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Embodiedsocialrobotstriggergazefollowinginreal-timeHRI

EvaWiese1,PatrickP.Weis2,andDanielM.Lofaro3

Abstract—Wheninteractingwithothers,weuseinformation
fromgestures,facialexpressionsandgazedirectionto make
inferencesaboutwhatothersthink,feelorintendtodo.Gaze
directionalsotriggersshiftsofattentiontogazed-atlocations
andestablishesjointattentionbetweengazerandobserver.The
abilitytofollowgazedevelopsearlyinlifeandisaprereq-
uisitefor morecomplexsocial-cognitiveprocesseslikeaction
perception,mentalizingandlanguageacquisition.Ithasbeen
shownthatrobotgazeinducessimilargazefollowingeffects
inobserversashumangaze,withpositiveeffectsonattitudes
andperformanceinhuman-robotinteraction.However,sofar
moststudieshaveusedimagesorvideosincontrolledlaboratory
settingstoinvestigategazefollowinginhuman-robotinteraction
ratherthanrealisticsocialembodiedrobotplatforms.The
currentexperimentshowsthatgazefollowingcanbeobserved
inreal-timeinteractionswithembodiedsocialrobotplatforms.
Theimplicationsofthisfindingforhuman-robotinteraction
arediscussed.

I.INTRODUCTIONANDBACKGROUND

Bodilysignalslikegazedirectionorgesturesareimportant
signalsinsocialinteractionsthatinformusaboutthesocial
relevanceofobservedbehaviorandinfluencehowwereact
towardsothers.Acrucialpartofthisprocessconcernsthe
degreetowhichothersarebelievedtobeintentionalagents
withinternalstateslikebeliefs,emotionsoractiongoals
[1].Perceivingintentionalityinthebehaviorofothersisa
prerequisitefordevelopingaTheory-of-Mindandallowsus
tomakeinferencesabouttheinternalstatesofothers[2].For
instance,perceivingafearfulexpressiononanotherperson’s
face,triggerstheinferencethathe/sheiscurrentlyanxiousor
stressed,andseeinganotherpersongazeatanappletriggers
thethoughtthathe/shemustbehungryandintendstoeat
thefoodbygraspingit.
Whilereasoningabouttheinternalstatesofothershappens

automaticallyinhuman-humaninteractions,robotstrigger
socialinferenceprocessesonlywhentheyarebelievedto
showintentionalbehavior[3]–[5].Previousresearchhas
shownthatinordertobeperceivedasintentionalagent,
robotsneedtoappearsimilartohumans,whichcanbeac-
complishedbyequippingthemwithhuman-likeappearance
orbehaviors[6]–[8].Oncerobotsareperceivedasintentional
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Fig.1. FulltestsetupshowingtheMekaanthropomorphichead,twosmart
bulbs,acustomusertouchinterface,andtheparticipant.Thisimageshows
onelightbeingactivatedandtheparticipantpressingthecorresponding
buttonontheuserinterface.

beings,socialrelevanceisascribedtotheiractions,and
humaninteractionpartnersshow morepositiveattitudes
towardsthem[3]–[10].Forexample,itwasfoundthatrobots
showinghumangestureslikenoddingorshrugging,trigger
morepositiveemotionalreactionsinhumanobserversand
aretrustedmorethanrobotsthatonlyshowmechanisticges-
tures[11].Robotsthattriggerperceptionsofintentionality
alsoinducesocialfacilitationeffectsinhumaninteraction
partners[12]–[15]andhaveapositiveeffectonperformance
duringjointhuman-robottasksingeneral[16]–[20].
Onefeaturethatparticularlytriggersperceptionsofin-

tentionalityistheimplementationofhumangazebehavior
inembodiedrobotplatforms[21]–[25],andvirtualavatars
[26]–[28].Robotsshiftingtheireyegazeduringsocialinter-
actionsasopposedtorobotswhoseeyesdonotmoveare
perceivedasmoreenjoyable[29],androbotsthatconjointly
attendtowherehumaninteractionpartnersarelookingare
ratedasmorecompetentthanrobotsthatdonotengagein
jointattention[30].Robotsthatusegazecuestocommu-
nicatealsofosterrecollectioninmemorytasks[31],and
facilitatecommunicationbetweenhumanandrobotpartner
byenablingturn-taking[21]–[23].Robotsreactingtohuman
inputbyshiftinggazeinacoherentfashionalsopositively
affectthereportedphysicalandemotionalclosenessbetween
humanandrobot[32],andtheirgazebehaviorismorelikely
judgedasintentionalratherthanrandom[33].
Fromapsychologicalperspective,observingchangesin

gazedirectiontriggersshiftsoftheobserversattentionto
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thegazed-atlocation,andallowstwointeractionpartnersto
conjointlyattendtothesamelocation,objectorevent[34].
Jointattentionisneededtocoordinateactionsofmultiple
interactionpartnersintimeandspace,isaprerequisitefor
developingafunctioningtheory-of-mind,andisnecessary
for makinginferencesabouttheinternalstatesofothers
[35].Jointattentionisinvestigatedincomputerexperiments,
whereafaceispresentedonascreenthatgazesstraight
ahead,andthenchangesgazedirectiontotheleftorright
sideofthescreen,whichtriggersshiftsoftheobservers
attentiontothegazed-atlocation[34].Thechangeingaze
direction,orgazecue,isfollowedbythepresentationof
atargetitem(dot,letter),whicheitherappearsatthecued
location(validtrial)oranuncuedlocation(invalidtrial).
Participantsareinstructedtorespondasfastandaccurately
aspossibletothetargetbypressingdesignatedkeysona
standardkeyboard.Sinceobservinggazecuesshiftsattention
tothegazed-atlocation,reactiontimestotargetspresented
atthecuedlocationareusuallyfasterthanreactiontimesto
targetspresentedatanuncuedlocation(gaze-cueingeffect:
[34]).
Forthemostpart,gazesignalssentbyrobotagentsinduce

similareffectsinobserversashumangazesignals[36]–
[39].Forinstance,robotsthatestablishmutualgazewith
humanpartnersreceivemorefavorableevaluations[40],and
participantsspendmoretimeoninteractionswiththem[41]
comparedtorobotswhodonotshowmutualgaze.Robot
gazecanbeinterpretedwiththesamespatialaccuracyas
humangaze,althoughthiseffectdependsonthemorphology
oftheroboteye(extenttowhichroboteyeiscoveredby
eyelids;[5]).Robotgazesignalsseemtobesonaturalto
humanobserversthatadultsreadilyfollowthegazeofrobot
imagesinhighlycontrolledcomputerexperiments[4]–[6],
andeventen-montholdinfantsfollowthelineofsightofa
robottogazed-atlocations[42].Despitethesesimilarities,
differencesinprocessinghumanversusrobotgazebecome
apparentwhenlookingatthecognitiveprocessindetail.

Fig.3. Self-calibratingcapacitivetouchinterfacewithtwolargebuttons
foruserinterface.Astandardballpointpenisincludedinthepicturefora
scalereference.

Forexample,Yuandcolleagueslookedatthedynamicsof
attentionalorientingandfoundthatparticipantsspentsignif-
icantlymoretimelookingatrobotfacesthanhumanfaces
inagaze-basedobjectnamingtask,indicatingthatthereis
concernwhethertherobotisabletoattendtorelevantobjects
[43].AdmoniandScassellatishowedthatwhilehumans
automaticallyfollowthegazeofhumanagents,attendingto
wherearobotagentislookingcanmoreeasilybesuppressed
[6],whichsuggeststhathumangazeisprocessedindifferent
neuralpathwaysthanrobotgaze.Similarly,eyetrackingin
12-month-oldinfantsrevealedanticipatorygazeshiftsand
enhancedprocessingoflooked-atobjectsinresponseto
humanbutnotrobotgazecues[44],[45].

Whilethereisevidencethatrobotsinducegazefollowing
effectsinhighlycontrolledlaboratorysettings,ithasnotbeen
examinedwhetherembodied,physicalrobotscanalsoinduce
comparableeffectsinreal-timehuman-robotinteraction.On
theonehand,onecouldhypothesizethatgazefollowing
mightbestrongerinreal-timeinteractionswithrobotssince
beneficialeffectsofphysicalembodimentovervirtualen-
vironmentsarevastlyreportedinhuman-robotinteraction
[46]–[48].Ontheotherhand,onecouldspeculatethatreal-
timeinteractionswithembodiedrobotsmighthavenegative
effectsongazefollowingduetoissueswithmechanistic
motionpatternsortimingoftherobothead[46]–[48].In
termsofgazefollowing,itispossiblethatembodiment
increasesthesocialrelevanceofrobotgazebehaviorwith
positiveeffectsonhowstronglyparticipantsfollowitsgaze.
However,itisalsopossiblethatunrealisticmotionpatterns
andtimingofroboteyemovementsleadtoabreakdown
ingazefollowing.Thecurrentstudyinvestigateswhether
gazefollowingcanbeinducedinreal-timehuman-robot
interactionorwhetheritsobservationisspecifictohighly
controlledlaboratorysettings.
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Fig.4. FulltestsetupincludingtheMekahead,twosmartbulbs,acustom
usertouchinterface,andasub-millisecondaccuracytimer.

II. METHODSANDMATERIALS

A.Participants

Seventeenparticipantswererecruitedfortheexperiment
usingtheparticipantmanagementwebsiteSONASystems
andlocalcampusadvertisementatGeorgeMasonUniversity.
Twoparticipantshadtobeexcludedduetotechnicalprob-
lemswiththesetupandonebecauseofprolongedreaction
times(abouttwiceaslongastheremainingsubjects),leading
toafinalsamplesizeoffourteenparticipants(sixfemales,
8males,age:24.6,SD:3.9,onelefthanded).Testingtime
wasabouttwentyminutes.Allparticipantsreportednormal
tocorrected-to-normalvisionandgaveinformedconsent.
Participantdatawasstoredandanalyzedanonymouslyac-
cordingtoIRBguidelines.

B.ApparatusandStimuli

ThetestsetupconsistsoftheS2humanoidrobothead
madebyMekaRobotics,twonetworkedandprogrammable
lightbulbs(smartbulbs),acustomusertouchinterface,and
asub-millisecondaccuracytimer(Figures1,2,3and4).
1)RobotHead:TheMekaheadhas8degreesoffreedom:

fourdegreesoffreedomintheneckinaserialformation
(orderofneckjointsfrombottomoftheneckup:pitch,yaw,
roll,pitch),andtwodegreesoffreedom(pitch,yaw)foreach
eye(left,right).Theeyesareattachedtothefacewhichis
attheendoftheneck’skinematicchain;seeFigure2.
2) Meka-AchMiddleware:Themiddlewareusedtocon-

troltheMekaheadisanextensionoftheHubo-Achsystem
usedfortheHubo(KHR-4),Hubo2+,DRC-Hubo,and
DRC-Hubo+models[49],[50].Accordinglythemiddleware
iscalledMeka-Ach.Meka-Achisamulti-processbasedreal-
timecontrolsystemthatuseshigh-speedandlow-latency
sharedmemorychannelswithnetworkingcapabilities.When
runningacontrolleroverthenetwork Meka-Achusesan
unencryptedUDPtohelpreducelatency. Whenreal-time
controlisnotrequiredanencryptedSSHtunnelisused.
Meka-Achtalkswiththesharedmemoryofthe Mekabot
M3softwarerunningat500hz

Meka-AchInverse	Kinematics M3	Controller
(500	Hz)

MDS	Robot

Reference

State

Head	Gaze	
Direction

.Meka-Achismadebythe
authorsandisstillinpre-Alphastagesofdevelopment.It
isnotofficiallyreleased. Whenreleased, Meka-Achwill
beundertheBSDOpenSourcelicensedesignation;see
Figure5.

Fig.5. DiagramoftheMeka-Achprocessbasedcontrolsystem.

3)HumanInterface:Theexperimentrequiresthepar-
ticipanttoindicatebykey-presswhetherthelightonthe
leftorrightisturnedon:ifthelightontheleftison,the
leftkeyispressed;ifthelightontherightison,theright
keyispressed.Aself-calibratingcapacitivetouchinterface
withtwolargebuttonswasdevelopedforthispurpose.The
touchinterfacewascreatedusingacustometchedcopper
PCBboard.Areal-timecapablemicrocontrollerisusedto
monitorthecapacitiveinterface.Thispartofthesystemis
eventbased.Whenatouchisdetecteda“touch”messageis
sentoverastandardserial(USB-Serial)interfacetothehost
computerat115200baud.Thismessagestatesthatatouch
hasbeendetectedandwhichsideitwasdetectedat.Ifno
touchisdetectednomessageissent.Thesystemcalibrates
itselfbyreading10,000capacitivevaluesfromeachsensor
(rightandleft)onpowerupandsetsthetriggeringthreshold
to1.5timesthatvalue.

4)TargetStimuli:Theexperimentrequirestwolightsthat
areabletobeturnedonandoffwithmillisecondprecision.
TwoA19compatiblesmartlightswereused.Thesmartlights
areconnectedonadedicated2.4ghzwirelessnetwork.A
on/offmessageiscreatedusingaNode.jsimplementationand
sentoverTCP/IP.Toallowforconsistantcommunications
latencyeachlightisplaced1.5m fromtheantennain
identicalorientations.Theresultinglatency(denotedbytl)
wasrecordedtobe1.032ms witha0.217ms standard
deviation.Thislatencyistakenintoaccountwhenrecording
thereactiontimeofthetestsubject.

5)HeadMotion:Theheadlooksateithertheleftorright
bulbbasedonpre-programmedjointspacevalues.These
valuesarepre-determinedbytheuseofthehead’ssparse
reachable mapandInverseJacobianInverse Kinematics
method[51].Theinputtotheinversekinematicsolveris
thelocationoftheobjectdesiredtobelookedatbythe
robot.Thelocationoftheobjectisinreferencetothebase
oftherobot’shead.Theresultingjointspacevaluesare
recordedandusedforeachgivenmotion.Figure5showsthe
kinematicstructureofthe Mekahead.Linearinterpolation
betweenjointspacevaluesisusedwhenawork-spacestep
inputisgiven.Thetimeofthelinearinterpolationis0.25sec
andisupdatedatarateof500hz.

6)Reaction Time Recording: Systemclocktimeis
recordedtwiceeverytrial,firstwhenthesmartlightturns
on(tc0)andsecondwhenamessagefromthecapacitive
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touchinterfaceisreceived.Thetestsubjectreactiontimetc
additionallytakesintoaccountthelightactivationlatencytl
andiscalculatedby:

tc=(tc1−tc0)−tl (1)

C.DesignandProcedure

Atthebeginningoftheexperiment,participantsreceived
writteninstructions,andgaveinformedconsent.Theywere
instructedtoperformajointattentiontaskthatrequiredthem
torespondasfastandaccuratelyaspossibletoachangein
colorofoneoftwolightsinfrontofthem.Responsesto
changesincolorhadtobegivenbypressingabuttonon
theirleftforthelightontheleftandabuttonontheirright
forthelightontheright(i.e.,localizationtask).Participants
werealsotoldthatbeforethecolorchangeoccurred,Meka
wouldperformaneyemovementfrominitiallylookingat
themtolookingatoneofthetwolights,eithertheone
thatwaslookedatby Mekaortheoneontheopposite
side.Participantswereinstructedtorespondassoonasthey
noticedthechangeincolor,andthetimeittookparticipants
toreacttothechangeincolorwasmeasuredasdependent
variable.Assoonasparticipantshadgiventheirresponseby
keypress,Mekawouldmovebacktoheroriginalposition
andtheparticipantcouldinitiateanewtrialbyestablishing
directeyecontactwithMeka.
Figure6illustratesthesequenceofeventsonagiventrial.

Atthebeginningofeachtrial,Mekaestablishedmutualgaze
withtheparticipanttosignaltheirreadinesstostartthetrial.
250msafterestablishmentofmutualgaze,Mekachanged
hergazedirectiontoeithertheleftorrightlightonthetable
infrontofher(includingaslightheadmovement).After
astimulus-onsetasynchrony(SOA)of200msthelightat
thegazed-cuedlocationortheuncuedlocationchangedits
color. Mekaspostureandthecolorofthelightremained
unchangeduntilaresponsewasgivenoratimeoutof5000
mswasreached,whicheverappearedfirst.Attheendofthe
trial,Mekamovedbacktoneutralposition,andparticipants
preparedforthebeginningofthenexttrial.
Theexperimentwascomposedof80trials:40validtrials,

and40invalidtrials.Gazedirection(left,right),andtarget
side(left,right)wereselectedpseudo-randomlyandevery
combinationappearedwithequalfrequency.Gazevalidity
wascalculatedbasedonthecombinationofgazedirection
andtargetlocation:onvalidtrials,thetargetappearedwhere
Mekawaslooking(i.e.,gazetotheleft,targetontheleft),
whileoninvalidtrialsthetargetappearedoppositeofwhere
Mekawaslooking(i.e.,gazetotheleft,targetontheright).
NoinformationaboutthereliabilityofMekasgazebehavior
wasdisclosedtotheparticipantsatanytimeduringthe
experiment.

D.Analysis

ReactiontimedatawasanalyzedusingR3.2.4. Misses
andincorrectresponses,aswellasreactiontimesdeviating
bymorethan+/-2.5SDfromtheindividualparticipants
meanswereremovedpriortoanalyses,totaling2.67%ofall

trials.Theremainingdatawasanalyzedintwosteps:First,
averagereactiontimesforvalidtrialsandinvalidtrialswere
calculatedforeachparticipant.Second,averagereaction
timesforvalidandinvalidtrialswerecomparedusingat-
test,withasignificantdifferenceinreactiontimesbetween
validandinvalidtrialsbeingevidenceforthepresenceofa
gazefollowingeffect.

III.RESULTS

Resultsoftheanalysisofthereactiontimedataareshown
inFigure7.Thetestrevealedasignificantdifferencebetween
validandinvalidtrials(t(13)=4.00,p=0.002,η2partial=
0.533,d=1.069),withshorterreactiontimesforvalid
(M =500ms)thaninvalidtrials(M =525ms),providing
evidenceforthepresenceofagazefollowingeffect.

IV.DISCUSSION

Thegoaloftheexperimentwastoexaminewhethergaze
followinginhuman-robotinteractionisspecifictocontrolled
laboratorysettingsorwhetheritcanalsobeobservedin
real-timeinteractionswithphysicallyembodiedrobots.To
addressthisissue,weadaptedacomputer-basedgazefollow-
ingprotocol[34]toreal-timeinteractionswiththeembodied
humanoidrobothead Meka.Participantshadtoperforma
localizationtask,wheretheyhadtoindicatebykeypressas
fastandaccuratelyaspossiblewhetheralightontheleftor
therightsideofthetablechangeditscolor.Crucially,the
lightthatchangeditscolorwaseithercuedoruncuedby
Meka’sgaze.Reactiontimetothetargetwasmeasuredas
dependentvariableanddifferencesinreactiontimesbetween
cuedanduncuedtrialswerecalculatedtodeterminewhether
gazefollowingeffectsweremeasurable.
Reactiontimesoncuedtrialsweresignificantlyshorter

thanreactiontimesonuncuedtrials,showingthattheobser-
vationofgazefollowingeffectsisnotspecifictocontrolled
laboratorysettingsbutgeneralizestoreal-timeinteractions
withphysicallyembodiedrobots.With25ms,theobserved
effectisslightlylargerthangazefollowingeffectsnormally
observedinlaboratoryexperiments(i.e.,15ms,[3]–[5]).
Thisenhancedgazefollowingeffectcouldeitherbedue
Meka’sphysicalembodimentorthefactthatinaddition
toeyemovements,Mekaalsoperformedheadmovements,
potentiallyprovidingaseconddirectionalcue.Theresults
areinlinewithpreviousstudiesshowingthatgazefollowing
isnotspecifictohuman-humaninteraction,butcanalsobe
observedinreal-timehuman-robotinteraction[36]–[39].
Therearetwolimitationstothecurrentstudythatshould

beaddressedinfutureresearchonreal-timegazefollowing.
First,theexperimentcannotquantifythedegreetowhich
robotgazetriggeredshiftsofattentioninhumanobservers
sincegazeandheadcueswerepresentedatthesametime.
Becauseofthat,itcannotbedeterminedifgazefollowingis
strongerinreal-timeinteractionswithembodiedrobotsthan
inlaboratorysettings.Futurestudiesneedtoaddressthis
limitationbymanipulatingheadandgazecuesseparately
andcomparingtheeffecttheyinducetogaze-cueingeffects
observedinlaboratoryexperiments.Second,duetopractical
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Fig.6. TrialSequence:Mekafirstestablisheddirecteyecontactwiththeparticipantandthenshiftedhergazetoeitherthelightontheleftortheright
sideofthetable.Afterwards,eitherthelightthatwaslookedatbyMekachangeditscolorortheotherlight.Thetaskwastorespondtothechangein
colorasfastandaccuratelyaspossiblebypressingthekeyontheleftfortheleftlightorthekeyontherightfortherightlight.Attheendofthetrial,
Mekawouldreturnbacktoneutralpositionandestablisheyecontactagaintostartanewtrial.

Fig.7. Resultsoftheanalysisofthegaze-cueingeffects:Horizontalboxplot
linesrepresent25th,50th,and75thpercentile. Whiskersextendtodata
pointsnofurtherthan1.5*IQR(interquartilerange;thedistancebetween
25thand75thpercentile).Individualdatapointsareplottedontopofthe
boxplot.**p¡.01.

reasons,datawascollectedinarelativelynoisyenvironment
withahighamountofpeoplepassingby, whichcould
potentiallyincreasethenoiseinourdata. Gazecueing
hasmostlybeeninvestigatedinwellcontrolledlaboratory
settings[3]–[6]andwhileourcurrentsettingshouldhave
increasedexternalvaliditycomparedtothosestudies,the
differentenvironmentsmakeithardtocompareeffectsizes
betweenstudies.
Theresultsshowthathumansascribesocialrelevanceto

robotgazeandreadilyestablishjointattentionwiththemin
interactivescenarios.Inconsequence,robotscanusetheir
gazewhenworkingwithhumansonjointtaskstoresolve
ambiguityandshifttheirinteractionpartner’sattentionto
relevantlocationsandobjects.Furthermore,sincegazedi-
rectionallowsinferencesabouttheinternalstatesofothers,
robotgazecanbeusedtobetterpredictrobotbehaviorand
makehuman-robotinteractionmoreefficientandproductive.
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