple,and exciting, as possible.

Onetamget domainwith thesecharacteristicss telerobotics.Teleroboticss a further
developmenbeyondteleoperationin teleoperatiora humancontrolssomeremotedevice
in amaster-slaveelationship.Teleroboticsncorporatesomeautonomousobotic control
with high-levelhumansupervision.Sucha systemshouldhavean internalmodel of the
environmentanda model of itself. Mulligan, Lawrenceand| havedesignedand built a
model-basedsision systemthat allows a telerobotto seeand monitor its own limbs,
allowing us to supplementor, perhaps,replace traditional joint sensorsfor position
control. By incorporatinga 3D model of a telerobot’s manipulatorwe used model-
basedtechniquesto determinethe joint anglesof the manipulator. It offers a cheap,
fast and reliable solution to the problem of joint angle feedback[28]. Relatedwork
on visual feedbackfor robotics has beensuccessfulfor highly constrainedtaskssuch
astable tennis[29] and throwing and juggling a ball [30] or requiresspecialmarkson
the arm, specialsensorsor speciallighting [31]. We now havea prototypesystemthat
can monitor the joint anglesof the boom, stick and bucketof an excavator. We have
completeda redesign,and a secondprototypeimplementationfor a systemwith real-
time performanceat 10 Hz using parallel and distributedalgorithmson image analysis
boardsand a Transputersystem.
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As the robot movesits limbs the perceptualystemusesvisual and proprioceptive
information to provide updatesto its internal self-model. A GOFAIR blocks world
hand-eyesystemhasto hide its arm before looking at the scene. Surely one of the
first perceptualtasksfor a robot or a telerobotmust be to understandmagesof its
own moving body parts. Once it has achievedthat, then visually-guided grasping
and coordinatedmanipulationbecomepossible. It suggestsusing visual feedbackto
supplementor replacethe traditional inverse kinematic and setpointmethodsfor path
planning and path following which, again, can be seenas an extensionof the off-line
planningmethodfor robot action. It is consistentwith our ideason distributedrobotic
architecturesn ConstraintNets. Sothis is a truly situatedrobot: situatedin the spatial
contextof its own body.

Whatwe havedonemay be seenasa steptowardsachievingone of the goalssetout
earlier, namely,integratingcontrol-theoreticand knowledge-basedpproachesA robot
manipulatoris typically controlledby representingts configurationas a vector of joint
angles. Individual servoloops for eachjoint allow precisecontrol of the manipulator.
In our model-basedision systemswe are usingan articulated,3D modelof the limb, a
richer descriptionthan a vector of joint angles,to representhe proximal environment.
But we envisionusing the perceptuabdatato closeservoloops,allowing for the control
of the movementof the limb continuouslyduring an action.

This approachachieveghe necessaryight couplingof perceptionyeasoningandac-
tion. The systemis purposive model-basedincrementaland multisensory.Telerobotics,
as an integrating applicationdomain, has the advantageover building completely au-
tonomousrobots in that we can incrementallyautomateaspectsof the total system’s
behaviorwhile maintainingfunctionality. This gives us a commonframeworkfor the
designof systemdfor a spectrumof applicationsrangingfrom human-controllednanip-
ulators operatingin constrainedenvironmentsto autonomousagentsin less structured
environments An agent'sbehaviormustbe specfied andcontrolledat manylevels: for
example,at the joint level, at the end effector level and at the tasklevel. At the lower
levelsthat specficationis in termsof setpointsand parametewectors,at the higherlev-
els as symbolic task descriptions.Thereare operationalcriteria for successwe cannot
finessereality by hiding in the OFTA. In orderto satisfy thosecriteria, it mustachieve
cognitive integration.

To investigateanotherworld in which the OFTA do not hold, Dinesh Pai and |
havestartedthe Dynamo(Dynamicsand Mobile Robots)Projectin our laboratory. We
are experimentingwith multiple mobile robotsundervisual control. The basicDynamo
testbecconsistof fleetsof radio-controlledrehiclesthatreceivecommandgrom aremote
computer.Using a paralleland distributedSIMD/MIMD integratedenvironmentyision
programsareableto monitorthe positionandorientationof eachrobotat 60 Hz; planning
andcontrolprogramscangenerat@andsendmotorcommand®utat 50 Hz. Thisapproach
allows umbilical-freebehaviourandvery rapid, lightweight fully autonomousobots. As
far as we know, it is a unique and successfulapproachto all the tradeofs involved
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Figure 1. Two soccerplayerscompetein the Dynamo project.
The striker on the right is shootingat the goal on the left.

in mobile robot design. In a relatedproject we also plan to mount sensorsjncluding
televisioncameraspn-boardherobotsandtransmitthe databackto off-boardcomputers.
As with other experimentdan mobile robotics, suchas[32,33], our aim is to integrate
theory and practice,aswell as symbolic reasoningand control algorithms. Soin a real
sensetheserobots can seethemselvesand their environment,so they can monitor the
effects of their own actionsand the actionsof others.

A long term goal is to haveteamsof robotsengagedn cooperativeand competitive
behaviour. In particular, we have chosensoccerplaying as one of the tasks. Our
initial experimentshavebeensuccessful.With Rod Barman,StewartKingdon, Michael
SahotaandYing Zhang,we havedevelopedandtestedpathplanningand motion control
algorithmsthat allow a playerto getto the ball andto shootit at the goal, while a goalie
tries to stopit, asshownin Figurel. Someof this work is basedon the Constraint
Net formulation outlined above. That formulation is particularly useful here since we
havewritten a simulationof the dynamicsof the playerasa constraintnetanddeveloped
planningandcontrolalgorithmsin CN. The Dynamotestbedwill force usto developand
experimentwith algorithmsat all behaviorallevels. Currentwork in the field typically
adoptsa hybrid schemegraftingsymbolicAl algorithmsontonumerical,or fuzzy, control
schemeswith the problemsresultingfrom the underlyingoff-line/on-line computational
mismatchdescribedearlier. We intend further practical and theoreticaldevelopment
of CN as a languagefor writing robot programsin this environment. An important
hypothesisto be testedis that this single uniform on-line framework is adequatefor
expressingplans at all levels.
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6 Conclusions

We havelooked at robotslooking at the world, at other robotsand at themselves.We
havealsolookedinsiderobotsto examinetheir architectureand embeddedissumptions.
GOFAIR robots, basedon the OmniscientFortuneTeller Assumptionsand hybrid off-
line/on-line computationaimodels,are being challengedby SituatedAgents,embedded
in time and space. The Constraint Net approachmodels the robot and its world
symmetricallyas coupleddynamicalsystems. CN is an appropriateformalism for the
new paradigmsinceit allows analysisof the interactionof the robot embeddedn its
specificworld; moreover,it is allows us to developpracticaltools basedon a unitary
on-line distributedcomputationaframework. Two systemsfor situatedperceptionwere
describedas benchmarkchallengedor the new approachto seeingrobots.
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