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Understandingtheimpactofmultimodalinteractionusing
gazeinformedmid-airgesturecontrolin3Dvirtualobjects

manipulation

ABSTRACT

Multimodalinteractionsprovideuserswithmorenaturalwaystomanipulatevirtual3D objectsthanusing

traditionalinputmethods.Anemergingapproachisgazemodulatedpointing,whichenablesuserstoperform

objectselectionandmanipulationinavirtualspaceconvenientlythroughtheuseofacombinationofgazeand

otherinteractiontechniques(e.g.,mid-airgestures).Asgazemodulatedpointingusesdifferentsensorstotrack

anddetectuserbehaviours,itsperformancereliesontheuser’sperceptionontheexactspatialmappingbetween

thevirtualspaceandthephysicalspace.Anunderexploredissueis,whenthespatialmappingdifferswiththe

user’sperception,manipulationerrors(e.g.,outofboundaryerrors,proximityerrors)mayoccur.Therefore,in

gazemodulatedpointing,asgazecanintroducemisalignmentofthespatialmapping,itmayleadtouser’s

misperceptionofthevirtualenvironmentandconsequentlymanipulationerrors.Thispaperprovidesaclear

definitionoftheproblem throughathoroughinvestigationonitscausesandspecifiestheconditionswhenit

occurs,whichisfurthervalidatedintheexperiment.Italsoproposesthreemethods(Scaling,MagnetandDual-

gaze)toaddresstheproblem andexaminesthem usingacomparativestudywhichinvolves20participantswith

1,040runs.Theresultsshowthatallthreemethodsimprovedthemanipulationperformancewithregardtothe

definedproblem whereMagnetandDual-gazedeliveredbetterperformancethanScaling.Thisfindingcouldbe

usedtoinform amorerobustmultimodalinterfacedesignsupportedbybotheyetrackingandmid-airgesture

controlwithoutlosingefficiencyandstability.
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1. INTRODUCTION

ImmersiveuserexperienceisoneofthefundamentalrequirementsinVirtualReality(VR)andAugmentedReality

(AR)applications(Burdeaetal.,1996).Thisisusuallyachievedusingsensorytechnologiestorealisemultimodal

interactionswhichenableuserstoemploynaturalmodesofcommunicationincludingvoice,gesture,eyetracking,

bodymovement,etc.(Cohenetal.,1997;Queketal.,2002).

Gaze+gestureisanemergingmultimodaltechniquewhichallowsuserstomanipulate3Dvirtualobjectsviagaze

modulatedpointingusingacombinationofeyetrackingandgesturecontrol.Incomparisonwithtraditionalinput

methodssuchasmouseandkeyboard,thistechniquefeaturesfastertargetacquisitionwithrichercontrol

capabilitiesinalldimensionsthroughtheuseofeyetrackeranddepthsensor(Chatterjeeetal.,2015;Vellosoet

al.,2015).TheworkingprincipleoftheGaze+gesturetechniqueisillustratedinFig.1wheretheuseruseseye

gazetolocateanobjectandgesturestocontroltheobjectintwodifferentscenarios:(a)discreteactionsand(b)

continuousmanipulation.Explanationofthesetwotermscanbefoundinsection2.3.
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Fig.1.TwoexamplesofhowtheGaze+gesturetechniqueworksintypicalscenarios.(a)A2Dexampleofdiscreteaction.To

closethewindow,theuserfirstlooksatthe"X"buttonontheupperrightcornerofthewindowandthenmakesatapping

gesturetocloseit.Theusercantaptheirhandanywherethatisnotnecessarilyonthebuttonbecausegazehaslocatedwhere

thetappingwillbeeffective.(b)A3Dexampleofcontinuousmanipulation.Tomovethecube,theuserfirstlooksatitandthen

makesadragginghandmovementtomoveit.Theuserdoesnotneedtostarttomovetheirhandatthepositionwherethe

cubewas.Thegazedecideswhichvirtualobjectisgoingtobemoved.Themovementofthecubefollowsthehandmovement

inrealtime.Thetrajectoryofthehanddecidesthecube’strajectorybutstartingfrom itsowninitialposition.Notethatthe

smallercubeafterthemovementindicatesitsmovementindepthdirection.

DespitetheadvantagesoftheGaze+gesturetechnique,Vellosoetal.(2015)noticedthatincertainscenariosas

showninFig1.(b),ittookusersmuchlongertimetoselectanobjectwhentheyplannedonsubsequent

manipulationonitaftertheselection.Basedontheirobservation,theyfoundthattheissuewasrelatedtothe

positionoftheusers’hand.Thatis,iftheusers’handisnotinanappropriatepositionthatleavesenoughroom to

manipulatetheobjectaftergazeselection,theymustadjusttheirhandtowardstheobjectaccordinglybefore

pickingitup.Inotherwords,iftheuserspickuptheobjectwithoutclutchingtheirhandtowardsit,theobjectwill

bepickedupfrom aninappropriatepositionwheretherewillbeinsufficientroom forthesubsequentmanipulation.

Clearly,themanipulationroom dependsonthetrackingrangeofthedepthsensor.Iftheusersinsistently

manipulatewithinthelimitedtrackingrange,theirhandwillbelostintrackingonceitmovesbeyondthetracking

boundary,whichwillinterruptthecontinuousmanipulation.Thentheobjectwillbedroppedunexpectedly.

Thisissuefirstlycompromisesthefastertargetacquisitionofgazeselectionasuserstendtoclutchtheirhand

closeenoughtotheobjecttoguaranteethemanipulationroom.Secondly,itharmstheuserexperienceasan

unexpected interruption in a continuous manipulation can be frustrating.Additionally,why willthere be

insufficientmanipulationroom ifausertriestopickupanobjectfarfrom it?Thisissuehasnotbeenpreviously

reportedinanyotherliteraturenorhasitbeenfurtherinvestigatedbyVellosoetal.(2015),sothereisnoclear

explanationtohelpunderstanditscauses.Giventhefactthatdepthrelated3Dvirtualobjectmanipulationisvery

commoninVRandARapplications,thisunderexploredproblem,althoughitoccursoccasionally,cannotbe

ignoredfortwomainreasons:(1)itcompromisesthefastertargetacquisition,and(2)itaffectstheuser

experience.
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Inaddition,thisissuewasnotfoundreportedinanyunimodalinteractionsusingonlymid-airgesturecontrol

either,sowearguethattheissueisactuallyaspatialmisperceptionproblem whichisrelatedtothegaze

modulatedselectionwhointroducesthemisalignmentofthesensor’sspatialmapping.Inthispaper,wedefine

theproblem throughathoroughinvestigationonitscausesandspecifytheconditionsofitsoccurrence,which

arefurthertestifiedthroughexperiments.Moreover,weproposethreemethods(Scaling,MagnetandDual-gaze)

forminimisingtheimpactofthemisperceptionproblem,whosecomparativeperformanceandusabilityare

examined.

Theresultsshow thattheinterruptionrateoftheproblem conditionhasreached99% whichvalidatesour

definition.Moreover,althoughthecomparativestudyindicatesthatallthreeapproachescanimproveusabilityin

theproblem conditiontodifferentextents,thelasttwo(MagnetandDual-gaze)providebetterperformance.Not

onlyaddressingatimelyproblem thatislikelytobecomeevermoreimportantasmultimodalinteractionbecomes

ubiquitous,thedifferentpreferenceofeachmethodcanalsohelpprovideguidanceforfutureinteractiondesigns.

Thepaperisoutlinedasfollows.Wediscussthebackgroundofourstudyandhow ourworkisdifferentfrom

existingmultimodalinteractionstudiesinSection2.Followingthat,theproblem isdefinedinSection3.Wethen

discussthestrategiestotackletheproblem andproposethreemethodstoresolvethisissueinSection4.The

experimentisdesignedtovalidatetheproblem definition,whichiselaboratedinSection5.Theresultspresented

inSection6confirm theproposedproblem definitionandrevealinsightsofthethreeproposedmethodswhose

advantagesanddisadvantagesarediscussedinSection7.FollowedbydesignimplicationsinSection8we

concludethepaperinSection9withthefuturework.

2.BACKGROUND

Thespatialmisperceptionproblem relatedtouser’sgazemodulated3Dvirtualobjectmanipulationonlyoccurs

whenspecificconditionsaremet.Theseconditionsinvolvethemappingtechniquesofthepointingdevices,the

inputmethods,andthetypesofthemanipulationtasks.Beforedefiningtheproblem,wefirstdiscusswhether

existinginteractiontechniqueshavetheriskofhavingthisproblem basedonthethreeconditions.

2.1.Relativeandabsolutepointingdevices

Manyinteractivetechniquesareintegratedwithgazeselectionwheredifferenttypesofthepointingdevicesare

involved.Thesedevicesneedtomaphumanbehavioursfrom thephysicalspacetothevirtualspace.Becausea

devicehasatrackingrangeandthevirtualspaceisalsolimited,itisnecessarytomakesuretomapthetracking

areainsidethevirtualspace. Dependingondifferentmappingtechniquesused,thepointingdevicescanbe

categorisedintorelativepointingdevicesandabsolutepointingdevices.Therelativepointingdevicesdonot

strictlyrequireafixedmappingandControl-Display(CD)gainwhich,however,areessentialtotheabsolute

pointingdevices.NotetheCDgainisafunctionofthevelocitythatreflectstheratiobetweenthecontroldevice

andthedisplaypointermovements.WhentheCDgainisgreaterthan1,thecontroldevicemovesfasterthanthe

pointerandviceversa(Casiezetal.,2008).

Acomputermouseisatypicalrelativepointingdevicethattherelativepositionoftheuser’shand/mouseandthe
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mousecursorisnotfixed.Wheneverthecursorhitstheboundaryofthevirtualspace,itwillberestrictedatthe

boundaryeventhoughthemousekeepstryingtopushforward.Atthistime,theusercansimplyliftthemouse

andrelocateittoremaptherelativepositionofthemouseandthecursor.Inthiscase,thedevicewillneverlose

trackingoftheuser’shandbecausetheirhandisalwaysattachedwiththetrackingdevice,evenwhenitis

integratedwithgazemodulatedpointing.Asitisknownthatgazeimprovestheefficiencyofselectionby

introducingadisplacementfrom thelocationofthehand/toolcursortothelocationofthegaze.Becauserelative

pointing devices can be relocated orremapped when the displacementis generated,there willbe no

displacementintroduced.MAGIC(Zhaietal.,1999)isatypicalexamplethatappliesgazeselectionwithmouse

pointing.Itwarpsthemousecursortothevicinityofwherethegazeis,andthenusesthehandtoachievefine

selection.Thistechniquehasbeenfurtherimprovedinmanywayssuchasthecursorsetoffconstraints(Zhaiet

al.,1999)andthedynamiceyetrackingaccuracy(Faresetal.,2013).

Someinteractiontechniqueshavethetrackingdevicesorwearablesensorsattachedtotheusers’handorbody,

theydonotrelyoncamera-basedsensorstomapthedeviceintotheworldframeofthevirtualspace.These

devicescanalsobeconsideredasrelativepointingdevices.Poukeetal.(2012)combinedeyetrackerandmid-air

gestureinteractionusinga6-DOFaccelerometer/gyrosensorattachedtotheuser’shandtoperform gesture

control.Theeyegazewasusedforobjectselectionandnocursorofthehandtrackerwasmentionedparticularly.

Thistechniquesupportsselection,translationandrotation,sobothdiscreteandcontinuousmanipulationsare

available.Similartoacomputermice,thisgesturesensorwasattachedtotheuser’shand,sothegesture

detectionareawasalwayscentredonthephysicalhandposition;alsoitwasnotacamera-basedtracker,sono

absolutespatialmappingwasinvolved.Thisdesigncanbeconsideredasifithadanunlimitedtrackingrange,

thuswhenavirtualobjectismovedtotheedgeofthevirtualspace,theusercankeepproceedingforwardsifthe

display/virtualspaceisextended.However,attachingadevicetothehandwillincreasearm fatigueespeciallyfor

mid-airmanipulationbecausetheuserneedstoconstantlyholdtheirhandintheair.Toavoidthisproblem,

moderngesturerecognitiontrackers,suchasKinectandLeapMotion,adoptthemoreunobtrusivecamera-based

technique.Thesetrackerscanbesimplyplacednearthedesktopbutthecamera-basedfeaturerequiresaspatial

mappingwhichmakesthem moresensitivetothetrackingrange.

Touchscreenandcertaindepthsensorsforgesturalcontrolareabsolutepointingdevices,i.e.,therelative

positionofthehandanditsmappedpositioninthevirtualspaceisfixed.Ifthehandgoesoutsideofthetracking

area,oritsmappedcursorgoesoutsideofthevirtualspace,thehandneedstoreturntothetrackingareato

maintainthevisibilityofitscursororitselfinthevirtualspace.Withabsolutepointingdevices,whetherthe

displacementshouldbenoticeddependsonthefollowingtwoconditionsstatedinSection2.2and2.3.

2.2.Directandindirectinputdevices

Theoretically,theabsolutemappingisoneoftheprerequisitesforthespatialmisperceptionproblem,butwith

someinputmethods,thetrackingboundarycanbeexplicitlyshown,whichhelpsusersaccuratelyperceivethe

trackingboundaryandavoidtheproblem unobtrusively.Dependingonhow dataorcommandsarefedintoa
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system,therearetwotypesofthedevices,directinputdevicesandindirectinputdevices(McLaughlinetal.,

2009).

Directdevicesinputbodymovementdatadirectlytothesystem,sothebodymovementandtheinputdataare

equivalent.Itdoesnotrequireconsciousmentaltranslation(McLaughlinetal.,2009).Atouchscreenisatypical

directinputdevicewhichispervasivelyadoptedtomostsmartphonesandtabletsnowadays.Theexplicit

presentationofamobilephoneallowsuserstovisuallyandtactuallyperceiveitsboundary.Evenifthereisan

offsetgeneratedbyagazeselectionasintheGaze-touchapplications(Pfeufferetal.,2014),theuserwillnot

makeanymanipulationthatproceedsoutsidethescreen,regardlessofthefactthatthetouchscreenisan

absolutepointingdevice.Pfeufferetal.discussedfour2DGaze-touchapplications,imagegallery,paint,map

navigationandmultipleobjectsmanipulation.Variousinteractiontechniqueswereappliedintheapplications.For

example,indirect-rotate-scale-translate(RST)enabledcommonmulti-touchRSTmanipulationswithoutdirect

touchontheimages;remote-colour-selectenabledcolourselectionwithoutdirecttouchonthecolourbutjust

lookingatthecolourthentapanywhereonthescreen.Athree-pointinteractiontechniquethatcombinesbi-

manualdirecttouchandgazewasinvestigatedbySimeoneetal.(2016).Becauseoftheclearlypresentedscreen

boundary,theuserscouldwellperceivetheworkingboundaries,sothesemanipulationswereproblem free.

Indirectdevicesdonotinputbodymovementintothesystem equivalentlyaswhatthedirectinputdevicesdo.

Instead,atransform from thebodycoordinationtothesystem coordinationisintroduced.Forexample,thehand

movesthemouseonahorizontaldesktopbutthemovementistranslatedintothecursormovementonavertical

screen.Moreover,theCDgaincancontributetothetransform becauseagreatCDgaincanresultinthatalarge

movementofthedeviceonlycorrespondstoasmallmovementofthecursorandviceversa.Allthecomponents

thatinvolveinthetransform areintegratedintoourbraintobuildamentalrepresentationofthetransform.

Thetouchscreenshavealsobeenusedasindirectinputdevicessuchastheexternalmanipulationdevicein

distantdisplays.StellmachandDachselt(2012)designedtheLook&Touchtechniquefor2Dobjectselectionon

remotedisplaysatdifferentsizesanddistances.TheyfurtherdesignedtheStillLookingtechnique(Stellmachand

Dachselt,2013)thatextendedthegaze-supportedselectiontomanipulationofremote2Dtargets.Simeone(2016)

comparedtheperformanceofdirectandindirecttouchinstereoscopicdisplays.Inthiscase,theboundaryofthe

devicescouldstillbeperceivedbytheusers’handsevenwithoutlooking.Otherthanthat,depthsensors,mice,

andjoysticksaretypicalindirectinputdevices.Whennotconsideringtherelativepointingdevices,suchasthe

mice,we can find the tracking range ofthe indirectdevicesisnotexplicitlyindicated.Furthermore,the

displacementintroducedbythegazeselectionupdatesthephysicaltransform implicitlysothatitcannotbe

preciselyadaptedtothementalrepresentation.Theawarenessoftheboundarycanbemoretrivialwhenthetask

isverydemandingandrequiresuser’sconstantattention,nottomentionthatthetransform makestheindirect

devicesmorecognitivelydemandingthanthedirectdevices(Charnessetal.,2004).However,evenwhenadevice

featurestheabsolutepointingandindirectinputtechniques,theoccurrenceofthemisperceptionproblem using

thisdevicehasonelastconditiontosatisfy,whichisthetypeofthemanipulation.
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2.3.Discreteandcontinuousmanipulation

In a gaze modulated multimodalinteraction,afterthe targethas been accuratelyselected,the following

manipulationistypicallymanifestedbythehands.Chatterjeeetal.(2015)definedthegazeselectionasthetarget

acquisitionphaseandthehandmanipulationasthetargetactionphase.Theycategorisedthemanipulationinthe

targetactionphaseintodiscreteactionsandcontinuousmanipulation.

A discreteactionreferstoasinglehandmotion,suchaspinching,swipingandgrabbing.Itiscommonly

associatedwithgivingacommandorsendingaconfirmationtotriggeranactionthatcanbedonebythe

computeritself,forexample,pressingabuttontocloseawindow (Fig.1a)orswipingtoseethenextphoto.

Discreteactionshavenotemporalpositionchangessotheyarenotsensitivetothepositionswherethehand

movementtakesplaceaslongasitcanbecapturedbythetracker,soitisalsonotsensitivetothedisplacement.

Dependingondifferentsystem requirements,someframeworksonlyusegesturecontrolformakingdiscrete

commands.Thusthetrackingrangewillnotbeaproblem fortheseimplementations.Forexample,Yooetal.

(2010)developeda3Duserinterfaceforlarge-scaledisplaysusingheadorientationasanalternativetothegaze.

Theangleoftheheadindicatedattendedregionsonthedisplaytoapplybimanualmid-airgesturecommands.

Thisapplicationenablesdistantgesturalcontrolonlarge-scaledisplaywithaquickacquisition.Thegesture

commandsdesignedinthisstudyisdiscrete,suchaspushandpullforzoominginandout.Halesetal.(2013)

designedasystem thatusedgazetoselectobjectandhandgesturesformakingdiscretecommands,suchas

extendingtwofingersfortogglingtheswitchofaninfraredlight.Thisalsodoesnotrequirecontinuouseyehand

coordination.Songetal.(2014)discussedacomputer-aideddesign(CAD)applicationthatusedhandgesturefor

basicmanipulationsuchastranslation,zoom androtation.Theapplicationonlyappliedeyetrackertoassist

zoom byusingthegazepositionasthecentreofzooming.Thegestureforzoom commanddoesnotrequire

continuouseyehandcoordinationeither.

Continuousmanipulationinvolvesconstantpositionalchangesinthreedimensions,suchasdragging(Fig.1b)

andpanning.Thistypeofmanipulationalwaysinitiatesandendswithadiscretehandaction,respectively.

Betweenthetwo discretehandactions,thereisahandclutchingwhichiscontinuouslycoupledwiththe

movementofthevirtualtarget.Wedefinetheclutchingmovementfrom theinitialpositiontotheendpositionas

thetrajectoryofthemanipulation.Thetrajectorycanbechangedbymanyvariationssuchastheinitialposition,

themovingdirectionandtheCDgain.Withadisplacementoftheinitialpositionbutthesamemovingdirection

andCDgain,thetrajectorykeepsitsshapebutisshiftedrelativetothetrackingrange.Iftheshiftedtrajectory

cannotmaintainitselfentirelyinsidethetrackingarea,thetracingofthetrajectorywillbecutbythetracking

boundaryandthespatialmisperceptionproblem kicksin.

Therefore,thebackgroundofthespatialmisperceptionproblem discussedinthispaperislimitedtotheabsolute

pointingdevicesusingindirectinputmethodsduringcontinuousmanipulation.

2.4.Absoluteindirectdeviceswithcontinuousmanipulation

Usingeyetrackerstomodulateselectionandtranslationtaskswithabsoluteindirectgesturaldevicesstartsto
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emergeduetotherecentdevelopmentofcost-effectiveeyetrackersanddepthsensors.Exceptforthestudiesof

Velloso etal.(2015)and Chatterjeeetal.(2015)mentioned earlier,Slambekovaetal.(2012)reported a

frameworkusinga"lookat"mechanism forchoosingobjects,namelythathandgesturewasusedtotriggerthe

selectionandde-selectionwhileeyegazewasusedtodeterminetheobjectonwhichtoapplytheselection.In

theirstudy,theobjectscouldbetranslated,rotated,andscaledby3Dgesturesonceselected.Similartooneof

ourmethods,Dual-gaze,theeyegazewasalsousedtolocateatargetpositionfortranslation,buttheyreported

withnofurtherdetails.Zhangetal.(2015)investigatedtheusabilityofcombininggazeandmid-airgesturein

remotetargetselectiononalargedisplay.Theirresultsshow positivefeedbacksintermsofuserpreference

comparingtogesture-onlyinteractions.However,theyalsoreportedthatgazewaspronetoselectionerrorsdue

tothefactthatthegazemovedfasterthanthehandsothegazemightmoveawaybeforetheterminationofthe

handaction.

Stylus-basedhapticsisanotherabsoluteindirectdevice.Gazeselectionhasalsobeenintegratedintohaptic

interactions.Mylonasetal.(2012)proposedtworelatedmethods,Gaze-ContingentMotorChannelling(GCMC)

andGaze-ContingentHapticConstraints(GCHC).GCMCdescribestheconceptthatadynamicalforceexerts

from thehaptictooltiptowardsthepositionofgazeinplanarmanualtrackingwhileGCHCfurtherextendsthe

GCMCframeworkinto3Dmanipulations.Abinoculareyetrackerwasintegratedintothismethodthatprovided

theavailabilityofdepthinformation.Thehapticconstraintreflectedinthattheexertedforcewasproportionalto

thedistancebetweenfixationpointandtooltipwithinasmallpre-setrange.Theydevelopedashootinggamewith

threestagestotestthetechniques,thefirststagehadnoconstraintsorforce,thesecondstageneededaiming

purelywiththegaze,andthethirdstagehadGCMCfullyengaged.Theuserstudyshowimprovedconcentration

ontasklearningqualityofnoviceswhenforcefeedbackwasinvolved.

Afterclarifyingthepremisesoftheproblem,weexplainhowitoccursinthenextsection.

3.SPATIALMISPERCEPTIONPROBLEM

Inthissection,wefirstreview how theconventionalGaze+gesturetechniqueworksinanobjectdrag-and-drop

example,thenwecangiveatypicalcaseofhowtheobjectwouldattimesdropagainstauser’sintentionwhen

beingdragged.Theproblem thatcausestheinterruptionisthendefined.

3.1.Gaze+gestureinteractiontechnique(Normalmethod)

WeimplementedaprototypesimilartotheGaze+gestureinteractiontechniquepresentedinpreviouswork

(Chatterjeeetal.,2015),whichwerefertoastheNormalmethodinthispaperforeasyreferencelaterinthe

experiment.Theonlydifferenceisthatwerenderedavirtualhandasa3Dcursortorepresenttheneedfortheuse

ofgestures.Theselectionworkflowisthattheusersfirststareattheobjecttheywanttograb,andthenmakea

grabbinggestureatanywhereinsidethevirtualspace,whichconfirmstheselectedobjectandchangesitsstatus

to"selected".Inthemeantime,thevirtualhandwillbeanimatedtoshiftfrom thegrabbingpositiontowherethe

selectedobjectisasiftheuserisreachingouttotheobject.However,thephysicalhandremainsstillduringthe

virtualhandshift.Theanimationofthevirtualhandshiftwasimplementedbylinearinterpolation.
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Adisplacementisgeneratedbetweenthegraphicalhandpositionandthedetectedhandpositionduetothe

animatedshift.Thedisplacementoriginisrecordedoncethegrabbinggesturehasbeenmade.Thisinformation

iskeptuntilareleasinggesturehasbeenmadetodroptheobject.PleaseseeFig.2foranexampleofthe

selectionphaseoftheNormalmethod.Becausetheselectionmanipulationdoesnotrequirephysicalhand

movementtoapproachtotheobject,itreducesthearm movementtopreventfrom arm fatigue.

Aftertheobjectispickedup,theuserscanmoveitwiththeirhandtoanywhereinsidethevirtualspace,andthisis

thetranslationmanipulation.Theuserdoesnotneedtostareattheobjectduringthevirtualhandshiftingand

translationmanipulationbecauseitisalreadyinthe"selected"status.Whenanobjectisincorrectlyselected,the

usersjustsimplyunfoldtheirhandto"unselect",andtheobjectstaysatitsoriginalposition.Thegrabgesturecan

bereplacedwithanyothergesturesorevenanactionofpressingabutton.

Fig.2.IllustrationoftheselectionphaseoftheNormalmethod.(a)Theuserislookingattheobjecttoselectwithhand

standby.(b)Hemakesthegrabbinggesturetoconfirm theselection.(c)Aftertheconfirmation,theuserdoesnotneedto

stareattheobjectanymore.Thegraphicvirtualhandshiftstowheretheobjectis,whilethephysicalhanddoesnotmove.(d)

Thegraphicvirtualhandisshowngrabbingtheobject.

3.2.Interactiveinterruption

InterruptionswereobservedininteractionsusingtheNormalmethodasillustratedinFig.3,wherethebox

indicatesthetrackingboundaries.Asmentionedearlier,iftheuser’shanddoesnotclutchtowardstheobject

beforepickingitup,themanipulativeroom willberestrictedandthuspotentiallycausetheproblem ofdropping

theobject.However,whywillthishappen?

Fig.3.Acaseofinterruptedtranslationcausedbymappingmisperception.(a)Theinitialscene.Thevirtualspaceandthe
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physicalspacearestillalignedatthismoment.ThevirtualhandH’andthemappedphysicalhandHareatthesameposition.

(b)Theusermakesagrabbinggesture,andthevirtualhandH’iswarpedtothecubeatpointO.Themappedphysicalhand

doesnotfollowH’butstaysatitsoriginalposition,thuscreatingadisplacementbetweenthetwospaces.(c)Theuserplans

tomovethecubefrom positionOtopositionT.Toachievethat,themappedphysicalhandHneedstomovetopointT’.(d)It

isclearthatthepointT’isoutsideofthetrackingarea,sothemovementofthemappedphysicalhandHcanonlybetracked

tilltheboundary;thevirtualhandH’cannevergettoitsexpectedpositionT.

Inunimodalinteractionswithagesture-onlytechnique,theuserknowswherethetrackingboundaryisasthe

depthsensoriswellmappedwiththegraphics.Inthatcase,theusercangraduallylearnaspatialcognitivemap

ofthetrackingareainrelationtotheirbodythroughproprioceptionandvisualdisplays(JacobsandSchenk,2003)

andmaintaintheirperformanceaslongasthephysicalmappingremainsunaltered.However,whenusing

multimodalinteractionswhereseveraltrackingdevicesareneededforsupportingtheinteractions,allrelevant

deviceshavetobemappedwiththevirtualspaceproperlyandrepresentedasawhole.Apotentialissueisthat

themappingchangedbyonemodalitycanpresumablyaffectthecorrectmappingofothermodalities,causing

thatthetrackingareaofothermodalitiesisnolongeralignedwiththeoriginaluserperception.IntheNormal

method,gazepointingimprovestheefficiencyinselectionbyintroducingadisplacementbetweenthevirtual

spaceandthephysicalspace.Thisimplicitdisplacementwarpsthemappingbetweenthetwospaceseverytime

anewtargetisselectedbutthecognitivemappingcouldnotcatchupwhentherelacksavisualindicator.Thus,it

causesmisalignmentofthephysicaltrackingspaceandthevisualdisplay,i.e.,thevirtualspace.

Withthisperceptualmisalignmentbetweenthetwospaces,themovementswhichareanticipatedtooccurinside

thevirtualspacemightgobeyondthetrackingboundaryofthedepthsensor.Withoutknowingofthepotential

interruptions,theuserwouldperform themovementandgetinterruptedunexpectedlyduringthemanipulation,

whichwouldimpacttheirperformanceandfrustratethem ofusingthesystem.Asaresult,itisimportanttofind

outunderwhatconditionsthisproblem willoccur,andhowtohelpusersperceivethetrackingrangecorrectly,to

inform theappropriateinteractiondesigndecisionstominimizeorpreventsuchproblems..Therefore,wegivea

definitionofthespatialmisperceptionproblem inthenextsection.

3.3.Definitionofthespatialmisperceptionproblem

Ininteractionsusingabsolutepointingdeviceswithindirectinputmethodsduringcontinuousmanipulation,when

thefollowingconditionissatisfied,thespatialmisperceptionproblem willoccurandthusthehandwillbelostin

thesensordetectionarea:

GivenataskthatistomoveanobjectatpositionOtoatargetpositionT,thedistancefrom theobjectto

thetargetisd,themovingdirectionispointingfrom theobjecttothetarget.Ifarayisgeneratedonthemoving

directionfrom thepositionHwherethehandpicksuptheobject,itwilleventuallyintersectwiththedetection

boundaryatapointI.Thedistancefrom thegrabbingpositionHtotheintersectionpointIisD.Whendisgreater

thanD(d>D),thespatialmisperceptionproblem willoccur.

Fig.4givesanillustrationoftheproblem definitionusingthesameexampleinFig.3.Notethattheproblem we
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definedhereisdifferentfrom theOut-of-Range(OOR)statedescribedinthethree-statemodelofinputdevicesby

Buxton(1990).OORonlydescribesaresult,butweexplainacauseintroducedbymultimodalintegration.

Fig.4.Anillustrationoftheproblem definition.Thedarkhandrepresentsthemappedphysicalhandinthevirtualspace;the

greyhandrepresentsthevirtualhand(cursor).Beforethedisplacementisgenerated,themappedphysicalspaceequalstothe

virtualspacewhichistheredzone.Afterthedisplacementisgenerated,themappedphysicalspaceisalsotranslatedwiththe

displacementtowhereindicatedbythegreenzone.Thevalidworkingrangeforthevirtualhandisrestrictedtotheintersection

ofbothzoneswhichisindicatedbytheshadedarea.Theleftandbottom boundariesoftheintersectionareprovidedbythe

depthsensor,andtheothertwoareprovidedbythevirtualenvironment.However,thelatterarenotnecessaryboundaries

dependingonhowthevirtualspaceisdisplayed.

4.STRATEGIESTOTACKLETHEPROBLEM

Asclarifiedinthebackgroundsection,theproblem commonlyoccurswhenthethreeconditionsaresatisfiedin

3Dmanipulativetasks,absolutepointing,indirectinput,andcontinuousmanipulation.Itshouldbenoticedthat

theproblem willnotariseifanyoftheconditionsismissing.Inotherwords,aslongasoneofthethreeconditions

canberemovedinthedesignprocess,theproblem willberesolved.Thecorrespondingstrategiesarediscussed

below.

Firstly,recoverthedisplacementduringmanipulation,oravoidgeneratingthedisplacement.Therelativepointing

devicestechnicallyhavenodisplacementgenerated,soinabsolutepointing,toreducethedisplacement,wecan

eitherdecreasetheCDgaintomakethecursormovesfastersothatanarrowerphysicalworkspacecanstill

coverthewholevirtualspace;orlettheusertoadjusttheinitialpickinguppositionsubconsciously,i.e.,topickup

ascloseaspossibletotheobject.Theshorterthedisplacementis,thelargertheintersectionofthetwospacesis.

Forexample,Freesetal.(2007)introducedaninteractiontechniquethatdynamicallyadjustingtheCDgainto
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automaticallyrecoverthedisplacementwithouttheusersnoticingit.

Secondly,useavirtualcursortoenhancetheuser’sawarenessofcontrollableboundaries.Thedirectinput

devicesprovidevisibletrackingboundariesbutitisdifficultfortheindirectdevicestodothesame.However,a

virtualcursorishelpfulinthiscase.Thevirtualspaceisusuallyexplicitlypresentedtotheuser,suchastheborder

ofthemonitor.Anintuitivemappingistoalignthephysicaltrackingareawiththevirtualspace.Withthehelpofa

virtualcursor,ausercanalso"see"thetrackingboundaries.Wheneverthecursordisappearedinthevirtualspace,

aboundarymustbecrossed.Virtualhandingesturecontrolcanbeconsideredasa3Dcursor.Go-go(Poupyrev

etal.,1996)dynamicallychangestheCDgaintoextendthevirtualhandtoreachthevirtualobjectasiftheuser’s

arm isextendedtoachieveadirectcontact.Homer(BowmanandHodges,1997)alsodisplaysthevirtualhandfor

ahand-centredmanipulationtechnique.

Thirdly,usediscreteactionsonlytoavoidinterruptionsincontinuousmanipulation.Thediscreteactionsarenot

sensitiveto theinitialposition ofthegesturalcommand,so itcan behelpfulto convertthecontinuous

manipulationintoasetofdiscreteactions.Adrag-and-droptaskcanconsistofagesturalcommandatthe

pickinguppositionandanothergestureatthedroppingposition,butithaslimitationswhenthetrajectory

betweenthetwopositionsneedstobetracedaccurately.

Basedonthediscussionsabove,threepossiblesolutionsareproposed:Scaling,MagnetandDual-gazewherethe

firsttwoarederivedfrom thefirststrategyandthelastcanbeseenasanexampleofthethirdstrategy.Notethat

allsolutionsareincorporatedwithavirtualhandasavirtualcursorassuggestedinthesecondstrategy.

4.1.Gaze+gesturewithscaling(Scalingmethod)

Thismethod,referredtoastheScalingmethodforeasyreferencing,representsthestrategythatrecoversthe

displacementimperceptibly.ThismethodsupportsthesamemanipulationstyleasitissupportedintheNormal

methodbutitstranslationstageisrendereddifferentlyfrom thelatter,whichdistinguishesthetwomethods.In

theScalingmethod,thetranslationwillbescaledproportionallyaccordingtotherelativepositionofthevirtual

handandtheboundarywhenthesystem detectsthecurrentmovingdirectionislikelytocauseuser’sspatial

misperception.

Specifically,tworayswillbegenerated,oneintheinstantaneoustranslationdirectionOTfrom theobjectO,and

anotherinthesamedirectionfrom thedetectedhandpositionH (Fig.5).Rememberthisdetectedhandis

invisible and itis differentwith the graphicalvirtualhand which can be seen grabbing the object.The

displacementHOrepresentsthedifferencebetweenthetwohandpositions.ThefirstraygivesthedistanceDo

from theobjecttotheboundaryinthetranslationdirection.ThesecondraygivesthedistanceDh from the

detectedhandpositiontotheboundaryinthesamedirection.WhenDo<=Dh,nothingchanges;whenDo>Dh,the

scalingschemeisapplied,i.e.,weobtaintherealtimehandtranslationdifferenceΔdbetweenthisframeandthe

lastframe,andthencalculateitsproportiononDh(Δd/Dh)andmultiplyitwithDotogetaproportionaldistances

thatthegraphicalhandneedstomove.
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s= ∙
Δd

Dh

Do

NotethatDh isthesameasDintheproblem definition(Fig.4),whichisthedistancefrom thedetectedhand

positiontotheboundary;butDoisdifferentwithd,thatDoisthedistancebetweentheobjecttotheboundaryand

disthedistancealsofrom theobjectbuttothetarget.Thisisbecausethetargetpositionisunknownwhenthe

handstartstomove,wepicktheproximitytoreplacetheunknownvaluehere.Thescalingschemecanmakesure

thehandnevergoesbeyondthedetectionboundary.

Fig.5.IllustrationoftheScalingscheme.

4.2.Gaze+gesturewithmagnet(Magnetmethod)

Thismethod,referredtoastheMagnetmethodforeasyreferencing,representsthestrategythatconvertsthe

absolutepointingtorelativepointingfornotgeneratingdisplacement.Thismethodusesametaphorthatthe

handismagnetic,likeusingamagnettocollectmetalobjects.Itdiffersfrom theNormalmethodintheselection

stage(Fig.6).Althoughthemanipulationworkflow isthesame(i.e.,theuserlooksatanobjectandmakesa

grabbinggesture),thegraphicalvirtualhanddoesnotshifttowheretheobjectis,andtheobject,instead,is

attractedtothevirtualhand.ThefollowingtranslationmanipulationisthesamewiththeNormalmethod.When

anobjectisincorrectlyselected,theuserscanopentheirpalm tounselect,andtheobjectwilldropatthecurrent

position.Kitamuraetal.(1998)usedasimilarmagneticmetaphorbuttheyapplieditontheobjectsinsteadofthe

virtualhand/tool.

This method also guarantees allthe movements are inside the detection boundarybecause there is no

displacementbetweenthegraphicalvirtualhandandthemappedphysicalhand.Itisachievedbychangingthe

object’spositioninsteadofthevirtualhand’sposition.
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Fig.6.IllustrationoftheselectionphaseoftheMagnetmethod.(a)Theuserislookingattheobjecttoselectwithhand

standby.(b)Hemakesthegrabbinggesturetoconfirm theselection.(c)Aftertheconfirmation,theuserdoesnotneedto

stareattheobjectanymore.Theobjectshiftstothelocationofthegraphicvirtualhand,whilethephysicalhanddoesnot

move.(d)Thegraphicvirtualhandisshowngrabbingtheobject.

4.3.Gaze+gesturewithdual-gaze(Dual-gazemethod)

Thismethod,referredtoastheDual-gazemethodforeasyreferencing,representstheapproachesthatconvert

thecontinuousmanipulationtoasetofdiscreteactions.Asthenamesuggests,thefunctionalityofgazeis

extendedtounselectingobjectsaswellinthismethod.ItfollowstheinteractionflowdescribedbyTurneretal.

(2013):objectlocation,confirmationofselection,destinationlocation,andconfirmationofdrop.Thelocate

attributeisfulfilledbythegaze,andtheconfirm attributeisfulfilledbythegesture.Thismethoddiffersfrom the

Normalmethodinthetranslationstage(Fig.7).Othermethodsallrequireuserstophysicallymovetheirhandin

ordertomovetheobjecttothetargetposition.Inthismethod,auserdoesnotneedtomovetheirhandatall.

Aftertheobjectispickedupbytheuser,bysimplylookingatthetargetandmakingareleasegesture,theobject

canbetranslatedtothetargetautomatically.Linearinterpolationisappliedtothevirtualhandmovementduring

theanimatedtranslation.

Fig.7.IllustrationofthetranslationphaseoftheDual-gazemethod.(a)Aftertheobjectisselectedandgrabbedbythevirtual

hand,theuserislookingatthetargetposition.(b)Theuserreleasestheirhandtoconfirm droppingtheobjecttotheposition

wheretheyarelookingat.(c)Aftertheconfirmation,theuserdoesnotneedtostareatthetargetpositionanymore.Thevirtual

handandtheobjectshifttogethertothetargetposition.(d)Thegraphicvirtualhandisshownreleasedtheobjectatthetarget

position.

Eventhoughthismethodkeepsthedisplacementbetweenthevirtualspaceandthedetectionspace,andthe

displacementwillbeupdatedoncethereleasecommandisdone,itstillavoidsthespatialmisperceptionproblem

byreplacingthecontinuoustranslationwithadiscretegesturecommand.
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5.EXPERIMENT

Theaimsoftheexperimentare:(1)tovalidatetheproblem wedefinedinSection3.3,and(2)totestifywhether

thethreeproposedmethodscanresolvetheproblem throughusabilitymeasurements.Thus,thehypotheses

basedontheaimsare:

 whenusingtheNormalmethod,theproblem willoccuriftheproblem conditionismet;

 whenusingtheNormalmethod,theproblem willnotoccuriftheproblem conditionisnotmet;

 whenusinganyofthethreeproposedmethods,theproblem willnotoccurnomattertheproblem

conditionismetornot.

Inordertotestthehypotheses,twotaskscenariosshowingcommonusageswerecreated:S1(draganddropa

singleobject)andS2(draganddropmultipleobjects).PleaseseeFig.8foranillustrationofthetwoscenarios.

ThemainpurposeofS1wastovalidatetheproblem definition.Toachievethispurpose,thetaskwassimplifiedin

astrictlycontrolledenvironmentwherebothgrabbingandtargetpositionsarefixedsothattheproblem condition

couldbeeasilyreproducedbyonlychangingthecube’sposition.Onlyoneobjectwastestedineachtrialunder

twoconditionswhichweredeliberatelysetup:

 OUTconditioniswherethemanipulationwouldgooutoftrackingboundarybasedontheproblem

definition.

 INconditionreferstotheconditionthatdoesnotfollowtheproblem definitionwherethemanipulation

wouldstayinsideofthetrackingrange.

InS2,wewantedtotestifyifthedefinedproblem wouldhappenwhentheIN andOUTconditionswerenot

controlled.Thisisbecausethegrabbingposition,thetargetpositionandtheobjectpositioncouldnotbe

controlledinrealapplicationswheretheproblem maynotoccuratallpurelybasedontheusers’interactivehabits.

Therefore,amoregeneraltaskwithmultiplerandomisedobjectswastested.Withonlythetargetpositionfixed,

theparticipantsobtainedfullcontrolflexibilitytoavoidtheproblem.However,althoughitwaspossiblethatall

objectswerepickedupwithoutthemisperceptionproblem riskandviceversa,itgenerallyshouldbeamix-up

withbothconditionsastheparticipantswouldnotreallyproactivelyavoidtheproblem becausetheywerenot

awareofsuchproblem andwhenitwouldoccur.Thepurposeherewasnolongertestifyingtheproblem condition

butwhetheritcould betriggered in realinteractiveenvironmentsasopposed to unrealisticexperimental

environmentsinS1.
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Fig.8.IllustrationofS1andS2.InS1,thereddotindicatesthefixedgrabbingposition.Itonlyturnsredwhenthevirtualhand

overlayswithit,otherwise,itisgrey.Theparticipantcanonlystartthetrialwhenthedotturnsred,i.e.,theparticipantshould

alwaysstarttomovetheirhandfrom thedot’sposition.Inbothscenarios,thehighlightedfloatingobjectindicatesthefixed

targetpositionwheretodropthecubes.

Thetaskcompletiontime,errorsanduserpreferenceweretestedinbothscenariosfortheusabilitycomparison

study.

5.1.Apparatus

Participantssat66cm awayfrom adesktoprunningtheexperimentbuiltwiththeUnitygameengine.A23"HP

CompaqLA2306LCDmonitorfeaturingFullHD1920×1080resolutionwiththerefreshrateat60Hzwasusedas

thedisplayintheexperiment.TobiiEyeXwasusedastheeyetrackermountedtothebottom edgeofthedisplay

withestimated0.4degreesofvisualangleaccuracyandthesamplingrateusedwas60Hz.Theviewingwas

binocularandthecalibrationwasconductedwithbotheyes.Theparticipants’handmovementwastrackedbya

LeapMotionsensorplacedfacinguponthedeskabout45cm awayfrom thedisplay.Thesizeofthevirtual

spacewasautomaticallygeneratedbasedonthetrackingspace.TheSDKforgesturerecognitionweusedwas

providedbyLeapMotionwhoserecognitionaccuracycouldachieve89.3%forthegrabbinggestureand97.1%for

thereleasinggestureaccordingtoMarinetal.(2015).Theeyetracker,themotionsensorandthedisplaywereset

upasshowninFig.9.
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Fig.9.Experimentsettingup.

5.2.Participants

Twentyparticipants,12maleand8female,agedbetween23and41(MeanSD=27.54.2),volunteered

themselvesinthestudy.Noneofthem hadanyeyemovement,handmovementorneurologicalabnormalities.

Theyeitherhadadequatenaturalvisualacuityorcorrectedvisionwithglasses.Exceptforoneparticipant,others

allreportedbeingright-handed.Writtenconsentwasobtainedfrom eachofthem afterexplanationofthe

experiment.Beforestartingthetasks,participantswereaskedtoanswersomebackgroundquestionsbyratinga

5-pointLikertscalefrom 1–Stronglydisagreeto5–Stronglyagree.Alltheparticipantsstatedthattheymainly

usedmouseandkeyboardforcomputerinteraction(MeanSD=4.90.3).Mostparticipantsneverusedmid-air

gesturecontrolexceptforsevenparticipants(MeanSD=1.81.2).Asforusingeyetrackerasaninteraction

interfacewithcomputers,onlyfourreportedtheyhadsomeexperiences(MeanSD=1.40.8).

5.3.Procedure

Theuserstudystartedwithabriefintroductionfollowedbyademographicquestionnaireasdescribedinprevious

Section5.2.Theparticipantswereinstructedtositfairlystillwithoutrestrictingtheirmovementsespeciallyhead

movements.Beforepractisingeachmethod,a9-pointgridcalibrationwasperformed.Thenonemethodatatime

wasdescribedtotheparticipantsandtheparticipantswereaskedtopractisethemethoduntiltheyfeltconfident.

Theirperformancewasrecordedaftertheyhadpractisedallfourmethodsandconfirmedtheywerereadytostart

theformaltests.

InbothscenariosS1andS2,theparticipantswereaskedtograbandmoveacubeorcubestothetargetposition.

Thetargetpositionwasmarkedbyareferencingobject,oncethecubecollidedwiththetargetobject,thecube

itselfwoulddisappear,indicatingasuccessfultrial.Eachmethodwastestedasagroupbuttheorderofthefour

groupswasrandomised.Astheproblem discussedinthispaperispositionrelated,theorientationoftheobjects
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haslittleimpactontheproblem definition.Inordertoremovepossiblevariationcausedbyorientationchange,we

restrictedittobe3degreesoffreedom (DOF)inthetaskimplementation,sothattheselectedobjectcouldnotbe

rotatedwiththehandorientation.Thus,theselectedobjectkeptitsoriginalorientationinallcircumstances

unlessitcollidedwiththephysics-enabledenvironment.

InS1,eachparticipantwasaskedtoperform 5trialsundereachcondition(INandOUT)permethod(5trials2

conditions4methods=40runs).Theorderofthe10trialsineachmethodwasrandomised.

InS2,onetaskblockcontainedtwelvecubes.Threetaskblocksweretestedforeachmethod(3blocks4

methods=12runs).

AftereachblockofamethodwascompletedinS2,theuserwasgivenaSUS(System UsabilityScale)(Brooke,

1996)questionnairetofill.Apost-taskinterviewwasalsoconductedtocollectqualitativefeedback.

5.4.Measures

Thequantitativeevaluationincludedthreeparts:thetaskcompletiontime,theerrorrateorerrorcount,andthe

SUS score.The qualitative evaluation included a post-taskinterview asking forfeedbacks on the overall

experienceaboutwhattheparticipantlikedanddislikedofeachtestedmethodtohelpusunderstandtheir

preference.

Taskcompletiontime.Taskcompletiontimewasdefinedasthetimeaparticipantspenttocompleteatasktrial

usingamethodinaspecificscenario.ForS1,thetimerstartedassoonasthecubewasselectedandstoppedas

soonasthecubewasdisappeared.ForS2,thetimerstartedwhenthefirstcubewasselectedandstoppedwhen

thelastcubewasdisappeared.

Errorrate/errorcount.ErrorratewasusedinS1anderrorcountwasusedinS2.InS1,iftheparticipantmoves

theirhandoutofthedetectionareainthemiddleoftranslatingaselectedcube,theirhandwillbelostintracking

andthecubewillbedroppedunexpectedlybeforereachingthetargetposition.Thiswillbecountedasanerror,

indicatinganoccurrenceofthemisperceptionproblem.EachtrialinS1hadonlyonecubetested,soaslongas

thecubewasdroppedonceinatrial,thetrialwascountedasanerrortrial.Therefore,anerrorratecanbe

obtainedaccordingtotheproportionoftheerrortrialsamongthewholetrialset.InS2,theerrorcountincreases

everytimeacubeisdroppedinonetestblock.NoerrorratewascalculatedforS2.

SUSscore.TheSUS(Brooke,1996)waspresentedwithaten-questionquestionnairewitha5-pointLikertscale

from 1–Stronglydisagreeto5–Stronglyagree.Notethatthequestionsorderedwithanoddnumberare

positivestatementsofthesystem andtheevennumberedquestionsarenegativestatementsofthesystem.A0-

100scorecanbecalculatedfrom thetenratingsasanumericevaluationofsubjectiveassessment.Toobtainthe

SUSscore,the1-5ratingswerefirstlynormalisedto0-4wherethecontributionfrom theoddquestionswasthe

ratingminus1,andthecontributionfrom theevenquestionswas5minustherating.Itguaranteesthathighrating

alwaysindicatespositiveevaluation.Thenthesum oftheratingswasmultipliedby2.5toyieldthefinalscore.In

practice,theaverageSUSscoreis68,indicating50%preference(Sauro,2013).
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6.RESULTS

The task completion time and errorrate give a clearindication ofthe system performance,so as the

questionnairetotheusability.A one-wayANOVA wasusedtoinvestigatethedifferencesamongthefour

methodsintaskcompletiontimesbothinS1andS2.PosthoccomparisonsusingtheTukeyHSDtest were

performedtofurtheridentifywhichmethodwassignificantlydifferentwiththeothers.

6.1.CompletionTime

Fig.10showsthecompletiontimeforeachmethodundertheINandOUTconditions.Theone-wayanalysisof

variancerevealedsignificantdifferencesbetweenthesefourmethodsinbothconditions(IN:F(3,396)=24.29,p

<.0001;OUT:F(3,396)=124.2,p<.0001).Itisnoticedthatparticipantstooklongertimetocompletetasksusing

theNormalmethodandtheScalingmethodintheOUTcondition.FortheNormalmethod,itisbecause,inthe

OUTcondition,theobjectwaspronetodrop,itcostmoretimetopickitupandmoveittothetargetagain.Inthe

Scalingmethod,thescalingcouldpreventdroppingtheobjectwhichsavedtime,butitwasnotverysmoothandit

tendedtoovershootwhentheparticipantmovedtheobjectwithahighspeed.Whenthisoccurredtheparticipant

neededtomovetheobjectbackfrom theovershootpositionandhencecostmoretime.BothoftheMagnetand

Dual-gazemethodscouldhelptheparticipantsachieveequallyshortcompletiontimeregardlessofwhich

condition,showingthattheconditionshavenoimpactonthesetwomethods.Thereasonwhythecompletion

timewasshorterwithinMagnetandDual-gazeintheINconditioncouldbethattheyrequiredlessarm movement

thanothermethods.Inshort,theresultsindicatethattheNormalmethodrequiresmoretimeintheOUTcondition;

theproposedmethodscanreducethecompletiontimeintheOUTconditiontodifferentextents;andthatall

techniquesrequirelesstimeincompletingtasksundertheINcondition.

Fig.10.CompletiontimeforeachmethodunderthetwoconditionsinS1.Errorbarindicatesthestandarddeviation.
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Fig.11.CompletiontimeforeachmethodinS2.Errorbarindicatesthestandarddeviation.

Fig.11showstheoverallcompletiontimeforeachmethodinS2.Becausetherewasnoconstraintoftheinitial

handpositioninthistask,theconditionsweremixed.Thus,thisfiguredemonstratestheoccurrenceofthe

definedproblem inmoregeneralcases.Theone-wayANOVAyieldsasignificantdifferencebetweenthefour

methods,F(3,236)=55.26,p<.0001.Theposthoctestshowsasimilarresulttowhatwasdiscussedregarding

Fig.10,thatthescalingschemeshowsalittleimprovementonefficiencybutnotquiteasmuchastheMagnet

and Dual-gazemethod.Again,theparticipantsperformed betterusing thelasttwo methodsin termsof

completiontime.ThisresultalsoshowsthattheOUTconditionstillhasahighpotentialtooccurwhenthe

environmentisnotdeliberatelysetup,whichsupportsourassumptionthatthereasonwhyparticipantsperformed

worsewiththeNormalmethodwasduetotheOUTcondition.

Ifwedefinetheefficiencyastheaveragetimecostbydrag-and-droppingonecube,wecanfindthattheScaling

methodimprovedtheefficiencyby11.59% comparingtotheNormalmethod,theMagnetmethodimproved

39.99%,andtheDual-gazemethodimproved41.80%.

6.2.Error

Table1givesasummaryoftheerrorrateforeachmethodunderdifferentconditionsinS1,aswellasthetotal

numberoferrorsoccurredinS2foreachmethodrespectively.Thereisapositivecorrelationbetweenthe

completiontimeandtheerrorrate/count.Thatis,thelongertimeaparticipanttooktocompleteatask,thehigher

errorratetheywillendupwithorthemoreerrorstheywillmake.Typically,theerrorrateoftheOUTconditionof

theNormalmethodhasreached99%,whichsupportsourproblem definition.The1%trialsthatshouldproduce

errorsbutnoneintheactualexperimentswerecausedbytheobjectbouncing.Becausethevirtualenvironment

wasimplementedwithphysics,whenanobjectwasreleased,itcollidedwiththewallandbouncedtoaposition

thatperfectlyavoidedtheOUTcondition.

Therewerealsoerrorsmadebytheparticipantsusingthelasttwomethods.Weobservedthattheseerrors

occurredduetotheinstabilityofthehandtracking.Thisinstabilitywascausedbytheinterferenceoftheeye

trackerasbothtrackersusedinfraredlightfordetection.Theeyetrackerwasmountedhigherthanthehand

tracker,soitslightwouldinterferewiththeimagecaughtbythehandtracker,andmadetheimageflicker.This
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issuebecamesignificantwhenaparticipantliftedtheirhandtotheheightoftheeyetracker.

Method
S1ErrorRate S2Error

Count
In Out

Normal 0.03 0.99 173

Scaling 0.01 0.14 82

Magnet 0.02 0.03 35

Dual-gaze 0.04 0.05 39

Table1.ErrorrateforS1anderrorcountforS2

6.3.Preference

Table2showsanoverviewoftheSUSscoreforeachmethod.TherangeofaSUSscoreisbetween0and100

from lowtohighsatisfactory.AsexpectedthelasttwomethodsscoredmuchhigherthantheNormalmethod.

Surprisingly,Scalingscoredthelowest.Accordingtothepost-taskinterview,suddenaccelerationandovershoot

wasnotastolerableaslosingdetectionordroppingtheobject.Someparticipantscomplainedabouteyesgetting

tiredduringthedual-gazetasks,whichcouldpossiblyexplainwhythescoreforDual-gazemethodisslightlylower

thantheMagnetmethod.

Method Mean SD Min
Ma

x

Normal 69.4 16.2 32.5 92.5

Scaling 67.9 16.9 32.5 95

Magnet 87.9 9.2 72.5 100

Dual-gaze 85.9 12.5 62.5 100

Table2.SUSscoreforeachmethod

TheSUSscorebreakdownsshowninFig.12wereobtainedfrom thenormalisedratingsthatrangefrom 0to4

(thenormalisationwasexplainedinSection5.4),sohighratingsalwaysindicatepositiveevaluation.TheMagnet

andDual-gazemethodsoutperformedNormalandScalingmethodsalmostinallthequestions,onlyinquestion

10thatcomparedtotheNormalmethod,theproposedmethodsshowedtherequirementofalongerlearning

curve.

ThescoresforMagnetandDual-gazewereveryclosetoeachother.Onlyinquestion2,4,6,and10,theMagnet

methodwasratedhigherthantheother.Asthesequestionsarerelatedtothecomplexityandlearnabilityofthe

system,itindicatesthattheDual-gazemethodwasnotasnaturalandeasytolearnastheMagnetmethod.

Similarly,theScalingmethodhadverycloseratingstotheNormalmethodbutthedifferenceinquestion7and10
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indicatedtheScalingmethodwasmorecomplexanddifficulttolearnthantheNormalmethod.

Fig.12.SUSratingsbreakdownforeachmethod.Errorbarindicatesthestandarddeviation.

7.DISCUSSION

The resultsconfirm thatthe unexpected dropping wascaused bythe problem we defined in Section 4.

Furthermore,theproposedthreemethodsprovidedcircumstantialevidencethatbyremovingsomeofthe

sufficientconditionsasdiscussedinthebackgroundandSection4,theproblem nolongerexisted.

Overall,theresultsrevealthatthescalingschemeimprovestheperformanceoftheNormalmethodbutitisstill

sensitivetotheOUTcondition.TheMagnetandtheDual-gazemethodsaretolerabletotheOUTconditionandthe

twohavecomparableperformance.Inotherwords,theScalingmethodrecoversthedisplacementgradually,but

theMagnetandtheDual-gazemethodshavenodisplacementgeneratedatall.Itindicatesthattheparticipants

canperceivethemappingchange,butaconsistentmappingbenefitstheuserexperience.

TheadvantageoftheScalingmethodisthatitalleviatesthepossibilityofinterruptedtranslationwhenthe

trackingspaceisnotenoughforisometricmovement.Itisalsoeasytolearnbecausethemanipulationis

identicaltotheNormalmethod,whichrequiresnonecessityoftrainingbeforeuse.However,theusability

improvedbythescalingschemeiscounteractedbythelackofsmoothingwhichmakestheparticipantsawareof

thescalingbutnotawareofwhenitwillkickinduetothemanipulativesimilaritytotheNormalmethod.

Introducingahiddenaffordancecannotperfectlysolvethefalseaffordanceproblem inthiscase.Theuser

experienceevaluationhasshownthattheparticipantswerenotverysatisfiedwiththewayitscaled,thusa

smoothingadjustmentofthedynamicCDgainisexpectedtobeintegratedintothismethod.

TheadvantagesoftheMagnetmethodareitsstabilityandefficiency.Itoutperformedallothermethodsinthis

study.Thelowerrorratecontributedtoitsstabilitybecausetheinterruptionrarelyoccurred,meanwhile,itsshort

taskcompletiontimeandrequirementoflowarm effortassureditsefficiency.Althoughthetranslationstagestill

requiresphysicalhandmovement,fortaskslikeS2,whenseveralobjectsneedtobemovedtothesametargetor

targetsclosetoeachother,itwillbeconvenienttokeepthehandatonepositiontoattracttheobjectstothe

vicinityofthetargetandkeepthephysicalhandmovementtotheminimum.

SimilartotheMagnetmethod,theDual-gazemethodalsoshowedgoodperformanceintermsofefficiencyand
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stability.Itrequirestheminimaleffortofthehandandarm butitdoesrequiresomeeffortsoftheeyeswhichmay

leadtoeyesfatigue,especiallywhenusingtheeyesagaintolocatethedroppingposition.Notirednessofeyes

wasreportedinothermethodsthatonlyrequiredusinggazeoncetoselect.Manyparticipantswerefascinated

withthisnovelinteractionparadigm andpreferredthismethodevenwhentheMagnetmethodwaslessproneto

eyesfatigue.BothMagnetandDual-gazemethodscanavoidgeneratingspatialdisplacement,buttheMagnet

methodrequireslesseyeeffortanditencouragestheuserstoadjusttheinitialpickingpositiontoreducearm

movement.TheextraadvantagesmaketheMagnetmethodabetterinteractiontechniqueingazemodulated

gesturalcontrol.

AlimitationoftheDual-gazemethodistherequisiteoftargetawarenesswhichneedsaknowntargetpositionto

moveto.Inourimplementation,weusedareferencingobjecttoindicatethedroppingposition.However,notall

themanipulationswillhaveaknowntarget,sointhesemanipulations,theDual-gazeinteractiontechniqueisnot

suitable.Thetargetobjectalsoprovideddepthinformationforthegazeselectionin3Dbecauseeyetrackers

couldonlyprovide2Dpositionalinformation.Asaresult,3Dtargetacquisitionisrestrictedbythegazeselection.

Itispossibletoextendgazeselectionfrom 2Dto3Difmorethanonegazepointcanbeobtainedforthesame

target,wherethedepthcanbecalculatedsimilarlytothevergenceeyemovement.Altetal.(2014)proposeda

methodthatusingtheocularvergencetodeterminethegazepositionin3Dspacebymeasuringthedistance

betweenbotheyepupils,aspupilswouldrotateinwardssimultaneouslywhenlookingatcloseobjectsandvice

versa.Theyalsoproposedanothermethodbygaugingthepupildiameterasitchangesaccordingtothedistance

oftheintendedobject.Insteadofextendinggazepointingto3D,amultimodalsolutionthattakesadvantageof

the3Daccessibilityofthegesturecontrolcanbeappliedtodeterminethedepthofthetargetpositioninthe

absenceofareferencingobject.

Insummary,theproposedapproacheshaveimprovedtheusabilitytodifferentextents,butbecausetheywere

onlydevelopedasprototypesforconceptdemonstrations,morefeaturestoperfectthesemethodsneedtobe

consideredandimplemented.Moreover,theresultsrevealedthataninteractiontechniquewithconsistentspatial

mappingandlowestfatiguewouldobtainpreferencesincontinuous3Dmanipulation.

8.DESIGNIMPLICATIONS

TheGaze+gesturetechniquescanbeintroducedinmanyapplicationsthatrequirefastacquisitionandexpressive

manipulationof3Dobjectstoenhancetheuserexperience.Forexample,itcanbeusedforsupportinginterior

designtasksinavirtualroom setting,enrichingdigitalLEGObuildinggamesexperienceforkidsorenhancingthe

learningeffectsinmoleculardockingtraining.Itisparticularlyusefulwithapplicationsthatarebasedonlargeand

remotedisplays,suchassmartTVandvirtualrealitycave.Certainly,suchtechniquescanalsoprovidemore

nativesupporttowearableVRandARapplications.Forexample,eyetrackingandgesturecontrolarenow

availableforintegrationwithOculusRift.Jalaliniyaetal.(2015)reportedacombinationofMAGICpointingwith

head-mounteddisplays,whichprovidedapossibilitytointegrategazemodulatedpointinginhead-mountedVR

displays.Alltheseapplicationsmaycomeacrossthespatialmisperceptionproblem.Thispaperhelpsidentifythe



23

problem andprovidepossiblesolutionsalongwithotherusefuldesignguidance.

Notonlycamera-basedeyetrackinganddepthsensors,butotherdeviceswhichareabsolutelymappedindirect

inputdevicescanalsobenefitfrom thisstudywhentheyarededicatedtocontinuousmanipulation.Forexample,

thestylus-basedhapticdevicestrackthebodymovementusinglinksandjointsinsteadoftrackingsensors,

whichalsohaveatrackingareawithboundariesthatisrestrictedbythekinematicworkspace.Furthermore,even

ifthedetectionareaorworkspaceiswideenoughtocoverallthepossiblemovements,ahumanarm stillhasa

limitedreachitselfmeaningthatamoreconstraintspacewillbestillformedregardlessofthecoverageofthe

actualdetectionareaandworkspace.Inthiscase,themismatchwillbeextendedtothemappingbetweenthe

virtualspaceandthephysicalarms’reach.

Althoughallproposedapproachescangenerallybealternativestoeachother,theystillcanbeuseddedicatedly

tosupportspecifictasksduetotheirspeciality.TheMagnetmethodissuitableforrepetitivepicking-upwhenthe

targetsarelocatedveryclosetoeachother.Forexample,whenbuildingaLEGOmodel,theuserscanresttheir

handsnearthemodelandpickupbuildingbricksbygaze.Theselectedbrickswillflytotheirhandsandtheyonly

needtomoveasmalldistancetotheexpectedposition.TheDual-gazetechniquehasgreatpotentialtohelp

motorimpairedusersforthebenefitsthatitonlyrequiresminimum arm movement.However,bothmethods

cannotprovideadesignatedmovingpathfortheobjects,inwhichcasetheScalingmethodcanbeapplied.

When multiple trackers are adopted into the interaction,atmostone infrared lightfacilitated trackeris

recommended,otherwisethetrackersshouldbedeliberatelypositionedtoavoidlightinterference.Common

desktopmountedordisplaymountedeyetrackersareusinginfraredlight.Moderndepthtrackingsensorsalso

useinfraredlight.Ifmultiplelightsourcesinterferewitheachother,itwillreducethestabilityandaccuracyofall

infraredtrackers,i.e.,thehandtrackingandeyetrackingdevicesinthisstudy.Thisissuedidnotaffectourresults

becauseallmethodshadthisproblem anditwascounterbalancedinthecomparison.Furthermore,thereshould

benosuchissuesineyetrackingandgesturecontrolenabledVRheadsets,becausetheeyetrackercomponent

isplacedinsidetheheadsetandthedepthsensorforhandtrackingisoutside,whichperfectlyavoidslight

interference.However,interfacedesignersshouldbearthisinterferenceinmind.

High-precisioneyetrackerorrun-timerecalibrationisrecommended.Althoughinourexperiment,theaccuracyof

theeyetrackerwassatisfactory,therewerestillcircumstancesthattheparticipantsweretryingtopickupan

objectoccludedbyseveralotherobjects.Weappliedaneye-slavedzoom lenssimilartowhatwasdevelopedby

StellmachandDachselt(2012)tosolvethepartiallyoccludedproblem,buttherearemanyotheralternative

solutionsforselectionswithpartialandevenfullocclusions.Preferably,theeyetrackersshouldevolvetoprovide

higherprecisionandcalibrationaccuracybutstillremaincosteffective.Apartfrom theocclusionscausedbythe

virtualobjects,thehandsandarmsoftheuserscanalsocauseocclusionsbetweentheeyesandthedisplay.

Suchaproblem canbewell-controlledusingindirectinput(SimeoneandGellersen,2015),sothegazemodulated

techniquesarecapableofaddressingthehandocclusionproblem duetoitsindirectfeature.
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9.CONCLUSION

Multimodalinteraction integratesadvantagesofeach modalfora greatercombined usability.Ideally,the

weaknessofonemodaliscompensatedbytheother,achievingasynergyasawhole.Thecombinationofgaze

andgesturecanachieveasynergyofrapidandexpressiveinteraction.Inthescenariosdescribedinthisstudy,

thegazeiscapableofquickpointingbutlacksnaturalandexpressivemechanismstosupportmanipulation,while

thegesturecontrolcanprovidenaturalcommunicationwithanextendiblegesturalvocabularyofrichexpressions

butwithratherslowpointing(Chatterjeeetal.,2015).

However,theintegrationofmultiplemodalitiescanintroducenew problemsthatdonotexistinunimodal

interactions,anobviousoneisthespatialmisperceptionproblem discussedinthispaper.AsNorman(1999)

defined,perceivedaffordancedescribeswhatactionstheuserperceivestobepossible,andarealaffordance

describesthephysicalcapabilityofadesign.Ifweconsiderthetrackingrangeasanaspectoftherealaffordance,

thevirtualspacetheuserseeswillbetheperceivedaffordance.Inmanycases,visionistheonlyexplicit

perceptionsoitiseasytoconsidertherealaffordanceisconsistentwiththeperceivedaffordance.Inourstudy,

thatistosay,thevirtualspaceandthetrackingareaaremappedconsistently.Whenadisplacementbreaksthe

consistency,afalseaffordanceisgeneratedthatthevirtualspacewhichlooksaccessibleisactuallyinaccessible.

Thebasicideaistoavoidthefalseaffordancesowestrivetokeeptheconsistencybetweentherealaffordance

andtheperceivedaffordance.

Thisworkidentifiesthisproblem andcontributestoenrichingthedesignguidanceformultimodalinterfacesof

3Dmanipulationsbasedoneyetrackerandmid-airgesture,whichhavegreatpotentialtobeappliedinmany

differentinteractionplatforms.Toourknowledge,wearethefirsttoidentifythespatialmisperceptionproblem,

layingoutthetheoreticalfoundationsforfurtherengineeringandexperimentation.

Afuturestepinourresearchistorefinetheproposedtechniques,e.g.,improvethesmoothingoftheCDgain

recoveringoftheScalingmethod,enable6-DOFmanipulation,anddevelopdepthacquisitionontopofgaze

modulationstobroadentheusefulnessoftheDual-gazemethod.Agreatchallengewithgestureandgazebased

controlistheaccuracyandcontrolfidelitysothefinegrainymanipulationshouldbefurtherinvestigated.Besides,

theobjectdistributionintheexperimentwasalwaysonthegroundbecauseoftheinvolvementofthegravityfor

simulatingaphysics-enabledenvironment.Thishasconstrainedthemovementoftheobjectsastheyhadtobe

movedupwardsinmostcases.Thisconditionshouldberemovedsothatwecanfurthertestatrulyrandom

distribution whereno externalforcesareinvolved asin theouterspace.Moreover,Integration offurther

modalitiessuchashapticfeedbackisalsoconsideredinourfutureplanforaugmentingtheborderperception

usingforcefeedbackwhichcanalsobeappliedtothegrab/releasegesturesforimprovingnaturalnessand

comfortableness.Althoughnoparticularcomplaintsaboutthegestureswereraisedduringthetests.Inour

methodsonlysinglehand gesturesweredefined,onewasgrabbing and anotherwasreleasing thegrab.

Additionalcomplexgesturesandbimanualgesturescanbedefinedtoestablishrichergesturevocabularyfor

morecomplicatedtasks.Duringtheimplementationofthesemethods,weobservedthatparticipantsshowed
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preferencestocertaininterpolationspeedastheyreportedthem as"smooth"whilesomeotherswerereportedas

"cumbersome".Thisintriguesourinterestinthecorrelationbetweenthevariationoftheinterpolationspeedand

thevariationofuser’ssatisfaction.Thiscouldberelatedtothetemporalleadingofgazeineye-handcoordination

tasks(Gielenetal.,2009).
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