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Abstract

Thegoalof this articleis to introducethereaderto therich andvibrant eld of robotics,
in hopesof laying outanagenddor futureresearclon humanrobotinteraction.Robotics
isa eld in changethe meaningof theterm*“robot” todaydiffers substantiallyfrom the
termjust a decadeago. The primary purposeof this article is to provide a comprehen-
sive descriptionof pastandpresent-dayobotics.It identi es themajorepochsof robotic
technologyandsystems—fromndustrialto servicerobotics—andcharacterizeshe dif-
ferentstylesof humanrobotinteractionparadigmatidor eachepoch. To setan agenda
for researclon humanrobotinteraction the article articulatessomeof the mostpressing

openquestiongpertainingto modern-dayhumanrobotinteraction.



1 Intr oduction

The eld of roboticsis changingatanunprecedentedace.At presentmostrobotsoper
atein industrialsettings wherethey performtaskssuchasassemblyandtransportation.
Equippedwith minimal sensingand computing,robotsare slaved to performthe same
repetitve taskover andover again. In thefuture, robotswill provide servicesdirectly to
uspeopleatourworkplacesandin our homes.

Thesedevelopmentare sparked by a numberof contrikuting factors. Chief among
themis an enormougeductionin costsof devicesthat compute senseandactuate.Of
no lessernmportancearerecentadvancesn roboticautonomywhich have critically en-
hancedthe ability of robotic systemgo performin unstructurecanduncertainerviron-
ments(see[Thrun, 2002 for anoverview). All theseadvanceshave madeit possibleto
develop a new generatiorof servicerobots,posedto assistpeopleat work, in their free
time,andathome.

Fromatechnologicaperspectie, roboticsintegratesdeasfrom informationtechnol-
ogy with physicalembodiment.Robotssharewith mary otherphysicaldevices,suchas
householdappliance®r cars,thefactthatthey ‘inhabit' the samephysicalspacesaspeo-
ple do in which they manipulatesomeof the very sameobjects.As aresult,mary forms
of humanrobot interactioninvolve pointersto spacer objectsthat are meaningfulto
bothrobotsandpeople[K ortenkampetal., 1996]. Moreover, mary robotshave to inter-
actdirectly with peoplewhile performingtheir tasks.This raisesthe questionasto what
theright modesarefor humanrobotinteraction.Whatis technologicallypossible?And

whatis desirable?



Possiblythe biggestdifferencebetweenrobotsand other physical devices—suchas
householdappliances—isautonomy More thanary otherresearcldiscipline,the eld
of roboticshasstrivento empaver robotswith anability to make their own decisionsn
broadrangef situations.Today's mostadvancedobotscanaccommodateuchbroader
circumstanceshan, for example,dishwasherscan. Autonomy opensthe door to much
richerinteractionswith people: someresearcherbave goneasfar asproclaimingtheir
systemssocial’ [Simonsetal., 2003 or 'sociable’[Breazeal 2003a].Naturally sociable
interactionoffers both opportunitiesandpitfalls: It offersthe opportunityfor the design
of muchimprovedinterfacesby exploiting rulesandcorventionsfamiliar to peoplefrom
differentcontexts. However, it doesso at the dangerpeoplere ecting capabilitiesinto
robotictechnologythatdo not exist. For theseandotherreasonsit remainsunclearf we
ever wantto interactwith robotsthe sameway we interactwith our next door neighbor

our maid,our colleagues.

2 The ThreeKinds of Robots

Roboticsis a broaddiscipline. The broadnes®sf the eld becomespparenby contrast-
ing de nitions of someof the mostbasicterminology The RobotInstitute of America
(1979)de nes a robot as “a reprogrammablemultifunctional manipulatordesignedo
move materialsparts,tools, or specializedlevicesthroughvariousprogrammeanotions
for the performanceof a variety of tasks. In contrastthe Websterdictionaryde nes a
robotas“An automaticdevice that performsfunctionsnormally ascribedo humansor a

machindan theform of ahuman’ A technicalintroductioninto roboticsensorsactuators,



andalgorithmscanbefoundin [Thrun,2003.

The United Nations (UN), in their most recent robotics sur
vey [U.N. andl.F.R.R.,2002], groups robotics into three major catgyories. These
categories—industrial robotics professionalservice robotics and personal service
robotics—are primarily de ned throughtheir applicationdomains. However, they also
representifferent technologiesand correspondo different historic phasesof robotic
developmentandcommercialization.

Industrial robotsrepresenthe earliestcommerciakuccesswith the mostwidespread
distribution to date. An industrialrobot hasthreeessentiaklements:it manipulatests
physical ervironment(e.g., by picking up a part and placingit somavhereelse); it is
computercontrolled,andit operatesn industrialsettings suchason corveyor belts. The
boundarybetweenindustrialrobotsandnon-roboticmanugcturingdevicesis somavhat
fuzzy; thetermrobotis usuallyusedto referto systemswith multiple actuatecelements,
often arrangedn chains(robotic arm). Classicalapplicationsof industrialroboticsin-
cludewelding, machining,assemblypackagingpalletizing,transportationandmaterial
handling.For example,Figure1 shavs anindustrialweldingrobotin theleft panel,next
to aroboticvehiclefor transportingcontainerson aloadingdockin theright panel.

Industrialroboticsstartedin the early 1960s,whentheworld's rst commercialma-
nipulatorwas sold by Unimate In the early 1970s,NissanCorp. automatedan entire
assemblyine with robots startingarevolutionthatcontinuego thepresentate.To date,
the vastmajority of industrialrobotsareinstalledin the automotve industry wherethe
ratio of humanworkersto robotsis approximatelytento one[U.N. andl.F.R.R.,2002].

Theoutlookof industrialrobotsis prosperousin 2001,the UN estimateshe operational



stockof industrialrobotsto be 780,600,a numberthatis expectedio grow by just below
25%until 2005.Accordingto [U.N. andl.F.R.R.,2003, theaveragecostof anindustrial
robotshasdecreasetly 88.8%between990and2001. At thesametime, US laborcosts
increasediy 50.8%. Theseopposingtrendscontinueto openup nev opportunitiesfor
robotic devicesto take over jobs previously resered for humanlabor However, indus-
trial robotstendnotto interactdirectlywith people.Interfaceresearclin this eld focuses
ontechniquedor rapidly con guring andprogrammingheserobots.
Professionalservice robots constitutea much youngerkind of robots. Service
roboticsis mostly in its infangy, but the eld grows at a much fasterpacethan in-
dustrial robotics. Justlike industrial robots, professionalservice robots manipulate
and navigate their physical ervironments. However, professionalservice robots as-
sist peoplein the pursuitof their professionalgoals, largely outsideindustrial settings.
Someof theserobots operatein environmentsinaccessibleo people,suchas robots
thatclean-upnuclearwaste[Blackmonetal., 1999,Bradyetal., 1999 or navigateaban-
doned mines [Thrunetal.,2003. Othersassistin hospitals, such as the Helpmate
robot [King andWeiman,1990 shavn in Figure 2a which transportsfood and medi-
cation in hospitals,or the sumgical robotic systemshavn in Figure 2b, usedfor as-
sisting physiciansin sumgical procedures. Robot manipulatorsare also routinely used
in chemicaland biological labs, where they handle and manipulatesubstancege.g.
blood samples)with speedsand precisionsthat peoplecannotmatch; recentwork has
investigated the feasibility of insertingneedlesinto humanveins throughrobotic ma-
nipulators[Zivanovic andDavies,200Q. Most professionalservice applicationshave

emepged in the pastdecade. Accordingto the UN [U.N. andl.F.R.R.,2003, 27% of



all operationalprofessionalservicerobots operateundervater; 20% perform demoli-
tions; 15% offer medicalservicesand 6% sene peoplein agriculture(e.g., by milking
cowvs[ReinemanrandSmith,200q). Military applicationssuchasbombdiffusal,search
andrescudCasper2003, andsupporiof SWAT teamdJonesetal., 2002],areof increas-
ing relevance]U.N. andl.F.R.R.,2003. Accordingto the UN, thetotal operationaktock
of professionakervicerobotsin 2001was 12,400,with a 100% growth expectationby
2005. The amountof directinteractionwith peopleis muchlargerthanin theindustrial
robotics eld, sinceservicerobotsoftensharethe samephysicalspacewith people.
Personal service robots possessthe highest expected growth rate. Accord-
ing to optimistic estimates[U.N. andl.F.R.R.,2002], the number of deplo/ed per
sonal servicerobots will grow from from 176,500in 2001 to 2,021,000in 2005—
a stunning 1,145% increase. Personalservice robots assist or entertain people
in domestic settings or in recreationalactvities. Examplesinclude robotic vac-
uum cleaners,lawn mowers, receptionists,robots assistantsto elderly and hand-
icapped people, wheelchairs, and toys.  Figure 3 shavs two example from
the medical sector: a robotic assistantto the elderly [Montemerloetal.,2002
Schraftetal., 1998] and a robotic walker [Dubowsky etal., 2002, Glover etal., 2003
Lacey andDawson-Have, 1998, Morris etal., 2003. Figure 3c depictsa seriesof hu-
manoidrobotsdevelopedwith an eye towardsdomesticuse. Anotherexampleis shavn
in Figure 4c: a robotic toy, popularthroughits usefor robotic soccer[Kitano, 1998].
Personakervicerobotsare just beginningto emepge. The salesof robotic toys aloneis
projectedo increasdy afactorof tenin thenext four years.Many of theserobotsinteract

with peoplewho, in generalpossesso specialskills or trainingto operatearobot. Find-



ing effective meansof interactionis thereforemorecrucialin this new market segmentof
robotictechnologythanin industrialroboticsor professionakervicerobotics.

The widely acknavledgedshift from industrialto servicerobotics,andthe resulting
increaseof robotsthatoperaten closeproximity to people raisesa numberof research
and designchallenges.Someof thesechallengesare outsidethe scopeof this article,
suchasthosepertainingto safetyandcost. Fromthe HRI perspectie, the mostimportant
characteristiof thesenew targetdomaings thatservicerobotssharephysicalspacesvith
people. In someapplicationsthesepeoplewill be professionalghat may be trainedto
operaterobots. In others,they may be children, elderly, or handicappegeoplewhose
ability to adaptto robotictechnologymay be limited. The designof the interface,while
dependenbn the speci c targetapplication,will requiresubstantiatonsideratiorof the
enduserof the robotic device. Hereinlies one of the greatchallengeghatthe eld of

roboticsfacestoday

3 Robotic Autonomy

Autonomyrefersto a robot's ability to accommodateariationsin its ernvironment. Dif-
ferentrobotsexhibit differentdegreesof autonomythe degreeof autonomyis oftenmea-
suredby relating the degreeat which the environmentcan be variedto the meantime
betweerfailures,andotherfactorsindicative of robot performance Humanrobotinter-
actioncannotbe studiedwithout consideratiorof arobot's degreeof autonomysinceit is
adeterminingfactorwith regardsto thetasksa robotcanperform,andthelevel at which

theinteractiontakesplace.



Thethreekinds of roboticsarecharacterizedby differentlevels of autonomylargely
pertainingto the compleity of ervironmentsin which they operate.It shouldcomeat
little surprisethatindustrialrobotsoperateat the lowestlevel of autonomy In industrial
settings,the environmentis usually highly engineeredo enablerobotsto performtheir
tasksin an almostmechanicalvay. For example,pick-and-placeobotsare usuallyin-
formedof thephysicalpropertief the partsthebe manipulatedalongwith thelocations
at which to expectpartsandwhereto placethem. Driverlesstransportationvehiclesin
industrialsettingsoftenfollow x edpathsde ned by guidewiresor specialpaintonthe
oor. As theseexamplessuggestcarefulernvironmentengineeringndeedminimizesthe
amountof autonomyrequired—akey ingredientof the commercialsucces®f industrial
robotics.

Thispictureis quitedifferentin servicerobotics.While environmentmodi cationsare
still commonplace—theatellite-base@PSsystemthat helpsoutdoorrobotsdetermine
theirlocationss suchamodi cation—thecompleity of servicerobotervironmentsaman-
datehigherdegreesof autonomythanin industrialrobotics. Theimportanceof autonomy
in serviceroboticsbecome®bviousin Figure5a: This diagramdepictsthetrajectoryof a
museunmourguiderobot[Burgardetal., 1999, asit toureda crovdedmuseum Hadthe
museumnbeenempty therobotwould have beenableto blindly follow thesamerajectory
over andover again—justasindustrialrobotstendto repeatedlyexecutethe exact same
sequencef actions.Theunpredictabldehaior of the museunvisitors,however, forced
therobotto adoptdetours.The ability to do sosetsthis robotapartfrom mary industrial
applications.

Autonomy-enablingechnologyhasbeena corefocusof roboticsresearchn the past



decade.Onebranchof researchs concernedvith acquiringervironmentalmodels. An
exampleis shavn in Figure5b, which depictsa 2-D mapof a nursinghomeervironment
acquiredby the robotin Figure 3b by way of its laserrange nders. Sucha 2-D map
is only a projectionof the true 3-D ervironment; neverthelesspairedwith a planning
systemit is sufciently richto enableherobotto navigatein theabsencef ervironmental
modi cations. Otherresearchasfocusedon the capabilityto detectandaccommodate
people.In generalyobotswhichoperatan closeproximity to peoplerequireahighdegree
of autonomy partially becausef safetyconcernsand partially becausepeopleareless
predictablehanmostobjects.It is commonpracticeto endav servicerobotswith sensors
capableof detectingand tracking people[Schulzetal.,200]. Someresearcherbave
goneasfar asdevising techniquesvherebyrobotslearnaboutpeoples routine behaior
andactively stepout of theway whenpeopleapproactBennevitz etal., 2003.

The type and degree of autonomyin serviceroboticsvariesmore with the speci c
tasksa robotsis asked to performandthe ervironmentin which it operates.Personal
robotstendto beetchingatlow-costmarkets. As aresult,endaving a personatobotwith
autonomycan be signi cantly moredif cult thanits more expensve professionatela-
tive. For example,therobotic dog shavn in Figure4 is equippedwith a low-resolution
CCD cameraandanonboardcomputemwhoseprocessingower lagsbehindmostprofes-
sionalservicerobotsby ordersof magnitude—whicladdsto the challengeof makingit

autonomous.
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4 Human Robot Interfaces

Robotsike mostothertechnologicahrtifacts,requireuserinterfacesor interactingwith
people. Interfacesfor industrial robotstend to differ from interfacesfor professional
servicerobots,whichin turn differ from thatfor personakervicerobots.

In industrial robotics, the opportunityfor humanrobot interactionis limited, since
industrialrobotstendnotinteractdirectly with people.Insteadtheir operationakpacds
usuallystrictly separatedrom thatof humanworkers. Interfacetechnologyin industrial
roboticsis largelyrestrictedo speciapurposgrogrammindanguagesndgraphicakim-
ulationtools[Nof, 1999, which have becomendispensabléor con guring robotic ma-
nipulators.Someresearchersave developedtechniquegor programmingobotsthrough
demonstratiorjFriedrichetal., 1996 Ikeuchietal., 1996, Mataric,1994 Schaal 1997].
Theideahereis thata humandemonstratesa task(e.g.,an assemblytask) while being
monitoredby arobot. Fromthat, the robotic device learnsa stratgy for performingthe
sametasksby itself.

Servicerobotsrequirericher interfaces. Here we distinguishinterfacesfor indirect
interactionwith interfacesfor directinteraction. For the sale of this article, | de ne in-
directinteractionto be the interactionthat takes placewhena personoperatesa robot:
for example,a personmay give a commandwhich the robot then executes. A robotic
sulgeoninteractandirectly with a sugical robot, like theoneshavn in Figure2b, in that
therobotmerelyampli es thesuigeonsforce. A niceway to distinguishindirectfrom di-
rectinteractionpertaingo the o w of informationandcontrol: In indirectinteraction the

operatorcontrolsthe robot, which communicate®ackto the operatorinformationabout
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its erwvironmentandits task. In directinteraction,the information o w is bi-directional:
informationis communicatedetweenthe robot and peoplein both directions,andthe
robotandthe personareinteractingon “equalfooting” An exampleis the robotic care-
giver in Figure3a,which talksto peopleandinteractswith peoplein waysmotivatedby
peoples interactionwith nurses.In particular it asksquestionsandit canalsorespond
to questionsasled by people. As a generalrule of thumb, the interactionwith profes-
sional servicerobotsis usually indirect, whereasthe interactionwith personalservice
robotstendsto be moreof the directkind. Thereareexceptionsto this rule, suchasthe
roboticvacuumcleanelin Figure3c, which is a personakervicerobotwhoseinteraction
is entirelyindirect.

Thereexists a rangeof interfacetechnologiedor indirect interaction. The classi-
cal interfaceis the masterslave interface, in which a robot duplicatesthe exact same
physical motion of its operator A recentimplementatiorof this ideais given by Robo-
naut[Ambroseetal., 200]], arobotdevelopedasatelepresencdevice onaspacestation.
Thegoalof this projectis to demonstratéhataroboticsystencanperformrepairsandin-
spectionf spaceight hardwareoriginally designedor humanservicing.Somerobots
areoperatedemotelyusinginterfacesfamiliar from RC cars[Casper2002]; otherspos-
sesshapticdisplaysandcontrolinterfaceqdRuspinietal., 1997.

In servicerobotics,theutility of directinteractionis muchlessestablishedhanthatof
indirectinteraction.To studydirectinteractionnumerougesearctprototypeshave been
equippedwith speectsynthesizerandrecognizer®r sound-synthesizindevices. Some
robotsonly generatespeechout do not understangpolenlanguagdThrunetal., 2000];

othersalsounderstandpolenlanguagdgAsoh etal., 1997 Bischof andGraefe,2003]or
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usekeyboardinterfacego bypasspeectrecognitionaltogethefTorrance 1994. Speech
asoutputmodalityis easyto controlandcanbe quite effective. Severalresearcherbave
reportedexcellentresultsfor of ce robots,in which spealerswere instructedwith re-
gardsto vocalulary the robot was ableto understandAsohetal.,1997. Encouraging
resultshave alsobeenreportedfor a museumtour-guide robot that understandspolen
commandsn multiple languagegBischoff andGraefe,2003; althoughto my knowl-
edgenoneof thesesystemshave beenevaluatedsystematicallywith regardsto the ef-
fectivenessof the speechnterface. Experimentswith a servicerobotin an elderly care
facility [Roy etal., 2000, wheresubjectswere not instructedaboutthe robot's vocahu-
lary, resultedn the nding thatthe speechnterfacewasdif cult to use:Only about10%
of the wordsusedby the target groupwerein the robot's vocalulary. Further anecdo-
tal evidencesuggestshatthe ability to talk cancreatea falseperceptiornof human-leel
intelligence[Nourbakhshetal., 1999,Schulteetal., 1999.

A number of robots carry graphical screenscapable of displaying informa-
tion to the user [Nourbakhshetal.,1999 Simonsetal.,2003]. Researcherdhave
used both regular and touch-sensitie displays [Nourbakhstetal., 1999. The
information on the display may be organized in menus similar to the ones
found on typical information kiosks.  Some researchershave used the dis-
play to project an animated face [Simonsetal.,2003, such as the one shavn
in Figure 4a. Gesture recognition [Kahnetal.,1996 Kortenkampetal., 1996
Perzanwski etal.,200Q Waldherretal.,200qJ hasalso beeninvesticated,as hasgaze
tracking[HeinzmanrmandZelinsky, 1998 Zelinsky andHeinzmann1994 asaninterface

to referto physical objectsin arobot's workspace Suchinterfaceshase shovn moderate
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promisefor robotsassistingsererely handicappegeople. A recentstudy hasinvesti-
gatedmodalitiesas diverseas headmotion, breathexpulsion, and electro-oculographic
signals(eye motionrecordedoy measuringelectricalactiity in thevicinity of theeye) as
alternatve interfacesfor handicappegeople[Mazoetal., 2000.

Thereexist alsointerfacetechnologieshatareuniqueto robotics,in thatthey require
physicalembodimentA classicakxampleis thatof amechatroni¢ace[Breazeal 2003a
Breazeal2003H shovn in Figure4h. This faceis capableof exhibiting differentfacial
expressingsuchassmile, frown, surprise.lt doesthis by moving actuatecelementsnto
positionreminiscentof humanmuscularmovementwhen expressingcertainemotions.
In the pastdecadedozensof suchfaceshave beendevelopedfor servicerobotapplica-
tions, with varying degreesof dexterity andexpressieness.Marny roboticfacesareable
to changethe expressionof the mouth andthe eyes, emulatingbasicexpressionssuch
assmiling andfrowning. The faceshavn in Figure4b possessedteen independently
actuatecelementsandconsequentlganexpressquite arangeof differentpostures.

Someresearcherbave begunto explore the socialaspectof servicerobotics. Hu-
manoidrobots,by virtue of their appearancandbehaior, appealto peopledifferently
than othertechnologicalartifacts,asa recentsurwey suggestgFongetal.,2003. Most
researclon sociablerobotshasfocusedon humanoidrobotsandrobotswith humanoid
elementgseeFigure6a). A recentstudy[KieslerandGoetz,2003 foundthatthe shape
of therobot,andspeci cally the presenceindabsencef humanoidfeaturesjn uences
peoplesbehaior towardsthemachineandtheirassumptionaboutits capabilities.Some-
whatcomplementarys thework by ScassellatjiScassellati2000], who hasinvesticated

theuseof humanoidobotsto aid humandevelopment His prototyperobotusests ability
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to trackwhereatoddleris looking to createa modelof gazemovementandfocusof atten-
tion. Robotslike his may be usedin the futureto helptrain autisticchildrento behaior
moresocially; however, we do notknow yetif childrenwill interactwith arobotasthey
will with a person.More generally it remainsunclearwhetherwe, the peoplewho will
ultimatelyinteractwith servicerobotson a daily basis,will seeksocial-styleinteractions

with robotsthatparallelour interactionswith otherpeople.

5 OpenQuestions

Humanrobotinteractionis a eld in change.Thetechnicaldevelopmentsn roboticshave

beensofastthatthetypesof interactionghatcanbe performedodaydiffer substantially
from thosethatwerepossibleevena decadeago. Interactioncanonly be studiedrelative

to theavailabletechnology Sinceroboticsis still in its infangy, sois the eld humanrobot

interaction.

Whatfollows is anumberof openquestionghatarosewhile writing this article:

How effective is a mechatronidaceover a simulatedone? How effective is a hu-
manoidtorsoover a non-humanoidne?Doesthe physical shapeof a robotaffect
theway peopleinteractwith them,andarethosechangedene cial or detrimental
to therobot's taskperformance?

What happensvhenrobotswork with or interactwith groupsof people?How do
interfacesscaleup to multiple “operators?”

To whatextentis progressn humanrobotinteractiontight to progressn othercore

disciplinesof robotics,suchasautonomy?In which way will future advancesn
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roboticautonomychangethe way we interactwith robots?
Towhatextentdoesroboticsbene tfrom directinteractionsasopposedo thewell-
establishedndirectinteraction?Assumingthatinteractionis merelya meango an
end, doesdirect interactionimprove the on-taskperformancerelative to indirect
interaction?Doesit make robotsamenabldo a broaderangeof problemdomains
(e.g.,elderlypeopleunfamiliar with robotictechnology)™ow will thesenterfaces
be affectedwhenservicerobotsareasfamiliarto peopleaspersonatomputersare
today?

Much of therecentcommerciakucces®f PDAs cambe attributedto a specialized
alphabet—grafi—designed to maximizethe recognitionaccurag. Will therebe
agrafti for robotics?If so,whatwill is look like,andwhatwill it begoodfor?
Whenreferencingan object,it is betterto recognizegestureof a personpointing
towardsthe object, or is it more effective to have a personusea touch-sensitie

displayof a cameramagecontainingthe object?

Many researchers roboticsnow recognizethathumanrobotinteractionplaysa pivotal

rolein personakervicerobotics[RogersandMurphy, 2001. Whatconstitutesanappro-

priate interface, however, is subjectto much debate. Whatever the answey it is likely

to changein the future. Someof thesechangeswill arisefrom the continuingstream

of adwancesin robotic autonomy which inevitably shifts the focusof the interactionto

increasinglyhigherlevels. Somechangewill ariseasa resultof changedxpectations:

aswe get usedto robotsin our ervironments,we might develop interactionskills that

are succinctlydifferentfrom our interactionswith othertechnologicalartifacts,or with

people.Regardlessof the speci cs of thesedevelopments| conjecturehathumanrobot
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interactionwill soonbecomea primaryconcernin themajority of roboticapplications.
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(a) Industrialweldingrobot (b) Robotfor transportingcontainers

Figure 1: IndustrialRobots:(a) atypical weldingrobot. (b) Autonomousobotfor transportingcontainers

onaloadingdeck[Durrant-Whyte, 1996.
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(a) Hospitaldelivery robot (b) Sumgical robot (c) Milking robot

Figure 2: Professionakervicerobots: (a) The Helpmatehospitaldelivery robot; (b) a sugical robot by

Intuitive Sumgical; anda (¢) milking robot[ReinemanrandSmith,2000.
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(a) Roboticcareayiver (Nursebot) (b) Roboticwalker

(c) RoboticvVacuumCleaner

Figure 3: Personakervicerobots. (a) The Nursebot,a prototypepersonalassistanfo rthe elderly; (b)

roboticwalker; (c) roboticvacuumcleane?Roombagtby iRobot,Inc.).
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(a) Syntheticfaceon robotdisplay (b) Actuatedroboticface (c) Roboticanimal

Figure 4: Facesin robotics: (a) animatedfaceon the robot Grace[Simonsetal., 2003; (b) mechatronic

faceof KISMET [Breazeal 20034; and(c) The Sory AIBO roboticdog.
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b)

Figure 5: Left: Pathtakenby anautonomouservicerobot; (b) 2-D Map@earnedby arobot.
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(a) Humanoidrobotsby Honda (b) Robotwith roboticface

Figure 6. (a) HumanoidRobotsAsimo andP3 by Honda. (b) Tourguiderobot Minerva, with anactuated

humanoidfacebut a non-humanoidorso.
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