Experiments in Realising Cooperation betw een Autonomous Mobile Robots

David Jung, Gordon Cheng and Alexander Zelinsky

Robotic Systems Laboratory, Department of Systems Engineering

Research School of Information Science and Engineering

Australian National University

Canberra, ACT 0200, Australia http://syseng.anu.edu.au/rsl

Abstract: This paper describes experiments in cooperation using autonomous mobile robots to performa cleaning task. The robots have heterogeneous capabilities and the task is designed so that cooperation is required. Each experiment increases the sophistication of the cooperation scheme to assess the effect on task performance. The experiments range fromusing emergent cooperation with no communication to explicit cooperation and communication.

We also propose an action selection mechanismthat can also be used for distributed planning of joint actions inspired bythe wayprimates co -construct joint plans. Keywords: Cooperation, Vision, Touch, Mobile

1. I

NTRODUCTION

The research effort into multi-robot systems is driven by the assumption that multiple agents have the possibility to solve problems more efficiently than a single agent.Agentsmustthereforecooperatein someway.Beforewecan begin to consider cooperation between robots we must define exactly what is meant by cooperation.

Next we will investigate how cooperation can be achieved within a behaviour-based framework, by implementing cooperative behaviours using mobile robots to perform a concretetask.

The basic control designapproaches canbe broadlydivided into four types.

These are defined by [Mataric 92a] and we brieflyreiterate themand their shortcomings here. The purely reactive approaches use a mappingfromsensor sets to associated actions; a set ofrules [Brooks 87] . The planner-based strategies originated withthe symbolic AI communityand employa sense-plan-act cycle. The planstage uses cognitive techniques to reasonabout a symbolic world model. There also exist hybrid systems whichemployreactive components beneathplanner-based systems to provide the benefits ofboth. Another approachis behaviour-based , which uses a set of interactingdistributed concurrent behaviours, eachofwhichmayincorporate memory and learningofenvironmentrepresentations.

The purelyreactive approachachieves robust real-time performance, but the tasks that canbe achieved are limited because ofthe lackofanycognition. The planning approachsufers froma number ofproblems includingslowinteractionwiththe environment due to slowprocessing, the frame problemand the symbol grounding problem. The hybrid approaches attempt to marrytwo incompatible philosophies and still sufer from manyofthe problems ofthe planningapproaches. For more depthon theseproblemsreferto [Pfeifer 95] .The behaviour-based approach has the potential of real-time response and cognitive processingina uniform manner. We have chosento implementourcooperativebehaviourwithinthebehaviour-based philosophy.

2. O UR A IMS

As researchinto multi-agent cooperationis still a relativelynewfield there are no standard formalisḿs for describingcooperation nor benchmarks for measuringthe performance oftechniques. The aimofour researchis to determine the defining characteristics ofcooperative behaviour; examine the efect ofthese characteristics on performance and to propose a scheme for implementingcooperationwithinthe frameworkofbehaviour-based roboticsystems.

Inorder to assess the performance ofdiferent levels ofsophisticationof cooperative behaviour we have focused ona concrete application. The taskwe have chosenis for two autonomous mobile robots to cleanthe floor ofour laboratory. The

Ỳamabico´robots [Yuta 91] shownin Figure 1 each have diferent tools and sensors suchthatneithercanaccomplishthetaskalone.

Figure 1 - (a) Yamabico Flo (b) Yamabico Joh

The robot `Joh´ navigates byvision, and has a vacuumcleaner that canbe turned onand ofvia software. Johś taskis to vacuumpiles oflitter fromthe laboratoryfloor.

It cannot vacuumclose to walls or furniture. It has the capabilityto s̀ee´piles oflitter usingitsvisionsystem,butnotfineparticlesscattered overthefloor.

The other robot `Flo´ , has a brushtool that is dragged over the floor to sweep distributed litter into larger piles for Johto pick up. Flo uses whisker sensors to navigate(see Figure 1 a).

The taskis to be performed inthe unmodified indoor environment ofa laboratory.

Our laboratoryis cluttered and the robots have to contend withfurniture, other robots,

people, openingdoors, changinglightingconditions, equipment withdanglingcables

and otherhazards.

3. W HAT IS C OOPERATION ?

The word c̀ooperation´has beenapplied to behaviour betweenrobots and also

between humans and robots, without muchthought havingbeen givento its exact

meaning. Althoughits literal reading-simultaneous operation-is quite general, the

word has historicallybeen used primarilyto refer to the joint behaviour ofhumans, and

sometimes animals. As suchits traditional meaningmaybe loaded with

anthropomorphic assumptions whichdo not hold inthe modernrobotics context.

Before we consider anappropriate definitionfor robot cooperationwe need to examine

cooperative behaviour in humans and animals. As cooperationis a social phenomena

we maylookto sociologyand social psychologyfor insight into its mechanisms

[Tinbergen 53] [Wilson 75] [Wright 95] .

3. 1 The origins of Altruism

Giventhat Charles Darwinś theoryofnatural selectionimplies that individuals

behave ina completelyselfishmanner to increase their ownfitness, anobvious

questionis ẁhydo biological organisms cooperate at all?´. This veryquestion

perplexed Darwinwho introduced a mechanismhe called group selectionto account

for the cooperation he observed -without anyidea as to whygroup selectionshould

exist. The answer to the questioncame once the gene was discovered and was

identified as the basic selectionist unit, not the individual. Modernsociobiologyand

evolutionarypsychologyis based onthe applicationofDarwinś theoryat the level of

the gene instead ofthe individual. This selfish-gene approach has beenpopularised

across disciplines ina number ofbooks byRichard Dawkins [Dawkins 96] . It is

interestingto note that accordingto the social intelligence hypothesis intelligence in

primates ^ originally evolved to solve social problems and was only later extended to

problemsoutsidethesocialdomain ~ [Byrne 95] [Dautenhahn 96a] .

The evolutionarypathfromearlyprimates to humans was a longand convoluted

one. It was considerablyaccelerated once performance inthe social context became

the dominant drivingforce behind selectionrather thanjust survival inthe natural

environment. This was largelydue to the beginnings oflanguage. Adetailed account

ofthis is givenin [Wright 95] and [Diamond 91] . What we should keep inmind from

this is that the dynamics ofcooperationbetween humans implicitlyincludes a history

all the peculiarities ofour particular paththroughthe evolutionaryspace of

possibilities.

3. 2 Characterising Cooperation

The robotics communityhas investigated various characteristics ofcooperation.

Using the terms defined by [Cao 95] , which we can relate to the social organisation of biological systems, some of the characteristics that define the group architecture of a

cooperativesystemare:

· Centralisation/Decentralisation -ofplanning forcooperativeactions

· Differentiation -homogeneousorheterogeneouscapabilities

· Communication Structures-none,implicit,explicit,dialogueforplanning

· Modeling of Other Agents-no awareness,awareness,modeling ofothers

Amore detailed descriptionofthese and a classificationofcurrent researchinto these

categoriesisgivenin [Jung 96] .

Our researchfocuses onsystems whichare distributed, allowheterogeneous

individuals, explicit communication, and modellingofother agents. Individuals are

autobiographical -learnfromexperience, engage inexplicit communication, and

dynamicallyplancooperative actions. Althoughcooperationis dynamicallyplanned,

the mechanisms are determined at designtime -not learned via social or cultural

learning.Thelearningwillbelimited to learningtheenvironment.Therobots will also

begivenanimplicitmodelofsomeactionsofotheragents.

4. R

EALISING C OOPERATION

Inthe sections to follow we will describe four experiments we have designed

around the cleaningtask. The first will be a simple scenario not involvinganyexplicit

communicationor learning, and will serve as a benchmarkagainst whichto assess the

performance ofthe other three. Theywill increase the level ofcooperative

sophistication. Before we describe the experiments we will brieflydescribe the robot

hardwareweareusing.

4. 1 Hardware

We have the two Yamabico robots mentioned above, eachequipped withbasic

locomotionand four ultrasonic range sensors. The robot Johalso has a CCD camera

and video transmitter that sends video to our Fujitsu MEP tracking vision system . The

visionsystemdoes template correlation, and canmatchabout 100 templates at frame

rate. The visionsystemcancommunicate withthe robot, via UNIX host, over a radio

modemto close the loop. We have implemented a vision-based navigationsystemthat

is capable oflandmarkbased navigationand canoperate safelyindynamic

environmentsatspeedsup to 600 mm/sec [Cheng 96] .

The robot Flo has a brushand some novel proportional whisker sensors we have

developed for accuratelysweepingclose to walls and furniture. Flo has two whisker

sensors mounted onits left side for wall followingand two whiskers infront for

collisiondetection(see Figure 1 a). The basic behaviours we have implemented onJoh

and Flo are discussed below. First we will outline the three experiments we have

designed to carryoutthecooperativecleaningtaskand assessperformance.

4. 2 Experiments

4. 2 .1 Em ergent Cooperation

The simplest experimental case, whichwill serve as a benchmarkagainst whichto

access the followingthree, involves no awareness ofthe other robot and hence no

explicit cooperationor communication. Anycommunicationis implicit via interaction

throughthe environment. The cooperationcanbe described as emergent. We have

found thatverylittleneedsto be added to the base competencyofeachrobot to achieve

thiskind ofcooperation.

Flo uses wall followingand obstacle avoidance behaviours to brusharound the

perimeter ofthe laboratoryclose to the walls. Periodically, Flo decides to deposit the

littercollected so far into a pile inclear space farther awayfromthe wall where Johcan

vacuumit.

Joh navigates our laboratoryusing visual landmarks. Aforagingbehaviour is

executed inwhichit wanders about the laboratory, avoidingobstacles, people and Flo

while searchingfor piles oflitter. The piles oflitter are identified usingthe vision

system. To conserve power Johonlyturns its vacuumonwhenits sees litter.

OccasionallyJohmayattempt to vacuumartefacts onthe floor that aren´t litter, suchas

a patchofsunlight or a piece ofequipment. Inthe case ofsunlight no harmis done,

whileinthecaseofapieceofequipmentthebump sensorwillstop therobot.

Joh

Flo

Litter

Figure 2 - (a) Cleaning by emergent cooperation (b) Visual obstacle avoidance

UsingthesesimplebehavioursFlo and Johcleanthefloorinanineficient manner.

Neither robot requires the capacityto purposivelynavigate around the laboratoryusing

alearned map inthiscase.

Sincewerequired aclosehighspeed wall followingcapabilityinFlo for sweeping

close to the walls, after investigatingexistingtechnologies, we decided to develop a

unique proportional whisker sensor [Jung 96a] . We utilised a Kalmanfilter to estimate

the robot positionrelative to the wall byfusingthe informationfromthe side whiskers

withthewheelodometry.Flo isalso fitted withasimplescoop so thatwall followingat

anappropriate distance causes litter to be scooped fromthe wall. Flo thenperiodically

drives into free space awayfromthe wall and reverses leavinga pile oflitter from scoop behind.

The wall followingbehaviour was extended to followroughcontours around the

laboratorybyusingthe front whiskers to detect corners and obstacles and to make an

appropriate turn. Flo also has other miscellaneous simple behaviours suchas reflex

stopping,doortraversal,trackingalongstraighttrajectoriesand others [Jung 96a] .

Joh has the abilityto visuallydistinguishbetweenthe carpet onour laboratory

floor and other obstacles at video frame rate (30Hz). This is accomplished usingour

template matching visionsystemand has beendiscussed in [Cheng 96] . This provides

a good free space wanderingand obstacle avoidance behaviour as shownin Figure 2 b.

Johalso needs the abilityto detect piles oflitter left byFlo. For this we use an

ìnterest´operator that segments areas ofnon-carpet surrounded bycarpet (see Figure

3 a).The 2D arrayoftemplate correlation values must be normalised to compensate for

camera lens distortionfirst. Once a possible pile oflitter has beendetected a visual

servoingbehaviour moves the robot over it. The vacuumcanbe turned onand ofvia

software control. Ifthe object was anobstacle not litter, thensince Johis fitted witha

rowofbump sensorsonthefront,itwillbestopped fromtryingto vacuumit.

Figure 3 - (a) Pile of litter and Interest operator output (b) Flo from Joh´s camera

The beautyofthis approachto litter detectionis that it is verysimple. It requires

little computation, no model, is veryrobust, and delivers enoughinformationfor the

task. Ascheme that used sophisticated classical computer visiontechniques, perhaps

usinga model oflitter, would be computationallyexpensive, dificult to implement and

would still fail some times. Hence almost nothingwould be gained since the bump

sensorswould stillberequired asbackup.

4. 2 .2 Cooperation by Observation

The second experiment, a more interestingcase, utilises explicit cooperation using

implicit communicationbypassive observation( cf . [Kuniyoshi 94] ). Inthis case Joh

uses the visionsystemto identifyFlo bymatchinga unique geometric pattern. By

observingFloś actions Johcandetermine the approximate locationofthe litter

deposited byFlo. This newbehaviour augmented the existingforagingbehaviour and

improved the eficiencyofthe cleaningtask. This case requires awareness ofFloś

existencebyJoh.

InparticularJohneedsto be able to identifyand trackthe motionofFlo inthe live

video. This is accomplished byplacinga unique patternonthe sides ofFlo and

trackingtemplates fromit with geometric constraints ( Figure 3 b). The match correlation value for eachtemplate is fused usinga networkofKalmanfilters. Other

workinour laboratoryused this technique withthe visionsystemfor robust human

head trackingand is discussed in [Zelinsky 96] . Because we knowthe size and shape

ofthe patternwe canalso easilyestimate the distance and headingofFlo relative to

Joh.

Joh

Flo

Joh

Flo

Figure 4 - (a) Cooperation by observation (b) Cooperation with communication

4. 2 .3 Cooperation with Com m unication

The third experiment, byincludingexplicit communicationbetweenthe robots,

canfurther improve the eficiencyofthe task. WhenJohcansee Flo it communicates

this fact. Inresponse Flo communicates the locationwhere it next plans to dump a pile

oflitter, specified relative to its ownlocation. Since Joh knows Floś locationrelative

to itself, the dump locationcanalso be calculated relative to itself. Johthen navigates

to the approximate dump locationand initiates a visual searchfor the litter pile. Ifit is

acquired a visual servo behaviour vacuums over it. This case onlyrequires some

simple communicative behaviours over the last experiment. Since it is not always

possible to predict Floś actions fromobservationalone, the communicationremoves

ambiguityand improves performance. For example, visuallydeterminingif, whenand

whereFlo plansto dump litterbyobservationaloneissomewhatuncertain.

The communicationbetweenthe robots is achieved usingtwo pairs ofradio

modems betweeneachrobot and a UNIX host incombinationwithsome networking

softwarewedeveloped forthecustomrobotoperatingsystem.

4. 2 .4 Co-construction of Joint Plans

All the capabilities required to implement the first three experiments have been

described.Thefourthexperiment requires a significant increase inthe sophisticationof

the basic behavioural capabilities ofthe robots. Inparticular theymust be able to learn

a map oftheir environment and purposivelynavigate byit. Amechanismfor this is

currentlybeingimplemented,and isbrieflydescribed below.

Thearetwo possibledialoguesinthisexperiment.WhenJohsees Flo it chooses a

name for the locationwhere it sees Flo and labels the locationinits internal map. It thentellsFlo to labelthelocationinits map. Johand Flo have diferent representations

for their maps. The map is represented interms ofthe behavioural and sensoryspace

ofthe robots, whichmeans Johwill have visual landmarks inits map while Flo will

have whisker based landmarks inits. Hence there is no possibilityfor communicating

anabsolutelocationexceptwherethelocationhasbeenlabelled asjustdescribed.

The second dialogue occurs whenFlo dumps litter, inwhichcase it communicates

thelitterlocationintermsofarelativepositionfromthenearestnamed location. Inthis

case Johsimplynavigates to the location usingits map and visuallysearches for the

litter to vacuum. AlternativelyJohcould just note the locationand vacuumthe litter

pilewhenitnextcomesnearthelocation.

Joh

Flo

A

B

C D

A,B,C,D

A,B,C,D

Figure 5 - Joint planning (eg. communication of rendezvous points)

The communicationis completelygrounded inthe behaviour-sensor space ofthe

robots eventhougheach has a diferent suchspace. There is no communicationof

symbolic concepts that have beenanthropomorphicallydesignated bythe designer. For

example, we mayconsider that Flo candetect d̀oors´usingits whiskers and Johcan

detect d̀oors´visually. Hence we might imagine some communication usingthe

concept ofa d̀oor ´. However, since a door to Flo is reallyjust a patternofwhisker

movements and to Joha geometric arrangement ofmatched templates, there will be

situations where the implicit identityassumptioninour anthropomorphic designation

will breakdown. As Connah and Wavish state ^ communication between them (robots)

will have to be flexible and natural; growing out of the perceptions that are part of

theirgeneralbehaviourpatterns ~ [Connah 90] .

The mechanismwe have developed for purposive navigation uses a spatial and

topological map representationthat is integrated into our actionselectionmechanism,

whichincorporates learning. This mechanismis brieflydescribed belowbecause it is

also the basis ofour proposed scheme for the dynamic co -constructionofjoint

cooperativeactionplans,whichiscurrentlybeingimplemented.

One major problemto be solved inrobotics is, givena robot witha repertoire of

basic behaviours -whichbehaviour should be selected next? Various actionselection

mechanisms have beenproposed, suchas RodneyBrooks´subsumptionarchitecture

[Brooks 87] . We have developed a mechanismbased looselyon Pattie Maes´

spreadingactivationscheme [Maes 90a] , extended to add integrated learningand

adapted to abehaviourbased framework.Thisisbeyond thescopeofthis paper, please referto [Jung 97b] .

Briefly, insimplified form, behaviours are connected ina network, where each

behaviour has a set ofpreconditions. The preconditions are the outputs of feature

detectors that are basicallyvirtual sensors. Onlyone behaviour is active at once, and it

musthaveallitspreconditionssatisfied.Behavioursare also connected to those feature

detectors that become satisfied as a result ofits execution-its postconditions.

Behaviours become active accordingto anactivationlevel -whichis a result ofa

spreadingactivationalgorithmthat depends onthe connections. For anexample see

Figure 6 . The precondition -behaviour connections are designed, but the

behaviour -postconditionconnectionare learnt accordingto correlations between

behaviours and feature detector outputs. The spreadingactivationachieves distributed

planningofactionsequences.Itcanhandlemultiplehypothesesand contingencies.

Stopped

Stopped

Both

Both Front Front

Whiskers

Whiskers

Pressed

Pressed

Both

Both Side Side

Whiskers

Whiskers

Pressed

Pressed

Stop

Stop

Reverse

Reverse

& Turn

& Turn

Wall

Wall

Follow

Follow

pp ss cc ss pp cc

Key:

FDFD
BB

FD is precondition  of B ( Design time )

FDFD
BB

FDFD
BB

FD is correlated/neg-correlated  with B ( Learnt )

P modifies activation  of S ( result of correlation )

PP SS

                           Figure 6  - Behaviour network implementation of a simple perimeter follower

                           The important point to note is that action sequences are always linked via a

condition that is directly sensed from the environment.  If a behaviour doesnt́ have the

desired effect on the state of the environment then its successor behaviour will not be

blindly activated.

                           We have designed a scheme for using this same mechanism for representing

topological environment maps.  These are landmark feature detectors linked by

behaviours to take the robot from one landmark to the next.  We have also incorporated

spatial mapping into the scheme by using feature detectors for locations which self-

organise like nodes of a Kohonen self-organising-map.

                           Primates are very social animals.  As Bond writes in reference to vervet monkeys

^ They are acutely and sensitively aware of the status and identity of other monkeys, as

well as their temperaments and current dispositional states ~ [Bond  96] .  Humans, as

other primates, have the ability to co -construct plans with more that one interacting

person, and flexibly adapt and repair them all in real time.

                           Bond goes on to describe the construction and execution of joint plans in

monkeys.  He defines a joint plan  as a conditional sequence of actions and goals

involving the subject and others.  In order to achieve interlocking coordination each

agent needs to adjust its action selection based on the evolution of the ongoing

interaction.  The cooperative interaction will consist of a series of actions - including

communication acts - where each agent attempts different plans, assesses the other

agents´ goals and plans, and alters the selection of its own actions and goals to achieve
a more coordinated interaction where joint goals are satisfied.  This model of

interaction is similar to that proposed by human conversation theorists [Goodwin  81] .

                           The action selection mechanism outlined above can be effortlessly applied to

planning this sort of joint plan.  This is because it is irrelevant which robot causes a

change in the environment that triggers the precondition of the next action of a

sequence.  For example a cooperative interaction may consist of a sequence of actions

by each robot interleaved (see Figure 7 ).

                                                   1a1a 2a2a

1b1b 2b2b

      Flo

          Joh

      Environment

Goto A &

Dump litter

Got OK

                                                                           Message to Joh - Meet

                                                                           me at Location A

                                                                                     Got message

                                                                                     goto x Message to Flo - OK

Goto x (=A)

Saw Flo dump

litter (at A)

Vacuum

litter

                                                                                              Figure 7  - Interleaved cooperative action sequence

                           This type of cooperative interaction, where the repertoire is essentially fixed at

design time, is adequate for realising the fourth experiment.  If we consider

communicative utterances as behaviours and heard utterances as sensed features then

this mechanism is also capable of planning dynamic communication dialogues.  We

may investigate this in future research.

5. C

                                  ONCLUSION

                           We have presented the design and implementation of some experiments in

cooperative cleaning behaviour between autonomous mobile robots.   In particular we:

                           ·
                                               Implemented a novel proportional whisker sensor and data fusion technique

                                               for close wall following.

                           ·
                                               Implemented basic robot behaviours for emergent robot cleaning, including

                                               whisker and vision based navigation capabilities.

                           ·
                                               Improved the performance of cleaning by adding, first implicit - by

                                               observation, and then explicit, communication between the robots.

                           ·
                                               Proposed an action selection mechanism for joint planning of cooperative

                                               actions, including the possibility of planning communication dialogue.

                           Although this was a slightly contrived task one can easily imagine applications

where there exists a trade-off between using one or a few very complex robots or a

larger number of much simpler and less expensive robots to perform a task.  For

example, you may design a large complex and expensive automated cleaning robot, but

in the event of failure the task cannot be performed.  If instead there were numerous

smaller, cheaper and simpler robots performing the same task cooperatively, then the

reliability of any single robot will be higher.  In addition, because they are cheaper to

manufacture it may be possible to have redundancy so that the failure of a single unit

does not render the whole system useless.  In addition the time required to develop a

few robots with simple behaviours may be less than that required for a single robot with

complex behavioural requirements.

                           We also believe that the approach to action selection we are proposing will prove
effective for implementing high-level behaviour in simple behaviour-based robots with

meagre perceptual abilities, including the possibility of distributed planning of

cooperative behaviour and dialogue for communication.

                           Videos demonstrating our experiments are available from our web site.

R
            EFERENCES

[Bond  96] Bond, Alan H.,  ^ An Architectural Model of the Primate Brain ~, Dept. of

                                                                                         Computer Science, University of California , Los Angeles, CA 90024-1596,

                                                                                         Jan 14, 1996.

[Brooks  87] Brooks, Rodney A. and Connell, Jonathan H., ^ Asynchronous Distributed

                                                                                         Control System for a Mobile Robot ~, SPIE´s Cambridge Symposium on

                                                                                         Optical and Opto-Electronic Engineering Proceedings , Vol. 727, October,

                                                                                         1986, 77-84.

[Byrne  95] Byrne, R., ^ The thinking ape, evolutionary origins of intelligence ~,

                                                                                         Oxford University Press , 1995.

[Cao  95] Cao, Y. Uny, Fuk unaga, Alex S., Kahng, Andrew B. and Meng, Frank,

                                                                                         ^ Cooperative Mobile Robotics: Antecedents and Directions ~, IEEE 0-

                                                                                         8186-7108-4/95 , 1995.

[Cheng  96] Cheng, Gordon and Zelinsky, Alexander, ^ Real-Time Visual Behaviours

                                                                                         for Navigating a mobile Robot ~, Proceedings of the IEEE/RSJ

                                                                                         International Conference on Intelligent Robots and Systems (IROS) ,  vol 2.

                                                                                         pp973. November 1996.

[Connah  90] Connah, David and Wavish, P eter, ^ An ex periment in Cooperation ~,

                                                                                         Decentralized A.I. , Yves Demazeau & Jean-P ierre M ü ller (Eds.), Elsevier

                                                                                         Science Publishers B.V. (North Holland), 1990.

[Dautenhahn  96a] Dautenhahn, K., ^ Social modelling - on selfish genes, social robots and

                                                                                         the role of the individual ~, submitted to : Int Journal in Computer

                                                                                         Simulation , Special issue on the Simulation of Social Behavior, August

                                                                                         1996.

[Dawkins  96] Dawkins, Richard, ^ Climbing Mount Improbable ~, Penguin Books , 1996.

                                                                                         ISBN  0 -14 -026302 -0.

[Diamond  91] Diamond, Jared, ^ The rise and fall of the third chimpanzee ~, Vintage

                                                                                         Books , 1991.

[Goodwin  81] Goodwin, Ch arles, ^ Conversational Organization : interaction betw een

                                                                                         speakers and hearers ~, Academic Press , New York and London, 1981.

[Jung  96] Jung, David and Zelinsky, Alexander, ^ Cleaning: An Ex periment in

                                                                                         Autonomous Robot Cooperation ~, Proceedings of the World Automation

                                                                                         Conference (WAC) - International Symposium on Robotics and

                                                                                         Manufacturing   (ISRAM), Montipellier, France, March, 1996.

[Jung  96a] Jung, David and Zelinsky, Alexander, ^ Whisker-Based Mobile Robot

                                                                                         Navigation ~, Proceedings of the IEEE/RSJ International Conference on

                                                                                         Intelligent Robots and Systems (IROS) ,  vol 2. pp497. November 1996.

[Jung  97b] Jung, David, ^An Architecture for Cooperation betw een Autonomous

                                                                                         Mobile Robots ~, PhD Thesis, Intelligent Robotics Laboratory, University

                                                                                         of Wollongong , submitted December 1997.  For further information on this

                                                                                         research see the web site
http://pobox.com/~david.jung

.

[Kuniyoshi  94] Kuniyoshi, Yasuo, Rougeaux, Sebastien, Ishii, Makoto, Kita, Nobuyuki,

                                                                                         Sakane, Shigeyuki and Kakikura, Masayoshi, ^ Cooperation by

                                                                                         Observation [The framew ork and basic task patterns] ~, Proceedings of

                                                                                         the 1994 IEEE International Conference on Robotics and Automation , San

                                                                                         Diego, California, May 8-13, 1994.

[Maes  90a] Maes, P ., ^ Situated Agents Can Have Goals. ~, Designing Autonomous

                                                                                         Agents . Ed: P . Maes. MIT-Bradford P ress, 1991. ISBN 0-262-63135-0.

                                                                                         Also published as a special issue of the Journal for Robotics and

                                                                                         Autonomous Systems,Vol. 6, No 1, North-Holland, June 1990.

[Mataric  92a] Mataric, Maja J., ^ Behavior-Based Systems: Key Properties and

                                                                                         Implications ~ in Proceedings, IEEE International Conference on Robotics

                                                                                         and Automation , Workshop on Architectures for Intelligent Control

                                                                                         Systems, Nice, France - May 1992, 46-54.

[P arker  95] P arker, Lynne E., ^ The Effect of Action Recognition and Robot

                                                                                         Aw areness in Cooperative Robotic Teams ~, IEEE 0-8186-7108-4/95 ,

                                                                                         1995.

[P feifer  95] P feifer, Rolf, ^ Cognition - Perspectives from autonomous agents ~,

                                                                                         Robotics and Autonomous Systems 15 , pp47-70, 1995.

[Steels  90] Steels, Luc, ^ Cooperation betw een Distributed Agents through Self-

                                                                                         Organisation ~, VUB AI Lab , P leinlaan 2, 1050 Brussels Belgium, IEEE

                                                                                         IROS  90 .

[Steels  96a] Steels, Luc, ^ Synthesising the origins of language and meaning using co-

                                                                                         evolution, self-organisation and level formation ~, Artificial Intelligence

                                                                                         Laboratory, Vrije Universiteit Brussel.  In: Hurford, J. (ed.) Evolution of

                                                                                         Human Language , Edinburgh University Press. Edinburgh, July 1996.

[Steels  96b] Steels, Luc,  ^ Self-organizing vocabularies ~, In: Langton, C. (ed.)

                                                                                         Proceedings of Alife V , Nara Japan, 1996.

[Tinbergen  53] Tinbergen, N., ^ Social Behaviour in Animals ~, Methuen & Co. Ltd. ,

                                                                                         London, 1953.

[Wilson  75] Wilson, E. O., ^ Sociobiology: The New Synthesis ~, Harvard , 1975.

[Wright  95] Wright, Robert, ^ The Moral Animal : Why We Are the Way We Are :

                                                                                         The New  Science of Evolutionary Psychology ~, Vintage Books , Luann

                                                                                         Walther (Ed.), ISBN:0679763996, 1995.

[Yuta  91] S. Yuta, S. Suzuki and S. Iida, ^ Implementation of a small size

                                                                                         ex perimental self-contained autonomous robot - sensors, vehicle control,

                                                                                         and description of sensor based behavior ~, Proc. Experimental Robotics ,

                                                                                         Tolouse, France, LAAS/CNRS (1991).

[Zelinsky  96] Zelinsky, Alexander and Heinzmann Jochen, ^ Real-Time Visual

                                                                                         Recognition of Facial Gestures for human-Computer Interaction ~,

                                                                                         Proceedings of the 2
nd
 International Conference on Automatic Face and

                                                                                         Gesture Recognition , IEEE Computer Society P ress, Killington, Vermont,

                                                                                         October 1996.