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Abstract

Thegoalof this article is to introducethereaderto therich andvibrant �eld of robotics,

in hopesof layingoutanagendafor futureresearchonhumanrobotinteraction.Robotics

is a �eld in change;themeaningof theterm“robot” todaydifferssubstantiallyfrom the

term just a decadeago. The primary purposeof this article is to provide a comprehen-

sivedescriptionof pastandpresent-dayrobotics.It identi�es themajorepochsof robotic

technologyandsystems—fromindustrialto servicerobotics—andcharacterizesthedif-

ferentstylesof humanrobot interactionparadigmaticfor eachepoch.To setan agenda

for researchon humanrobotinteraction,thearticlearticulatessomeof themostpressing

openquestionspertainingto modern-dayhumanrobotinteraction.
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1 Intr oduction

The�eld of roboticsis changingat anunprecedentedpace.At present,mostrobotsoper-

atein industrialsettings,wherethey performtaskssuchasassemblyandtransportation.

Equippedwith minimal sensingandcomputing,robotsareslaved to performthe same

repetitive taskover andover again. In thefuture,robotswill provide servicesdirectly to

uspeople,atourworkplaces,andin ourhomes.

Thesedevelopmentaresparked by a numberof contributing factors. Chief among

themis anenormousreductionin costsof devicesthatcompute,sense,andactuate.Of

no lesserimportancearerecentadvancesin roboticautonomy, which have critically en-

hancedthe ability of robotic systemsto performin unstructuredanduncertainenviron-

ments(see[Thrun,2002] for anoverview). All theseadvanceshave madeit possibleto

developa new generationof servicerobots,posedto assistpeopleat work, in their free

time,andathome.

Froma technologicalperspective, roboticsintegratesideasfrom informationtechnol-

ogy with physicalembodiment.Robotssharewith many otherphysicaldevices,suchas

householdappliancesor cars,thefactthatthey 'inhabit' thesamephysicalspacesaspeo-

ple do in which they manipulatesomeof thevery sameobjects.As a result,many forms

of humanrobot interactioninvolve pointersto spacesor objectsthat aremeaningfulto

bothrobotsandpeople[Kortenkampetal., 1996]. Moreover, many robotshave to inter-

actdirectly with peoplewhile performingtheir tasks.This raisesthequestionasto what

theright modesarefor humanrobot interaction.What is technologicallypossible?And

whatis desirable?
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Possiblythe biggestdifferencebetweenrobotsandotherphysical devices—suchas

householdappliances—isautonomy. More thanany otherresearchdiscipline,the �eld

of roboticshasstrivento empower robotswith anability to make their own decisionsin

broadrangesof situations.Today'smostadvancedrobotscanaccommodatemuchbroader

circumstancesthan,for example,dishwasherscan. Autonomyopensthe door to much

richer interactionswith people:someresearchershave goneasfar asproclaimingtheir

systems'social' [Simonsetal., 2003] or 'sociable'[Breazeal,2003a].Naturally, sociable

interactionoffersbothopportunitiesandpitfalls: It offers theopportunityfor thedesign

of muchimprovedinterfacesby exploiting rulesandconventionsfamiliar to peoplefrom

differentcontexts. However, it doesso at the dangerpeoplere�ecting capabilitiesinto

robotictechnologythatdonotexist. For theseandotherreasons,it remainsunclearif we

ever want to interactwith robotsthesameway we interactwith our next doorneighbor,

ourmaid,ourcolleagues.

2 The Thr eeKinds of Robots

Roboticsis a broaddiscipline.Thebroadnessof the�eld becomesapparentby contrast-

ing de�nitions of someof the mostbasicterminology. The RobotInstituteof America

(1979)de�nes a robot as “a reprogrammable,multifunctionalmanipulatordesignedto

movematerials,parts,tools,or specializeddevicesthroughvariousprogrammedmotions

for the performanceof a variety of tasks.” In contrast,the Websterdictionaryde�nes a

robotas“An automaticdevice thatperformsfunctionsnormallyascribedto humansor a

machinein theform of ahuman.” A technicalintroductioninto roboticsensors,actuators,
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andalgorithmscanbefoundin [Thrun,2002].

The United Nations (UN), in their most recent robotics sur-

vey [U.N. andI.F.R.R.,2002], groups robotics into three major categories. These

categories—industrial robotics, professionalservice robotics, and personal service

robotics—areprimarily de�ned throughtheir applicationdomains. However, they also

representdifferent technologiesand correspondto different historic phasesof robotic

developmentandcommercialization.

Industrial robotsrepresenttheearliestcommercialsuccess,with themostwidespread

distribution to date. An industrialrobot hasthreeessentialelements:it manipulatesits

physical environment(e.g., by picking up a part and placing it somewhereelse); it is

computer-controlled,andit operatesin industrialsettings,suchasonconveyor belts.The

boundarybetweenindustrialrobotsandnon-roboticmanufacturingdevicesis somewhat

fuzzy; thetermrobotis usuallyusedto referto systemswith multiple actuatedelements,

often arrangedin chains(robotic arm). Classicalapplicationsof industrial roboticsin-

cludewelding,machining,assembly, packaging,palletizing,transportation,andmaterial

handling.For example,Figure1 shows anindustrialweldingrobotin theleft panel,next

to a roboticvehiclefor transportingcontainersona loadingdockin theright panel.

Industrialroboticsstartedin theearly1960s,whentheworld's �rst commercialma-

nipulatorwassold by Unimate. In the early 1970s,NissanCorp. automatedan entire

assemblyline with robots,startingarevolutionthatcontinuesto thepresentdate.To date,

the vastmajority of industrialrobotsareinstalledin the automotive industry, wherethe

ratio of humanworkersto robotsis approximatelyten to one[U.N. andI.F.R.R.,2002].

Theoutlookof industrialrobotsis prosperous.In 2001,theUN estimatestheoperational
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stockof industrialrobotsto be780,600,a numberthat is expectedto grow by just below

25%until 2005.Accordingto [U.N. andI.F.R.R.,2002], theaveragecostof anindustrial

robotshasdecreasedby 88.8%between1990and2001.At thesametime,USlaborcosts

increasedby 50.8%. Theseopposingtrendscontinueto openup new opportunitiesfor

roboticdevicesto take over jobspreviously reserved for humanlabor. However, indus-

trial robotstendnotto interactdirectlywith people.Interfaceresearchin this�eld focuses

on techniquesfor rapidlycon�guring andprogrammingtheserobots.

Professionalservice robots constitutea much younger kind of robots. Service

robotics is mostly in its infancy, but the �eld grows at a much fasterpacethan in-

dustrial robotics. Just like industrial robots, professionalservice robots manipulate

and navigate their physical environments. However, professionalservice robots as-

sist peoplein the pursuitof their professionalgoals,largely outsideindustrialsettings.

Someof theserobotsoperatein environmentsinaccessibleto people,such as robots

thatclean-upnuclearwaste[Blackmonetal., 1999,Bradyetal., 1998] or navigateaban-

doned mines [Thrunetal., 2003]. Others assist in hospitals,such as the Helpmate

robot [King andWeiman,1990] shown in Figure 2a which transportsfood and medi-

cation in hospitals,or the surgical robotic systemshown in Figure 2b, usedfor as-

sisting physiciansin surgical procedures.Robot manipulatorsare also routinely used

in chemicaland biological labs, where they handleand manipulatesubstances(e.g.

blood samples)with speedsandprecisionsthat peoplecannotmatch; recentwork has

investigatedthe feasibility of insertingneedlesinto humanveins throughrobotic ma-

nipulators[Zivanovic andDavies,2000]. Most professionalserviceapplicationshave

emerged in the pastdecade. According to the UN [U.N. andI.F.R.R.,2002], 27% of
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all operationalprofessionalservicerobots operateunderwater; 20% perform demoli-

tions; 15% offer medicalservicesand6% serve peoplein agriculture(e.g.,by milking

cows[ReinemannandSmith,2000]). Military applications,suchasbombdiffusal,search

andrescue[Casper, 2002], andsupportof SWAT teams[Jonesetal., 2002],areof increas-

ing relevance[U.N. andI.F.R.R.,2002]. Accordingto theUN, thetotaloperationalstock

of professionalservicerobotsin 2001was12,400,with a 100%growth expectationby

2005. Theamountof direct interactionwith peopleis muchlarger thanin the industrial

robotics�eld, sinceservicerobotsoftensharethesamephysicalspacewith people.

Personal service robots possessthe highest expected growth rate. Accord-

ing to optimistic estimates[U.N. andI.F.R.R.,2002], the number of deployed per-

sonal service robots 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 recreationalactivities. Examples include robotic vac-

uum cleaners, lawn mowers, receptionists,robots assistantsto elderly and hand-

icapped people, wheelchairs, and toys. Figure 3 shows two example from

the medical sector: a robotic assistant to the elderly [Montemerloetal., 2002,

Schraftetal., 1998] and a robotic walker [Dubowsky etal., 2002, Gloveretal., 2003,

Lacey andDawson-Howe,1998,Morris etal., 2003]. Figure3c depictsa seriesof hu-

manoidrobotsdevelopedwith aneye towardsdomesticuse.Anotherexampleis shown

in Figure 4c: a robotic toy, popularthroughits usefor robotic soccer[Kitano, 1998].

Personalservicerobotsarejust beginning to emerge. The salesof robotic toys aloneis

projectedto increaseby afactorof tenin thenext four years.Many of theserobotsinteract

with peoplewho, in general,possessnospecialskills or trainingto operatearobot.Find-
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ing effectivemeansof interactionis thereforemorecrucialin thisnew marketsegmentof

robotictechnologythanin industrialroboticsor professionalservicerobotics.

Thewidely acknowledgedshift from industrialto servicerobotics,andthe resulting

increaseof robotsthatoperatein closeproximity to people,raisesa numberof research

anddesignchallenges.Someof thesechallengesare outsidethe scopeof this article,

suchasthosepertainingto safetyandcost.FromtheHRI perspective,themostimportant

characteristicof thesenew targetdomainsis thatservicerobotssharephysicalspaceswith

people. In someapplications,thesepeoplewill be professionalsthat may be trainedto

operaterobots. In others,they may be children,elderly, or handicappedpeoplewhose

ability to adaptto robotic technologymaybelimited. Thedesignof the interface,while

dependenton thespeci�c targetapplication,will requiresubstantialconsiderationof the

enduserof the robotic device. Herein lies oneof the greatchallengesthat the �eld of

roboticsfacestoday.

3 Robotic Autonomy

Autonomyrefersto a robot's ability to accommodatevariationsin its environment.Dif-

ferentrobotsexhibit differentdegreesof autonomy;thedegreeof autonomyis oftenmea-

suredby relating the degreeat which the environmentcanbe varied to the meantime

betweenfailures,andotherfactorsindicative of robotperformance.Humanrobot inter-

actioncannotbestudiedwithoutconsiderationof arobot'sdegreeof autonomy, sinceit is

a determiningfactorwith regardsto thetasksa robotcanperform,andthelevel at which

theinteractiontakesplace.
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Thethreekindsof roboticsarecharacterizedby differentlevelsof autonomy, largely

pertainingto the complexity of environmentsin which they operate.It shouldcomeat

little surprisethat industrialrobotsoperateat the lowestlevel of autonomy. In industrial

settings,the environmentis usuallyhighly engineeredto enablerobotsto performtheir

tasksin an almostmechanicalway. For example,pick-and-placerobotsareusually in-

formedof thephysicalpropertiesof thepartsthebemanipulated,alongwith thelocations

at which to expectpartsandwhereto placethem. Driverlesstransportationvehiclesin

industrialsettingsoftenfollow �x edpathsde�ned by guidewiresor specialpainton the

�oor . As theseexamplessuggest,carefulenvironmentengineeringindeedminimizesthe

amountof autonomyrequired—akey ingredientof thecommercialsuccessof industrial

robotics.

Thispictureis quitedifferentin servicerobotics.Whileenvironmentmodi�cationsare

still commonplace—thesatellite-basedGPSsystemthathelpsoutdoorrobotsdetermine

theirlocationsis suchamodi�cation—thecomplexity of servicerobotenvironmentsman-

datehigherdegreesof autonomythanin industrialrobotics.Theimportanceof autonomy

in serviceroboticsbecomesobviousin Figure5a:Thisdiagramdepictsthetrajectoryof a

museumtourguiderobot[Burgardetal., 1999], asit toureda crowdedmuseum.Hadthe

museumbeenempty, therobotwouldhavebeenableto blindly follow thesametrajectory

over andover again—justasindustrialrobotstendto repeatedlyexecutetheexactsame

sequenceof actions.Theunpredictablebehavior of themuseumvisitors,however, forced

therobotto adoptdetours.Theability to do sosetsthis robotapartfrom many industrial

applications.

Autonomy-enablingtechnologyhasbeena corefocusof roboticsresearchin thepast
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decade.Onebranchof researchis concernedwith acquiringenvironmentalmodels.An

exampleis shown in Figure5b,whichdepictsa 2-D mapof a nursinghomeenvironment

acquiredby the robot in Figure3b by way of its laserrange�nders. Sucha 2-D map

is only a projectionof the true 3-D environment;nevertheless,pairedwith a planning

systemit is suf�ciently rich toenabletherobottonavigatein theabsenceof environmental

modi�cations. Otherresearchhasfocusedon thecapabilityto detectandaccommodate

people.In general,robotswhichoperatein closeproximity topeoplerequireahighdegree

of autonomy, partially becauseof safetyconcernsandpartially becausepeopleareless

predictablethanmostobjects.It is commonpracticeto endow servicerobotswith sensors

capableof detectingand tracking people[Schulzetal., 2001]. Someresearchershave

goneasfar asdevising techniqueswherebyrobotslearnaboutpeople's routinebehavior

andactively stepoutof thewaywhenpeopleapproach[Bennewitz etal., 2003].

The type anddegreeof autonomyin serviceroboticsvariesmorewith the speci�c

tasksa robotsis asked to performand the environmentin which it operates.Personal

robotstendto beetchingat low-costmarkets.As aresult,endowing apersonalrobotwith

autonomycanbe signi�cantly moredif�cult thanits moreexpensive professionalrela-

tive. For example,the roboticdogshown in Figure4 is equippedwith a low-resolution

CCDcameraandanonboardcomputerwhoseprocessingpower lagsbehindmostprofes-

sionalservicerobotsby ordersof magnitude—whichaddsto thechallengeof makingit

autonomous.

10



4 Human Robot Interfaces

Robots,likemostothertechnologicalartifacts,requireuserinterfacesfor interactingwith

people. Interfacesfor industrial robots tend to differ from interfacesfor professional

servicerobots,which in turndiffer from thatfor personalservicerobots.

In industrial robotics,the opportunityfor humanrobot interactionis limited, since

industrialrobotstendnot interactdirectly with people.Instead,their operationalspaceis

usuallystrictly separatedfrom thatof humanworkers. Interfacetechnologyin industrial

roboticsis largelyrestrictedtospecialpurposeprogramminglanguagesandgraphicalsim-

ulationtools [Nof, 1999], which have becomeindispensablefor con�guring roboticma-

nipulators.Someresearchershavedevelopedtechniquesfor programmingrobotsthrough

demonstration[Friedrichetal., 1996, Ikeuchietal., 1996,Mataric,1994, Schaal,1997].

The ideahereis that a humandemonstratesa task(e.g.,an assemblytask)while being

monitoredby a robot. Fromthat, theroboticdevice learnsa strategy for performingthe

sametasksby itself.

Servicerobotsrequirericher interfaces. Herewe distinguishinterfacesfor indirect

interactionwith interfacesfor direct interaction.For thesake of this article, I de�ne in-

direct interactionto be the interactionthat takesplacewhena personoperatesa robot:

for example,a personmay give a commandwhich the robot thenexecutes.A robotic

surgeoninteractsindirectlywith a surgical robot,like theoneshown in Figure2b, in that

therobotmerelyampli�es thesurgeon'sforce.A nicewayto distinguishindirectfrom di-

rectinteractionpertainsto the�o w of informationandcontrol: In indirectinteraction,the

operatorcontrolstherobot,which communicatesbackto theoperatorinformationabout
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its environmentandits task. In direct interaction,the information�o w is bi-directional:

informationis communicatedbetweenthe robot andpeoplein both directions,andthe

robotandthepersonareinteractingon “equal footing.” An exampleis theroboticcare-

giver in Figure3a,which talksto peopleandinteractswith peoplein waysmotivatedby

people's interactionwith nurses.In particular, it asksquestions,andit canalsorespond

to questionsasked by people. As a generalrule of thumb,the interactionwith profes-

sional servicerobotsis usually indirect, whereasthe interactionwith personalservice

robotstendsto bemoreof thedirectkind. Thereareexceptionsto this rule, suchasthe

roboticvacuumcleanerin Figure3c,which is a personalservicerobotwhoseinteraction

is entirelyindirect.

Thereexists a rangeof interfacetechnologiesfor indirect interaction. The classi-

cal interfaceis the master-slave interface, in which a robot duplicatesthe exact same

physicalmotionof its operator. A recentimplementationof this ideais givenby Robo-

naut[Ambroseetal., 2001], arobotdevelopedasatelepresencedeviceonaspacestation.

Thegoalof thisprojectis to demonstratethataroboticsystemcanperformrepairsandin-

spectionsof space�ight hardwareoriginally designedfor humanservicing.Somerobots

areoperatedremotelyusinginterfacesfamiliar from RC cars[Casper, 2002];otherspos-

sesshapticdisplaysandcontrolinterfaces[Ruspinietal., 1997].

In servicerobotics,theutility of directinteractionis muchlessestablishedthanthatof

indirect interaction.To studydirect interaction,numerousresearchprototypeshave been

equippedwith speechsynthesizersandrecognizersor sound-synthesizingdevices.Some

robotsonly generatespeechbut do not understandspokenlanguage[Thrunetal., 2000];

othersalsounderstandspokenlanguage[Asohetal., 1997, Bischoff andGraefe,2003]or
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usekeyboardinterfacesto bypassspeechrecognitionaltogether[Torrance,1994]. Speech

asoutputmodalityis easyto controlandcanbequiteeffective. Severalresearchershave

reportedexcellent resultsfor of�ce robots,in which speakers were instructedwith re-

gardsto vocabulary the robot wasable to understand[Asohetal., 1997]. Encouraging

resultshave alsobeenreportedfor a museumtour-guiderobot that understandsspoken

commandsin multiple languages[Bischoff andGraefe,2003]; althoughto my knowl-

edgenoneof thesesystemshave beenevaluatedsystematicallywith regardsto the ef-

fectivenessof the speechinterface. Experimentswith a servicerobot in an elderly care

facility [Roy etal., 2000], wheresubjectswerenot instructedaboutthe robot's vocabu-

lary, resultedin the�nding thatthespeechinterfacewasdif�cult to use:Only about10%

of the wordsusedby the target groupwerein the robot's vocabulary. Further, anecdo-

tal evidencesuggeststhat theability to talk cancreatea falseperceptionof human-level

intelligence[Nourbakhshetal., 1999,Schulteetal., 1999].

A number of robots carry graphical screenscapable of displaying informa-

tion to the user [Nourbakhshetal., 1999, Simonsetal., 2003]. Researchershave

used both regular and touch-sensitive displays [Nourbakhshetal., 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 shown

in Figure 4a. Gesture recognition [Kahnetal., 1996, Kortenkampetal., 1996,

Perzanowski etal., 2000, Waldherretal., 2000] hasalso beeninvestigated,as hasgaze

tracking[HeinzmannandZelinsky, 1998, Zelinsky andHeinzmann,1996] asaninterface

to referto physicalobjectsin a robot's workspace.Suchinterfaceshave shown moderate
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promisefor robotsassistingseverely handicappedpeople. A recentstudy hasinvesti-

gatedmodalitiesasdiverseasheadmotion, breathexpulsion,andelectro-oculographic

signals(eyemotionrecordedby measuringelectricalactivity in thevicinity of theeye)as

alternative interfacesfor handicappedpeople[Mazoetal., 2000].

Thereexist alsointerfacetechnologiesthatareuniqueto robotics,in thatthey require

physicalembodiment.A classicalexampleis thatof amechatronicface[Breazeal,2003a,

Breazeal,2003b] shown in Figure4b. This faceis capableof exhibiting differentfacial

expressing,suchassmile,frown, surprise.It doesthis by moving actuatedelementsinto

position reminiscentof humanmuscularmovementwhenexpressingcertainemotions.

In thepastdecade,dozensof suchfaceshave beendevelopedfor servicerobotapplica-

tions,with varyingdegreesof dexterity andexpressiveness.Many robotic facesareable

to changethe expressionof the mouthand the eyes,emulatingbasicexpressionssuch

assmiling andfrowning. The faceshown in Figure4b possesses�fteen independently

actuatedelementsandconsequentlycanexpressquitea rangeof differentpostures.

Someresearchershave begun to explore the socialaspectsof servicerobotics. Hu-

manoidrobots,by virtue of their appearanceandbehavior, appealto peopledifferently

thanothertechnologicalartifacts,asa recentsurvey suggests[Fongetal., 2003]. Most

researchon sociablerobotshasfocusedon humanoidrobotsandrobotswith humanoid

elements(seeFigure6a). A recentstudy[KieslerandGoetz,2002] foundthat theshape

of therobot,andspeci�cally thepresenceandabsenceof humanoidfeatures,in�uences

people'sbehavior towardsthemachineandtheirassumptionsaboutits capabilities.Some-

whatcomplementaryis thework by Scassellati[Scassellati,2000],who hasinvestigated

theuseof humanoidrobotsto aidhumandevelopment.His prototyperobotusesits ability
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to trackwhereatoddleris lookingto createamodelof gazemovementandfocusof atten-

tion. Robotslike his maybeusedin thefutureto helptrain autisticchildrento behavior

moresocially;however, we do not know yet if childrenwill interactwith a robotasthey

will with a person.More generally, it remainsunclearwhetherwe, thepeoplewho will

ultimatelyinteractwith servicerobotson a daily basis,will seeksocial-styleinteractions

with robotsthatparallelour interactionswith otherpeople.

5 OpenQuestions

Humanrobotinteractionis a�eld in change.Thetechnicaldevelopmentsin roboticshave

beensofastthatthetypesof interactionsthatcanbeperformedtodaydiffer substantially

from thosethatwerepossibleevena decadeago.Interactioncanonly bestudiedrelative

to theavailabletechnology. Sinceroboticsis still in its infancy, sois the�eld humanrobot

interaction.

Whatfollows is anumberof openquestionsthatarosewhile writing thisarticle:

� How effective is a mechatronicfaceover a simulatedone?How effective is a hu-

manoidtorsoover a non-humanoidone?Doesthephysicalshapeof a robotaffect

theway peopleinteractwith them,andarethosechangesbene�cial or detrimental

to therobot's taskperformance?

� Whathappenswhenrobotswork with or interactwith groupsof people?How do

interfacesscaleup to multiple “operators?”

� To whatextentis progressin humanrobotinteractiontight to progressin othercore

disciplinesof robotics,suchasautonomy?In which way will future advancesin
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roboticautonomychangethewaywe interactwith robots?

� To whatextentdoesroboticsbene�t fromdirectinteractions,asopposedto thewell-

establishedindirectinteraction?Assumingthatinteractionis merelya meansto an

end,doesdirect interactionimprove the on-taskperformance,relative to indirect

interaction?Doesit make robotsamenableto a broaderrangeof problemdomains

(e.g.,elderlypeopleunfamiliarwith robotictechnology)?How will theseinterfaces

beaffectedwhenservicerobotsareasfamiliar to peopleaspersonalcomputersare

today?

� Much of therecentcommercialsuccessof PDAs cambeattributedto a specialized

alphabet—graf�ti—designed to maximizethe recognitionaccuracy. Will therebe

agraf�ti for robotics?If so,whatwill is look like,andwhatwill it begoodfor?

� Whenreferencinganobject,it is betterto recognizegesturesof a personpointing

towardsthe object,or is it moreeffective to have a personusea touch-sensitive

displayof acameraimagecontainingtheobject?

Many researchersin roboticsnow recognizethathumanrobot interactionplaysa pivotal

role in personalservicerobotics[RogersandMurphy, 2001]. Whatconstitutesanappro-

priate interface,however, is subjectto muchdebate. Whatever the answer, it is likely

to changein the future. Someof thesechangeswill arisefrom the continuingstream

of advancesin robotic autonomy, which inevitably shifts the focusof the interactionto

increasinglyhigherlevels. Somechangeswill ariseasa resultof changedexpectations:

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

aresuccinctlydifferentfrom our interactionswith othertechnologicalartifacts,or with

people.Regardlessof thespeci�csof thesedevelopments,I conjecturethathumanrobot
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interactionwill soonbecomeaprimaryconcernin themajorityof roboticapplications.
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(a) Industrialweldingrobot (b) Robotfor transportingcontainers

Figure 1: IndustrialRobots:(a) a typicalweldingrobot. (b) Autonomousrobotfor transportingcontainers

ona loadingdeck[Durrant-Whyte,1996].
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(a)Hospitaldelivery robot (b) Surgical robot (c) Milking robot

Figure 2: Professionalservicerobots: (a) The Helpmatehospitaldelivery robot; (b) a surgical robot by

IntuitiveSurgical; anda (c) milking robot[ReinemannandSmith,2000].
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(a)Roboticcaregiver (Nursebot) (b) Roboticwalker

(c) RoboticVacuumCleaner

Figure 3: Personalservicerobots. (a) The Nursebot,a prototypepersonalassistantfo rthe elderly; (b)

roboticwalker; (c) roboticvacuumcleanerªRoombaº(by 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,2003a]; and(c) TheSony AIBO roboticdog.
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(b)(a)

Figure 5: Left: Pathtakenby anautonomousservicerobot;(b) 2-D Mapªlearnedºby a robot.
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(a)Humanoidrobotsby Honda (b) Robotwith roboticface

Figure 6: (a) HumanoidRobotsAsimo andP3by Honda.(b) TourguiderobotMinerva, with anactuated

humanoidfacebut anon-humanoidtorso.
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