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Emotion-BasedControlof Cooperating
Heterogeneoullobile Robots

RobinR. Murphy, ChristineLisetti, RussTardif, Liam Irish, Aaron Gage

Abstract— Previous experiencesshow that it is possible for
agentssuchasrobots cooperatingasynchronouslyon a sequential
task to enter situations where one robot doesnot fulfill its obli-
gationsin a timely manner due to hardware or planning failur e,
unanticipated delays, etc., leaving the other robot in an infinite
wait state. Our approachis derived from a formal multile vel pro-
cesgheory of emotionswhere emotionsboth modify active behav-
iors at the sensory-motor level and changethe set of active be-
haviors at the schematiclevel. The resulting implementation of a
team of heterogeneous obotsusing a hybrid deliberative/reactive
architecture producedthe desired emergent cooperative behavior.
Data collectedat two differ ent public venuesillustrate how a de-
pendent agent selectsnew behaviors (e.g, stop sewving, move to
inter cept the refiller) to compensatefor delays from a subordi-
nate agent (e.g, blocked by the audience). The subordinate also
modifies the intensity of its active behaviors in responseto feed-
back from the dependentagent. The agentscommunicate asyn-
chronouslythrough KQML via wir elessEthernet.

|. INTRODUCTION

This article describesan approactto multi-agentcontrol for
interdependentaskswhich emhuesthe agentswith emotions,
allowing a satishctory societalbehaior to emege. The use
of emotionsallows individual robots with different roles in
theteamto dynamicallyadapttheir local active behaiors and
selectnew behaiors in orderto accomplishthe overall mis-
sion. The robotsrespondo the ervironmentandtaskprogress
individually without centralizedplanningand only a minimal
amountof communicatiorto maintainsynchronizatiorfor co-
operation.

Forthepurpose®f thisarticle,interdependentasksarethose
whereone or more robotsexecutea tightly coupledsequence
with a cyclical dependencyRobotsworking cooperatiely on
an interdependentask are said to be interdependent.Exam-
plesinclude a robot assistantesupplyinganotherrobotin the
field or onerobotdockingwith anothetto berechagedor trans-
portedto anew site. Notethatin interdependertasksonerobot
mustwait uponarealresourcdo betransferredrom onerobot
to the other In the caseof resupplytherobotin thefield must
receve aresourcebeforecontinuing;the useof a secondrobot
totransporthatresourcéntroducegheinterrobotdependeng
The delivery robot cannotmake a delivery until the field robot
requestst and providesa rendevouz location, completingthe
cycle. In thecaseof docking,thedockingrobotis theresource;
therobotservingasthedockingstationcannotcompletets task
(rechaging, transportation)until the docking robot hasbeen
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physically coupled. Likewise, the docking robot cannotdock
if thedockingstationrobotis notready

Cooperatiorbetweenrobotsto accomplisha commongoal
doesnot necessarilymeanthe robotsare interdependentFor
example,cooperatie box pushingis a taskthatappeargo re-
quireinterdependencayith the box beingthe sharedresource.
However, the two best-knevn approacheso multi-agentbox
pushing,Mataric et al. [1] and Parker [2], [3], usethe tech-
nique of pushingthe left andthenthe right sidesof an elon-
gatedbox. In [1], both canpushon the box at the sametime,
breakingary cyclic dependeng betweerrobots. Parker intro-
ducesan explicit dependeng betweenrobotsby subdiiding
thetaskinto push-ri ght andpush-1 eft, thenassigning
thesesubtaskgo eachrobot. However, when only one robot
is available,both methodsdegeneratdo onerobot pushingal-
ternatesides,eliminating true inter-robot dependeng In the
definition of interdependencfor this article, onerobot cannot
performthe otheronestask.

Interdependentasks are interestingto the behaior-based
roboticscommunityfor at leastthreereasons.First, thereis
the possibilitythatonerobotwill fail to meetits obligationsin
a timely mannerdueto hardwarefailure, planningfailure, or
anadwerseernvironment;the otherrobot could be keptwaiting
forever, renderingboth robotsuseless.An openissueis how
to detectandrespondo, or break,this cyclic dependengin a
distributedteamwherecentralizedreasonings not supported.
Second,cooperationmay dynamicallyimprove performance,
beyond the elimination of unexpectedwaiting. In the caseof
resupplythedependenagentmayexperiencea higherthanex-
pecteddemandor its resourceswhich shouldleadto a faster
servicing from its subordinate. The subordinatemust have
somemechanismor modifying its behaiorsin responséo the
needwf thedependenagentwithoutlosingautonomy Robots
which optimize or opportunisticallyacceleratehe transferof
the sharedresourceshould completethe missionfaster An
openissueis how theseperformancémprovementsvould arise
in a distributedsystem.Third, interdependertiasksin practice
may be accomplishedvith heterogeneousobotteams. In the
exampleof docking,the “mother” robotis physicallyandbe-
haviorally differentthanthe“daughter’robots. Thisintroduces
theopenissueof controlmechanismsvhich canberealistically
implementedn a heterogeneougam.

The approachtakenin this articleis to investigatethe appli-
cationof a formal cognitive model of emotions,wherebythe
intensityandchoiceof behaiors of eachrobotis self-regulated
by theiremotionalstate.For the purpose®f this article,arobot
is saidto have emotionsif, to paraphras@ajonc,it hasthe ca-
pacity to distinguishand adaptto its ervironmentwhich may



be harmful or beneficialto it or its multi-robotsystem.[4], [5]
The primary benefitof emotionsis thatit enablesadaptatiorto
harmful conditionswithout having to reasoraboutthe cause.

The motivation for using emotionsis our position that
newly gainedknowledgeon emotionalintelligencewill leadto
robotscapableof representingndlearningaffectiveknowledge
therebyrenderingheteammoreautonomougndefficient. We
acknavledgethatthe sameresultsmaybe obtainedwithout the
useof cognitive models(seeSec.ll). On the otherhand,we
believe thatit is prematureo rule out any possibletechniques,
andthatcognitively-orientedapproacheprovide aninteresting
sourcefor comparisorandcontrastwith engineeringsolutions.

The work reportedin this article is the first thatwe know of
to usea formal cognitive model of emotionsto improve per
formanceof multiple robots,eitherhomogeneousr heteroge-
neous,working cooperatiely on interdependentasks. Sec.ll
describeghe work of otherresearcherin applying emotions
to robotsas well as discussesolutionsto the cyclic depen-
deng. Sec.lll describesa distributed control schemeusing
a formal multilevel modelof emotionsfollowing [6] compati-
ble with hybrid deliberatve/reactve architectureg7]. Sec.lV
describeghe implementatioron a pair NomadicTechnologies
Nomad 200 robotswith heterogeneousensorand behaioral
suitesanddemonstrationat thethe 2000AAAI Mobile Robot
Competitionin Austin, Texas,whereit won numerousawards,
andat the Museumof ScienceandIndustry(MOSI) in Tampa,
Florida. The datacollectedat thosevenuesandan analysisof
theresultsarereportedin Sec.V, followed by a discussiorof
theremainingopenissueghow to specifya setof emotionsfor
atask,scalability etc.).

Il. RELATED WORK

The topics most closely relatedto our efforts are cooper
ative multiple robot teams,explicit use of emotionsfor con-
trol, computationamodelsof emotionsanddeadlockin multi-
agentsystems. Cooperatiorbetweenmobile robotshasbeen
the subjectof muchwork, thoughasnotedin the Introduction,
true interdependenciedo not appearto have beenexamined.
Emotionsandemotion-basedontrol have beenconsideredor
roboticsandagentapplicationsHowever, aswill be shovn be-
low, theseefforts have largely considerecemotionsfor control
of a singlerobot or agent. As a result,a coherentframeavork
for implementingemotionsin heterogeneouwmbotsis missing.
Cognitive scienceprovidesmary possiblecomputationamod-
els, of which Leventhaland Scherers multilevel procesghe-
ory of emotiong6] shavsthe mostusefuldegreeof correspon-
denceto hybrid roboticarchitecturesWhile the motivationfor
our work is to explore emotions,non-cognitve solutionsexist
andthey aresummarizedelow.

A. Coopeative Teamsand Independentasks

The aimsof Mataric[1] and Parker [8] are mostcloselyre-
latedto thosereportedin this paperin termsof distributedco-
ordinationof robots.However therearesignificantdifferences,
particularlyin the backgroundsindapproachesin particular
thearchitecturesiredifferent,leadingdifferentimplementation
details.Theirtaskfocusis alsodifferent.

Researctefforts directedby Mataric are basedon the sub-
sumptionarchitecturewith robotsprogrammedn the Behavior
Language Mataric startedon simplehomogeneousobots(the
NerdHerd)andbuilt up to morecomplex systemsin the early
systemcooperationemeged from the structureof behaiors.
Therewasno awarenes®f interaction. Later systemssuchas
[9] include communicationin orderto minimize interference.
In contrastthe emotionalmodelusedhereinvolvescommuni-
cation,aswell asan explicit representationand awarenes®f
andreactionto emotionalstimulus.

Parker’s work with ALLIANCE has also beenlimited to
robotsworking on independentasks, and also usesthe Be-
havior Languagdor implementatiori2], [8], [3]. While these
taskscanbe brokeninto subtaskswith orderingdependencies,
all tasksareavailableto all robotsinvolved. If onerobotfailsa
task,theothercantake over. ALLIANCE usestwo continuous
functionswith emotionallabels,impatienceandacquiescence
but theseare not directly basedon cognitive science.While it
may be possibleto do so, the systemis not designedto deal
with interdependencsdt is unclearhow ALLIANCE wouldre-
spondif onerobotwaswaiting on anotheifor aresourceMore
researchmust be done asto when one robot hasaccesdo a
resourcevhichanotherobotneeds Ourwork proposes solu-
tion to thisresourceproblem.

Theworksof MataricandParker, while relatedto thework in
this article, do not provide a sufficient implementationframe-
work for the problem of interdependencén hybrid archi-
tectures,sincethey are committedto reactve, subsumption-
style [10] architectures.lt is interestingto seethe incorpora-
tion of emotionallabelsin ALLIANCE, which seemsto con-
tinue the traditionin behavior-basedsystemgo usebiological
metaphorssuchasmotivation. The work in this articleis dif-
ferentin scope(it focuseson interdependentasks,not purely
cooperatye),architecturahssumptiongit assumeahybridde-
liberative/reactvearchitecturgatherthanbelimited to apurely
reactve architecturd7]), andmechanisntit explicitly explores
biologicalemotionsasa controlmechanism).

B. Applicationof Emotionsto Robots

Therehave beenseveral attemptso modelemotionsin soft-
wareagentg11] androbots[12],[13], [14], [15], [16], [17] and
to usethesemodelsto enhancdunctionality. Ourwork is most
similar to VelasquezBreazealand Michaudas describedbe-
low.

Velasque412], [13] is concernedvith autonomousgents,
andin particularrobots,for which control“relies on,andarises
from emotionalprocessing. The work describesan emotion-
basedcontrolframewnork andfocuseson affect programswhich
are implementedby the integration into specific circuits of
several systemghat mediateperception attention,motivation,
emotion,behaior, and motor control. Theserangefrom sim-
plereflex-lik e emotionsto facilitationof attentionto emotional
learning. Although the approachis different,its motivationis
similarto ours,andwe focuson multi-robotcooperation.

Breazeal[14], [15] also involves robot architectureswith
a motivational systemwhich associatesnotivationsthis time
with both drivesandemotions.Drivesin this architecturenelp



in maintaininganadequatdomeostaticegimein threedimen-
sions: social (over the lonely to asocialspectrum) stimulation
(over the boredto confusedspectrum)andfatigue(leadingto
exhausted) Emotionsareimplementedn framework very sim-
ilar to that of Velasquez work but Breazeak emphasiss on
thefunction of emotionsin socialexchangesandlearningwith
a humancaretaler. Our approachis differentfrom Breazeab
in thatit is currentlylessfocusedon socialexchangeghanin
efficiency of behaior toward goals,andof the useof emotions
to controlmultiple robotsin additionto asingleagent.
Michaud[16], [17] usesthe guidelinesof a hybrid-reactve-
deliberatvearchitecturebuilding ontop of behaior-producing
modelsconnectingsensoryinputsto commandsEmotionsare
largely consideredn termsof helpinganagentto adaptto lim-
itations, to managesocialbehaior, andto communicatewith
others. At theimplementatiorievel, emotionsmonitorthe ac-
complishmenbf thegoalsandgoalsarerepresentedsmotives.
In Michaud's work, emotionsper se are not representedh
the model, but emotional capability is achieved by incorpo-
rating it into the control architectureas a global background
state. Our approachwhich choosego representhe emotional
systemexplicitly (as discussedater) differs from Michaud's
in that respect. Although both Michaud's and our approach
revolve aroundthe notion of emotionas monitoring progress
toward goals,our work explicitly represent@motionandcor-
respondgo a formal cognitive model. Our approachfollows
Frijda’s evolutionarytheoryof emotions(Frijda, 1986)andas-
sociatesactiontendenciesvith emotionalstates(seeTablel).
For example,the emotionHAPPY is associatedvith the action
tendeng to activatefreely, CONFIDENT to continuenormalac-
tivity, FRUSTRATED to changecurrentstratgy andsoon.

C. ComputationaModelsof Emotions

Most of the computationalapproachego emotion theory
have usedcognitive theoriesof emotionwith implementation
designsinvolving rule-governedsymbolic constructs suchas
productionsystems,semanticnets, frames,etc. While there
have beenquite a few Al modelsof cognitionin which cog-
nition is enhancedy emotion(seePfeifer [18] for a surwey),
few Al modelshave taken emotionsasthe centralfocus,and
fewer of thesehave actuallybeenaccompanieavith acomputer
program. With the exceptionof Leventhaland Scherer[6],
thesemodelsdo not have a direct correspondencwith struc-
turesfoundin behaior-basedobots.

Al approache® emotionhave,for themostpart,beenbased
uponPaulhans (1887)conflict theory[19], in which emotions
arethoughtto occurwhenanongoingtendeny is interrupted.
Theconflictapproactemphasizethe needto simulatesystems
with limited resource#n anunpredictablavorld, andwith mul-
tiple goalsand planswhich can conflict with eachother, and
which therefore,mustbe ableto be interrupted. Simon’s [20]
argumentthat emotionshave a counterpartin computational
systemghatwork with multiple goalsin finite timewith limited
resourcess indeedrelatedwith Paulhans theory This theory
providesmotivationfor ouruseof emotiongo mediateresource
conflicts.Otherapproachewith computationatomponentin-
clude Sloman[21], Swagerman22], Pfeifer[18], and Ortory
[23].

A promisingtheoryof emotionswhich lendsitself moredi-
rectly to computationamodelingis the onepresentedy Lev-
enthaland Scherer:the multilevel processtheory of emotions
[6]; thistheoryprovidestheframework for thework reportedn
thisarticle. Thecentralideaof thistheoryis thatadultemotions
are complex behavioral reactionswhich are constructedrom
the actiity of a hierarchicalmulti-componenprocessingys-
tem. The sensory-mototevel is actvatedautomaticallywith-
out deliberateplanningby a variety of externalstimuli andby
internal changes.Emotionreactionsbasedon “pure sensory-
motor” processesire mostly of shortdurationandreflex-like.
The schematiclevel integratessensory-motoiprocessesvith
prototypesof emotionalsituationshaving concreterepresenta-
tions. The conceptualevel is deliberatve andinvolvesreason-
ing over the pastandprojectinginto the future to avoid repeat-
ing emotionaldisturbances.The relationshipof this theoryto
hybrid architecturesvill bediscussedurtherin Sec.lll.

D. Interferenceand Deadlodk

ResearcherBave notedthatrobotsworking on a mission,or
goalfor the entirerobotteam,canendup in conflict. Mataric
[24] termsthis conflictinterference Interferencas furthersub-
divided into more complex conflicts, “including goal clobber
ing, deadlocksandoscillations”[24] Resource&ompetitioncan
be over space information andobjects Mataric's work in in-
terferenceappeardo be primarily focusedon spatialcompe-
tition, ratherthan object competitionthat occursin the tasks
of resupplyanddocking. For example,in [25] Goldbeg and
Mataric usea castesystemwhich givesrobotspriority to actin
giventerritoriesin orderto solve spatialinterferenceassues.

The undesirablesffects of cyclic dependencies teamsof
robotsareoftentreatedasthoughthey werea deadlockwhere
no robot is able to make progress. Previous work on dead-
locksin robotapplicationdall into several categories.Lin and
Hsu [26] approachdeadlockingfrom the classicaloperating
systemperspectie. Hartonas-Garmhausd@7], Qutub [28],
andSwvestka[29] representhe problemasa graphwith central-
ized planning,which is incompatiblewith the desirefor a dis-
tributed, reactive solution. Fukuda[30] andKube [31] utilize
changedn behaiors to breakdeadlocks. Hara[32] removes
the deadlockfrom the systemby changingthe physicalconfig-
urationof therobots.Noneof the works studiedusesemotions
to mediatedeadlocking Kubeusesanindex akinto impatience
in ALLIANCE (but not addressedhs such)to trigger behar-
iors. Only Lin, Fukuda,Kube,andHaradealwith objectsas
the sourceof deadlocks;the other efforts are concernedwith
spatialdeadlocking.

Lin and Hsu [26] apply a classicaloperatingsystemsap-
proachto handleresourceconflicts in an object sorting task.
In the object-sortingask,robotsareusedasresourcesA robot
cancall on anotherrobot to help sort. However, if Robot A
calls on Robot B, while RobotB calls on Robot A, deadlock
canresult.Basedonthestandaranechanismsor solvingdead-
lock, the papemroposeshreesolutions:deadlok detectionin
whichif asetof agentss waitingfor toolong,they areassumed
to bein deadlock;objectpriority, in which objectsandagents
aregiven priority (suchasproximity), andthis priority is used



to determinewho will helpwith eachobject, preventingdead-
lock; amd feasiblesequencgein which an algorithm searches
over possiblesequence$o determinewhich orderingof tasks
will avoid deadlock.Our approachs mostsimilar to deadlock
detection wherethe useof emotionsallows the robotsto dis-
cover thatthey aredeadloclked andthenadaptor changetheir
behavior. Objectpriority andthemethodof feasiblesequencing
requirecentralizedplanning,whichis atoddswith adistributed
solution.

KubeandzZhang[31] examinetheissueof stagnatiorn robot
teams. Stagnationoccurswhen a teamof robotswork on a
taskbut ceasdo make progressThey usea behaior-basedap-
proachto solve the problemof stagnatiorfor multi-robot box
pushing.Their solutionis to provide a setof exceptionbehar-
iors that enactdifferentstratgyiesto breakthe stagnation.Re-
alignmentcausesherobotto changehedirectionit is pushing.
Repositiorcausesherobotto moveits placeonthebox. These
stratgieshave thresholdsvhich increaseaslack of progresss
perceved. The longerthe stagnationthe moredrasticthe be-
havior activated. Theteamwasimplementedn simulation,but
the experimentwasfocusedon the numberof teammembers,
ratherthanissuesnvolvedin the succes®f the behaior strat-
egy in solvingdeadlocking As such,it providesno foundation
for creatingandcontrollingbehaiors for interdependertasks.

I1l. APPROACH

The objectivesfor usingemotionsto controlteamsof robots
working oninterdependertasksareto:

« Enablethe individual robot to dynamicallyadaptto the
context. For example,a robotwhich is not making suffi-
cient navigational progressmight attemptto go fasteror
take more chances. Note this is conceptuallysimilar to
homeostaticontrol [33].

« Enabletheindividual robotto escalatéts responseo the
pointof changingits behavioraltogetherin orderto avoid
deadlock-lile typesof situationsor taskfailure. For ex-
ample,arobotwaiting for aresourcanight chooseo stop
waiting and proactvely navigateto anotherdepotof the
resource.Note thatthis assumeshattherearealternatve
behaiors or depotsavailable.

For the reasongivenin Sec.ll-C, Leventhaland Scherers
multilevel procesgheoryof emotiond6] senesasthebasisfor
this distributedcooperatie controlschemewheretaskcooper
ationavoidsdeadlock-lile situationghroughemegentsocietal
interactionsThecentralideais thatadultemotionsarecomplex
behaioral reactionswhich areconstructedrom the actiity of
a hierarchicalmulti-componeniprocessingsystem. Failure to
make progreson tasksor goalschangeshe emotionalstateof
theagentwhich thenproducesa multilevel response.

In this hierarchythere are three levels comparableto the
commonlyacceptedgroupingsof actiity in a hybrid deliber
ative/reactve robotarchitecturd7]. Thethreelevelsareshavn
in Fig. 1 andaredescribedelow:

Sensory-motorAt this basiclevel, sensedr internalevents
leadto emotionswhich thenmodify the motor outputof active
behaiors. Thisis similar to the reflexive behaiors, wherethe
outputof a behavior is proportionalto the inputs. In this case,
theinputswould be perceptiorplusthe emotionalstate.

Sensory-motor
-emotions modify the motor
outputs of active behaviors

4
Reactive behavioral

-active behaviors couple sensors and
motor actions

Schematic

-emotions control which
behaviors are active through
prototypical schemas

-can be implemented with scripts
(Lisetti 97)

Assemblages of behaviors
-collections of behaviors are assembled
into a prototypical schema or skill
(Arkin 90)
-can be implemented with scripts
(Murphy 96)

aAnoeal

Conceptual
-reasons about past, present emotions
and projects into the future

Deliberative Planning
-reasons about past, present, future

aAnRIaqIep

Fig. 1. Relationshipof the multilevel processof emotionsto the commonly
acceptedevels of organizationin hybrid deliberatve/readtve architectures.
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Goal Action tendeng Task
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Props Internalpercepts PerceptsCues
CausalChain || Sequencef Sequencef

Events/Beliefs Behaviors

Subscripts ExceptionHandling | ExceptionHandling

TABLE |

Al SCRIPT COMPARED WITH EMOTIONAL, BEHAVIORAL SCRIPTS.

Sdematic. This level integratessensory-motomprocesses
with prototypesf emotionalsituationswith concreteepresen-
tations.It correspond$o assemblagesf behaviors, or skills.

Conceptual.This level is deliberatve sinceit involvesrea-
soningover the pastandprojectinginto the future. As such,it
is beyondthe scopeof a purelybehaioral-basedystemandso
is outsidethe scopeof this projectat this time.

[34] hasproposedhattheschematidevel of emotionscanbe
implementedaccordingto a script[35]. Scriptshave alsobeen
usedby theroboticscommunityfor assemblagesf roboticbe-
havioral schemanto largerschemasepresenting stereotypi-
cal setof behaviors[36], [37], [38], [39]. In particular Murphy
[38] andRowe et al. [39] have usedscriptsfor robotsin aman-
ner consistentvith robotic schemaheory[40]. Tablel showvs
the relationshipof script componentsn [35] to the emotional
theoretic[34] andbehaioral implementation$38], [39] .

Ourinitial approachwasto addthe emotionalcomponento
the existing behavioral script developedin [38]. The resulting
singlescriptis shovnin Fig. 2, andconsistof two FSAsform-
ing acausakhaindynamicallymodifiedby theemotionalstate.

The scriptis instantiatedwith ary relevanta priori param-
eters,suchasthe places,actors,andprops. The causalchain
is createdby the interactionof two finite statemachines:a be-
havioral stategenemtor (BSG)and a emotionalstate gener
ator (ESG) Both the BSG and ESG acceptmeasure®f task
progressasinputs. The BSG is responsiblgor selectingthe
appropriatebehaviors andassociategharameterand monitors
basedntaskprogressandthe outputof the ESG.

Theuseof afinite statemachinefor the emotionalinfluence
capturey theESGwasonly afirst attempt.While satishctory
for this domain,we are currently exploring othermechanisms
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Fig. 2. Layoutof a causalchainshaving the relationshipbetweenthe BSG,
ESG,andtaskprogressneasures.

suchasfuzzy logic which canbe betterintegratedwith other
aspect®f emotionsandpersonality

Task progressmetricscomefrom three sources:monitors,
individual behavios, and inter-agent communication. Moni-
torsareperceptuaschemasvhichlook for conditionsor events.
Monitors canbe further subdiidedinto releases, afterinnate
releasingmechanismswhich signalthe needto activatea new
behaior, or performancamonitors, which useshort-termmem-
ory to computescript-specifidaskprogressIndividual behar-
iors oftenactasreleasergor otherbehaiors. For example,the
terminationof one behaior usually leadsto the activation of
anotherasperthe BSG.An exampleof a performancemonitor
is the time spenton the task so far comparedo the expected
time for thetask(passedsa “prop” at scriptinstantiation).

Anothersourceof information abouttask progresss com-
municationfrom an external agent, either a command(e.g.,
“hurry”) or data(e.g.“I'm atlocationz,y”). A recevedcom-
municationis processedy the task progressmonitor compo-
nent of the script and distributed to both the BSG and ESG
pathways. The communications not confirmedsincewe are
interestedn solutionsthatwill work in the presencef failures,
includingcommsfailures.Thesendethasno guaranteghatthe
recevver hasheardthe messagdecausehe lack of aresponse
is ambiguousit could have heardthe messageis responding,
but wasunableto communicateor is just not functioning.

This processingnay resultin a changein behavior through
the BSG pathway; for example,RobotA recevesa messagéo
do “come here” and the BSG instantiatesa move-to-goalbe-
havior. Notethatin this casethe commandacteddirectly asa
releaser However, the processingmay also changethe emo-
tional stateof the robot via the ESG pathway simultaneously
which then may changeor modify the robot’s behavior. For
example,Robot A recevesa messagehurry.” The message
causeghe emotionalstateto shift to a morenegative valence,
sayfrom “confident” thatit wasmakinggoodprogresgo “con-
cerned. As aresultof becomingconcernedthe ESGtriggers
adaptatiorof active behaiors to malke betterprogress.Rather
thansimply changingthe velocity (which is technicallynot the
releaseof a new behavior), therobotis freeto do otherthings

suchasreducethe sensitvity to obstaclescomingcloser and
changethe acceleratiorof its motions (becomingmore jerky

and aggressie which might affect positive changesn the en-
vironmentsuchasscatterinchumandrom its path)to produce
the change.The useof emotionsandthe ESGpathway breaks
the potentialmaster/shae coupling that would occurby using
only a BSG pathway, therebypreservingthe independencef

therobots.

Therearetwo majordifferencedetweertheemotionalkcript
andtheabstracbehaior script. Thefirst is animplementation
detail: the interfacewith the sensory-mototevel. The multi-
level hierarchy suggeststhat the implementationis through
separatemechanismswith the script resened for only the
schematidevel; this implementatiorcombinedboth following
the standardusageof scriptsin robotics. The seconddiffer-
enceis in thelack of asocialcontet which requiressituational
awareness.

IV. MULTI-AGENT IMPLEMENTATION

Structuresorrespondingo the sensory-motoandschemat-
icslevelsof themultilevel processhave beenimplementedna
pair of heterogeneoumbotsrunningunderthe SFX hybrid de-
liberative/reactve architecture[41]. Theselevels are sufiicient
to meetthe objectvesof dynamicadaptatiorandchangeof be-
haviors to make taskprogress.This sectiondescribesn detail
thetaskdomain,the robotic equipmentandthe individual be-
haviors andemotionson eachrobot.

Thecurrentimplementatiordeviatesfrom theidealapproach
in two ways. Both deviations are due to time constraintsin
programming. First, the WaiterScriptimplementsonly the
schematidevel link betweertheESGandBSGandtheRefiller
Scriptimplementsonly the sensory-mototevel link between
the ESGandrelevantbehaioral parametersThereis no con-
ceptualor practicalproblemwith implementinghetwo links in
thesameESG;rathertheimplementatiorreusecdehaiors and
basicscriptsdevelopedin 1999, someof which did not have
parametersr logic to supportboth. Secondthe BSGandESG
arerepresentedsasinglefinite statemachine Futureinstances
of theESGandBSGwill enforcea strict separatiorio permita
directcomparisorof theteamwith andwithout emotions.

A. CoopentiveTask

The AAAI Mobile Robot Competitions annual Hors
D’Oeuvres, Anyone? event was chosenas the target domain,
extendingthe USF 1999 entry which introduceda novel co-
operatve robot approach.The goal of the eventwasfor fully
autonomousobotsto sene fingerfoodsat a reception,maxi-
mizing areacovered.

The cooperatie society createdfor Hors D’Oeuvres, Any-
one? domainconsistsof two robots: the Waiter robot whose
taskit is to sere itemsto an audienceanda subordinateobot
uponwhich it dependgo bring a tray of refills uponrequest
(Refiller). It canbe shown, that by using a Refiller robot as-
sistant,the Waiter cansubstantiallyincreasethe time on task,
i.e. serving sincethe non-productve travel time to andfrom
the servingstationis eliminated. The tray of refills is the re-
sourcethatcanleadto a situationin which the Waiter robotis
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waiting for the Refiller robot to resupplyher, but the Refiller
is blocked or otherwiseunableto meetthe request.Emotions
areusedto adaptor changeheteambehaior to minimizethis
non-productvetime.

Thereare threedistinguishingfeaturesof the societyfrom
moretraditional cooperatie, heterogeneouteams. First, it is
assumedhatif the Waiterreturnsto therefill station,it will be
refilled regardlessof whetherthe Refiller is thereor not. The
primary advantageof the societyis to eliminatethe needfor
the Waiter to returnto the station. Secondthe two robotsare
heterogeneoushysicallyandalsoin theirroles. Thereforethe
Refiller cannotperformthe Waiter's taskandvice versa.Third,
the two robotsdo not operatein a strict master/slae relation-
ship;they aredistributedanddecentralized.

Fig. 3 shaws the basicorganizationof the reactie layer of
SFX. Eachrobot usesa script, called the Wi t er Scri pt
or Refill erScript scriptsrespectiely, representinghe
stratgyic task, plus employed tactical behaiors (e.g., avoid-
obstacle). The robotsuse wirelessEthernetto communicate
with eachotherfollowingtheKQML agentcommunicatioran-
guage.Thecommunicatioris eitherin theform of acommand
from theWaiterto theRefiller (“refill,” “hurry,” “intercept; “go
home”),or locationdata

B. Equipment

The multi-agentteamconsistedf two heterogeneousully
autonomousNomadic TechnologiesNomad 200 robot bases.
Bothrobotsusedthe SensofFusionEffects(SFX) hybrid delib-
eratve/reactearchitecture.[41BothrobotsrununderRedHat
Linux version3.0.3andarecodedin a combinationof Lisp, C,
C++, TCL-tk, KQML, Perl, lex, andyacc. The Waiter robot
(a.k.a. Butler) is equippedwith two sonarrings, a Sick pla-
narlaserranger athermalprobe,anddual Hitachi color video

ACTION TENDENCY

AT for Waiter/Refiller

EMOTION

FreeActiate
ContinueNormalActiity
MonitorProgressClosely
ChangeCurrentStragg

Sene/Joke
Sene;CallforRefill/Sere
AsktoHurry/IncreaseSpeed|

Intercept/GoHome

Happy
Confident
Concerned
Frustrated

TABLE Il
ACTION TENDENCY TABLE: GENERIC AND ROBOT CASE.

camera®n a pan-tilt head. Sheis controlledby two on-board
processorsa 233MHz PentiumMMX and133MHz Pentium
MMX. The Refiller robot (a.k.a. Leguin) hasone sonarring,
anddual Hitachi color video camerason a pan-tilt head. She
is controlledby a 233 MHz anda 166 MHz PentiumMMXs.
Both robotsutilized internal shaft encodergo estimateloca-
tion relative to acommonglobal coordinatesystem.Therobots
cancommunicatavith eachotherandlocal workstationsusing
wirelessEthernet.

C. ScriptsandEmotions

The Wai ter Scri pt consistsof four stratgic beha-
iors (serve, exchange, intercept, goBack), two
monitors(t r eat - noni t or , t ray- wat ch), andfour emo-
tions (HAPPY, CONFIDENT, CONCERNED, FRUSTRATED). The
ser ve behaior usesa find-facesub-behwior to control the
pan-tilt headand make eye-contactwith the audiencewhile
serve is actie.

The Refill er Scri pt consistsof four stratgic beha-
iors (refill, exchange, wait, goHone), no inter
nal monitors,andthreeemotions(HAPPY, CONFIDENT, CON-
CERNED).

Task progressmonitoring was basedstrictly on inter-agent
communicatiorrequestfrom the Waiter Thewai t behaior
alsousesan instanceof the find-facesub-behsior to interact
with the audiencewnhile waiting at the servingstation. Both
robotsalsouseda tacticalavoid-obstacléehaior; tactical,or
“survival” behaiors run automaticallyin parallelto the strate-
gic behaiorsasper[41].

The partitioningandlabelingof emotionswasbasedon Fri-
jda’s theory of emotions[42] which focuseson the functional
aspecbf emotions.Frijdaassociatesomeof the primaryemo-
tions (emotionsfound at the sensorylevel in Leventhaland
Scherel6]) with distinctand elementaryforms of actionten-
deng. Eachemotioncallsinto readiness smallanddistinctive
suiteof actionsthathasbeenselectecasappropriateo take in
thatspecificemotionalstate.Thus,in broadlydefinedrecurring
circumstancethatarerelevantto goals,eachemotionprompts
boththeindividual andthe groupin away thathasbeenevolu-
tionarily moresuccessfuthanalternatve kindsof prompting.

Dependingon the physiologyof the individual andits cur
rent ervironmnent,evolution hasselectedandassociatedpe-
cific actiontendenciesvith eachemotion.In our case our two
robotshave beenprogrammedwith the HAPPY, CONFIDENT,
CONCERNED andFRUSTRATED emotionalstateswhich corre-
spondrespectiely to the actiontendencieshavn in tablell.
The choiceof labelsfor the four statesvasadhoc, but the la-
belsthemseleshave noimpacton emotionalcontrol.



TASK PROGRESSVEASURES
EMOTION WAITER [[ REFILLER
HAPPY TTE > (TTR + C) [[ nopendingrequests
CONFIDENT TTE < (TTR+C) || refill request
CONCERNED | TTE <TTR hurry request
FRUSTRATED | TTE < (TTR—P) || nla

TABLE 1lI
TABLE SHOWING THE TASK PROGRESS MEASURES FOR EACH ROBOT.

Tablelll shavs the emotionalstatesfor eachrobotandhow
the emotionswere generatedrom task progressmetrics. The
Refiller, Leguin,wasto have hadafourth stateof FRUSTRATED
whichwould haveledto theschematic-leel responsef chang-
ing her behaior to goHome, or give up, but was not imple-
menteddue to time constraints. The role of personalitycan
be seenasthe Waiter could be typlified as“aggressie;’ since
its responseo frustrationwasto changets behaior to a pro-
active interceptwhile the Refiller's responséo frustrationwas
“meek; respondingto frustration by giving up. Time con-
straintsdid not permit the addition of the FRUSTRATED emo-
tional stateon the Refiller.

Butler's emotionalstatewasgovernedby the changingrela-
tionshipof therateof treatconsumptionti me til enpty
(TTE) to the anticipatedctime to berefilled,tinme to re-
fill (TTR). TTRis the time in shouldtake for a refill if
the assistants moving at the expectedspeed. This is the Eu-
clideandistancedivided by the rate. Two modifierswereused,
caution, C,andpatience, P,actingasthresholdsThe
outputof the emotionswas at the schematidevel, leadingto
changesn the setof active behaiors.

D. Waiter andtheWaiterScript

TheWi t er Scri pt in Fig. 4 runscontinuously It hasone
externalinput, the communicatedlataaboutthelocationof the
Refiller robot. Thereare six possibleexternal outputswhich
are communicatedo the Refiller, the five commandg“wait,’
“refill,” “hurry,” “intercept”, “go home”) andthe positiondata
(“Butler-loc”). Thecommandsaregeneratedy the active be-
havior in responséo theeventsonthescript. “wait” and“refill”
areproducedby ser ve whenthe scriptreachesa procedural
milestoneevent. “hurry, " “intercept”, “go home” are gener
atedwhenan emotionalevent (statechange)occurs. The “in-
tercept”commandonly causeghe Refiller to try to “hurry” if
not alreadydoing so. Internally, the scriptis responsiblefor
computingthetime to refill (TTR) andtine til
enpty (TTE) taskprogressmeasuresnd eitherinstantiat-
ing or modifying the setof active behaiors.

Thetypical scenaridollows. Wheninstantiatedthe Waiter-
Scriptbeginswith the ser ve behaior andsendsa command
“wait” to the Refiller to ensurethatit is in the correctstarting
state.Undertheser ve behaior, the Waiter navigatesto a se-
ries of pre-specifiedvaypoints. Her initial emotionalstateis
HAPPY. Ser ve usesthe sub-behwior f ace- fi nd to direct
the pan-tilt headto searchfor andtrack humanfaces.f i nd-

f ace operatesn RGB spaceusinga standard)(n x m) color
region sggmentationalgorithm. If a skin-color affordanceis
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Fig. 4. Detail of theimplementatiorof theVi t er Scri pt .

found,thepresencef ahumanwould beverifiedwith thether

mal probethroughbehaioral sensorfusion. Theser ve be-
havior would thenbe attractedto the largestskin color region

ratherthanthewaypoint.f ace- f i nd assumeshatthelargest
blob is a faceand directsthe pan-tilt headto centerthe cam-
erason expectedocationof the eyes,estimatedrom the blob

dimensions.Oncea facehasbeendetectedser vi ng plays
soundbitesencouragingpeopleto remove treats.If the people
disappeafrom view, therobotresumesvaypointnavigation.

Thetreat-nonitor is alsoactve wheneer serve is
active. It useslaserdatato countthe numberof events;each
eventis assumedo betheremoval of onetreat. Thelaserplane
extendsover the extent of the tray, andthe treatcountvariable
is decrementedachtime the planeis broken.

While serving, the Waiter robot may communicatea “re-
fill" requestf thetime'til empty(TTE) is now lessthanthe
timerequiredfor the Refillerrobotto navigateto her(TTR)(see
Tablelll). This doesnot changethe servingbehaior on the
Waiter However, heremotionalstatedoeschange sheis now
CONFIDENT thatshewill recevearefill in time. ser ve termi-
natesonly undertwo conditions. Ideally, the Refiller reaches
the Waiter triggering the exchange behaior. Under ex-
change, the Waiter does nothing until the t r ay- wat ch
monitor seesthe operatorflashthe emptytray in front of the
cameras.Whenthet r ay- wat ch monitor returnstrue indi-
catingthat the tray was seen,the Waiter communicates “go
home”commando the Refiller. Whenexchange terminates,
the WAi t er Scri pt re-instantiateser ve, maintainingthe
list of waypointsvisited, andthe Waiter movesto the next on
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thelist or is immediatelycapturecby nearbyhumanfaces.

In lessthanideal conditions,the Waiter may becomecon-
CERNED and issuea “hurry” commandto the Refiller. The
Waiter may even becomerRUSTRATED with the lack of are-
fill andactivatethei nt er cept behaior. Whenthe Waiter
issuesani nt er cept datamessagethe Refiller movesinto
the “hurry” condition, in which she attemptsto move at her
maximumspeed. i nt er cept is essentiallya move-to-goal
behaior wherethe Waiter thenusesthe dynamicallyupdated
locationof the Refiller (Ref i | | er - | oc) asthe valueof the
goalparameterOncetheWaiterinterceptdheRefiller, theex-
change behaior is triggeredandis carriedout.

E. Refillerandthe RefillerScript

Leguin, the Refiller robot, alsohasfour behaiors underthe
Refill er Scri pt,butonlythreeemotionsasseenin Fig. 5.
TheRefill erScri pt hasonly onesourceof externalin-
puts, communicationrom the Waiter in the form of either
commandg(“wait;” “refill,” “hurry,” “go home”, “intercept”)
or the positiondata(“Waiterloc”). It communicate®nly one
output,thelocationof the Refillerin absolutecoordinatesfter
the Refiller hasmoved morethan 3 cm from its last reported
position.

The Refiller startsin thewai t behaior wheresheloiters
aroundthe servingstationtelling jokesvia pre-recordechudio
soundbytesandminglingwith thecrowd. f ace- f i nd runsto
maintaina simple human-robotye-contactnteraction. When
the Refiller receves a requestfor “refill” commandfrom the
Waiter, sheinstantiatedierr ef i | | behaior with theparame-
tervalueof nor mal speed (60%of themaximumsafespeed
setting).r ef i | | isalsoamove-to-goabehaior wherethelo-
cationof theWaiter(Wai t er - | oc parametemwhichis contin-
ually refreshedhroughinter-agentcommunication)s thevalue
of thegoal.If sherecevesahur r y commandrom the Waiter,
sheincrease$ernavigationalspeedo themaximurnrsafespeed

”ow "o«

or 100%of the maximumsafespeed.Oncewithin 1.5 meters
of the Waiter, the exchange behavior is triggered. After the
Waiter's command“go home”), shereturnsto the servingsta-
tion undernormalspeedwith thegoHomre behavior.

V. RESULTS

Theemotionaldistributedcontrolschemevasdemonstrated
at two venues:the annualAAAI Mobile Robot Competition
Aug 1-3, 2000, in Austin, Texas, and as part of the Educa-
tor's OpenHouseexhibit at Museumof Scienceand Industry
(MOSI), Sept.10,2000.Programtracedatacollectedat MOSI
clearly shoved that emotionsled to dynamicadaptationsaand
changesn the robotsbehaiors, permittingthe robotsto con-
tinueto make progresson the resupplytaskwherethey would
have otherwisebeentrappedn a wait state.

A. AAAIlPerformance

TheHorsD’oeuvres,Anyoneeventconsistedf two rounds,
an unscoredpreliminary round lasting about 30 minutesand
a final, lasting 2 hours. Although the two other entriesused
emotionallabelsto describehow their robots’ behaviors and
interfacewere perceved by the audience the USF teamwas
theonly oneto useaformal modelof emotionsfor eitherintra-
or interagentactiities. An errorin the datalogging program
preventedthe acquisitionof quantitative data,but emotionsdid
leadto thecorrectemegentbehaior andseverallessonavhere
learned. The entry won the Nils NilssonIntegrationAward, a
generalTechnicalAchievementAward, andthird placeoverall.

At the preliminaryevent, the robotssmoothlydemonstrated
modificationof their individual behavior, changego their be-
havior in responseo their taskprogressandoverall emegent
societalbehaior to a smallaudienceandlocal TV crews. The
teammembersand audienceset up non-productve scenarios,
where the Refiller could not reachthe Waiter beforeit was
likely to run out of items. The Waiter changedits behaior
to interceptthe Refiller ratherthanwait empty-handedshad
happenedn 19995 event.

At thefinal event, the robotsinteractedwith a larger crowd
thanat the Preliminaryevent. The emegentsocietalbehaior
occurredbut waslessdiscernible. An unforeseenaskdepen-
deng wasuncovered:the Refiller cant servicethe Waiter until
sherestocks At thefinal event,the Waiterwasoftenrequesting
arefill fasterthanthe Refiller could navigate backto the serv-
ing station.The solutionis for the Refiller to dery requestand
communicaténer estimatedime to readinesso the Waiter, al-
lowing theWaiterto immediatelybecomefrustratedratherthan
experienceashorttime delayasthe negative emotionescalates.

B. MOSIPerformance

The robots were exhibited to the public shortly after the
AAAI competitionat MOSI (seeFig. 6), duplicatingthe venue
of areceptiorwith largenumberof peopleinteractingwith the
robotsin unpredicatablavays aswell as permitting datacol-
lection. The robotssened USF pencilsto over 100 museum
attendeesn themainfloor for approximatelyl hour.
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Fig.6. pictureof MOSI

C. Overviav

The Waiterrangedover 140 meters andthe Refiller traveled
142 meters.Thewaiterranfor 3504secondswhile therefiller
ran for 3454 seconds.Fig. 7 shaws plots of the robotspaths
with importanteventssuperimposed.

Figure7 shows the pathstaken by the Waiter andRefiller as
they work the crowd atthe Museumof ScienceandIndustryin
Tampa,Florida. The Waiter startsoutin theservingareaa and
proceednto acrowd of childrenandadultsto handoutpencils.
After running low on pencils, she calls on the Refiller for a
refill, andcontinuego seneb. At ¢ sherendezwouseswith the
Refiller, andis refilled. d representanothemrequestor refill.
However, therobothadto berestartede 1 ande?2 representhe
downtime). Theturn towardsf is the Waiter decidingit must
interceptthe Refiller. At f shehasbeenrefilled, andgoesback
to serving.Fromf to g therobottransitionsfrom to beingin a
dire needof refill, but sheis refilled at point g beforerunning
toolow. Finally ath therobotmovesfrom servingto having to
interceptthe Refiller.

Figure7b. is identicalto Figure 7a., but the annotationge-
flectthe pointsof interestfor the Refiller. The Refiller startsat
therefill station,1. Whenit recevesa commandfor refill, it
proceeddirectly to the Waiter. 3, 6, and8 show the Refiller
asit proceeddo the Waiter. Thoughit is not visible from the
graph,asthe commanddgrom the Waiter becomemoreurgent,
theRefillerincreasedts speedDeviationsin the Refiller's path
aredueto avoiding humans.2, 4, 5, and7 show the Refiller
reachingthe Waiter, andexchangingtrays. Point5 is blankbe-
causdogging of messagewasnot active duringthattime. At
9 therobotis unableto seethe tray which is neededto alert
the Waiterthatit hasrecevedits refill. Thustherobotis stuck,
waiting to seethe tray, creatingan unforeseerdeadlocksitua-
tion createdby a humannot presentinghetray.

From a human-robointerfaceperspectre, analysisshaved
that Refiller took threetimes as much time to refill asto go
home. This asymmetriceffect had also beenobsenred at the
AAAI competition,and occursfor several reasons.Whenthe
Refiller ceasedoitering by the servingstation, her changein
behavior attractsattentionand peoplecometo investigate.As
she moves closerto the Waiter, peopleinteractingwith the

b.

Fig. 7. Pathsof the WaiterandRefiller with a.) with eventsof interestof the
Waiternotedandthe Refiller pathin grey andb.) with eventsof interestof the
Refiller notedandthe Waiterpathin gray

Waiter notice the additionalrobot and begin interactingwith
it aswell. However, whenthe exchanges completedthe Re-
filler is clearly headingaway from the moreinteractive Waiter
andattractdittle interestfrom the crowd.

D. Repesentativel0 Minute Interval

Representate dataof bothrobots’behaioral andemotional
statesextractedfrom a 10 minute periodis shovn in Fig. 8.
Thetwo tracesareover time (X-axis) andthe top of eachtrace
shaws the active behavior for thetime span. The Y-axisis the
emotionalstate.A line onthe plot indicatesthetime anddura-
tion of a particularemotionalstate. Arrows in the Y direction
betweertracesshav the commandsssuedby the Waiterto the
Refiller, via KQML,; recall that as a subordinatethe Refiller
did notissuecommandsgo the Waiter. Locationdatamessages
werealsoexchangedput arenot shovn sincethey did notim-
pacttheemotionalor behaioral stateof therobot.



Fig. 8. Representate datarun shaving emotionsandresultantchangesn
internal behaior and behaior of teammember (Butler is the nameof the
Waiter, Leguinis the Refiller)

The tracesshaw thatthe robotsmetthe researctobjecties.
First, they regulatedtheir subgoalsand motivationsaccording
to theirown currentinternalemotionalktatesaswell asexternal
signals.Secondthey sociallyadaptedheir actionsto the other
agentspothhumanandartificial, dependingon the currentsit-
uationalcontext. The useof emotionproducedthe desirable
emegentsocietalbehaior of avoiding deadlock-lile waiting
in dependentasksaswell asmeetingthe designcriteriaof be-
ing compatiblewith behaior-basedarchitecturesand using a
distributedcontrolscheme.

The traceshaws that the intensity of the emotionswasim-
plementedasa constantgventhoughthe performancemetrics
werelinear Seethe Refiller from to whenr efi ||
is active. While CONFIDENT, the Refiller's navigationalveloc-
ity is normal,thenundegoesa stepchangeto maximumwhen
CONCERNED. This constanintensitywasdueto programming
time constraints A morecognitively plausibleimplementation
is to have the intensity of the emotionchange therebylead-
ing to proportionalchangedn the velocity. Futurework will
directly coupleemotionalintensitywith behaioral intensityat
thesensory-motolevel.

There was no emotion specifically ascribedto the ex-
change behaior. exchange wasessentiallyasuspenanode
for therobotssotherewasno performancenetricto sene asa
input to the ESG. This could be interpretedasthe robot being
ambialentwhenthereis no metricfor progress.

The robotsbegin after a resetwith the Waiter HAPPY and
issuinga“wait” commando synchronizehe Refiller. TheRe-
filler activateswai t andbegins circulatingnearthe refill sta-
tion (home). The Waiterbegins servingandafteraproximately

, the rate of treatconsumptiorbecomessufiiciently high.
Sheissues “refill” commandandis CONFIDENT thathercom-
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mandwill be achieved. Leguin recevesthe “refill” command
which cause$erto changebehaior fromwai t torefill at
anormalspeed.

At about220 secondsnto therun, conditionsrelatingto the
rate of consumptionof treats,or the rate of progressof Re-
filler, causethe Waiter to changeto CONCERNED, triggering
another“hurry” messageo the Refiller. While the Waiter's
behaior is still ser ve, the Refiller's emotionalstateis now
CONCERNED. As aresult,herspeedncreaseso hermaximum
safenavigational speed. Approximatelyone minute later, the
Waiter sensesnincreasean treatconsumptionpr insufficient
progressby the Refiller, causingan emotionalstatechangeto
FRUSTRATED. The Waiter at this point hascalculatedhatthe
Refiller will not reachher beforesherunsout of treats. The
ESGdictatessheshouldabandorhercurrentser ve behaior
andmovetoi nt er cept the assistanto expeditethe refill.
The Waiter calculateghe relative bearingto the Refiller, then
attemptsto interceptat the maximumsafe speed. Shesends
a messageo the Refiller to this effect, so the Refiller, if not
alreadyCONCERNED andmoving fast,attemptso speedup.

During this interceptbehaior, it is interestingto seethe
Waiter's emotionalstatemoving from FRUSTRATED to CON-
CERNED andeventuallyHAPPY asshecloseswith the Refiller.
The reductionof negative emotionis dueto the TTE is more
closely approachingthe TTR; the relationshipbetweenTTE
andTTR directly influencethe emotionalstateasper Tablelll.
Theseemotionalstatechangeglo not dissuadéener from inter-
ceptingthe Refiller.

At about450secondénto therun, therobotshave effectively
interceptedone anothey and switch statesto a stationaryex-
changebehavior. Duringthistime, ahandlemalkesthephysical
exchangeof treatsfrom the Refiller’s tray to the Waiter’s tray.
Also, while this procesgakes place,f ace- f i ndi ng is de-
instantiatechndt r ay- wat ch monitoris actvated. Whenthe
tray wasrecognizedat about500 secondsthe Waiter's emo-
tional statebecameHAPPY andshesenta messagé¢o the Re-
filler to “go home” This elicited the behavior of returningto
the servingstation,andthe emotionalstateof CONFIDENT. In
this example, the Refiller returnsto the servingstationto be
restocledat about600secondsWhile the Refiller hasbeenre-
turninghome,the Waiter hasbeenhappily serving. Shortly af-
ter beingrestocled,the Refiller recevesanothemessagérom
the Waiterrequestingarefill, andthe processtartsagain.

VI. DISCUSSION

As notedin Sec.l, the motivationfor this work is to investi-
gatecognitive models. We believe emotionsareaninteresting
biomimeticsourceof insightinto appropriatedesignprinciples.
The useof emotionsfor control raisesthe issuesof whetherit
canshavn to be betterthantraditional control methods what
the advantagesarein generalof using emotions,how do be-
haviorsandemotionsemegein suchasystemwhataspectof
emotionsare not currently captured,and scalability Eachof
theseissueds discussedbelow.

A. EmotionsversusTraditional Contol

Thisarticledoesnot claimthatusingaformal modelof emo-
tion to control of a robotis the only or bestimplementation.
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The motivation for this work has beento explicitly explore
emotiansaasonepossiblemethodof controllingmulti-robotsys-
tems. The simpleimplementatiorof the ESG raisesthe ques-
tion of whetherit have beeneasieljustto engineethesolution.
We believe the answeris “no.” An emotionalmodelprovides
anumberof featuresbeyonda simplestatemachinewith time-
outs,suchasKubessystem31]. While thisimplementatiorof
emotionsis quite similar to Kube’s sytem,the largerissuesare
notassimpleasatimeout.Behaviors changebasecdhotonly on
time, but alsoon resourcexpenditure andtask progress.The
correctactionfor eachrobotto takewhenthey donotknow why
theotheris doingwhatit is doingis problematic.lt is expected
thattheresponsesvill increasewith broaderdomainsmaking
it harderto enginee systenmwith consistentlesignprinciples.

Onesourceof resistancanay be vaguenesgsssociateavith
emotions. The emotion-theoretiditeratureis divided on the
numberof emotionsandtheir labels,which may give a robot
designempause.However, onereasorthatthis is not a serious
disadantagds thatevenemotionaltheoristsarelessinterested
in labelingthanin the resultsof emotions;the exact number
andnamesf emotionalstatesbecomdessimportantfor more
fuzzy implementations.

B. Advantgiesof Emotions

The primary performanceclaim madein this article is that
the use of a formal model of emotionsbreakscyclic depen-
deng problemswithout centralizedplanningif robotshave al-
ternatives (e.g., interceptingor headingdirectly to the refill
station)and minimal communication. The increasen perfor
mancefrom beingableto reliably userobotsfor interdependent
tasksis anotheradwvantage. The useof a Refiller reducesthe
time “off-task” thatwould be spentby the Waiter traveling be-
tweenits desiredocationandits refill station.Emotionscaused
the Refiller to dynamicallyincreasedts speedwhich leadsto
fasterrefills.

Another possibleperformancebenefitis that the robotsin-
ternalemotionsled it to actionswhich favorably modifiedthe
ervironment. It was obsened that the Refiller's increasein
speedcausedpeopleto be more wary of it and get out of its
way, magnifyingthe increasein performancerom just anin-
creasen velocity. While this claim is impossibleto rigorously
prove sincetherobotsinteractwith large numbersof people,it
is notable. It alsosuggestghat peoplerespondappropriately
to robotswhich act“naturalistically” evenif they areunawvare
of the robotsemotionalstate. This would tendto supportthe
motivationfor the applicationof emotionsto agents.

In additionto improved performancethe use of emotions
haspracticalimplementationradvantages.First, the coding of
emotionswas simple. The script codefor eachrobot wason
the order of 45 lines of code, with the ESG portion consist-
ing of lessthan 20 of thoselines of code. In constrastthe
modularbehaviors comprisedseveral thousandines of code.
Secondgemotionsunderthe multilevel processheory mapdi-
rectly onto structuresin hybrid deliberatve/reactve architec-
tures.Thismeanemotionscanbeaddedo thesesystemawith-
outary re-conceptualizatioof components.

Anotheradwantageof the emotionalimplementationis that
it is local to eachrobot andbasedon task progress. A robot

doesnot have to understandh teammembers emotionalstate
(if ary) asper[14].

C. EmegentBehavios andEmotions

This article illustrateshow the desiredtypesof cooperation
betweerdistributedrobotsweremadepossibleusingemotions,
aswell as provided reinforcementfor the multilevel process
theoryof emotions.

In termsof emegentbehaiors, it shouldbe notedthat the
robotsdo not needto interpretor understan@achother's emo-
tionsor understanatherstask. The TTR datais derivedfrom
locationdata;receving accurataneasurementfsrovidesacon-
venienceor optimizingtheresponsehut it is notrequired.The
TTR couldbeestimatedy the Waiterwithoutany communica-
tion with the Refiller. Thisis simple,modular andin the spirit
of distributedrobotics.

The varioustheoriesof emotiondo not requirean agentto
clearly expressits internalemotionalstateto otheragentsand
emotionscan be invoked by the missing presenceof another
agent. Social expressionof emotionsemege at the sensory-
motor level in the multilevel processtheory of emotionsand
soaretheoreticallysupportedoy our implementation. Expres-
sivenessandsocialfacilitationwith humanswvasoutsideof the
scopeof thiswork andwill beaddresseéh futurework.

While our systemdoesnot requireone robotto understand
whatanotherobotis doingandwhy, therearesituationswhere
this might be useful. Suchknowledgemight help the assisting
robotto chooseamongmultiple requestingobots(e.g.,Robot
X needsthe resourcemore than Robot Y) or methods(e.g.,
Robot X is operatingin a covert mode,so | mustbe cautious
andminimize communications)The existing KQML structure
supportsthe attachmenbf this type of information at a later
date; this is one of the reasondor the useof a generalagent
communicatiodanguageatherthananadhocprotocol.

One of the interestingaspectof the work reportedin this
articleis thatit simulatedthe sensory-motolevel of emotions.
The externalinputs(e.g.,requestspr the sensory-motostim-
uli (e.g., seeinga tray full/empty) gave rise to simple reflex-
like reactionsnvolving the motorsystemonly (e.g.,increasing
moving speedstopping.etc.). Notethatin someregardscom-
municationcanbetreatedasthe equivalentof directperception
stimuli.

This work also simulatedthe schematiclevel of emotions
by combiningthe sensory-motoprocessegwhich led to the
arousalof the motorexpressve behavior) with perception(per
ceiving the speedat which the treatsdisappearperceving the
Refiller’s lack of progressegtc.) to leadto slightly morecom-
plex statessuchas CONFIDENT and FEELING HAPPY. These
stateswverein turn eachassociateavith behaiors or actionten-
dencieg(seeTablel) which arethe mostappropriateactionto
take giventhe currentsituation: currentinternalstate,andcur-
rentexternalenvironment.

D. Aspectof EmotionsNot Currently Captured

Emotionsfoundin the humansystemarethe mostcomple
onesamongthe animal kingdom. They sene a wide vari-
ety of functionswhich we list herenon-e<haustvely: organi-
zationof memory learning, perceptionbiases categorization,



self-regulatoryfunction,motivationandperformancegecision-
making,andcommunicationmaintenancef socialnormsbe-
tweensocietyof agentsandmore.

At this time, only the sensory-motoandschematidevels of
themultilevel processheoryhave beenimplementedThecon-
ceptuallevel is plannedfor futurework. It shouldbe notedthat
thisinitial implementatioreavesopentheissueof how person-
ality impactsthe choiceandexpressiorof behaiors; this, like
expressvenessywasdeemedieyondthe scopeof this effort. It
is conjecturedhatpersonalityis notlocal to a script; insteadit
is apropertyof therobotasawhole.

Emotionalresponsewerepartitionedandlabeledadhocand
would profit from further inquiry. The implementationused
only arudimentarysensory-motolinkagewhich is the subject
of futurework. It largely ignoredhuman-robotnteractionsand
the expressionof emotionsfor implicit communicationwhich
will alsobeaddresseih futurework.

E. Scalability

An interestingquestionis whetherthe desiredemepgentso-
cietal behaior will scaleif more robotsor refill stationsare
added. In the casewhere the additional Waiters outnumber
the Refillers,thereis the possibility that morerequestdor the
sharedresourcecan be generatedhan can be handled. The
issueof pre-emptionhow to decidewhento re-taska Refiller
headingor WaiterA to now serviceWaiterB, becomegentral.
The caseof more Refillersthan Waitersis lesssevere, where
multiple Refillersmayattemptto servicea singleWaiterresult-
ing in wastedduplicationof effort. However, it canbeimagined
thatin military or humanitarianmesupply the duplicationmight
bedesirablao ensurehatatleastoneRefilleraccomplishedts
taskevenin thepresencef dangerouserrain.

Theincreasan the numberof robotsand multiple instances
of resourcesuggestsa reconsideratiorof Lin and Hsu’s ob-
ject prioritization [26] asa methodof breakingdependencies
(Sec.lI-D). However, emotionsmay be more usefulfor a so-
lution which minimizescommunicationsfor example,we en-
vision a systemwhere the Waiter could simply broadcasits
dataand commandswithout knowing who wasavailable. The
Refillers could then usereceve thosemessageand resulting
emotionswould leadto servicingby nearerrobotsthat canbe
pre-emptedemotionsassociate@ith servicingtherequesbut-
weightheemotionsassociateavith taskprogresonthecurrent
task).

Anotheraspecbf scalabilityis how usefulemotionswill be
whenthe robotshave multiple tasksandrolesto fulfill. Each
taskcontributesaninfluenceto the overall percevedemotional
stateof the robot, following the emegentpropertyof reactve
behaiors. This is expectedto be easierto implementand be
moresensitve to situationswheretherobotis performinga few
taskssub-optimallythantraditionalplanningandcontrolmeth-
odswhichrequireexplicit modelingof therelative performance
contributionsof eachtask.

VIlI. SUMMARY AND CONCLUSIONS

Thisarticlehasshavn how emotionscanguideemepgentco-
operationin teamsof heterogenoumulti-robot systemswork-
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ing oninterdependentasks.Agentresourcaesupplyis anex-

ampleof onesuchcooperatretask. Theuseof asecondaryRe-
filler assistanmaximizeghetime-on-taslof the primaryagent,
the Waiter However, cooperatiorintroducesa dependeng be-
tweenthe agentswherethe failure of the assistanto refill the

Waiter can stoptask progressby the primary. The emotional
mechanismpromotesthe benefitsof cooperatiorwithout cen-
tralizedcontrol or deliberation.As aresult,emotionsarewell-

suitedfor control of distributed,behaior-basedsystemavhere
centralizeddeliberatve methodsareoftentoo computationally
expensve or too immatureto implement.

Althoughemotiongplay mary importantrolesin humanper
formance,this article hasfocusedon their role in monitoring
andmaintainingprogresgowardspecificgoals. Theimplemen-
tationreportedin this article is appropriatefor behaior-based
andhybrid deliberatve/reactve robots. It implementsa partial
translatiorof themultilevel processheoryof emotiong6]. The
procesdevelscorrespondo thelevelsfoundin mosthybrid de-
liberative/reactve architecturegsensory-motoor reactve be-
havior, schematicor assemblagesf behaiors, andconceptual
or deliberatie).

Emotions provide the ongoing monitoring function; from
that monitoring, emotionalstatesare generatedvhich suggest
throughtheir actiontendeng the mostlikely appropriatebe-
havior for thegivensituation(seeTablell). Theresultsreported
Sec.V-D illustratehow taskprogressvasmadepossibleor im-
provedby oneof two emotionalresponsesi-or minor negative
emotioninducingsituationsthe robotdynamicallyadaptedal-
readyactive behavios, for example,the Refiller increasedts
sensory-motolevel of responsége.g.,velocity) asits emotions
becamemore negative (HAPPY to CONCERNED), For escalat-
ing situationstherobotinstantiatednew behaviosto affectal-
ternativewaysof achieving a mission for example,wherethe
Waiter experienceda schematic-leel behaioral changefrom
servetoi ntercept.

While other researchershave considered emotions for
human-robotnteractionsandintra-robotcontrol, thiswork ap-
pearsto be the first to use emotionsfor emegentintra- and
inter-robot coordinationspecificallyfor multiple robotswork-
ing on an interdependentasks. The simplicity of the imple-
mentationon two fully autonomousobotsinteractingwith hu-
mansin unstructureervironmentscomparedvith thepower of
theresultsoffers supportthat this multilevel theoryis a useful
modelof emotions.We notethatthe work reportedin this pa-
peris preliminaryandbasiccognitive androboticsissuessuch
asexpressvenesdor socialfacilitation andthe additionof the
conceptualevel, remain.Thesdssuesrethesubjectof current
andfuturework andarebeingexploredboththroughsimulation
andempiricaldatacollection.
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