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Emotion-BasedControlof Cooperating
HeterogeneousMobile Robots

RobinR. Murphy, ChristineLisetti, RussTardif, Liam Irish, AaronGage

Abstract— Previous experiencesshow that it is possible for
agentssuchasrobotscooperatingasynchronouslyon a sequential
task to enter situations where one robot doesnot fulfill its obli-
gations in 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 fr om a formal multilevel pro-
cesstheory of emotionswhereemotionsboth 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 heterogeneousrobotsusing a hybrid deliberative/reactive
architectureproducedthe desiredemergent cooperative behavior.
Data collectedat two differ ent public venuesillustrate how a de-
pendent agent selectsnew behaviors (e.g., stop serving, move to
intercept the refiller) to compensatefor delays fr om a subordi-
nate agent (e.g., blocked by the audience). The subordinate also
modifies the intensity of its active behaviors in responseto feed-
back fr om the dependentagent. The agentscommunicateasyn-
chronouslythr oughKQML via wir elessEthernet.

I . INTRODUCTION

This articledescribesanapproachto multi-agentcontrol for
interdependenttaskswhich embuesthe agentswith emotions,
allowing a satisfactory societalbehavior to emerge. The use
of emotionsallows individual robots with different roles in
the teamto dynamicallyadapttheir local active behaviors and
selectnew behaviors in order to accomplishthe overall mis-
sion. Therobotsrespondto theenvironmentandtaskprogress
individually without centralizedplanningandonly a minimal
amountof communicationto maintainsynchronizationfor co-
operation.

For thepurposesof thisarticle,interdependenttasksarethose
whereoneor more robotsexecutea tightly coupledsequence
with a cyclical dependency. Robotsworking cooperatively on
an interdependenttask are said to be interdependent.Exam-
plesincludea robot assistantresupplyinganotherrobot in the
field or onerobotdockingwith anotherto berechargedor trans-
portedto anew site.Notethatin interdependenttasksonerobot
mustwait uponarealresourceto betransferredfrom onerobot
to theother. In thecaseof resupply, therobot in thefield must
receive a resourcebeforecontinuing;theuseof a secondrobot
to transportthatresourceintroducestheinter-robotdependency.
Thedelivery robotcannotmake a delivery until thefield robot
requestsit andprovidesa rendevouz location,completingthe
cycle. In thecaseof docking,thedockingrobotis theresource;
therobotservingasthedockingstationcannotcompleteits task
(recharging, transportation)until the docking robot hasbeen
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physicallycoupled. Likewise, the dockingrobot cannotdock
if thedockingstationrobotis not ready.

Cooperationbetweenrobotsto accomplisha commongoal
doesnot necessarilymeanthe robotsare interdependent.For
example,cooperative box pushingis a taskthatappearsto re-
quireinterdependence,with thebox beingthesharedresource.
However, the two best-known approachesto multi-agentbox
pushing,Mataric et al. [1] and Parker [2], [3], usethe tech-
niqueof pushingthe left and then the right sidesof an elon-
gatedbox. In [1], bothcanpushon the box at the sametime,
breakingany cyclic dependency betweenrobots. Parker intro-
ducesan explicit dependency betweenrobotsby subdividing
the taskinto push-right andpush-left, thenassigning
thesesubtasksto eachrobot. However, whenonly one robot
is available,bothmethodsdegenerateto onerobotpushingal-
ternatesides,eliminating true inter-robot dependency. In the
definitionof interdependency for this article,onerobotcannot
performtheotherone’s task.

Interdependenttasksare interestingto the behavior-based
roboticscommunityfor at least threereasons.First, thereis
thepossibilitythatonerobotwill fail to meetits obligationsin
a timely mannerdue to hardwarefailure, planningfailure, or
anadverseenvironment;theotherrobotcouldbekeptwaiting
forever, renderingboth robotsuseless.An openissueis how
to detectandrespondto, or break,this cyclic dependency in a
distributedteamwherecentralizedreasoningis not supported.
Second,cooperationmay dynamically improve performance,
beyond the eliminationof unexpectedwaiting. In the caseof
resupply, thedependentagentmayexperienceahigherthanex-
pecteddemandfor its resources,which shouldleadto a faster
servicing from its subordinate. The subordinatemust have
somemechanismfor modifying its behaviors in responseto the
needsof thedependentagentwithout losingautonomy. Robots
which optimizeor opportunisticallyacceleratethe transferof
the sharedresourceshouldcompletethe mission faster. An
openissueis how theseperformanceimprovementswouldarise
in a distributedsystem.Third, interdependenttasksin practice
may be accomplishedwith heterogeneousrobot teams.In the
exampleof docking, the “mother” robot is physicallyandbe-
haviorally differentthanthe“daughter”robots.This introduces
theopenissueof controlmechanismswhichcanberealistically
implementedon aheterogeneousteam.

Theapproachtaken in this article is to investigatetheappli-
cationof a formal cognitive modelof emotions,wherebythe
intensityandchoiceof behaviorsof eachrobotis self-regulated
by theiremotionalstate.For thepurposesof thisarticle,a robot
is saidto have emotionsif, to paraphraseZajonc,it hastheca-
pacity to distinguishandadaptto its environmentwhich may
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beharmfulor beneficialto it or its multi-robotsystem.[4], [5]
Theprimary� benefitof emotionsis thatit enablesadaptationto
harmfulconditionswithout having to reasonaboutthecause.

The motivation for using emotions is our position that
newly gainedknowledgeon emotionalintelligencewill leadto
robotscapableof representingandlearningaffectiveknowledge
therebyrenderingtheteammoreautonomousandefficient. We
acknowledgethatthesameresultsmaybeobtainedwithout the
useof cognitive models(seeSec.II). On the otherhand,we
believe that it is prematureto rule out any possibletechniques,
andthatcognitively-orientedapproachesprovideaninteresting
sourcefor comparisonandcontrastwith engineeringsolutions.

Thework reportedin this article is thefirst thatwe know of
to usea formal cognitive modelof emotionsto improve per-
formanceof multiple robots,eitherhomogeneousor heteroge-
neous,working cooperatively on interdependenttasks.Sec.II
describesthe work of other researchersin applying emotions
to robotsas well as discussessolutionsto the cyclic depen-
dency. Sec.III describesa distributed control schemeusing
a formal multilevel modelof emotionsfollowing [6] compati-
ble with hybrid deliberative/reactive architectures[7]. Sec.IV
describesthe implementationon a pair NomadicTechnologies
Nomad200 robotswith heterogeneoussensorandbehavioral
suitesanddemonstrationsat thethe2000AAAI Mobile Robot
Competitionin Austin, Texas,whereit won numerousawards,
andat theMuseumof ScienceandIndustry(MOSI) in Tampa,
Florida. The datacollectedat thosevenuesandananalysisof
the resultsarereportedin Sec.V, followedby a discussionof
theremainingopenissues(how to specifyasetof emotionsfor
a task,scalability, etc.).

I I . RELATED WORK

The topics most closely relatedto our efforts are cooper-
ative multiple robot teams,explicit useof emotionsfor con-
trol, computationalmodelsof emotions,anddeadlockin multi-
agentsystems.Cooperationbetweenmobile robotshasbeen
thesubjectof muchwork, thoughasnotedin theIntroduction,
true interdependenciesdo not appearto have beenexamined.
Emotionsandemotion-basedcontrolhave beenconsideredfor
roboticsandagentapplications.However, aswill beshown be-
low, theseefforts have largely consideredemotionsfor control
of a singlerobot or agent. As a result,a coherentframework
for implementingemotionsin heterogeneousrobotsis missing.
Cognitivescienceprovidesmany possiblecomputationalmod-
els, of which LeventhalandScherer’s multilevel processthe-
ory of emotions[6] showsthemostusefuldegreeof correspon-
denceto hybrid roboticarchitectures.While themotivationfor
our work is to explore emotions,non-cognitive solutionsexist
andthey aresummarizedbelow.

A. CooperativeTeamsandIndependentTasks

Theaimsof Mataric [1] andParker [8] aremostcloselyre-
latedto thosereportedin this paper, in termsof distributedco-
ordinationof robots.However therearesignificantdifferences,
particularlyin the backgroundsandapproaches.In particular,
thearchitecturesaredifferent,leadingdifferentimplementation
details.Their taskfocusis alsodifferent.

Researchefforts directedby Mataric arebasedon the sub-
sumptionarchitecture,with robotsprogrammedin theBehavior
Language.Mataricstartedon simplehomogeneousrobots(the
NerdHerd)andbuilt up to morecomplex systems.In theearly
systemcooperationemerged from the structureof behaviors.
Therewasno awarenessof interaction.Later systemssuchas
[9] includecommunicationin order to minimize interference.
In contrast,theemotionalmodelusedhereinvolvescommuni-
cation,aswell asan explicit representation,andawarenessof
andreactionto emotionalstimulus.

Parker’s work with ALLIANCE has also been limited to
robotsworking on independenttasks,and also usesthe Be-
havior Languagefor implementation[2], [8], [3]. While these
taskscanbebrokeninto subtaskswith orderingdependencies,
all tasksareavailableto all robotsinvolved.If onerobotfailsa
task,theothercantake over. ALLIANCE usestwo continuous
functionswith emotionallabels,impatienceandacquiescence,
but thesearenot directly basedon cognitive science.While it
may be possibleto do so, the systemis not designedto deal
with interdependence.It is unclearhow ALLIANCE would re-
spondif onerobotwaswaitingonanotherfor a resource.More
researchmust be doneas to when one robot hasaccessto a
resourcewhichanotherrobotneeds.Ourwork proposesasolu-
tion to this resourceproblem.

Theworksof MataricandParker, while relatedto thework in
this article, do not provide a sufficient implementationframe-
work for the problem of interdependencein hybrid archi-
tectures,since they are committedto reactive, subsumption-
style [10] architectures.It is interestingto seethe incorpora-
tion of emotionallabelsin ALLIANCE, which seemsto con-
tinue the tradition in behavior-basedsystemsto usebiological
metaphors,suchasmotivation. Thework in this article is dif-
ferent in scope(it focuseson interdependenttasks,not purely
cooperative),architecturalassumptions(it assumesahybridde-
liberative/reactivearchitectureratherthanbelimited to apurely
reactivearchitecture[7]), andmechanism(it explicitly explores
biologicalemotionsasacontrolmechanism).

B. Applicationof Emotionsto Robots

Therehave beenseveralattemptsto modelemotionsin soft-
wareagents[11] androbots[12],[13], [14], [15], [16], [17] and
to usethesemodelsto enhancefunctionality. Our work is most
similar to Velasquez,Breazeal,andMichaudasdescribedbe-
low.

Velasquez[12], [13] is concernedwith autonomousagents,
andin particularrobots,for whichcontrol“relieson,andarises
from emotionalprocessing.” The work describesan emotion-
basedcontrolframework andfocusesonaffectprogramswhich
are implementedby the integration into specific circuits of
severalsystemsthatmediateperception,attention,motivation,
emotion,behavior, andmotor control. Theserangefrom sim-
plereflex-likeemotions,to facilitationof attentionto emotional
learning. Although the approachis different,its motivation is
similar to ours,andwe focusonmulti-robotcooperation.

Breazeal[14], [15] also involves robot architectureswith
a motivational systemwhich associatesmotivationsthis time
with bothdrivesandemotions.Drivesin this architecturehelp
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in maintaininganadequatehomeostaticregimein threedimen-
sions:social� (over the lonely to asocialspectrum),stimulation
(over theboredto confusedspectrum),andfatigue(leadingto
exhausted).Emotionsareimplementedin framework verysim-
ilar to that of Velasquez’s work but Breazeal’s emphasisis on
thefunctionof emotionsin socialexchangesandlearningwith
a humancaretaker. Our approachis differentfrom Breazeal’s
in that it is currentlylessfocusedon socialexchangesthanin
efficiency of behavior towardgoals,andof theuseof emotions
to controlmultiple robotsin additionto asingleagent.

Michaud[16], [17] usestheguidelinesof a hybrid-reactive-
deliberativearchitecture,building ontopof behavior-producing
modelsconnectingsensoryinputsto commands.Emotionsare
largelyconsideredin termsof helpinganagentto adaptto lim-
itations, to managesocialbehavior, andto communicatewith
others.At the implementationlevel, emotionsmonitor the ac-
complishmentof thegoalsandgoalsarerepresentedasmotives.

In Michaud’s work, emotionsper searenot representedin
the model, but emotionalcapability is achieved by incorpo-
rating it into the control architectureas a global background
state.Our approachwhich choosesto representthe emotional
systemexplicitly (as discussedlater) differs from Michaud’s
in that respect. Although both Michaud’s and our approach
revolve aroundthe notion of emotionasmonitoring progress
toward goals,our work explicitly representsemotionandcor-
respondsto a formal cognitive model. Our approachfollows
Frijda’s evolutionarytheoryof emotions(Frijda, 1986)andas-
sociatesactiontendencieswith emotionalstates(seeTableI).
For example,theemotionHAPPY is associatedwith theaction
tendency to activatefreely, CONFIDENT to continuenormalac-
tivity, FRUSTRATED to changecurrentstrategy andsoon.

C. ComputationalModelsof Emotions

Most of the computationalapproachesto emotion theory
have usedcognitive theoriesof emotionwith implementation
designsinvolving rule-governedsymbolic constructs,suchas
productionsystems,semanticnets, frames,etc. While there
have beenquite a few AI modelsof cognition in which cog-
nition is enhancedby emotion(seePfeifer [18] for a survey),
few AI modelshave taken emotionsasthe centralfocus,and
fewerof thesehaveactuallybeenaccompaniedwith acomputer
program. With the exceptionof Leventhaland Scherer[6],
thesemodelsdo not have a direct correspondencewith struc-
turesfoundin behavior-basedrobots.

AI approachesto emotionhave,for themostpart,beenbased
uponPaulhan’s (1887)conflict theory[19], in which emotions
arethoughtto occurwhenanongoingtendency is interrupted.
Theconflictapproachemphasizestheneedto simulatesystems
with limited resourcesin anunpredictableworld, andwith mul-
tiple goalsandplanswhich canconflict with eachother, and
which therefore,mustbe ableto be interrupted.Simon’s [20]
argumentthat emotionshave a counterpartin computational
systemsthatwork with multiplegoalsin finite timewith limited
resourcesis indeedrelatedwith Paulhan’s theory. This theory
providesmotivationfor ouruseof emotionsto mediateresource
conflicts.Otherapproacheswith computationalcomponentsin-
cludeSloman[21], Swagerman[22], Pfeifer [18], andOrtony
[23].

A promisingtheoryof emotionswhich lendsitself moredi-
rectly to computationalmodelingis theonepresentedby Lev-
enthalandScherer:the multilevel processtheoryof emotions
[6]; this theoryprovidestheframework for thework reportedin
thisarticle.Thecentralideaof this theoryis thatadultemotions
arecomplex behavioral reactionswhich areconstructedfrom
the activity of a hierarchicalmulti-componentprocessingsys-
tem. The sensory-motorlevel is activatedautomaticallywith-
out deliberateplanningby a varietyof externalstimuli andby
internalchanges.Emotion reactionsbasedon “pure sensory-
motor” processesaremostly of shortdurationandreflex-like.
The schematiclevel integratessensory-motorprocesseswith
prototypesof emotionalsituationshaving concreterepresenta-
tions. Theconceptuallevel is deliberativeandinvolvesreason-
ing over thepastandprojectinginto thefutureto avoid repeat-
ing emotionaldisturbances.The relationshipof this theoryto
hybridarchitectureswill bediscussedfurtherin Sec.III.

D. InterferenceandDeadlock

Researchershave notedthatrobotsworking on a mission,or
goal for the entirerobot team,canendup in conflict. Mataric
[24] termsthisconflict interference. Interferenceis furthersub-
divided into morecomplex conflicts,“including goal clobber-
ing, deadlocksandoscillations”[24] Resourcecompetitioncan
beover space, information, andobjects. Mataric’s work in in-
terferenceappearsto be primarily focusedon spatialcompe-
tition, ratherthan object competitionthat occursin the tasks
of resupplyanddocking. For example,in [25] Goldberg and
Mataricusea castesystemwhich givesrobotspriority to actin
giventerritoriesin orderto solvespatialinterferenceissues.

The undesirableeffectsof cyclic dependenciesin teamsof
robotsareoftentreatedasthoughthey werea deadlock,where
no robot is able to make progress. Previous work on dead-
locksin robotapplicationsfall into severalcategories.Lin and
Hsu [26] approachdeadlockingfrom the classicaloperating
systemperspective. Hartonas-Garmhausen[27], Qutub [28],
andSvestka[29] representtheproblemasagraphwith central-
izedplanning,which is incompatiblewith thedesirefor a dis-
tributed,reactive solution. Fukuda[30] andKube[31] utilize
changesin behaviors to breakdeadlocks.Hara [32] removes
thedeadlockfrom thesystemby changingthephysicalconfig-
urationof therobots.Noneof theworksstudiedusesemotions
to mediatedeadlocking.Kubeusesanindex akin to impatience
in ALLIANCE (but not addressedas such) to trigger behav-
iors. Only Lin, Fukuda,Kube,andHaradealwith objectsas
the sourceof deadlocks;the other efforts areconcernedwith
spatialdeadlocking.

Lin and Hsu [26] apply a classicaloperatingsystemsap-
proachto handleresourceconflicts in an object sorting task.
In theobject-sortingtask,robotsareusedasresources.A robot
can call on anotherrobot to help sort. However, if Robot A
calls on RobotB, while RobotB calls on RobotA, deadlock
canresult.Basedonthestandardmechanismsfor solvingdead-
lock, thepaperproposesthreesolutions:deadlock detection, in
whichif asetof agentsis waitingfor toolong,they areassumed
to be in deadlock;objectpriority, in which objectsandagents
aregivenpriority (suchasproximity), andthis priority is used
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to determinewho will helpwith eachobject,preventingdead-
lock; and� feasiblesequence, in which an algorithm searches
over possiblesequencesto determinewhich orderingof tasks
will avoid deadlock.Our approachis mostsimilar to deadlock
detection,wherethe useof emotionsallows the robotsto dis-
cover that they aredeadlockedandthenadaptor changetheir
behavior. Objectpriority andthemethodof feasiblesequencing
requirecentralizedplanning,which is atoddswith adistributed
solution.

KubeandZhang[31] examinetheissueof stagnationin robot
teams. Stagnationoccurswhen a teamof robotswork on a
taskbut ceaseto makeprogress.They useabehavior-basedap-
proachto solve the problemof stagnationfor multi-robot box
pushing.Their solutionis to provide a setof exceptionbehav-
iors thatenactdifferentstrategiesto breakthe stagnation.Re-
alignmentcausestherobotto changethedirectionit is pushing.
Repositioncausestherobotto moveits placeonthebox. These
strategieshave thresholdswhich increaseaslack of progressis
perceived. The longerthe stagnation,the moredrasticthe be-
havior activated.Theteamwasimplementedin simulation,but
the experimentwasfocusedon the numberof teammembers,
ratherthanissuesinvolvedin thesuccessof thebehavior strat-
egy in solvingdeadlocking.As such,it providesno foundation
for creatingandcontrollingbehaviors for interdependenttasks.

I I I . APPROACH

Theobjectivesfor usingemotionsto control teamsof robots
working on interdependenttasksareto:
� Enablethe individual robot to dynamicallyadapt to the

context. For example,a robot which is not makingsuffi-
cient navigationalprogressmight attemptto go fasteror
take more chances.Note this is conceptuallysimilar to
homeostaticcontrol [33].� Enablethe individual robot to escalateits responseto the
pointof changingits behavioraltogetherin orderto avoid
deadlock-like typesof situationsor task failure. For ex-
ample,arobotwaiting for a resourcemightchooseto stop
waiting andproactively navigate to anotherdepotof the
resource.Note that this assumesthat therearealternative
behaviorsor depotsavailable.

For the reasonsgiven in Sec.II-C, LeventhalandScherer’s
multilevelprocesstheoryof emotions[6] servesasthebasisfor
thisdistributedcooperativecontrolscheme,wheretaskcooper-
ationavoidsdeadlock-likesituationsthroughemergentsocietal
interactions.Thecentralideais thatadultemotionsarecomplex
behavioral reactionswhich areconstructedfrom theactivity of
a hierarchicalmulti-componentprocessingsystem. Failure to
make progresson tasksor goalschangestheemotionalstateof
theagent,which thenproducesa multilevel response.

In this hierarchythere are three levels comparableto the
commonlyacceptedgroupingsof activity in a hybrid deliber-
ative/reactiverobotarchitecture[7]. Thethreelevelsareshown
in Fig. 1 andaredescribedbelow:

Sensory-motor. At this basiclevel, sensedor internalevents
leadto emotionswhich thenmodify themotoroutputof active
behaviors. This is similar to thereflexive behaviors, wherethe
outputof a behavior is proportionalto the inputs. In this case,
theinputswouldbeperceptionplustheemotionalstate.

PROCESS THEORY OF EMOTIONS     HYBRID ROBOT ARCHITECTURES

Sensory-motor                                         Reactive behavioral
-emotions modify the motor                         -active behaviors couple sensors and
  outputs of active behaviors                         motor actions

Schematic                                                   Assemblages of behaviors
-emotions control which                             -collections of behaviors are assembled
  behaviors are active through                       into a prototypical schema or skill
  prototypical schemas                                   (Arkin 90)
-can be implemented with scripts               -can be implemented with scripts
  (Lisetti 97)                                                    (Murphy 96)

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

reactive
d

elib
erative

Fig. 1. Relationshipof the multilevel processof emotionsto the commonly
acceptedlevelsof organizationin hybriddeliberative/reactive architectures.

SCRIPT EMOTIONAL BEHAVIORAL

Goal Action tendency Task
Places Socialcontext Environment
Actors Emotions Behaviors
Props Internalpercepts Percepts,Cues
CausalChain Sequenceof Sequenceof

Events/Beliefs Behaviors
Subscripts ExceptionHandling ExceptionHandling

TABLE I
AI SCRIPT COMPARED WITH EMOTIONAL , BEHAVIORAL SCRIPTS.

Schematic. This level integratessensory-motorprocesses
with prototypesof emotionalsituationswith concreterepresen-
tations.It correspondsto assemblagesof behaviors,or skills.

Conceptual.This level is deliberative sinceit involvesrea-
soningover thepastandprojectinginto the future. As such,it
is beyondthescopeof apurelybehavioral-basedsystemandso
is outsidethescopeof this projectat this time.

[34] hasproposedthattheschematiclevelof emotionscanbe
implementedaccordingto a script [35]. Scriptshave alsobeen
usedby theroboticscommunityfor assemblagesof roboticbe-
havioral schemasinto largerschemasrepresentingastereotypi-
calsetof behaviors [36], [37], [38], [39]. In particular, Murphy
[38] andRoweetal. [39] haveusedscriptsfor robotsin aman-
nerconsistentwith roboticschematheory[40]. TableI shows
the relationshipof script componentsin [35] to the emotional
theoretic[34] andbehavioral implementations[38], [39] .

Our initial approachwasto addtheemotionalcomponentto
theexisting behavioral script developedin [38]. The resulting
singlescriptis shown in Fig. 2, andconsistsof two FSAsform-
ing acausalchaindynamicallymodifiedby theemotionalstate.

The script is instantiatedwith any relevant a priori param-
eters,suchasthe places,actors,andprops. The causalchain
is createdby the interactionof two finite statemachines:a be-
havioral stategenerator (BSG)and a emotionalstategener-
ator (ESG). Both the BSG andESG acceptmeasuresof task
progressas inputs. The BSG is responsiblefor selectingthe
appropriatebehaviors andassociatedparametersandmonitors
basedon taskprogressandtheoutputof theESG.

Theuseof a finite statemachinefor theemotionalinfluence
capturedby theESGwasonly afirstattempt.Whilesatisfactory
for this domain,we arecurrentlyexploring othermechanisms
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Behavior
State 

Generator

Emotional
State 

Generator

emotion

behaviors

parameters

task progress
measures

monitors

EXTERNAL AGENTS
(actors)

inter-agent
communication

feedback

schematic
level

sensory-motor
level

Fig. 2. Layoutof a causalchainshowing the relationshipbetweentheBSG,
ESG,andtaskprogressmeasures.

suchasfuzzy logic which canbe betterintegratedwith other
aspectsof emotionsandpersonality.

Task progressmetricscomefrom threesources:monitors,
individual behaviors, and inter-agent communication.Moni-
torsareperceptualschemaswhichlook for conditionsor events.
Monitorscanbe furthersubdivided into releasers, after innate
releasingmechanisms,which signaltheneedto activatea new
behavior, or performancemonitors, whichuseshort-termmem-
ory to computescript-specifictaskprogress.Individual behav-
iorsoftenactasreleasersfor otherbehaviors. For example,the
terminationof onebehavior usually leadsto the activation of
another, aspertheBSG.An exampleof aperformancemonitor
is the time spenton the taskso far comparedto the expected
time for thetask(passedasa “prop” at scriptinstantiation).

Anothersourceof informationabouttaskprogressis com-
municationfrom an external agent,either a command(e.g.,
“hurry”) or data (e.g. “I’m at location ���
	 ”). A receivedcom-
municationis processedby the taskprogressmonitor compo-
nent of the script and distributed to both the BSG and ESG
pathways. The communicationis not confirmedsincewe are
interestedin solutionsthatwill work in thepresenceof failures,
includingcommsfailures.Thesenderhasnoguaranteethatthe
receiver hasheardthe messagebecausethe lack of a response
is ambiguous:it couldhave heardthemessage,is responding,
but wasunableto communicate,or is just not functioning.

This processingmay result in a changein behavior through
theBSGpathway; for example,RobotA receivesa messageto
do “come here” and the BSG instantiatesa move-to-goalbe-
havior. Note that in this casethe commandacteddirectly asa
releaser. However, the processingmay alsochangethe emo-
tional stateof the robot via the ESGpathway simultaneously,
which then may changeor modify the robot’s behavior. For
example,Robot A receivesa message“hurry.” The message
causesthe emotionalstateto shift to a morenegative valence,
sayfrom “confident” thatit wasmakinggoodprogressto “con-
cerned.” As a resultof becomingconcerned,theESGtriggers
adaptationof active behaviors to make betterprogress.Rather
thansimply changingthevelocity (which is technicallynot the
releaseof a new behavior), the robot is free to do otherthings

suchasreducethe sensitivity to obstacles,comingcloser, and
changethe accelerationof its motions(becomingmore jerky
andaggressive which might affect positive changesin the en-
vironmentsuchasscatteringhumansfrom its path)to produce
thechange.Theuseof emotionsandtheESGpathway breaks
the potentialmaster/slave couplingthat would occurby using
only a BSG pathway, therebypreservingthe independenceof
therobots.

Therearetwo majordifferencesbetweentheemotionalscript
andtheabstractbehavior script. Thefirst is animplementation
detail: the interfacewith the sensory-motorlevel. The multi-
level hierarchy suggeststhat the implementationis through
separatemechanisms,with the script reserved for only the
schematiclevel; this implementationcombinedbothfollowing
the standardusageof scripts in robotics. The seconddiffer-
enceis in thelackof asocialcontext which requiressituational
awareness.

IV. MULTI-AGENT IMPLEMENTATION

Structurescorrespondingto thesensory-motorandschemat-
ics levelsof themultilevel processhavebeenimplementedona
pairof heterogeneousrobotsrunningundertheSFX hybridde-
liberative/reactive architecture[41].Theselevels aresufficient
to meettheobjectivesof dynamicadaptationandchangeof be-
haviors to make taskprogress.This sectiondescribesin detail
the taskdomain,the roboticequipment,andthe individual be-
haviorsandemotionson eachrobot.

Thecurrentimplementationdeviatesfrom theidealapproach
in two ways. Both deviations are due to time constraintsin
programming. First, the WaiterScript implementsonly the
schematiclevel link betweentheESGandBSGandtheRefiller-
Script implementsonly the sensory-motorlevel link between
theESGandrelevantbehavioral parameters.Thereis no con-
ceptualor practicalproblemwith implementingthetwo links in
thesameESG;rathertheimplementationreusedbehaviorsand
basicscriptsdevelopedin 1999,someof which did not have
parametersor logic to supportboth.Second,theBSGandESG
arerepresentedasasinglefinite statemachine.Futureinstances
of theESGandBSGwill enforceastrict separationto permita
directcomparisonof theteamwith andwithoutemotions.

A. CooperativeTask

The AAAI Mobile Robot Competition’s annual Hors
D’Oeuvres,Anyone? event waschosenas the target domain,
extendingthe USF 1999 entry which introduceda novel co-
operative robot approach.The goal of the event wasfor fully
autonomousrobotsto serve finger-foodsat a reception,maxi-
mizingareacovered.

The cooperative societycreatedfor Hors D’Oeuvres,Any-
one? domainconsistsof two robots: the Waiter robot whose
taskit is to serve itemsto anaudienceanda subordinaterobot
uponwhich it dependsto bring a tray of refills upon request
(Refiller). It canbe shown, that by usinga Refiller robot as-
sistant,the Waiter cansubstantiallyincreasethe time on task,
i.e. serving, sincethe non-productive travel time to andfrom
the servingstationis eliminated. The tray of refills is the re-
sourcethatcanleadto a situationin which theWaiter robot is
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Fig. 3. Implementationshowing emotions.Somebehaviors andcommunica-
tion links notshown.

waiting for the Refiller robot to resupplyher, but the Refiller
is blockedor otherwiseunableto meetthe request.Emotions
areusedto adaptor changetheteambehavior to minimizethis
non-productivetime.

Thereare threedistinguishingfeaturesof the societyfrom
moretraditionalcooperative, heterogeneousteams.First, it is
assumedthatif theWaiterreturnsto 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. Second,the two robotsare
heterogeneousphysicallyandalsoin their roles.Therefore,the
RefillercannotperformtheWaiter’s taskandviceversa.Third,
the two robotsdo not operatein a strict master/slave relation-
ship;they aredistributedanddecentralized.

Fig. 3 shows the basicorganizationof the reactive layer of
SFX. Each robot usesa script, called the WaiterScript
or RefillerScript scripts respectively, representingthe
strategic task, plus employed tactical behaviors (e.g., avoid-
obstacle). The robotsusewirelessEthernetto communicate
with eachotherfollowing theKQML agentcommunicationlan-
guage.Thecommunicationis eitherin theform of a command
from theWaiterto theRefiller(“refill,” “hurry,” “intercept,” “go
home”),or locationdata.

B. Equipment

Themulti-agentteamconsistedof two heterogeneous,fully
autonomousNomadicTechnologiesNomad200 robot bases.
BothrobotsusedtheSensorFusionEffects(SFX)hybriddelib-
erative/reactivearchitecture.[41]BothrobotsrununderRedHat
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-
nar laserranger, a thermalprobe,anddualHitachi color video

ACTION TENDENCY AT for Waiter/Refiller EMOTION
FreeActivate Serve/Joke Happy
ContinueNormalActivity Serve;CallforRefill/Serve Confident
MonitorProgressClosely AsktoHurry/IncreaseSpeed Concerned
ChangeCurrentStrategy Intercept/GoHome Frustrated

TABLE II
ACTION TENDENCY TABLE: GENERIC AND ROBOT CASE.

camerason a pan-tilt head.Sheis controlledby two on-board
processors:a 233MHz PentiumMMX and133MHz Pentium
MMX. The Refiller robot (a.k.a. Leguin) hasonesonarring,
anddual Hitachi color video camerason a pan-tilt head. She
is controlledby a 233 MHz anda 166 MHz PentiumMMXs.
Both robotsutilized internal shaft encodersto estimateloca-
tion relativeto acommonglobalcoordinatesystem.Therobots
cancommunicatewith eachotherandlocal workstationsusing
wirelessEthernet.

C. ScriptsandEmotions

The WaiterScript consists of four strategic behav-
iors (serve, exchange, intercept, goBack), two
monitors(treat-monitor, tray-watch), andfour emo-
tions(HAPPY, CONFIDENT, CONCERNED, FRUSTRATED). The
serve behavior usesa find-facesub-behavior to control the
pan-tilt headand make eye-contactwith the audiencewhile
serve is active.

The RefillerScript consistsof four strategic behav-
iors (refill, exchange, wait, goHome), no inter-
nal monitors,andthreeemotions(HAPPY, CONFIDENT, CON-
CERNED).

Task progressmonitoring was basedstrictly on inter-agent
communicationrequestsfrom theWaiter. Thewait behavior
alsousesan instanceof the find-facesub-behavior to interact
with the audiencewhile waiting at the servingstation. Both
robotsalsouseda tacticalavoid-obstaclebehavior; tactical,or
“survival” behaviors run automaticallyin parallelto thestrate-
gic behaviorsasper[41].

Thepartitioningandlabelingof emotionswasbasedon Fri-
jda’s theoryof emotions[42] which focuseson the functional
aspectof emotions.Frijdaassociatessomeof theprimaryemo-
tions (emotionsfound at the sensorylevel in Leventhaland
Scherer[6]) with distinct andelementaryforms of actionten-
dency. Eachemotioncallsinto readinessasmallanddistinctive
suiteof actionsthathasbeenselectedasappropriateto take in
thatspecificemotionalstate.Thus,in broadlydefinedrecurring
circumstancesthatarerelevantto goals,eachemotionprompts
boththeindividualandthegroupin a way thathasbeenevolu-
tionarily moresuccessfulthanalternativekindsof prompting.

Dependingon the physiologyof the individual and its cur-
rent environmnent,evolution hasselectedandassociatedspe-
cific actiontendencieswith eachemotion.In our case,our two
robotshave beenprogrammedwith the HAPPY, CONFIDENT,
CONCERNED andFRUSTRATED emotionalstateswhich corre-
spondrespectively to the action tendenciesshown in table II.
Thechoiceof labelsfor the four stateswasadhoc,but the la-
belsthemselveshaveno impacton emotionalcontrol.
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TASK PROGRESSMEASURES
EMOTION WAITER REFILLER

HAPPY ����
���������������� nopendingrequests
CONFIDENT ����
���������������� refill request
CONCERNED ����
�������� hurry request
FRUSTRATED ����
������������ �!� n/a

TABLE III
TABLE SHOWING THE TASK PROGRESS MEASURES FOR EACH ROBOT.

TableIII shows theemotionalstatesfor eachrobotandhow
the emotionsweregeneratedfrom taskprogressmetrics. The
Refiller, Leguin,wasto havehadafourthstateof FRUSTRATED

whichwouldhaveledto theschematic-level responseof chang-
ing her behavior to goHome, or give up, but was not imple-
menteddue to time constraints. The role of personalitycan
be seenasthe Waiter couldbe typlified as“aggressive,” since
its responseto frustrationwasto changeits behavior to a pro-
active intercept,while theRefiller’s responseto frustrationwas
“meek,” respondingto frustration by giving up. Time con-
straintsdid not permit the additionof the FRUSTRATED emo-
tional stateon theRefiller.

Butler’s emotionalstatewasgovernedby thechangingrela-
tionshipof therateof treatconsumption,time til empty
(TTE) to the anticipatedtime to be refilled, time to re-
fill (TTR). TTR is the time in shouldtake for a refill if
the assistantis moving at the expectedspeed.This is the Eu-
clideandistancedividedby therate.Two modifierswereused,
caution, C, andpatience, P, actingasthresholds.The
outputof the emotionswasat the schematiclevel, leadingto
changesin thesetof activebehaviors.

D. Waiter andtheWaiterScript

TheWaiterScript in Fig. 4 runscontinuously. It hasone
externalinput, thecommunicateddataaboutthelocationof the
Refiller robot. Thereare six possibleexternal outputswhich
arecommunicatedto the Refiller, the five commands(“wait,”
“refill,” “hurry,” “intercept”, “go home”)andthepositiondata
(“Butler-loc”). Thecommandsaregeneratedby theactive be-
havior in responseto theeventsonthescript. “wait” and“refill”
areproducedby serve whenthe script reachesa procedural
milestoneevent. “hurry, ” “intercept”, “go home” aregener-
atedwhenan emotionalevent (statechange)occurs.The “in-
tercept”commandonly causesthe Refiller to try to “hurry” if
not alreadydoing so. Internally, the script is responsiblefor
computingthe time to refill (TTR) andtime til
empty (TTE) taskprogressmeasuresandeither instantiat-
ing or modifying thesetof activebehaviors.

Thetypical scenariofollows. Wheninstantiated,theWaiter-
Scriptbeginswith theserve behavior andsendsa command
“wait” to the Refiller to ensurethat it is in the correctstarting
state.Undertheserve behavior, theWaiternavigatesto a se-
ries of pre-specifiedwaypoints. Her initial emotionalstateis
HAPPY. Serve usesthe sub-behavior face-find to direct
the pan-tilt headto searchfor andtrackhumanfaces.find-
face operatesin RGBspaceusingastandard"�#%$'&�(*) color
region segmentationalgorithm. If a skin-color affordanceis

Behavior
State 

Generator

Emotional
State 

Generator

emotions:
Happy

Confident
Concerned
Frustrated

behaviors:
serve

exchange
intercept
goBack

task progress
measures

parameters:
Refiller-loc

schematic
level

Waiter (Butler)

time til empty (TTE)

time to refill (TTR)

monitors:
tray-watch

treat-monitor

commands:
refill
hurry
go home
intercept

data:
Waiter-loc

communication to Refiller

communication 
from Refiller

Fig. 4. Detail of theimplementationof theWaiterScript.

found,thepresenceof ahumanwouldbeverifiedwith thether-
mal probethroughbehavioral sensorfusion. Theserve be-
havior would thenbe attractedto the largestskin color region
ratherthanthewaypoint.face-find assumesthatthelargest
blob is a faceanddirectsthe pan-tilt headto centerthe cam-
erason expectedlocationof theeyes,estimatedfrom theblob
dimensions.Oncea facehasbeendetected,serving plays
soundbitesencouragingpeopleto remove treats.If thepeople
disappearfrom view, therobotresumeswaypointnavigation.

The treat-monitor is also active whenever serve is
active. It useslaserdatato count the numberof events;each
eventis assumedto betheremoval of onetreat.Thelaserplane
extendsover theextentof thetray, andthetreatcountvariable
is decrementedeachtime theplaneis broken.

While serving, the Waiter robot may communicatea “re-
fill” requestif the time ’til empty(TTE) is now lessthan the
timerequiredfor theRefiller robotto navigateto her(TTR)(see
Table III). This doesnot changethe servingbehavior on the
Waiter. However, heremotionalstatedoeschange;sheis now
CONFIDENT thatshewill receivearefill in time.serve termi-
natesonly undertwo conditions. Ideally, the Refiller reaches
the Waiter triggering the exchange behavior. Under ex-
change, the Waiter does nothing until the tray-watch
monitor seesthe operatorflash the empty tray in front of the
cameras.Whenthetray-watch monitor returnstrue indi-
catingthat the tray wasseen,the Waiter communicatesa “go
home”commandto theRefiller. Whenexchange terminates,
the WaiterScript re-instantiatesserve, maintainingthe
list of waypointsvisited, andthe Waiter movesto the next on
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Fig. 5. Detail of the implementationof theRefillerScript for theRe-
filler robot,Leguin.

thelist or is immediatelycapturedby nearbyhumanfaces.
In lessthanideal conditions,the Waiter may becomeCON-

CERNED and issuea “hurry” commandto the Refiller. The
Waiter may even becomeFRUSTRATED with the lack of a re-
fill andactivate theintercept behavior. When the Waiter
issuesanintercept datamessage,the Refiller movesinto
the “hurry” condition, in which sheattemptsto move at her
maximumspeed. intercept is essentiallya move-to-goal
behavior wherethe Waiter thenusesthe dynamicallyupdated
locationof the Refiller (Refiller-loc) asthe valueof the
goalparameter. OncetheWaiterinterceptstheRefiller, theex-
change behavior is triggeredandis carriedout.

E. RefillerandtheRefillerScript

Leguin, theRefiller robot,alsohasfour behaviors underthe
RefillerScript, but only threeemotionsasseenin Fig. 5.
The RefillerScript hasonly one sourceof external in-
puts, communicationsfrom the Waiter in the form of either
commands(“wait,” “refill,” “hurry,” “go home”, “intercept”)
or the positiondata(“Waiter-loc”). It communicatesonly one
output,thelocationof theRefiller in absolutecoordinatesafter
the Refiller hasmoved morethan3 cm from its last reported
position.

The Refiller startsin the wait behavior wheresheloiters
aroundtheservingstationtelling jokesvia pre-recordedaudio
soundbytesandminglingwith thecrowd. face-find runsto
maintaina simplehuman-roboteye-contactinteraction.When
the Refiller receivesa requestfor “refill” commandfrom the
Waiter, sheinstantiatesherrefill behavior with theparame-
tervalueof normal speed (60%of themaximumsafespeed
setting).refill is alsoamove-to-goalbehavior wherethelo-
cationof theWaiter(Waiter-loc parameter, whichis contin-
ually refreshedthroughinter-agentcommunication)is thevalue
of thegoal. If shereceivesahurry commandfrom theWaiter,
sheincreaseshernavigationalspeedto themaximumsafespeed

or 100%of the maximumsafespeed.Oncewithin 1.5 meters
of the Waiter, theexchange behavior is triggered.After the
Waiter’s command(“go home”),shereturnsto theservingsta-
tion undernormalspeedwith thegoHome behavior.

V. RESULTS

Theemotionaldistributedcontrolschemewasdemonstrated
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 ScienceandIndustry
(MOSI), Sept.10,2000.ProgramtracedatacollectedatMOSI
clearly showed that emotionsled to dynamicadaptationsand
changesin the robotsbehaviors, permittingthe robotsto con-
tinueto make progresson theresupplytaskwherethey would
haveotherwisebeentrappedin a wait state.

A. AAAIPerformance

TheHorsD’oeuvres,Anyone?eventconsistedof tworounds,
an unscoredpreliminary round lasting about30 minutesand
a final, lasting 2 hours. Although the two other entriesused
emotionallabelsto describehow their robots’ behaviors and
interfacewere perceived by the audience,the USF teamwas
theonly oneto usea formalmodelof emotionsfor eitherintra-
or inter-agentactivities. An error in the datalogging program
preventedtheacquisitionof quantitativedata,but emotionsdid
leadto thecorrectemergentbehavior andseverallessonswhere
learned.The entry won the Nils NilssonIntegrationAward, a
generalTechnicalAchievementAward,andthird placeoverall.

At thepreliminaryevent, the robotssmoothlydemonstrated
modificationof their individual behavior, changesto their be-
havior in responseto their taskprogress,andoverall emergent
societalbehavior to a smallaudienceandlocal TV crews. The
teammembersandaudiencesetup non-productive scenarios,
where the Refiller could not reachthe Waiter before it was
likely to run out of items. The Waiter changedits behavior
to interceptthe Refiller ratherthanwait empty-handedashad
happenedin 1999’sevent.

At the final event, the robotsinteractedwith a largercrowd
thanat the Preliminaryevent. The emergentsocietalbehavior
occurredbut waslessdiscernible.An unforeseentaskdepen-
dency wasuncovered:theRefillercan’t servicetheWaiteruntil
sherestocks.At thefinal event,theWaiterwasoftenrequesting
a refill fasterthantheRefiller couldnavigatebackto theserv-
ing station.Thesolutionis for theRefiller to deny requestsand
communicateherestimatedtime to readinessto theWaiter, al-
lowing theWaiterto immediatelybecomefrustratedratherthan
experienceashorttimedelayasthenegativeemotionescalates.

B. MOSIPerformance

The robots were exhibited to the public shortly after the
AAAI competitionat MOSI (seeFig. 6), duplicatingthevenue
of areceptionwith largenumbersof peopleinteractingwith the
robotsin unpredicatablewaysaswell aspermittingdatacol-
lection. The robotsserved USF pencilsto over 100 museum
attendeeson themainfloor for approximately1 hour.
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Fig. 6. pictureof MOSI

C. Overview

TheWaiterrangedover140meters,andtheRefiller traveled
142meters.Thewaiterranfor 3504seconds,while therefiller
ran for 3454seconds.Fig. 7 shows plots of the robotspaths
with importanteventssuperimposed.

Figure7 shows thepathstakenby theWaiterandRefiller as
they work thecrowd at theMuseumof ScienceandIndustryin
Tampa,Florida.TheWaiterstartsout in theservingareaa and
proceedsinto acrowdof childrenandadultsto handoutpencils.
After running low on pencils, shecalls on the Refiller for a
refill, andcontinuesto serveb. At c sherendezvouseswith the
Refiller, andis refilled. d representsanotherrequestfor refill.
However, therobothadto berestarted(e1 ande2 representthe
downtime). The turn towardsf is the Waiter decidingit must
intercepttheRefiller. At f shehasbeenrefilled,andgoesback
to serving.Fromf to g therobottransitionsfrom to beingin a
dire needof refill, but sheis refilled at point g beforerunning
too low. Finally ath therobotmovesfrom servingto having to
intercepttheRefiller.

Figure7b. is identicalto Figure7a.,but the annotationsre-
flect thepointsof interestfor theRefiller. TheRefiller startsat
the refill station,1. Whenit receivesa commandfor refill, it
proceedsdirectly to the Waiter. 3, 6, and8 show the Refiller
asit proceedsto the Waiter. Thoughit is not visible from the
graph,asthecommandsfrom theWaiterbecomemoreurgent,
theRefiller increasesits speed.Deviationsin theRefiller’spath
aredueto avoiding humans.2, 4, 5, and7 show the Refiller
reachingtheWaiter, andexchangingtrays.Point5 is blankbe-
causeloggingof messageswasnot active duringthat time. At
9 the robot is unableto seethe tray which is neededto alert
theWaiterthatit hasreceivedits refill. Thustherobotis stuck,
waiting to seethe tray, creatingan unforeseendeadlocksitua-
tion createdby a humannot presentingthetray.

From a human-robotinterfaceperspective, analysisshowed
that Refiller took threetimes as much time to refill as to go
home. This asymmetriceffect hadalso beenobserved at the
AAAI competition,andoccursfor several reasons.Whenthe
Refiller ceasesloitering by the servingstation,her changein
behavior attractsattentionandpeoplecometo investigate.As
she moves closer to the Waiter, people interactingwith the

a.

b.

Fig. 7. Pathsof theWaiterandRefiller with a.) with eventsof interestof the
WaiternotedandtheRefiller pathin grey andb.) with eventsof interestof the
Refiller notedandtheWaiterpathin gray.

Waiter notice the additionalrobot and begin interactingwith
it aswell. However, whentheexchangeis completed,theRe-
filler is clearlyheadingaway from themoreinteractive Waiter
andattractslittle interestfrom thecrowd.

D. Representative10 MinuteInterval

Representativedataof bothrobots’behavioral andemotional
statesextractedfrom a 10 minute period is shown in Fig. 8.
Thetwo tracesareover time (X-axis) andthetop of eachtrace
shows theactive behavior for the time span.TheY-axis is the
emotionalstate.A line on theplot indicatesthetime anddura-
tion of a particularemotionalstate.Arrows in the Y direction
betweentracesshow thecommandsissuedby theWaiterto the
Refiller, via KQML; recall that as a subordinate,the Refiller
did not issuecommandsto theWaiter. Locationdatamessages
werealsoexchanged,but arenot shown sincethey did not im-
pacttheemotionalor behavioral stateof therobot.
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Fig. 8. Representative datarun showing emotionsandresultantchangesin
internal behavior and behavior of teammember. (Butler is the nameof the
Waiter, Leguin is theRefiller.)

The tracesshow that the robotsmet the researchobjectives.
First, they regulatedtheir subgoalsandmotivationsaccording
to theirown currentinternalemotionalstatesaswell asexternal
signals.Second,they sociallyadaptedtheir actionsto theother
agents,bothhumanandartificial, dependingon thecurrentsit-
uationalcontext. The useof emotionproducedthe desirable
emergentsocietalbehavior of avoiding deadlock-like waiting
in dependenttasksaswell asmeetingthedesigncriteriaof be-
ing compatiblewith behavior-basedarchitecturesandusinga
distributedcontrolscheme.

The traceshows that the intensityof the emotionswas im-
plementedasa constant,eventhoughtheperformancemetrics
werelinear. Seethe Refiller from +-,
.
/ to +102.-/ whenrefill
is active. While CONFIDENT, theRefiller’s navigationalveloc-
ity is normal,thenundergoesa stepchangeto maximumwhen
CONCERNED. This constantintensitywasdueto programming
time constraints.A morecognitively plausibleimplementation
is to have the intensity of the emotionchange,therebylead-
ing to proportionalchangesin the velocity. Futurework will
directly coupleemotionalintensitywith behavioral intensityat
thesensory-motorlevel.

There was no emotion specifically ascribedto the ex-
change behavior. exchangewasessentiallyasuspendmode
for therobotssotherewasno performancemetricto serveasa
input to theESG.This couldbe interpretedasthe robot being
ambivalentwhenthereis no metricfor progress.

The robotsbegin after a resetwith the Waiter HAPPY and
issuinga “wait” commandto synchronizetheRefiller. TheRe-
filler activateswait andbegins circulatingnearthe refill sta-
tion (home).TheWaiterbeginsservingandafteraproximately
+-,
.
/ , the rateof treatconsumptionbecomessufficiently high.
Sheissuesa“refill” commandandis CONFIDENT thathercom-

mandwill be achieved. Leguin receivesthe “refill” command
whichcausesherto changebehavior from wait torefill at
anormalspeed.

At about220secondsinto therun,conditionsrelatingto the
rate of consumptionof treats,or the rate of progressof Re-
filler, causethe Waiter to changeto CONCERNED, triggering
another“hurry” messageto the Refiller. While the Waiter’s
behavior is still serve, the Refiller’s emotionalstateis now
CONCERNED. As aresult,herspeedincreasesto hermaximum
safenavigationalspeed.Approximatelyoneminute later, the
Waiter sensesan increasein treatconsumption,or insufficient
progressby the Refiller, causingan emotionalstatechangeto
FRUSTRATED. The Waiterat this point hascalculatedthat the
Refiller will not reachher beforesherunsout of treats. The
ESGdictatessheshouldabandonhercurrentserve behavior
andmove to intercept the assistantto expeditethe refill.
The Waiter calculatesthe relative bearingto the Refiller, then
attemptsto interceptat the maximumsafespeed. Shesends
a messageto the Refiller to this effect, so the Refiller, if not
alreadyCONCERNED andmoving fast,attemptsto speedup.

During this interceptbehavior, it is interestingto seethe
Waiter’s emotionalstatemoving from FRUSTRATED to CON-
CERNED andeventuallyHAPPY asshecloseswith theRefiller.
The reductionof negative emotionis dueto the TTE is more
closely approachingthe TTR; the relationshipbetweenTTE
andTTR directly influencetheemotionalstateasperTableIII.
Theseemotionalstatechangesdo not dissuadeher from inter-
ceptingtheRefiller.

At about450secondsinto therun,therobotshaveeffectively
interceptedone another, and switch statesto a stationaryex-
changebehavior. Duringthistime,ahandlermakesthephysical
exchangeof treatsfrom theRefiller’s tray to the Waiter’s tray.
Also, while this processtakesplace,face-finding is de-
instantiatedandtray-watch monitoris activated.Whenthe
tray wasrecognized,at about500 seconds,the Waiter’s emo-
tional statebecameHAPPY andshesenta messageto the Re-
filler to “go home.” This elicited the behavior of returningto
theservingstation,andtheemotionalstateof CONFIDENT. In
this example, the Refiller returnsto the servingstationto be
restockedat about600seconds.While theRefillerhasbeenre-
turninghome,theWaiterhasbeenhappilyserving.Shortlyaf-
ter beingrestocked,theRefiller receivesanothermessagefrom
theWaiterrequestinga refill, andtheprocessstartsagain.

VI . DISCUSSION

As notedin Sec.I, themotivationfor this work is to investi-
gatecognitive models.We believe emotionsarean interesting
biomimeticsourceof insightinto appropriatedesignprinciples.
Theuseof emotionsfor control raisesthe issuesof whetherit
canshown to be betterthantraditionalcontrol methods,what
the advantagesare in generalof usingemotions,how do be-
haviorsandemotionsemergein suchasystem,whataspectsof
emotionsarenot currentlycaptured,andscalability. Eachof
theseissuesis discussedbelow.

A. EmotionsversusTraditional Control

Thisarticledoesnotclaimthatusingaformalmodelof emo-
tion to control of a robot is the only or bestimplementation.
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The motivation for this work has beento explicitly explore
emotions� asonepossiblemethodof controllingmulti-robotsys-
tems. Thesimpleimplementationof the ESGraisesthe ques-
tion of whetherit havebeeneasierjust to engineerthesolution.
We believe the answeris “no.” An emotionalmodelprovides
a numberof featuresbeyonda simplestatemachinewith time-
outs,suchasKube’ssystem[31]. While this implementationof
emotionsis quitesimilar to Kube’s sytem,thelargerissuesare
notassimpleasa timeout.Behaviorschangebasednotonly on
time, but alsoon resourceexpenditure,andtaskprogress.The
correctactionfor eachrobotto takewhenthey donotknow why
theotheris doingwhatit is doingis problematic.It is expected
that theresponseswill increasewith broaderdomains,making
it harderto engineerasystemwith consistentdesignprinciples.

Onesourceof resistancemay be vaguenessassociatedwith
emotions. The emotion-theoreticliterature is divided on the
numberof emotionsandtheir labels,which may give a robot
designerpause.However, onereasonthat this is not a serious
disadvantageis thatevenemotionaltheoristsarelessinterested
in labeling than in the resultsof emotions;the exact number
andnamesof emotionalstatesbecomelessimportantfor more
fuzzy implementations.

B. Advantagesof Emotions

The primary performanceclaim madein this article is that
the useof a formal model of emotionsbreakscyclic depen-
dency problemswithout centralizedplanningif robotshave al-
ternatives (e.g., interceptingor headingdirectly to the refill
station)andminimal communication.The increasein perfor-
mancefrom beingableto reliablyuserobotsfor interdependent
tasksis anotheradvantage.The useof a Refiller reducesthe
time “off-task” thatwould bespentby theWaiter traveling be-
tweenits desiredlocationandits refill station.Emotionscaused
the Refiller to dynamicallyincreasedits speedwhich leadsto
fasterrefills.

Anotherpossibleperformancebenefitis that the robotsin-
ternalemotionsled it to actionswhich favorably modifiedthe
environment. It was observed that the Refiller’s increasein
speedcausedpeopleto be morewary of it andget out of its
way, magnifyingthe increasein performancefrom just an in-
creasein velocity. While this claim is impossibleto rigorously
provesincetherobotsinteractwith largenumbersof people,it
is notable. It alsosuggeststhat peoplerespondappropriately
to robotswhich act “naturalistically” even if they areunaware
of the robotsemotionalstate. This would tendto supportthe
motivationfor theapplicationof emotionsto agents.

In addition to improved performance,the useof emotions
haspracticalimplementationadvantages.First, the codingof
emotionswassimple. 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 constrast,the
modularbehaviors comprisedseveral thousandlines of code.
Second,emotionsunderthe multilevel processtheorymapdi-
rectly onto structuresin hybrid deliberative/reactive architec-
tures.Thismeansemotionscanbeaddedto thesesystemswith-
out any re-conceptualizationof components.

Anotheradvantageof the emotionalimplementationis that
it is local to eachrobot andbasedon taskprogress.A robot

doesnot have to understanda teammember’s emotionalstate
(if any) asper[14].

C. EmergentBehaviorsandEmotions

This article illustrateshow the desiredtypesof cooperation
betweendistributedrobotsweremadepossibleusingemotions,
as well as provided reinforcementfor the multilevel process
theoryof emotions.

In termsof emergentbehaviors, it shouldbe notedthat the
robotsdo not needto interpretor understandeachother’semo-
tionsor understandother’s task.TheTTR datais derivedfrom
locationdata;receiving accuratemeasurementsprovidesacon-
veniencefor optimizingtheresponse,but it is notrequired.The
TTR couldbeestimatedby theWaiterwithoutany communica-
tion with theRefiller. This is simple,modular, andin thespirit
of distributedrobotics.

The varioustheoriesof emotiondo not requirean agentto
clearlyexpressits internalemotionalstateto otheragents,and
emotionscan be invoked by the missingpresenceof another
agent. Social expressionof emotionsemerge at the sensory-
motor level in the multilevel processtheory of emotionsand
soaretheoreticallysupportedby our implementation.Expres-
sivenessandsocialfacilitationwith humanswasoutsideof the
scopeof this work andwill beaddressedin futurework.

While our systemdoesnot requireonerobot to understand
whatanotherrobotis doingandwhy, therearesituationswhere
this might beuseful. Suchknowledgemight help theassisting
robot to chooseamongmultiple requestingrobots(e.g.,Robot
X needsthe resourcemore than Robot Y) or methods(e.g.,
RobotX is operatingin a covert mode,so I mustbe cautious
andminimizecommunications).Theexisting KQML structure
supportsthe attachmentof this type of information at a later
date; this is oneof the reasonsfor the useof a generalagent
communicationlanguageratherthananadhocprotocol.

One of the interestingaspectsof the work reportedin this
article is that it simulatedthesensory-motorlevel of emotions.
Theexternalinputs(e.g.,requests)or the sensory-motorstim-
uli (e.g., seeinga tray full/empty) gave rise to simple reflex-
like reactionsinvolving themotorsystemonly (e.g.,increasing
moving speed,stopping,etc.). Notethat in someregardscom-
municationcanbetreatedastheequivalentof directperception
stimuli.

This work also simulatedthe schematiclevel of emotions
by combiningthe sensory-motorprocesses(which led to the
arousalof themotorexpressivebehavior) with perception(per-
ceiving the speedat which the treatsdisappear, perceiving the
Refiller’s lack of progress,etc.) to leadto slightly morecom-
plex statessuchas CONFIDENT and FEELING HAPPY. These
stateswerein turneachassociatedwith behaviorsor actionten-
dencies(seeTableI) which arethe mostappropriateactionto
take giventhecurrentsituation:currentinternalstate,andcur-
rentexternalenvironment.

D. Aspectsof EmotionsNot CurrentlyCaptured

Emotionsfound in the humansystemarethe mostcomplex
onesamongthe animal kingdom. They serve a wide vari-
ety of functionswhich we list herenon-exhaustively: organi-
zationof memory, learning,perceptionbiases,categorization,
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self-regulatoryfunction,motivationandperformance,decision-
making,andcommunication,maintenanceof socialnormsbe-
tweensocietyof agents,andmore.

At this time,only thesensory-motorandschematiclevelsof
themultilevel processtheoryhavebeenimplemented.Thecon-
ceptuallevel is plannedfor futurework. It shouldbenotedthat
this initial implementationleavesopentheissueof how person-
ality impactsthechoiceandexpressionof behaviors; this, like
expressiveness,wasdeemedbeyondthescopeof this effort. It
is conjecturedthatpersonalityis not local to a script; insteadit
is a propertyof therobotasawhole.

Emotionalresponseswerepartitionedandlabeledadhocand
would profit from further inquiry. The implementationused
only a rudimentarysensory-motorlinkagewhich is thesubject
of futurework. It largely ignoredhuman-robotinteractionsand
theexpressionof emotionsfor implicit communication,which
will alsobeaddressedin futurework.

E. Scalability

An interestingquestionis whetherthe desiredemergentso-
cietal behavior will scaleif more robotsor refill stationsare
added. In the casewhere the additional Waiters outnumber
the Refillers,thereis the possibility thatmorerequestsfor the
sharedresourcecan be generatedthan can be handled. The
issueof pre-emption,how to decidewhento re-taska Refiller
headingfor WaiterA to now serviceWaiterB, becomescentral.
The caseof moreRefillers thanWaitersis lesssevere,where
multipleRefillersmayattemptto serviceasingleWaiterresult-
ing in wastedduplicationof effort. However, it canbeimagined
thatin military or humanitarianresupply, theduplicationmight
bedesirableto ensurethatat leastoneRefilleraccomplishedits
taskevenin thepresenceof dangerousterrain.

Theincreasein thenumberof robotsandmultiple instances
of resourcessuggestsa reconsiderationof Lin and Hsu’s ob-
ject prioritization [26] asa methodof breakingdependencies
(Sec.II-D). However, emotionsmay be moreusefulfor a so-
lution which minimizescommunications;for example,we en-
vision a systemwhere the Waiter could simply broadcastits
dataandcommandswithout knowing who wasavailable. The
Refillerscould thenusereceive thosemessagesand resulting
emotionswould leadto servicingby nearerrobotsthat canbe
pre-empted(emotionsassociatedwith servicingtherequestout-
weightheemotionsassociatedwith taskprogressonthecurrent
task).

Anotheraspectof scalabilityis how usefulemotionswill be
whenthe robotshave multiple tasksandrolesto fulfill. Each
taskcontributesaninfluenceto theoverallperceivedemotional
stateof the robot, following the emergentpropertyof reactive
behaviors. This is expectedto be easierto implementandbe
moresensitiveto situationswheretherobotis performingafew
taskssub-optimallythantraditionalplanningandcontrolmeth-
odswhichrequireexplicit modelingof therelativeperformance
contributionsof eachtask.

VI I . SUMMARY AND CONCLUSIONS

Thisarticlehasshown how emotionscanguideemergentco-
operationin teamsof heterogenousmulti-robotsystemswork-

ing on interdependenttasks.Agentresourceresupplyis anex-
ampleof onesuchcooperativetask.Theuseof asecondary, Re-
filler assistantmaximizesthetime-on-taskof theprimaryagent,
theWaiter. However, cooperationintroducesa dependency be-
tweentheagents,wherethefailureof theassistantto refill the
Waiter canstop taskprogressby the primary. The emotional
mechanismpromotesthe benefitsof cooperationwithout cen-
tralizedcontrolor deliberation.As a result,emotionsarewell-
suitedfor controlof distributed,behavior-basedsystemswhere
centralized,deliberativemethodsareoftentoocomputationally
expensiveor too immatureto implement.

Althoughemotionsplaymany importantrolesin humanper-
formance,this article hasfocusedon their role in monitoring
andmaintainingprogresstowardspecificgoals.Theimplemen-
tation reportedin this article is appropriatefor behavior-based
andhybrid deliberative/reactiverobots.It implementsa partial
translationof themultilevelprocesstheoryof emotions[6]. The
processlevelscorrespondto thelevelsfoundin mosthybridde-
liberative/reactive architectures(sensory-motoror reactive be-
havior, schematicor assemblagesof behaviors,andconceptual
or deliberative).

Emotionsprovide the ongoing monitoring function; from
that monitoring,emotionalstatesaregeneratedwhich suggest
throughtheir action tendency the most likely appropriatebe-
havior for thegivensituation(seeTableII). Theresultsreported
Sec.V-D illustratehow taskprogresswasmadepossibleor im-
provedby oneof two emotionalresponses.For minor negative
emotioninducingsituations,therobotdynamicallyadaptedal-
readyactivebehaviors; for example,the Refiller increasedits
sensory-motorlevel of response(e.g.,velocity) asits emotions
becamemorenegative (HAPPY to CONCERNED), For escalat-
ing situations,therobot instantiatednew behaviorsto affectal-
ternativewaysof achieving a mission; for example,wherethe
Waiter experienceda schematic-level behavioral changefrom
serve to intercept.

While other researchershave considered emotions for
human-robotinteractions,andintra-robotcontrol,thiswork ap-
pearsto be the first to useemotionsfor emergent intra- and
inter-robot coordinationspecificallyfor multiple robotswork-
ing on an interdependenttasks. The simplicity of the imple-
mentationon two fully autonomousrobotsinteractingwith hu-
mansin unstructuredenvironmentscomparedwith thepowerof
the resultsofferssupportthat this multilevel theoryis a useful
modelof emotions.We notethat thework reportedin this pa-
peris preliminaryandbasiccognitiveandroboticsissues,such
asexpressivenessfor socialfacilitationandtheadditionof the
conceptuallevel, remain.Theseissuesarethesubjectof current
andfuturework andarebeingexploredboththroughsimulation
andempiricaldatacollection.
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