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Introduction

Figure1-Citylife,acrowdofpeoplewalkinginmultipledirectionsandcompleting
severalformsofinteraction.

Whilelocomotioncanbeconsideredanelementarytaskthatiscompletedseamlessly

withoutconsciousthought,theprocessingwithinthecentralnervoussystemisfarfrom

atrest.Navigationthroughanygivenenvironmentcaninvolvethesteppingover,on,

aroundobstacles,oracombinationofall,withthepurposeoftransportingthebody,

safely,towardsagoal[Winter1991].Successfulnavigationisthentheabilitytoorientate

thebodyandinteractwiththeenvironment,eitheravoidingorinterceptingmobileor

fixedobstacles,oravoidinganobstacletointerceptanother(i.e.,circumventingan

individualtomeetafriendbehindthem,ornavigatinganyclutteredenvironmentto
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arrivetoagoal).Therefore,thestudyofhumanlocomotionhasavastandenduring

areaofinterest,coveringdisciplinessuchasneuroscience,psychology,sportsscience,

medicineandcomputerscience.

Thetaskofinterceptioncanbethoughtofasathesisorscientificpublication,the

well-referredbottleneckdeduction,theinitialstagesarebroadandnumerouswhile

approachinganend-goalandafocuspoint.Forexample,naturespredatorandprey,

theinitialinteractionisinachangingenvironmentofmultiplepossibilitieswiththeprey

increasingthepossibilitiesthroughevasivetactics,theend-goalforthepredatorwillbe

thecaptureoftheprey.Avoidanceisthentheinverseofsuch,theinitialstagesofthe

taskarepredefined,andeachbehaviouraladaptationbroadensthescopeofpossibilities.

Intermsoflocomotion,whilewalkingdownabusystreet(Figure1),ataskcanbetonot

collidewithothers,thebehaviouralresponsesforsuchmayinclude:tostopcompletely,

changedirection,oradjustyourcurrentspeed.Ineachtask,perceptionisrequiredfor

informationgathering(whereisthebodyinreferencetothecurrentenvironment),and

actionisrequired(neuromuscularcoordinationandorganisationofthebody).Forming

aperception-actioncoupledloopofaperceiverandtheirenvironment[Warren2006],

onemustperceiveinordertoactandactinordertoperceive[Gibson1979].

Interactionssuchascollisionavoidanceconstitutethebasicsynergiesofdailyliving,

coordinatingone’smovementwithanother.Giventhis,humanmovementisthusnot

onlyaimlessdisplacementwithinanenvironment.Instead,itisdensewithperceivable

informationforaction.Navigatingstairwells[Warren1984],passingthroughdoorways

[Cinelli2008b],andgoingaroundotherwalkersandobstaclesalike[Olivier2012]. The

identificationofunderlyingmechanisms,whichistheperceptualcuesrequiredforcor-

rectmovementperception,wouldallowforsignificantprogresstobemadeinhuman

socialbehaviour. Consider,forexample,asimpleinteractionwithanotherwalkeror

amoredynamicandcomplexsportingtask;thevisualsystemisparticularlysensitive

inextractingcuesfromhumanmovement(Figure2).Forexample,emotionalstates,

intent,genderanddeceptivemotion[Montepare1987,Runeson1983a],ofwhich,these

|
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cuescanbeextractedfromabstractinformationrepresentationssuchaspointlight

displays[Troje2002].Localcuessuchasgazecantransferinformation,wheregazehas

beencharacterisedasafactorofsocialinteraction[Kleinke1986]andconsideredaform

ofnonverbalcommunication,throughemotionalarousalfrompreviousexperiencesor

communicativeintention[Senju2009].Byperceivinganotherwalker,ahumanisableto

determinefutureoutcomes,interpretingtheintentionsandanticipatetheforthcoming

eventwithpossibleadaptionstotheircurrentstate.

Figure2-Twoexampleenvironmentsofperception-actioncoupling.Left)naturalcity

scenewithfourpossibleformsofinteraction,anti-clockwisefromtop-left:following,

accompaniedwalking,intercepting(meeting),andcollisionavoidance. Right)Anex-

ampleofsuccessfulinterception(playerbeingtackled)andateammatefollowingin

support.

Tothisend,thisthesisaimsatansweringthefollowingquestions:whatarethevisual

cuesanindividualperceivesfromthemovementofothers? Whatarethemodelsfor

determiningfuturepredictedcrossingdistances? Whataretheinterpretationmechan-

ismsinvolved?Inworkingtowardsansweringthesequestions,thethesisconsistedof

threestudies.Thefirststudyfocusedonthevisualcues,namelythenatureofvisual

information,whethertheinformationisextractedfromaglobalrepresentationofmo-

tionorlocalcueswithintheglobalrepresentation.Thesecondstudythenfocusedon

thepathofthevirtualwalker,whetherfutureoutcomesareextrapolatedrectilinearlyor

curvilinearly.Finally,thethirdstudyworkedtowardsthemechanismsofinterpretation,

|
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investigatingperceivedagencythroughgazingbehaviourofvirtualhumans.Insummary,

thecombinedthreestudiesinvestigatedtheinfluenceofvisualcuesoncollisionavoid-

ancebehaviour.Inordertodeveloptheunderstandingandanswerthesequestions,a

simpleintroductoryone-on-oneparadigmoforthogonalcollisionavoidancewasstudied.

Toaddressthesequestionsandmaintaincontroloftheenvironmenttheworksherein

wereperformedusingvirtualreality. Theuseofvirtualrealityisavalidatedtoolfor

appliedpsychologyasitallowsustomanipulatefinitedetailsofagivenenvironmentand

withdrawconclusionsofeffectfromthosemanipulations.Forexample,psychophysics,

acatchingtaskofaballinflightundervariousgravitationalforces[Bosco2012]and

angularaccelerations[Bennett2016].

Thethesisisstructuredinthefollowingmanner: Chapter1reviewsthecurrentlit-

erature,specifically,focusingontheoreticalfoundations,perceivingtheenvironment,

interactingwiththeenvironmentandthecouplingofcomputersciencetechnologiesfor

perception-actioninvestigations.Thereafter,theobjectivesaresummarisedinmorede-

tailbeforepresentingthethreechaptersthatrefertothestudiesinvolvedinthethesis.

Chapter3isthefirstworkcompletedinrelationtothethesis,focusingonthenatureof

visualinformation,specifically,investigatingwhethertheinformationisextractedfrom

globaldisplacementorlocalmotioncues. Chapter4beingthesecondworkofthe

thesisandfocusedonthepathconstraintsofthevirtualwalker,withthevirtualwalker

maintainingaconstanttangentialvelocityandfollowingacurvilinearorrectilinearpath.

Chapter5isthefinalstudyofthethesis,focusingonthesocialaspectsoftheinter-

action,namely,gazebehaviourofthevirtualwalker.Finally,ageneralconclusionof

thethreestudiesandfutureperspectives.Anadditionalstudyonthenatureofvisual

informationinamoredynamicsettingofarugbyattacker-defenderdyadisavailablein

annexeA,whichpresentsapossiblefieldofapplicationfromchapter3.

|
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Chapter1

Background

"Theenvironmentofanimalsandmeniswhattheyperceive.Theenviron-

mentisnotthesameasthephysicalworld,ifonemeansbythattheworld

describedbyphysics."

—Gibson,JamesJ..TheEcologicalApproachtoVisualPerception
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Chapter1Background

1.1 Visualcontroloflocomotion

Alllivingorganismsmustadapttotheirenvironmentinordertosurviveandreproduce,

evolutionbeingaby-productoffine-tuningforsuchgoals.Thebodyisadaptedtoand

byitsenvironment;thepresentationofnutritionbytheenvironmentandthemechanics

tomovetowardsthesourceofnutritionbytheorganism.Evenwithinthisexample,

movementrequiresregulation,theabilitytodetecttheenvironmentandtointeractwith

it,thatis,perceiveandacttofindfood[Bruce2003].Itisthereforethatperceptionand

actionarecoupled,inthatmovementisrequiredtoperceive,andperceptionisrequired

formovement.

Perceptionisthepsychologicalphenomenonconnectingustothesensitiveworldthrough

oursenses.Itinvolvestheuseofourfivesenses:hearing,sight,smell,touchandtaste,

eachofwhichisexpressedinaperceptiveway;auditory,visual,olfactory,tactileand

gustatoryperception. Eachsenseisusedfordetectingandinterpretingthevarious

formsofenergyanditschangesfromtheenvironment,suchaslight,soundandneural

activation[Bruce2003].However,itisnotonlytheinterpretationofthesesystems,but

theanticipationoftheconsequencesofthesimulatedactionsalsoconstrainperception

[Berthoz1997].

Anylivingorganismnavigatingtheirrespectiveenvironmentmustperceivetheenviron-

mentaswellasbeawareofitscurrentstate,answeringthefundamentalquestionsof

whereoneis,howoneisorientated,whereareobjectsinrelationtoone,whereare

objectsinrelationtoeachanother,aretheseaffordableforaction,andwhataction

isnecessary[Marshall2001].Thevisualsystem,whilenotthesolesourceofinforma-

tionisaprivilegedchannelthatanimals(birds,reptiles,fishetc.)usetoexploreand

interactwiththeirenvironment[Prevost2002,Patla2004,Silva2018],providingseveral

sourcesofimportantinformation,includingtheidentificationandlocalisationofob-

jects[Schneider1969,Mishkin1982],focusforfinemotorskillsorambienceforwhole

|
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Visualcontroloflocomotion

bodymovements[Trevarthen1968],andfarandnearspacevision[Previc1990]. With

thevastinformationandtheefficientprocessingrate,visioncansupportseveralmajor

rolesduringlocomotion,answeringthefundamentalquestionsofMarshall[2001]:the

detectionofhazards,theselectionofrequiredmanoeuvres,thepreparationandexecu-

tionofchosenmanoeuvres,andfurtheradjustments,ifnecessary,throughanticipation

[Tresilian2012].

Theeyes,theperipheralorgansofvisionandaprimarysensoryoutpostofthebrain,

functioninacomplementaryandconjugatemanner,detectinglightthatisrefracted

fromobjectsintheenvironmentoftheopticarray[Williams1999]. Withlightrays

passingthroughatransparentlens,replicatinganinvertedformoftheenvironmentto

thelight-sensitiveretina,whichinturntranslateslightraysintonervesignalsviarecept-

ors,horizontalcells,bipolarcells,amacrinecellsandganglioncells[Williams1999].The

foveaisthenasmallerareaoftheretinathatallowsthemaximalresolutionoftheenvir-

onmentthroughfixation[Zeki1993];thereforethehumanoculomotorsystemupdates

pointsofinterestthroughfixationsandthedenseconcentrationofneuralreceptors

(Figure1.1).Thevisualsystemisthenprincipallyforvisualperception,transforming,

organisingandinterpretinglighttothebrain. Whereinformationisobtainedthrough

fixations,saccadesandpursuitmovementsoftheeyes.

Figure1.1-Cross-sectionalviewdisplayingtheanatomyoftheeye.

|
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Chapter1Background

1.1.1 Perceptiontheories

Themodellingandinterpretationofvisualinformationrequireatheoreticalframeworkto

explaintherelationbetweenperceptionandaction.Thetheoryofmindisatheoretical

framework,whichconsiderstheabilitytoattributementalstatesandintentsofoneself

andtheintentionsofothers,essentialcomponentsofsocialinteractions.Thetheories

oftheminddatebackasearlyasthe18thcenturyfromtheworksofKantandWundt

whereKant’sphilosophywasasignificantinfluenceonthephenomenologyandthe

worksofHusserl,Heidegger,Sartre,andMerleau-Ponty,and Wundtfoundingthefirst

experimentalpsychologylabin1879[Kaufer2015].Abrieftaxonomyofthedevelopment

ofthetheoriesofthemindisgiveninFigure1.2.Oneoftheearlierdistinctionscouldbe

thefunctionalistsoreliminativistsasonebranchandstructuralistsorrepresentationalists

ofpsychologyasasecondbranchfromthetheoryofmind[Chemero2011,Fodor1988].

Structuralistssuggestastateofrepresentation,intentionorsemanticsasessentialfor

cognitivesciences,whereasfunctionalistsdisputesemanticnotionsforrepresentation.

Alternatively,functionalistspostulateneurological,behaviouralorsyntacticeventsthat

formulatementalstates. Continuingfromthefunctionalistbranch,theviewsthat

arereferredtoasfunctionalistcomefromtheAmericanpragmatistsornaturalists

[Fodor1990]:CharlesSandersPeirce, WilliamJames,andJohnDewey[Dewey1896,

Heft2001,Rockwell2005,Chemero2011]. Thereafter,twofurtherbranchesextended

fromfunctionalistsconcernsthevarietybehaviourism,includingtheecologicalapproach

fromtheworksofGilbertRyle,RichardRoty,StephenStich,DanielDewet,andJames

Gibson.Allthoseunderthefunctionalistbranch,antirepresentationalists,believemental

actsareunderstandablethroughtheirfunctions(i.e.,withoutappealtothoughtor

feeling)asopposedtoamirrorofnature(i.e.,astateofrepresentation).

|
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Visualcontroloflocomotion

Figure1.2-Taxonomyofthetheoriesofthemind,adaptedfrom[Chemero2011].

Incontrast,structuralistsbelieveintention,semanticsorrepresentationsareessential

forcognitionwiththetraditionalviewthatmentalactsfollowedthestructureof:first,

physicalstimulationofreceptors(e.g.,visualstimulation),then,alinearseriesofmental

actsrelatedtothestimulusbefore,finally,abehaviouralresponse[Titchener1895].Un-

derthestructuralistbrancharetwosub-branches,computationalandrepresentational,

thelaterinaccreditationtoJerryFodor. Therepresentationaltheoryofthemind

[Fodor1981]commitstofivehypotheses:1)propositionalattitudestates(e.g.,beliefs

anddesires)arerelational.2)Amongsttheserelationsarementalrepresentations.3)

mentalrepresentationshaveformalandsemanticsymbolisation.4)mentalrepresenta-

tionshavecausalrolesasaresultoftheirformalproperties.5)propositionalattitudes

inherittheirsemanticpropertiesfromthoseofthementalrepresentationsthatfunction

astheirobjects[Fodor1981,Chemero2011].Therefore,cognitivesciencetheoriesthat

semanticallyevaluateinternalentitiesareavarietyofthestructuralistsrepresentational

theoryofmindastheysharethesehypothesesincommon. Then,abranchfromthe

structuraliststheoryofmindwouldbethecomputationaltheoryofmind,computa-

tion(andcognition)beingtherule-governedprocessingofinformation.Systemswithin

thecomputationalbranchandfitwiththepropertiesasmentionedaboveareoftenre-

|
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Chapter1Background

ferredasartificialintelligence[Haugeland1985].Inhisbook,surfinguncertainty,Clark

providesanexcellentexamplewhendiscussingDennett’sSLICEmachine.Clarkrelates

themachineasarepresentationalmodel,furtherexpressingthedeviceinrelationto

actionandembodimentinhisbookofsurfinguncertainty,wherehediscussescognition

aspredictiveprocessing[Clark2015].

Finally,asexpressedbythedashedconnectionoftheecologicalandembodiedtheories,

wecanseetheeventualemergenceofpluralism(theacceptancethatseveralcontending

theoriesarenecessaryforexplanation). Theoreticalpluralismisthenthetheorythat

allowsseveralincompatibletheoriestoguideeachotherforprogression,eachidenti-

fyingandresolvingfalsifiedaspectsofeachtheory[Feyerabend1963,Feyerabend1965,

Chemero2011].SuchoverlapscanbenotedfromtheworkofDennett[Dennett1969],

andStich[Stich1983];arguingthatcognitionistherule-governedmanipulationina

logicalmannerbutwithsemanticinterpretation,difficultiesbotharguedcognitionwas

thenaformofnonrepresentationalmentalgymnastics[Dennett1969,Stich1983].It

isthereforethatthesehavenotbeenexplicitlyhighlightedinthetaxonomyasthey

resideunderbothfunctionalismandcomputationalcategories. Anotherexamplein-

cludesthedynamicalapproach[Temprado2001,Newell1994],whichconsidersmuscu-

loskeletal,environmentalandtaskconstraintswiththeperceptionandactioncoupling

fororganisedcoordinationofaction(Figure1.3). Thesedynamicalsystemsarethen

situatinganagentwithinanenvironment,whereithasbeenarguedthatmeaningor

cognitioncannotbeappliedwithoutaccountingforagentsbeingspatiallylocated(i.e.,

situated)andhaveinformationfromthelocalisationofthemselvesatagiveninstant

[Barwise1981,Perry1983]. Theconceptofbeingsituatedisalsousedinthedefini-

tionofroboticsandtheirinteractionswiththerealworldasopposedtothemental

gymnasticsofrepresentationaltheories[Brooks1991,Brooks1999]. Returningtothe

examplefromClarkandhisreferencetoDennett’sSLICE[Clark2015];theoriginal

devicewaspredeterminedrepresentations,Clarkmentionsthatanadaptationwhich

allowsactionwouldthenbeaRobo-SLICEbuttheeffectiveinteractionofcurrenten-
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vironmentswouldrequireaSituatedRobo-SLICE[Clark2015].Developingfrombeing

situatedcameembodimentandtheembodiedcognitivesciences,incorporatingworks

inrobotics,simulatedevolution,developmentalpsychology,perception,motorcontrol,

cognitiveartefactsandphenomenology[Chemero2011].However,aspertheworksof

Dennett[Dennett1969]andStich[Stich1983],situatedandembodiedsystemswhile

representationalorcognitivebasedhaveusedtheecologicalapproachtoreducethe

cognitionofrepresentations,suchasaction-orientated[Clark1997].Finally,theworks

ofChemero,whofocuseshisbook"radicalembodiedcognition"onchangingthedirect

pathwayofembodimentfromcomputationaltoecological[Chemero2011].Inhisbook

hedefinesradicalembodiedcognitivescienceasthestudyofperception,cognition,and

actionasembodiedphenomenon,usinganexplanatorytoolotherthanmentalrepres-

entations. Thesetheoriescombine,inpart,essencesoftheircounterparttheoriesto

explaintheother. BothDennettandStichfoundedinthefunctionaliststringwhile

explainingspecificmeaningstobesemanticallyorganised. Mostrecentworkshavecon-

sideredthedynamicalapproachthatregardslimitationsofcurrentability.Forexample,

therangeofmotionanddegreeforfreedomathingejointslimitsthenumberofpossible

outcomes.

Figure1.3-Modelofperceptionandactionforneuro-musculoskeletalorganisationafter
consideringsituatedconstraints.Adaptedfrom[Temprado2001,Newell1994].
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Currentdebatecontinuesastowhethersensoryinformationismeaninglesswhenit

arrivestotheeyeandlatertranslatedintomeaningfulinformationthroughcognitive

processingorwhethertheinformationbeingreceivedisalreadymeaningful(Figure1.4).

Thefirst,indirect,otherwisereferredtoasthetop-down,cognitiveandcomputational

theoryofmindarguesthatambiguousstimulationofthesensesfrominformationcues

requiresprogressivedevelopmentintoapercept,whichisidentifiedandprocessedby

themind[Helmholtz1925,Marr1982,Neisser2014]. Thelatter,direct,andotherwise

referredtoasthebottom-uporecologicalapproachisthealternative[Bernstein1967,

Gibson1979].Themindisnotrejectedfromthetheory.However,perceptionandaction

aredirectlycoupledwiththeenvironment;whatisbeingperceivedismeaningful,andany

actionismeaningful,themindneedsnotinterpretalltheinformation.Instead,itrelies

onbiologicalandneurophysiologicalprocessingofthebrain.Couplingvisiontoawhole

systemratherthanasinglechannel,theenvironmentbeingperceivedwiththeeyes-

in-the-head-on-the-body-resting-on-the-groundastheheadandbodymovewithinan

environmentkeepingtheeyesrelativetoasurface[Gibson1979].Fortheremainderof

thethesis,wewillfocusontheecologicalapproach.Thefollowingsectionswilldiscuss

thetenetsoftheecologicalapproachandpresentcurrentevidenceofhowperceived

invariantscanexpressbehaviouralresponses.
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Figure1.4-Avisualconceptionofindirectanddirecttheoriesofperceptionandaction,
adaptedfrom[Williams1999].A).Indirectapproachwheremeaninglessdataisentered
tothebrain,thereinitisinterpretedandgivenameaningforappropriatedecisionmaking
andameaningfulaction. B).Directapproach,informationisalreadyreceivedwith
meaningandameaningfulactioniscompletedwithoutthenecessityofinterpretation
anddecisionmaking.

1.1.2 Ecologicaltheoryofperceptionandaction

WhiletherootsofecologicaldirectperceptioncanbefoundpriortotheworksofJames

Gibson,thissectionwillfocusprimarilyonhisworksandtheeffectsthereafterthathave

influencedthedevelopmentofecologicalpsychologyasitiscurrentlyknown.Thebirth

andgrowthofGibson’stheorycanbefoundinthreemajorbooksexpandingmorethan

35yearsofhiswork[Gibson1950,Gibson1966,Gibson1979].Succinctly,thebirthand

thustheinitialbook[Gibson1950],hebeganwithhisworkondepthperceptionwhile

workingwithaircraftpilotsduringthesecondworldwar.Radicallychanginghisviewson

visualperception,alreadysuggestingthatdepthandspaceshouldinsteadbeemphasised

bysurfacesoftheenvironment[Bruce2003]. Thisemphasisoftheenvironmentwas

moresuccessfullyexpressedanddetailedratherextensivelyinhisfinalbookwherealmost

50%ofthebookisdedicatedtoexpressingtheenvironment[Gibson1979]. When
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referringtotheenvironmenthereferredtothecurrentandsituatedsurroundingsof

animalsandorganismsinwhichtheyperceiveandbehave.Finally,withhislastbook

andwidelyaccepted,Gibsondevelopedthreemainprinciples[Gibson1979,Bruce2003,

Chemero2011,Kaufer2015]:

1.Perceptionisdirect.Informationisperceivedfromtheenvironmentismean-

ingful,wecanactwithoutthefurthernecessitytoprocesstheinformation.In

claimingso,perceptionisthennotofmentalgymnasticsthroughrepresentations

andcomputationalcognition,instead,itisantirepresentationalist.

2.Perceptionisforaction. Perceptionistogenerateandcontrolaction. We

perceivetheenvironmentinordertobeabletoactwithit.Itisfromthisprinciple

theperception-actioncouplingismostrelated.

3.Perceptionisofaffordances.Followingfromthefirsttwoprinciples,itbecomes

evidentthatdirectperceptionisforaction,thatmustbeguidedbyinformation

ofasort.Affordancesarewidelydiscussedfortheirinterpretation;thereforethey

arediscussedlaterinordertoexpresstheimpressiontakenforthiswork.

Theecologicalapproachdifferedfromprevioustheoriesinthatitcoupledtheorganism

totheenvironment,andtheywerenottwoseparatesystems,rathertheywerecon-

sideredasone.Perceptionthroughtheopticalarraydirectlytransferringinformation

ofinvariantsandvariantsoftheenvironments;surfaces,structures,layoutsandevents.

Affordancesarethentheactioncapabilitiesreadilyavailableandsizeabletotheacting

agent.Eachtransferofinformationbetweenthecurrentsituatedenvironmentandthe

currentlyavailableaffordancesareframedependentasrelevantpropertiesbetweenthe

twoarecoupled;thecurrentpositionoftheagentwithintheenvironmentandthecur-

rentmusculoskeletalorganisationoftheagentinreferencetotheenvironmentconstrain

eachotherasasynergy[Turvey1986,Williams1999,Kugler2015].
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Theperceptionandactioncouplinginfersthatfromlimitedinvariantsoftheoptical

flow,coupledwiththeparametersoftheactionablesystemformsacontrolsystem.

Thatinformationfromtheopticalflowcandirectlyinfluencethecontrolofmove-

mentinadaptivebehaviour,controlledmovementofadaptivebehaviour,inturn,al-

terstheinformationfromtheopticflow[Kugler2015]. William Warrenwentonto

developthiscouplingasbehaviourallawsinthedynamicsofperceptionandaction

[Warren1988a,Warren1990,Warren2006];interactionsbetweenbothagentandenvir-

onmentofphysical,informationalandtaskconstraints(goal-oriented)formbehavioural

dynamics(Figure1.5).

Figure1.5-Theperceptionandactionloopwiththeconsiderationofbehavioural
dynamics.Adaptedfrom[Warren2006]
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1.1.3 Opticarrayandinvariants

Figure1.6-Ambientopticarrayofaroomfromtwopointsofobservation.Thechange
ofopticarraycanbebroughtbylocomotormovementoftheobserver,fromsittingto
standingandviceversa.From[Gibson1979]

Relatingthepropertiesoftheenvironmentwiththedistributionofsurroundingen-

ergydistributionsperceptionisthenspecifictosensoryinformation[Williams1999].

Onemajorsourceofinformationcomingfromecologicalopticalenergy[Gibson1961],

lightreachingtheeyeafterthereflectionfromsurfaces(notplanes)andobjects(at-

tachedanddetached),eachwiththeirdefiningtexturesformingclutteredenvironments

[Williams1999,Bruce2003].Consideringthenumerouselementsofasituatedenviron-

ment,thereflectedflowoflightvariesaccordingtothesurfaces,textures,andcon-

nectionsofsurfaces. Whilecertainflowsareunalteredandmaintaintheirorderedflow,

othersareperturbedandvary;flowsthatareunalteredareoftenreferredtoasinvariants

whileperturbationsandchangesoftheenvironmentarevariants.Thecombinationof

variantsandinvariantssupportstheperceptionofmotionofexternalorganismsaswell

asourown[Williams1999]. Todescribetheambientopticarrayinfurtherdetail,an
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image(Figure1.6)fromthethirdbook[Gibson1979].Astaticsceneofoneobserverin

twopositions:thefirst,seatedposition,highlightshowtheambientopticalraysarrive

andpresentthecurrentsituatedenvironmenttotheobserver,thesecond,isfrommo-

tionbytheobserver,wheretheenvironmenthasnotchanged,buttheperspectiveof

theinvariantsoftheroomhavedifferentlightraysreflectedfromthem.Additionally,

toexpresstheinformationprovidedfromtexturedsurfacesandtheirpotentialinflu-

encesondepthperception,animagefrom[Bruce2003],showingexamplesofartificial

gradationgivestheimpressionofarecessioninthedistance(Figure1.7).

Figure1.7-Examplesoftexturedgradationandanimpressionofdistance. From
[Bruce2003]

Previouslymentioned,themotioncausedbyanobserverchangestheperspectiveand

indoingsothelightarraysthatarrivetotheobserver. Gibsonwentontofurther

explainthisintermsoftheopticarrayandwithinitrelativity:asanobserveractsand

movesthroughanenvironment,allsurfacesandtexturesofvaryingdistancespresent

relativemotionandthelayoutofsuchobstacles.Opticflowisnotfixatedasunidirec-

tionally(i.e.,flowisnotsolelyinonedirection),rather,itisdependentonthedirection

ofmovement(i.e.,movingforwardsorbackwards). Themostcommonlyreferenced

exampleisfromhisearlyyearsofappliedworkinaeroplanepilotsandflyingoveran

airstripor,avariationofopticflowasthesideviewfromamovingtrain(Figure1.8).

Ashedescribedopticflow,andtheinformationitprovided[Gibson1979]:

|

Lynch, Sean. Visual perception of human move m ent during walking task interactions - 2018

17



Chapter1Background

Theflowoftheambientopticarrayindicatesmotionintheenvironmentand

nonflowindicatesastasiswithinthesituatedenvironment.

Outflow,astheflowexpandsfrominfrontandpasttheobserver,indicatesap-

proachwhileinflow,asifcomingfrombehindtheobserverindicatesabackward

motion.

Acentralisedpointintheoutflow,thefocusofexpansion,indicatesthecurrent

attentionandheadingofmotion.

Changesinthepositionofthefocusofexpansionindicatesachangeindirection.

Figure1.8-Arepresentationoftheopticarrayexpansionofthehorizon(focusonthe
horizon),inthiscasefromthepilot’sfieldofview(left),from[Gibson1979].Opticflow
fromtheviewofsittinginatrain(right),from[Bruce2003].

Thecouplingbetweenperceptionandactionandthenotionthatchangesintheoptic

flowcaninfluencemotorcontrolhaspreviouslybeendemonstrated[Lee1975].Usinga

purpose-builtroomthatallowedacontrolledmovementofthewallsoftheroomback-

wardsandforwardsinducedrespectiveswayofchildrenandadultsatslowmovements

ofthewalls.Fromthisexample,thefindingspresentedacaseofhowinvariants(and

variants)withintheopticflowcaninfluencemotorcontrol. While,generally,details

ofstructurescanvarywidelyoverspaceandtime,specificpropertiesremaininvariant,

thatispersistencewithintheopticflow.Asintheaboveexample,intheabsenceof

invariantandonlysubtlefluctuationsoftheopticflowleadtomimicryofwallbehaviour

bytheobserver. Further,invariantsareinformationthatanobservermayattuneto
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specifysomething.Therefore,experimentalapproachesinecologicalpsychologyshould

followthreesteps[Bootsma1994]:

1.Invariantsoftheopticflowshouldbeexpressedasamathematicalformula

2.Thesensitivitytotheidentifiedinvariantsshouldbeanalysed

3.Theapplicabilityanduseoftheinvariantshouldalsobeanalysed

Considerhowcollisionavoidancebehaviourscanbetriggeredwithlimitedvisualinform-

ationandinvariantsintheopticflow.AsexplainedbyVickiBruce,anobstacleinan

environmentvoidofanyadditionalvisualcuesotherthanitself,voidoftexturedpat-

ternsfordistanceandsizeinformation,themotionofitselfissufficienttotriggeran

avoidancebehaviourbytheobserver[Bruce2003].Forexample,iftheobstaclewere

toapproachtheobserverdirectlyin-front,theimageoftheobjectwouldexpandon

theretinaoftheobserver. Whenthetrajectoryisdirectedtowardstheobserver,the

twosidesoftheobstaclewouldexpandatthesamerate.Iftheobstacleweretopass

perpendiculartotheobserverandnotapproach,thetwoedgesoftheobstaclewould

notincreaseinsize,butrather,theywouldtranslateacrossthefieldofview. This

informationcanbeusedseparatelyorasacombinationofthetwointhepredictionof

collisioncoursetrajectories.Insuchadepiction,globalmotioncues(i.e.,expansion

ofthesidesortranslationoffixedlengthsides)ofagivenobstaclewouldbedeemed

sufficientfordeterminingatimetointeractionandalocationfromtheobserver.

1.1.3.1 Tau

Whenthetrajectoryisdirectedtowardstheobserver,anopticalvariablethatcanbe

usedinthedeterminationoftime-to-contact(i.e.,thetimeremainingbeforeacollision

withtheobserverwouldoccur)wouldbeTau(τ),originallydevelopedduringabraking

task[Lee1976]. Taudemonstratesthechangesofhowagapisclosing,andthegap

isdefinedasclosingasLeereferstoanaction-gapthatispurposefulactionsentailing

controlledclosure[Lee2011].Thesedefinitionsoftauandaction-gapwereformulated
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duringthedevelopmentofgeneraltautheory[Lee1998],afteritsinitialtime-to-collision

conception[Lee1976]andfurtherdevelopmentoftimetonearestapproach[Lee1985].

Forafullreviewofhisworkandadvancedunderstanding,itisrecommendedtovisithis

laboratory’swebpageperception-in-actionandtoread[Lee2011].

Figure1.9-SimplifiedvisualisationofLee’stau,theopticalexpansionofasurface(R)
asitapproachestheeyeoftheobserver.From[Chemero2011].

Tauisdirectlyrelatedtotherateofchangeinthevisualangleofanobject(inthe

absenceofpriorknowledgeoftheobjectssize,distanceorvelocity),whichinturnis

relatedtothetime-to-contact. Bestvisualisedastwotrianglesinvertingatthelens

oftheeye(Figure1.9),whereasurface(R)isapproachinganobserverataconstant

velocity(V).Atagiventime(t),surfaceRisadistanceaway(Z(t)),wheresurface

Risprojectedataproportionalsizeontheretina(r(t)).Asthedistancebetweenthe

observerandsurfaceRdecreasestheprojectedr(t)increasesatV(t):

τ=
r(t)

v(t)
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Tauisexpressedasaratioofanygivendistanceatanyinstantofapointfromthe

centreofexpandingopticalpattern. Knowingthedistanceoftheasaratioandits

rateofapproachtauisequaltoZ(t)/V,whereifVisconstant,taucanbesimplified

asthetimeremaininguntilcontact[Lee1976,Bruce2003,Chemero2011]. Tauisan

opticalvariablethatisdirectlyavailableontheretinaoftheeye,whileitdoesnot

provideabsolutedistancesorcalculatedvelocitiesitisdirectlyperceivableandrequires

nofurthercomputation.

Leeandcolleaguesobservedmanyanimalsinthedevelopmentoftautheory,onenotable

studybeingthatofgannetseabirds[Lee1981].Forthoseunaware,gannetsareseabirds

thatfly30mabovesealevelanddive(almost)verticallyintotheseatocatchafish

nearthesurface.AsnotedbyLeeandReddish[1981],thegannetsmaintainedawide

wingspanforgreatercontrolofsteeringwhileplummetingatspeedsof87km/h,only

tostreamlinetheirwingswiththeirbodyasecondfromthesurfaceofthewater.In

suchaninstancethevelocityisnotconstant,duetogravitationalforces,andtherefore

tauatanyinstantdidnotspecifyatimetocontact.However,withintheirwork,Lee

andReddishderivedanexpressionfortimetocontactinrelationtothewatersurface

andsuccessfullyfittedacurvefromthisexpressionthatrelatedtotheactualtimeto

contactanddurationofthedive.

Anotherinterestingpublicationstudyingthetheoryoftauwasthemanipulationofthe

opticalvariablewhileattemptingtograsptau[Savelsbergh1991].Inthisparticular

studyparticipantswererequiredtoregulatetheirhandaperturesaccordingtodifferent

sizedballsthatwouldapproachthem.Theenvironmentwasdesignedtolimitallvisual

information(e.g.,texture,distance,horizon),participantswereinadarkroomand

interactedwithaballthatwaslitup.Itwasreportedthatparticipantssuccessfully

adjustedtheirhandaperturestocatchdifferentsizedballs.

However,ithasbeenarguedthattauisnotsensitivetoacceleration,onlyprovides

informationofanobjectinreferencetotheeyeandnottothehandcatchingaball

|

Lynch, Sean. Visual perception of human move m ent during walking task interactions - 2018

21



Chapter1Background

andthattauisnotobservableforsmallerobjects;havingagreaterroleinlargeob-

jectsasoriginallydevised,theopticalexpansionofcars[Andersen2007,Tresilian1999b,

Tresilian2012]. Finally,whiletauisusefulinthedeterminationoftimetocollision,

anotherlimitationisthatitdoesnotdetectfuturecollisionevents[Andersen2001].

1.1.3.2 BearingAngle

Asmentionedabove,tauhaslimitationsinthathumanmovementandinteractions

occuronseveralplanes.Tauprovidesinformationconcerningtiming;however,distances

andfuturecollisioneventsareadditionallyfundamentalforeffectivecollisionavoidance

tasks[Cutting1995]. Wheretheyexplained,basedonthederivativeofbearingangle,

whetheranobserverwillpassinfront,behindorcollidewithanobstacleoranother

walker(Figure1.10).Thebearinganglederivativeincombinationwithtime-to-contact

hasbeenevidencedinavision-basedmodelforcrowdsimulations,steeringwalkersfor

collisionavoidanceusingthesecontrollaws[Ondřej2010].

Figure1.10-Thechangeornon-changeingaze-movementanglesforanorthogonal
collisionavoidancetask. Theanglewillincreasewhentheobserverwillinfrontof
anotherwalker,remainconstantifacollisionwilloccur,anddecreasewhentheobserver
passesbehind.From[Cutting1995].
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Aprospectivestrategythathasgainedincreasingattentionintherecentyearsisthe

constantbearinganglestrategy.Originallybeinginspiredfromthebehaviouralworkon

steering[Fajen2004,Fajen2007],thestrategyfollowsagoalofattractionbyanobserver

whileinteractingwithanobstacle movingalongahorizontalplane. Theconstant

bearingistheanglebetweentheintendedgoaldirectionandtheobstacleitself;ifthe

constantbearingangleremainsinvariantandequaltozerothenbothobserverand

obstaclewillintercept. Alternatively,aninvariantabsoluteanglegreaterthanzero

ensurescollisionavoidancebyleadingtheintersectionorpassingsecond(Figure1.11).

Onestrategywithintheconstantbearinganglestrategyisacontrollawlinkingtherate

ofbearinganglechangetoarequiredaccelerationinordertosuccessfullyperformthe

task[Chardenon2004,Bastin2006a,Bastin2006b].

Figure1.11-Modelledsolutionsofinterceptionusingaconstantbearingstrategy:A),
Asolutionthatresultsintheobserverinterceptingtheobstacleasbearingangleisnear
zero. B),Resultintheobserverpassingbehindtheobstacleastheconstantbearing
angleisgreaterthanzero.C),Theobserverwillpassinfrontoftheobstacleasthe
constantbearingangleislessthanzero.From[Fajen2007].

Theconstantbearinganglestrategyhasbeenreportedasarobustapproachforwhole

bodydisplacements[Fajen2004],whichallowsagentsanabilitytoadapttochangesof

thetaskorenvironmentalconstraintsearlyoninexperimentalconditionsoratlater

stages[Chardenon2005].Inthisinstance,theconstantbearinganglehasbeenreported

toaccountforcontinueddisplacementadaptationsduringcurvilinearballflightpaths

[Bastin2006b].Ithasbeenpreviouslymentionedthattheperceptionandinteractionof
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curvilineartrajectoriesareimpeded,asopposedtotraditionalhorizontalorrectilinear

experimentalconditions[Berthelon1993,Craig2006]. WheretheworkbyBastinetal.,

[2006b]presentedacontinualadaptationofaccelerationtonullthebearingangle.

1.1.4 Affordances

"Anaffordancecutsacrossthedichotomyofsubjective-objectiveandhelps

ustounderstanditsinadequacy.Itisequallyafactoftheenvironment

andafactofbehavior.Itisbothphysicalandpsychical,yetneither. An

affordancepointsbothways,totheenvironmentandtotheobserver."

—Gibson,JamesJ..TheEcologicalApproachtoVisualPerception

Asmentionedintheprevioussection,affordancesarewidelydiscussedfortheirinter-

pretation.Gibson’stheoryofecologicalperceptionwouldhaveprematurelywiltedand

fadedifnotforthereplyofTurvey,ShawandMacein1981;theirpaperprovidesa

systematicexplanationofaffordances[Turvey1981].Theaimhereistohighlightpre-

viousworksthathaveconsideredtheexplanationsofaffordancesthroughtherelation

oforganismandenvironment. ThenotionofanaffordancetracesbacktoGestalt

psychologists[Koffka2013]:

"Toprimitivemaneachthingsayswhatitisandwhatheoughttodowith

it...afruitsays’Eatme’;watersays’Drinkme’;thundersays’Fearme’."

—Koffka,Kurt.PrinciplesofGestaltpsychology

Affordances,whichareoftenexpressedasopportunitiesforactionwereacentraltheme

ofGibson’sconceptandbecameamajorthemeoftheworkconductedbyEleanor

Gibson.Inherpublicationofperceivingtheaffordances:aportraitoftwopsychologists,
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shementionshowshefirmlybelievesaffordancesarelearnedthroughperceptuallearning;

theaffordanceofthings,layoutandanythinganinfantencounters.Interactions,then,of

thenearenvironmentfromreaching,handling,sitting,crawlingand(eventually)walking

ofmotorskilldevelopmentisthelearningofwhattheworldaffords[Gibson2001].Prior

toreviewingpreviousworksconcerningaffordances,hereareseveralkeyfeaturesas

highlightedby[Fajen2009]:

Affordancesarereal.Affordancescanbedirectlyperceivedbyanorganismand

neednotbeconceivedbycognitiveprocessing;sufficientinformationisavailable

betweentheactorandtheenvironment.

Affordancesareanimalspecific.Affordancesaredefinedbytheactioncapabil-

itiesoftheanimal:abookaffordsliftingandreadingtoahumanwhileaffording

climbabletoamouse.

Affordancescapturethereciprocityofperceptionandaction.Gibsonrecog-

nisedperceptionasawholesystem,thatisanagentinanenvironmentthatcan

beactedupon;affordancescapturethisreciprocityastheydescribehowanimals

canactwiththeenvironment.

Affordancesallowforprospectivecontrol. Theperceptionofaffordancesal-

lowsfortheorganisedcontroloffutureeventsasandwhentheyoccur. This

isdiscussedfurtherintheexampleswithintheliterature;twoexampleswould

bethelawsofcontrol[Warren1998]andthebehaviouraldynamicsofsteering

[Fajen2003].

Affordancesaremeaningful.Asopposedtostructuralistphilosophy,affordances

donotrequirehigher-orderprocessing,theythemselvesareinherentlymeaningful

anddescribewhatcanandcannotbedone(i.e.,canbeboundtothelawsof

control).

Affordancesaredynamic.AsGibsonstated,onemustmoveinordertoperceive

andperceiveinordertomove.Therefore,opportunitiesforactioncomeandgo

withthemovementthroughanenvironment.Forexample,achairunderadesk

affordstobepulledfromunderthedesk,thereafter,thechairaffordssitting.
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Awell-knownandoftencitedworkinrelationtoaffordancesistheworkof Warren

andstairclimbing[Warren1984]. Withinthebuild-upofthiswork,hementionsthe

determinationofapaththataffordslocomotiondependsupontheanalysisofrelevant

propertiesoftheenvironmentwiththerelevantpropertiesoftheanimalanditsaction

system:surfacerigidityinrelationtobodymass,andpathwidthinrelationtobody

dimensionsforexample.Hecontinuesbyimplyingabody-scaledmetricforsuchanalysis.

Theworkofthepaperitselfconsistedofthreeexperiments;aperceptualstudyof

whetherastepwasclimbableornot,theenergyexpenditurerelatedtothesizeof

thestep,andchoicetaskofpreferenceandratingofthestairs. Theresultsofthis

studyevidencedthecorrespondencebetweenorganismandenvironment;judgementsof

climbableornotdiffereddependingontheheightoftheparticipant[Warren1984].

Itwasreportedtheaffordabilityofstairclimbingcouldbeaccomplishedthroughthe

ratioofstandingeyeheightandleglength.Similarly,asreportedearlierinthiswork,

adeclineinthefrequencyofjumpingthroughanaperturewasreportedwhenaper-

turesweresmallerthan1.3×thewidthofafrog’shead[Ingle1977].Interestingly,the

thresholdof1.3×shoulderwidthhasalsobeenreportedforcomfortablepassageof

humanstraversinganaperture[Warren1987]. Additionally,ithasbeenreportedthat

thethresholdforpassagethroughanaperturewithoutshoulderrotationisadaptedwith

changestothebody(e.g.,thecarryingofalargerthanshoulderwidthobject),orwhen

theapertureisoftwopolesortwohumans[Hackney2014b,Hackney2015b].

Affordances,asbecomingevidentlyclearer,areapplicabletonumeroustasks;the

climbingofstairs[Warren1984],frogsandhumanstraversingapertures[Ingle1977,

Warren1987,Hackney2014b,Hackney2015b],theaffordancesofgapsizesinthefloor

[Jiang1994],andsurfacesthataffordsittingdependingoneyeheightoftheperceiver

[Mark1990]. Aninterpretationsuggestedthataffordancesaredirectlyrelatedtothe

requirementsofthetask,aswellasthebodyandtheenvironment[Proffitt2013].This

suggestion(Figure1.12)sharessimilaritiestothedynamicalapproach(Figure1.3).
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Figure1.12-AnadaptationofGibson’sconceptionofaffordances,extendingfromjust
agentandenvironment,thedemandsofthetask,orpurpose,additionallyinfluences
affordances.Adaptedfrom[Proffitt2013].

Sincetheconception,therearetwonotableissuesworthmentioning:thefirstasinpart

expressedbytheexamplesabove,intheentiretyoftheworldthatweexperience,con-

sideringallthepossibilitiesforaction,weonlycompletespecificactions[Kaufer2015].

Forexample,whileanofficechairaffordssittingonandadeskaffordssupportingacom-

puterthataffordswritingathesis,thechairanddeskalsoaffordclimbingandstanding

on. Theformerisaregularitywhilethelatterisrare. Duetothenumerouspossible

affordancesavailableatagivenmomentandtheinteractionwithonlyonehasledto

thediscussionoffurtherspecificationandclarityofaffordances;namely,describingthe

extenttowhichaffordancesareinviting[Withagen2012,Kaufer2015,Withagen2017].

Aseconddevelopmentwasthataffordancesshouldtakeintoaccountthevariabilityof

humanmovement[Franchak2014].Arguingthatconsideringaffordanceswithcritical

pointswastoimplythataffordancesareactionablecategories,anactionispossible

untilacriticalpointismetandthenisnolongeractionable.Rather,consideringhu-

manmovementvariability,affordanceshavetobeexpressedasprobabilisticfunctions

(Figure1.13).Asoneoftheprimarytenetsoftheecologicaltheoryofperceptionand

actionisofaffordances,itisimportanttounderstandaffordancesthemselves.Herewe
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demonstratethatwhileaffordancescangenerallybeacceptedasrelationshipsbetween

theagentandtheenvironment,theycanbeinterpretedinanumberofalternativeways.

Inthecontextofthethesis,wewillinterpretaffordancesasgeneralopportunitiesfor

actionbytheagent-environmentrelationship.

Figure1.13-A).Affordancesexpressedasactionablecategories,actionablebeingpos-
sibleofnotdependentofacriticalpoint. B).Affordancesexpressedasprobabilistic
functions,arangeoftasksuccessvariabilitybetweenactionableornottoallowfor
variationsofhumanmovement.From[Franchak2014]

1.1.5 Experimentalmethods

Theapplicationandmanipulationthroughpsycho-physicswasanoriginalinterestfor

thestudyofvisualperceptionandinteractionswiththeenvironment. While,psycho-

physicswasalreadyappliedincognitivestudiesforindirectperceptionvalidations,after

theradicalapproachforecologicalperceptions[Gibson1979],psycho-physicsbecame

increasinglyimportantinthecontrolandunderstandingofinvariantsintheopticflow

[Bootsma1994].
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Methodstostudyvisualperceptionbymeansofpsycho-physicsmanipulationhavead-

vancedthroughtheyears.JamesGibsonmentionedhowheusedmethodsofshadow

projectioninhisearlyworkfordepthperception[Gibson1979],EleanorGibsondeveloped

workofaphysicalplatformandtransparentsurfacefortheinvisiblecliff[Gibson2001].

Similarly,manystudieshavebeenconductedinthepresenceofphysicalscenesthat

weremanuallymanipulatedfortestingvisualperceptionandaffordances[Warren1984,

Warren1987,Savelsbergh1991,Jiang1994].Currently,amorefavouredtoolforexperi-

mentationisvirtualreality[Pan2018].Thissectionwillcovertheuseofmotioncapture,

videorecordingandvirtualrealitywitheyetrackingandocclusiontechniquesforthe

couplingofvisualperceptionandaction.

1.1.5.1 Video

Videosallowappliedpsychologisttopresentseveralimagesofadynamicscene,paus-

ingatinstancesprior,duringordirectlyafteranaction. Thistechniqueallowedthe

observertobeginimmersingthemselvestothescenemoreeasilythanstaticslides

[Williams1999].Inbothapproaches,participantsaregenerallyrequiredtoobservethe

scene,wheretheireyesaretracked,ortheyarerequestedtoverballyreportbackwhat

theyarelookingatandwhattheyarethinking.Additionally,videotechniquesallowfor

eventocclusionandtemporalocclusion;eventocclusionreferstotheremovalofregional

specificlocalmotioncueswhereastemporalocclusionreferstothepausingorremoval

ofvideostimuli(Figure1.14).Invisualperceptionandactioninsports[Williams1999],

readersarerecommendedtoread[Abernethy1985]forastudyusingeventocclusionand

thatreportsasystematicdeclineintaskperformancewiththeremovalofspatialcues

wherealocalcuethatsignificantlyimpedesperformanceisinferredtobeimportantfor

visualperception.Temporalocclusionisthentostoporremoveallstimuli,forexample,

asanattackerinrugbyrunstowardsadefender[Jackson2006]. Withinthisstudy,a

criticalpointofchangeindirectionbytheattackerwasselectedasatemporalreference
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point,occlusionsofthevideobeingcut-offwerethensetprior,afterandduringthis

instant. Whiletheapplicationofvideotechniqueshaveproveninsightfulinthedevel-

opmentandunderstandingofvisualperception,nevertheless,theapplicationofvideo

footageuncouplesperceptionfromaction,suchuncouplingcanleadtobiasedresults

[Dicks2010a].Furthermore,anotherlimitationofvideo-basedexperimentalmethodsis

themonoscopicviewin2D,whereitisarguedthatasenseofimmersionanddepth

perceptionisenhancedthroughstereoscopicstimulusin3D.Itwasfurthersuggested

that3Dmayleadtoegocentricspatialreferencing(self-centred),whereas2Dmaylead

toallocentric(world-centred)[Kober2012].

Figure1.14-Twoexamplesofocclusiontechniques:left,iseventocclusionofasoccer
playerdribblingaball[Williams1999],andright,isatemporalocclusionofarugby
attackerperformingadeceptiveornon-deceptivemotion[Jackson2006].

1.1.5.2 Motioncapture

Motioncapturingforvisualperceptionstudieshasthreemaincomponentsofapplica-

tion.Therecordingofnaturalandunconstrainedwholebodybehavioursinresponseto

presentedstimuliwhereanenvironmentisproducedwithphysicalstimuli,asmentioned

above,andtheparticipantsarerequiredtonavigatetheenvironment.Suchexamples

wouldincludeaperturetraversingandapproachingmannequinsonarail,capturingthe

wholebodybehaviouralresponsesoftheparticipanttovaryingratesofapproachbythe

mannequinandthepresenceofanaperture[Cinelli2007,Cinelli2008b].
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Further,motioncaptureisusedasasteppingtoolforthepresentationofstimuli.For

example,thevisualstimulicanbereducedtoapointlightdisplay[Runeson1983b].

Participantswereabletoidentifybiologicalmotionon-screenanddetectdeceptive

motionfromalimitednumberofwhitedotsonspecificanatomicallandmarksdisplayed

onablackbackground(Figure1.15). Further, motioncapturecanbeusedasan

inputofvirtualcharacteranimation,providingamorerealisticmotionthancomputed

algorithms.Thecapturedmotioncanthenbeusedaspartofaperceptionandaction

studywithocclusiontimeparadigms[Brault2012].

Finally,real-time motiontrackingallowsforadaptiveandresponsiveenvironments;

avatarscanbeembodiedorworktowardssuchrealisticinteractions. Forexample,

virtualcharacterscanbeprogrammedtofollowtheparticipantsthroughgazeandhead

rotations[Nummenmaa2009,Narang2016].

Figure1.15-Anexamplepointlightdisplayofawalker
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1.1.5.3 Virtualreality

"Virtualrealityisascientificandtechnicaldomainthatusescomputersci-

enceandbehaviouralinterfacestosimulateinavirtualworldthebehaviour

of3Dentitieswhichinteractinrealtimewitheachotherandwithoneor

moreusersinpseudo-naturalimmersionviasensorimotorchannels."

—B.Arnaldi,P.Fuchs,andJ.Tisseau.Traitédelaréalitévirtuelle

Virtualrealityisatoolthatprovidesanabilitytodecouplenaturalco-varyingvari-

ables,increasingthecontrolandmanipulationofexperimentalset-ups[Arnaldi2003].

Intherecentyears,virtualrealityhasbeenreadilyavailableforconsumers,thanksto

technologicalimprovementsandcostreductions. Virtualrealityopportunitiesinclude

head-mounteddisplaysandcomputer-assistedvirtualenvironments(CAVE),wherea

userisimmersedinavirtualworld(Figure1.16). Theapplicationofvirtualreality

hasprovenanovelandpowerfultoolforecologicalperceptionandactionresearch

[Loomis1999,Tarr2002].

Figure1.16-Twoexamplesofimmersivetechnologies:left,aparticipantusingahead
mounteddisplayfrom[Brault2012],andright,aparticipantfromthestudywithinthe
appendixofthisthesisusingaCAVEenvironment.
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Abriefandsuccincthistoryinthedevelopmentofvirtualrealityandtheconceptsof

immersionfindsitsrootswithIvanSutherland,predictingtheimmersivevirtualworld

andhead-mounteddisplays[Sutherland1965,Sutherland1968].AlthoughthefirstHMD

datesbackmuchearlier,itisthepredictionofSutherlandwheretherootsaremore

grounder[Slater2016].Thesystemsaremostcommonlyknownbetterresemblethevir-

tualinterfaceenvironmentworkstation;afullvirtualrealitysystemwithheadtracking,

widefieldofview,audio,bodyincorporationwithtrackedglovesthatallowedvirtual

interactionsthroughhaptics[Fisher1987,Slater2016].Later,immersiveCAVEsystems

weredeveloped[Cruz-Neira1992,Cruz-Neira1993].Independentofthesystem,anef-

fectivevirtualrealitysystemsurroundstheuserina3Dworld,wheretheuser’sheadis

trackedinorderfortheprojectedimagestobeupdatedinrelationtotheuser’shead

positionandorientation. Further,usersshouldhavetheabilitytointeractwiththe

environmentthroughthetrackingoftheuser’sbody,trackedhandhelddevices,gloves,

ajoystickoramouse[Slater2016,Olivier2017].

Immersiondescribesthetechnicalcapabilitiesofasystem,thephysicsofthesystem,

thatprovideanimmersiveexperienceasdefinedbythreecomponents:1)3Dstereo

vision,2)surroundvision,theexternalworldisexcludedfromcurrentvisualperception,

includingafterheadrotations,3)dynamiccontrolofviewpoint,theuser’sheadposition

shouldbetrackedtoupdatetheprojecteddisplayinrealtime[Pan2018].Asubjective

correlatefromimmersionisthesenseofpresence;whentheuserperceivesthevirtual

worldinanaturalwaytheperceptualsysteminfersthatwhatisbeingperceivedis

thecurrentactualsurroundings[Slater1997,Slater2016]. Thesubjectiveillusionof

presenceisthenthe"senseofbeingthere",beingwithinthevirtualworld[Pimentel1993,

Barfield1995,Slater2016].

Adetailedreviewofvirtualrealitywasrecentlycompleted[Pan2018],therein,several

interestingandadditionallycomprehensivecommentariesdiscusstheapplications(and

limitations)ofvirtualrealityforsocialinteractions[delaRosa2018,Kulik2018].Virtual

realitypermitstheabilitytomaximiseexperimentalcontrolofthevisualenvironment,
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whereonevariablemaybealteredatatimetotestitsinfluence.Socialfeaturesofa

virtualavatarwouldbeaprimeexample,changingthepigmentationtoinvestigateracial

biases,orthegender[Slater2014],or,changingtheappearanceanddensitiesofcrowds

[Bruneau2015].Anotherexamplewouldbethecontroloftheinteractivesituation,how

theuserinteractswiththevirtualenvironment[Cirio2013,Olivier2017]orthebehaviour

ofthevirtualcharacter[Grillon2009,Hu2016].

Thestudyofperceptionandactionthroughimmersivetechnologies(Figure1.17)is

notwithoutitsdrawbacks[Fink2007,Pan2018,Kulik2018]:variancesbetweenreal-

ityandvirtualrealityhavebeenreportedfordepthperception[Loomis2003],which

isnotnecessarilyrelatedtoarestrictedfieldofviewfromhead-mounteddisplays

[Creem-Regehr2005].Systematicspatialestimationsmaybearesultofnotbeingable

toseeone’sownbodyinvirtualreality[Phillips2010].Alternatively,thememoryofthe

realenvironment,whenbothvirtualandrealenvironmentsareidentical,veridicaldis-

tanceperceptionsseemspossible[Interrante2008].Further,therateofopticflowfrom

forwardgaze-drivenspeedhasalsobeenreportedtobeunderestimated[Banton2005].

Additionally,virtualrealitycanproduceundesiredartefactsoftheprojectedenvironment:

mismatchinglimblocations,latencyinmovement,orincongruentcues[delaRosa2018].

Nevertheless,despitethepossiblevariancesanddrawbacks,virtualrealityhasbeenval-

idatedforthereproducibilityofstereotypedwalkingtrajectories[Cirio2013]thatcanbe

foundinreality[Hicheur2007],despiteinteractivemethodssuchasamouse,keyboard

orjoystick[Olivier2017]. Wherein[Olivier2017]similarcollisionavoidancebehaviours

wereobservedwhennavigatingwithajoystick,additionally,thenotionofpersonalspace

ismaintained[Gérin-Lajoie2008,Argelaguet-Sanz2015].
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Figure1.17-Anadaptationoftheperceptionactionloopthatconsidersimmersive
technologiesapartoftheloop

1.1.5.4 Eye-tracking

Thevisualsystemplaysavitalroleinthepick-upofinformation,throughfixations,sac-

cadesandpursuitmovementsoftheeyesobserversarecapableofnegotiatingcomplex

andclutteredenvironments[Marigold2007,Silva2018]. Asevidencedbytheoptical

invariantspreviouslymentioned,socialinteractionscanthenbeguidedandmodelled

basedonvisionandopticalvariables[Ondřej2010,Fajen2007].Therefore,eye-tracking

canprovideagoodindicationofwherevisualinformationisobtainedformotorcon-

trol[Patla1997,Warren1998].Similarlytovideo,throughtheapplicationofglasses,

visualcuescanbeidentifiedandtestedthrougheventocclusion,temporalocclusion

andwitheye-trackingeventidentification(Figure1.18).Eventocclusion(anddistor-

tion[Rushton2001,Warren2001])andtemporalocclusionaresimilarparadigmstothose

explainedwithinvideomethods,therefore,thissectionwillfocusoneye-tracking.
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Figure1.18-Examplesofmodifiedglassesforthestudyofvisualperception. Chin-
upglassesthatoccludeeventsbelowthechin(left),Platotemporalocclusionglasses
(centre),andASLeye-trackingglasses(right).Imagessourcedfromsupplierwebsites.

Eye-trackingwastraditionallyrealisedbyfixatingtheparticipant’sheadtoaframe

ofreferenceandrecordingtheeyemovementresponsestoastimulusthatishighly

dynamicorofstaticimages[Williams1999,Schwarzkopf2013]. Since,theexperi-

mentalapproacheshaveadvancedtoremoteeyetrackers(withoutheadfixation)in

frontofdesktopscreens,forexample,orwearabletrackers,suchasfigure1.18. With

theadvancementoftechnologies,wearabletrackershavebecomelighterandmore

frequentlyincludedforvirtualrealitystudiesandreal-worldapplications[Jacob2003,

Schwarzkopf2013,Lappi2015].

Theintroductionandapplicationofeyetrackerswiththeirtechnologicaladvancements

ofprecisionandaccuracyaidedadvancesinpsychologicaltheories. Mostnotably,the

distinctionofperceptualdifferencesbetweenexpertsandnovicesinmostcompetitive

settings[Williams1999].Nevertheless,eye-trackingremainswithlimitations:thephys-

icalrelationshipbetweentheparticipantandtheeye-tracker,eitherlimitingtheparti-

cipant’smovementsfromaremoteeye-trackingunitorahead-mountedunitwhichwill

requireaportablebatterypackorfrequentcharging[Lappi2015]. Additionally,data

extractionandinterpretationcanbetediousandtime-consuming.Researchersshould

beawareofthemetricstheywishtoextractandinterpret(e.g.,fixationpoints,gaze

duration,areaofinterest,andscanningpath),astheinterpretationoftheresultscan

requiretheexperimentertoconducta"fishingexpedition"ofseveralinterpretations
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inordertoextractthemostrelevantanalysis[Jacob2003]. Finally,afterasystem-

aticreviewof38researchpapersonthevisualperceptionandexplorationbehaviourin

soccerusingeyetrackingtechnologiesidentifiedaninfluenceofexperimentaldomain

[McGuckian2018].Thatis,themajorityofworkisbasedinlaboratorysettings,andno

fieldworkhasconsideredopenplaysettings,wheresuchopenplayfield-basedsettings

arerecommendedforbetterunderstandingvisualexploratorybehaviours. Further,it

wassuggestedthatgazetrackingaloneisnotsufficientforthefullcomprehensionof

visualsearchstrategies,rather,technologiesshouldconsidereye-head-bodymovements

andspecificallyduringopenplaysettings[McGuckian2018].

•••••

Section1.1hasdetailedthetheoreticalframeworkrelatedtothevisualcontroloflo-

comotion,expressinghowinformationexistswithintheopticalflowandhowspecific

informationcanbeinvariant.Additionally,severalexperimentalapproachestoinvest-

igatetheperception-actionloophavebeendiscussed,showingthatvirtualrealityis

afruitfultooltodevelopexperimentsinsuchacontext. Thefollowingsectionwill

considertheinteractionsformedwiththeenvironmentinthespecificcaseofcollision

avoidance.
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1.2 InteractionswiththeEnvironment:

Collisionavoidance

Withthetheoreticalframeworkdiscussed,thissectionappliesthefundamentalsystems

ofvisualperceptionduringinteractionswiththeenvironment,focusingontheperception

ofmotionandthestrategiesusedforcollisionavoidance.Specifically,theaimofthis

sectionistodetailtherelevantinformationthatmaybeextractedforsuccessfulfuture

collisiondetection.Thereforethevisualsystemsabilitytodetectmotion;itssensitivity

toperceivespeedanddirectionmotionadaptionswillbeconsidered. Further,this

sectioncontinuesindetailingthemotoradaptationsofavoidancestrategiesifacollision

isimminentandthepreservationofpersonalspacebeforefinallydiscussingthepossible

humanfactorsthatcouldfurtherinfluencetheperceptionofthetask. Thecentral

focusofthissectionwillbeoncollisionavoidance,predominantlyduringalocomotor

taskitis,therefore,necessarytodefinethetypesofcollisionandthepossibleavoidance

behaviours. Withasignificantamountofliteratureusingsimilarparadigmsofinvariants

fromtheopticflowtoexpressinteractionswiththeenvironment,wherenecessary,

examplesfromalternativesourceshavebeencited. Cuttingetal.adeptlyexplained

thatcollisionavoidanceoccursfrequentlyeachdayandinseveralforms[Cutting1995]:

"Weandotheranimalsmovethroughclutteredenvironmentsmanytimes

eachday,oftenatconsiderablespeed. Mostobjectsintheseenvironments

arestationaryandneedtobeavoidedifwearetogetsafelyfromoneplace

toanother.Someobjectsalsomove,andthesetoooftenmustbeavoided.

Suchactsofavoidanceareofobviousandconsiderableimportance;tofailto

executethemwithreasonableaccuracyistoriskourdailywell-beingaswell

asthatofothers. Whatvisualinformationsubservestheseacts,particularly

formobile-eyedcreatureslikeourselves?"
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1.2.1 Perceptionofmotion

Infurtherdevelopingtheunderstandingofinformationthatcouldpossiblyspecifycolli-

sions,itwasproposedthatthespecificationofdetectingacollisioncouldbedividedinto

twocategories.First,whetheracollisionwouldoccurornot,irrespectiveoftemporal

components;second,thetemporalcomponentofwhen,suchasthetimetocontact

wheretimingcanbespecifiedthroughtheopticalexpansionoftau,however,thereisno

specificationastowhetheracollisionwillorwillnotoccur[Cutting1995].Anexample

ofthedecisionprocesswaspresentedintheir1995article(Table1.2.1),considering

collisiondetectionwithafixedormobileobstacleandusingthedifferentialparallaxof

opticflow[Cutting1995].Thedisplacementofanobjectcancauseaparallaxthrough

thechangeofpointofobservation(e.g.,lookingatanobjectwiththerighteyeclosed

andthenclosingtheleftandopeningtherighteye).Motionparallaxisthenthedisplace-

mentofthebodyforadifferentpointofobservationandanewparallaxoftheobject,

notethesameeffectiscausedforamovingobjectmoving. Thedifferentialparallax

isthentherelativitybetweenforegroundandbackgrounddisplacementparallaxesthat

wassuggestedasavisualcueinthedeterminationofcrossingorder[Cutting1995].The

decisionprocess(Table1.2.1)usedthisunderstandingtoexpresswhetheracollision

wouldoccurornotforfixedandmobileobstacles;iftherewasnodifferentialparallax

withafixedobstaclethenacollisionmayoccur,alternatively,iftherewasthenacol-

lisionwasnotimminent.Iftheobstaclewasmobile,dependingontheflowdifferences

oftheparallaxbetweenforegroundandbackgroundsignifiedtheriskofcollision.
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Question Choice

Step1

Isthefixatedobjectrigidly *Ifyes,gotostep2

attachedtotheenvironment? *Ifno,gotostep3

Step2

Arethereanydifferentialparallax *Ifno,acollisionmaybeimminent

displacementaroundthefixatedobject? *Ifyes,acollisionisnotgenerallyimminent

Step3

*Iftheobjectsortexturesintheforegound

movefasterthanthoseinthebackground,

acollisionmaybeimminent.

Whatisthenatureofthedifferential *Iftheobjectsortexturesinthebackground

parallaxdisplacementsaroundthe moveinaretrogademanner,acollisionwill

fixatedobject? notgenerallyoccur,onewillpassinfrontof

themovingobject.

*Iftheobjectsortexturesintheforeground

andbackgroundmoveatthesamevelocity,a

collisionwillnotgenerallyoccur,onewillpass

behindthemovingobstacle

Table1.1-Adecisiontreeforthedetectionofcollisionswithstationaryandmobile
objectswhentraversinglinearpaths[Cutting1995].

Thisconceptionofthetwofundamentalissuesofcollisionavoidancewasfurtherex-

tendedbyAndersonetal.whostudiedthedetectionofcollisionsthroughconstant

velocitiesandrectilinearpathsofmultipleobstacles[Andersen1999,Andersen2001].In

their2001study,theycompletedseveralexperimentsofcollisioneventdetectionfrom

multiplemovingobstacles,focusingontwosourcesofinformation.Theonebeingthe

rateexpansionduringapproachandthesecondbeingtheangularpositionofapproach

(i.e.,tauandbearingangle). Morespecifically,participantsobservedseveralobstacles

approachingonarectilinearpathatconstantvelocitywithvaryingtime-to-contact,the

onlyperceivableinformationwasmanipulatedsothattherateofexpansionasthedis-

tancebetweenobstaclesandobserverdecreasedandtheangularpositionconsistency.

Participantswereinstructedtoidentifypossiblefuturecollisionsthroughasignalde-

tectionparadigm[Andersen2001].Thefindingsofthesestudiesincludethecapabilities

ofcollisiondetectionandthatboththerateofexpansionandangularpositionareused
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forcollisiondetection;however,therateofexpansionmayhavebeenamoreimportant

sourceofinformation. Finally,itwassuggestedforacontinuationoftheworkwith

considerationtovariablespeedsandcurvilinearpaths[Andersen2001].

Previousstudiesfocusedoncollisiondetectionthroughthemotionofanobserveroran

obstacle,whereasfewstudiesconsideredcollisiondetectionandtheavoidancebehaviour

betweentwowalkers[Olivier2012]. Basedontheassumptionofareciprocalinterac-

tion,Olivierandcolleagues[2012]proposedanewmetricthatcoupledbothwalkers

trajectoriesandexpressedtheevolutionofcollisionavoidancebehaviourbetweenthe

twowalkers. Ateachinstantoftheinteraction,throughlinearextrapolationofeach

participantspositionwiththeircurrentrespectivevelocityvectorstheauthorswereable

topredictthefuturedistanceofclosestapproachbetweenthetwowalkers,referringto

theMinimalPredictedDistanceMPD(Figure1.19):

Ppred,1(t,u)=P1(t)+(u−t)V1(t)

Whereuisatimeparameter,andP1(t)andV1(t)arethepositionandvelocityvector

atinstant(t)ofparticipant#1.Throughrepetitionofthisprocessforparticipant#2,

MPDwasformulatedinthefollowingway:

MPD(t)=
argmin

u
||Ppred,2(t,u)−Ppred,1(t,u)||

Withtheequationbeingsolvedastheargumentoftheminimumofaseconddegree

polynominal. Whereifthesolutionispositive(u>0),thentrajectoriesareconverging,

thereforeanegativesolution(u<0)wouldmeanthattrajectoriesdiverge,andfinally,

anullsolution(u=0)indicatedthepointofminimaldistance:

MPD(tcross)=dmin
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MPD isthenthepredictionofdminforbothwalkersatposition(t)withvelocity(t),

assumingaconstantheadingandconstantspeed.Itspecifiesthefutureriskofcollision

ateachtimeoftheinteraction. WheneverMPD valuesvaryintime,itmeansthat

walkersperformedadaptationsoftheirtrajectories.

Figure1.19-AnillustrationofMPD beingcalculatedatfourdifferenttimesbetween
twowalkersonperpendicularpaths. Top,atop-downviewoftwotrajectoriesoftwo
walkers.Eachsubboxisacapturedinstantbetweenthetwowalkers.t1isthefirst
timewherewalkerscanseeeachotherduetooccludingwalls.Anadaptationofthe
walkers’trajectoryisillustratedbetweent2andt3.Bottom,theevolutionofMPDover
timeandthereferencedstagesoftheinteraction.From[Olivier2012].
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Withintheirstudy,theauthorssetsomeoccludingwallsatthestartofthewalkingpath

sothatwalkerscanreachasteadystatebeforeseeingeachother.Theinteractionwas

thendefinedbetweentsee,thefirstinstantwhenbothwalkerscouldseeeachother

totcrosstheinstantwhentheactualdistancebetweenwalkersisminimum(i.e.,the

clearancedistance).Resultsshowedthatwalkersareabletoperceivewellthefuturerisk

ofcollisionbecausemotionadaptationwasperformedonlywhennecessary,i.e.,when

MPDtseeisbelow1m(Figure1.20). Thisthresholddistancewasattributedtothe

notionandpreservationofpersonalspacewhenavoidingcollisions[Gérin-Lajoie2005].

Figure1.20-MPD evolutionoftengroupedinitialMPD conditionsovernormalised
time.0%normalisedtimereferestot1and100%ofnormalisedtimereferstot4.
ChangesintheMPDarefromadaptationsmadebytheinteractingwalkers.Adaptations
areobservedfort1distancesbelow1m.From[Olivier2012].

Further,MPD revealedtemporalstagesoftheinteraction,whenadaptationsarere-

quired;threesuccessivephases,fromobservationtoareactionbeforefinalregulation

ofMPD.FromMPDtsee,thepredicteddistanceoffuturecrossingremainedconstant.

Thereafter,MPD variedasbothwalkersadaptedtheirtrajectoriesinordertoavoida

collision.ThefinalstageisaplateauinMPDastheadaptationsofbothwalkersreduces,

andthepredictedcrossingdistanceismaintaineduntilactualcrossingMPDtcross.From
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thesefindings,itwasevidencedthatdistanceswithariskofcollision(distanceswithin

thepersonalspace)werepredictedbythewalkers,further,thetaskwascompletedwith

anticipationasthecollisionwassolvedbeforecrossing[Olivier2012].

While,theintroductionofMPDasameasurablevariableisinterestingandinformative

forpost-hocobservationsofadaptationbetweentwowalkers,thenatureofthevisual

informationusedbytheparticipantsindeterminingthedetectionoffuturecrossing

distancesorpossiblecollisionswasnotexploredinthissetting. Therefore,wecan

wonderwhetherthewalkersusedaglobalrepresentationoftheotherwalkerorfixated

onspecificjointarticulationsorfootplacement,oracombinationofboth,asalocal

cueofinformationforeffectiveanticipationoffuturecrossings.Further,theproposed

methodwasbasedonalinearextrapolationbasedonaconstanttrajectory,however,

inreal-worldapplications,therearealimitednumberofcaseswhereatrajectoryisex-

clusivelyrectilinearandconstant[Pierce2013]. Wewilldiscusshereaftertheperception

ofdirection,velocityandtheconsiderationofaccelerations.

1.2.1.1 Perceptionofdirection

Whenwemovealongarectilinearpath,theinstantaneousdirectionofmotioncoincides

withthefocusofopticalexpansion.Ithaspreviouslybeenshownthatobserverscan

detectthepositionoftheexpansionsiteforthecontroloflocomotionwithanaccuracy

between1-4°[Cutting1992,Warren1988b].However,thesejudgementsappeartonot

relatedirectlytothefocusofexpansion.Rather,informationisextractedfromtheentire

fieldofviewandtheopticflowsurroundingthefocusofexpansion[Warren1988b].Fur-

ther,thedetectionofdirectionisrapidlyperceived,withreportsapproximating400ms

[Crowell1990,Hooge1999],evidencingthatobserversarecapableofperceivingthevisu-

allyspecifieddirectionofmotionfromrectilineartrajectories.Everydaytrajectoriesare

notonlyrectilinear,andinthatcontext,ithasbeenreportedthatobserversareaccur-
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ateindetectingthedirectionofcurvilinearheadingtrajectories[Warren1991]. While

thedetectionofone’sdirectionandheadingisimportant,additionalinformationcues

forcollisionavoidanceincludethedetectionofanobstaclelocation,sizeandheading

anditsrelationtooneself[Rhea2007]. Asourceofinformationavailablefortraject-

orydetectionspecificationcouldincludethechangeofdisparityovertime,similarto

thedifferentialparallaxofopticflow,ofanobjectrelativetoafixedbackgroundor

referenceobject. Analternativewouldbethebinocularvelocityinformationfroman

objectasitmovesindepth,projectingdifferentimagevelocitiestotheeyes. Where

thevisualsystemwouldcombinethespeedanddirectionofmotionbydeterminingthe

inter-ocularvelocitydifferencechangesovertime[Harris2008,Pierce2013].

Theabilitytoperceivechangesindirectionfromself-motionorobjectmotionishighly

accurate,andthisisevidencedfromtheinterceptiontaskofrectilinearandcurvi-

lineartrajectoriesofuniformandnon-uniformmotion[Chapman1968,Bastin2006b,

Bosco2012,DelleMonache2015]. However,fewstudieshavepreviouslyconsidereda

curvilineartrajectoryandcollisiondetection[Berthelon1993],moreover,toourknow-

ledgenostudieshaveconsideredtheperceptionofcurvilineartrajectoriesbetweentwo

walkersduringacollisionavoidancetask.

Previousstudieshaveconsideredthelinearextrapolationofcurrentstate,andsuggested

thatcollisionavoidanceiscompletedthroughanticipation[Olivier2012]. Theirstudy

demonstratedthatthetaskisprospectivelycontrolledsinceMPD islinearlyextrapol-

atedbasedonwalkers’currentstate.Further,itisargued,sincecollisionavoidance

adaptationsareperformedbeforetheendoftheinteraction,thetaskisanticipated.

Additionally,studieshaveconsideredcurvilineartrajectoriesduringaninterceptiontask

[Bastin2006b]. Walkerswereonlyabletocontroltheirspeedtointerceptaballthat

crossedtheirtrajectory(Figure1.21). Walkerswereinstructedtointerceptaballthat

crossedthepathofthewalker.Thetrajectoriesoftheballwerearclengthsfromtwo

circles(5and10mradii),andacontrolrectilineartrajectory.Additionally,thetrajector-

iesinterceptedthepathofthewalkeratthreedistances(-1,0,and+1m),respectively

|

Lynch, Sean. Visual perception of human move m ent during walking task interactions - 2018

45



Chapter1Background

requiringthewalkertoreduce,maintainorincreasetheirvelocitytointercepttheball.

Finally,thecurvilineartrajectoriesweresignedsothattheballfollowedafinalapproach

infront(positive)orfromtheside(negative)ofthewalker.Thefindingsofthisstudy

showedthatwalkersprospectivelycontrolledtheirbehaviourwithrespecttothevisual

stimulusforsuccessfulinterception[Bastin2006b].Todemonstratethis,Bastinetal.

computedthetheoreticaltimecourseofbearingangleforeachcurvaturewithoutad-

aptationandcomparedthesesimulatedchangeswiththeactualchangesperformedby

walkers.Theresultsshowedsystematicerrorsofdisplacementkinematics,whichfur-

thersupportedtheirhypothesisthatwalkersuseaconstantbearinganglestrategyto

prospectivelycontrolinterception.Acontiuationofthisworkshowedthatthewalkers’

velocitywasmoreaffectedbythecurvatureofaballinflightthanthemanipulationof

therateofexpansion[Bastin2008].

Figure1.21-ArepresentationoftheexperimentalsetupofBastinetal.,[Bastin2006b].
Topleftisarepresentationofaparticipantimmersedinthevirtualexperimentwhile
theirlateraldisplacementwasfixedbyarodattachedtothetreadmill.Toprightisthe
firstpersonperspectiveofthevirtualenvironment. Bottom,isthetop-downviewof
thetheoreticalenvironmentandtheexperimentalconditions.From[Bastin2006b].
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Continuingwiththeinterceptiontaskandcurvedtrajectories,morespecifically,agoal-

keeperinterceptingaballinflighttowardsagoal.Ithasbeenreportedthatinterception

ofaballinflightwithaspinthatcausestheballtofollowacurvilinearpathasop-

posedtoarectilinearpathcausesparticipantstoincorrectlypredicttheinitialpath,

laterprospectivelyadaptingtointercepttheballsuccessfully[Dessing2010,Craig2011,

Casanova2015]. Wheretheinfluenceoftheballsspin,trajectoryandlocalcueinforma-

tionwasconsideredinthedetectionandpredictionoffuturepath(Figure1.22).Itwas

reportedthatspindirectionofachequeredballpatternwasidentifiedatgreaterdis-

tancesthanplainwhiteballs,andmovementinitialisationwassoonerwhenintercepting

chequeredballs.Finally,itwasreportedthatthedetectionofdirectionwaseasierfor

changesinoutwardcurvingballsthaninward,thismaybeassociatedwiththelackof

initialheadinginformationthatcanbeperceivedduringtheoutwardcurvingtrajectories

[Casanova2015].

Figure1.22-TheexperimentalsetupofCasanovaetal.,[Casanova2015].chequered
andplainballswerefiredfromthegreytrianglesanddependingoncondition,theball
wouldbewithoutanyspin(blacklines)orcurvetowards(solidgreyline)oraway(dashed
greyline)fromtheparticipantsinitialposition(IP).From[Casanova2015].
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1.2.1.2 Perceptionofspeed

Movementisthechangeofpositionovertime,wherethenotationofapositionata

giveninstantthathaspreviouslybeenidentifiedatanotherpositiongivesthevelocity

ofthemovement.Giventhis,speedanddirectioninformationarecoupledandcannot

beprocessedindependently.Nevertheless,theabilitytoperceivespeedisfundamental

intheprocessingofvisualmotionandthedetectionoffuturecollisions. Thevisual

systemissensitivetotheperceptionofspeedbutratherinsensitivetoacceleration

[Brouwer2002,Watamaniuk2003,Zaal2012].However,ithasbeenreportedthatspeed

judgementscandependontheshapeanddirectionofmotion[Manning2018].Moreover,

thedetectionofaccelerationindeedrequiresaninstantaneouschangeofspeedwithan

approximatedifferenceof30%[Gottsdanker1956],speedchangeslowerthanthisor

withgradualincrementsarepoorlydetected[Werkhoven1992,Watamaniuk2003].

Previousfindingshavereportedpoorertime-to-contactjudgementsduringnon-constant

velocity(i.e.,constantlyaccelerating)thanwhencomparedwithconstantvelocity

[Benguigui2003,Tharanathan2006,Tharanathan2009]. Nevertheless,whenconsider-

inganaturalenvironmentwithoutexperimentalrestrictions,stimuliofmovingobstacles

arerarelyconstant,andhumansarecapabletoadapttheirbehaviourstoaccelerating

obstacles.Thishasleadtoseveralstudiesidentifyingandattemptingtoidentifyhow

humansperceiveaccelerationtoadapttheirbehaviour[Tresilian1999a,Dubrowski2002,

Benguigui2003,Bennett2013,Bennett2016]. Whereithasbeenreportedthatspa-

tialestimationfromoccludedlateralmotionofobjectsunderconstantacceleration

wasconsistentwiththeuseoffirst-orderinformation,further,therewasatendency

forunderestimationoffutureposition[Montagne2000,Benguigui2003,Bennett2013,

Bennett2016].
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Constraintsassociatedwithjudgementsoftimetocontact,temporal,andspatial

accuracyincludedthe motorcapabilitiesoftheobserverandtheimplieddynamics

[Bastin2006a,LaScaleia2014,Stapel2016,Vagnoni2017]. Thiscanbeseenthrough

age-relateddifferences,whereithaspreviouslybeenobservedthatadultsarebetterat-

tunedtotemporalinformationthanspatialinformation[Siegler2013]. Whereaschildren

aremoreattunedtospatialinformationandprogressivelyattunetotemporalinforma-

tionwithageing[Benguigui2008,Bazile2016].

1.2.1.3 Motioncues

Afterconsiderationofthecapabilitiesandlimitationsofthevisualsysteminthevisual

perceptionofdirectionandspeed,thethirdsourceofinformationisthemotioncues

inwhichperceptionisbased. Globalandlocalinformationareoftenreferredtoin

psychologyandthevisualcontroloflocomotion,andthesedefinitionsoccasionally

definedifferenceswithintheopticflow,generallayoutofanenvironmentorthenature

ofvisualinformationfromanobject[Gibson1979,Warren1990,Huys2009,Fajen2003].

However,forclarity,thedefinitionofglobalandlocalmotioncuesherewillrefertothe

natureofinformationfromanobstacle(Figure1.23).

Globalmotioncuesrefertotheobject’sbodyasawhole,informationthathasbeen

interacteduponbasedontheopticalinvariantssuchasbearingangleandrateofex-

pansion[Regan2000,Huys2009,Cañal-Bruland2011,Rio2014].Localmotioncuesare

thentheperceptionofindividualpoints,jointsorpairsthatformlimbsandprovide

informationsuchassteppingrateororientation;cuesthatdistinguishbiologicalmo-

tion[Thornton1998,Diaz2012,Masselink2015]. Tofurtherelucidate,theapplication

ofpointlightdisplaysallowedforinformationtobepickeduppredominantlyfrombio-

logicalmotion(i.e.,localmotioncuesofjointarticulations)withalimitedpresenceof

globalcues[Johansson1973].
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Twoexemplarypublicationsevidencingtheabilitytodetectbiologicalmotionthrough

pointlightdisplaysaretheworksofCuttingandKozlowski[Cutting1977,Kozlowski1977].

Wheretheyevidencedtheabilitytoidentifymalegaitfromfemalegait,further,while

attemptingtoidentifyafriend’sgait,itbecameevidentthatindividualgaitpatternsare

detectablebutnotnecessarilytheabilitytodetecttheirfriend.Therefore,thissection

willfocusontheliteraturethathasconsideredinteractionseithersolelywithglobal

motioncues,ortheeffectsofadditionallocalmotioncuesinthepresenceofglobal

motion.

Figure1.23-Examplerepresentationsofmotioncues:localmotioncueswithpresence
ofglobalshapeandformofthebiologicalbody(left),globalmotioncuesonlyinthe
formofalargesphere(right).From[Meerhoff2014]

Herewewilldiscussastudyabouthandapertureregulationwithonlyglobalmotion

cuesavailable,thereafter,theintroductionoflocalmotioncuesarediscussedthatis

appliedtoalocomotorinterceptiontask.Finally,wewilldiscussapreviousstudythat

hasconsideredthetemporaladvantageoflocalmotioncuesfromglobalmotioncues

duringadistanceregulationtasks.

Savelsberghetal.,[Savelsbergh1991]showedhowhandaperturecouldberegulatedby

merelyattuningtotheglobalcueofopticalsizechanges.Intheirstudy,participants

wereaskedtocatchanilluminatedballinadarkroom,eliminatingambientcontextual

information. Nevertheless,participantscoulddirectlyregulatetheirhandapertureto

successfullycatchtheball.
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Inacompetitivesetting,Braultandcolleagues[Brault2012]usedvirtualrealitytostudy

thesalienceoflocalandglobalmotioninformationandtheabilitytojudgemovement

direction. Authorsshowedthattheperformanceofexpertswasmorerelatedtothe

evolutionofhonestsignalsthandeceptiveonesandmoreparticularlytotheglobal

parametercentreofgravitythanoflocalones.Thisdoesnotmeanthatlocalinform-

ationisnotinformative,butitcanbemoresensitivetodeception.

Meerhoffetal.,[Meerhoff2014]studiedtheroleofglobalandlocalmotioninforma-

tioninanon-competitivelocomotorsetting. Theirresultssuggestedthatindeedthe

abilitytoregulatedistanceisnotperturbedwhenonlyglobalmotionwasavailable,but

participantsprovidedearlierresponseswhenbothlocalandglobalmotionwereavailable.

•••••

Whilewehavedetailedheretheinformationthatcanbeusedtointeractwiththeenvir-

onment,thereremainseveralquestionsunansweredwithconsiderationtothecollision

avoidancetask.Previously,insection1.2.1itwasevidencedthatadaptationsbetween

walkersareperformedbelowathresholdandthatthisthresholdcanbeattributedtothe

preservationofpersonalspace.Suggestingthatcollisionavoidancebehaviourbetween

walkersisnotdefinedbyastrictcontactbetweentwowalkers,instead,thedistanceof

regulationinvolvesanotionofpersonalspace.
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1.2.2 Personalspace

Figure1.24-Threeexampleimagesofdifferencesinpersonalspace:A),closeproximity
andwithinpersonalspaceasacoachinstructsaplayer. B),peripersonalspacethat
allowscommunicationandphysicalinteractionbetweenindviduals. C),extrapersonal
space,nocommunicationorinteractionsareformedaspeoplekeeptheirdistancewhile
waitingabus.From[Hall1966]

Ingeneral,personalspaceisconsideredasanareaaroundthebodythatindividuals

maintaintointeractwithothersatacomfortabledistanceduringsocialinteraction

[Hall1966]. Figure1.24depictsexamplesofpersonalspacevariancesindailyliving.

Thereforethenotionofpersonalspacepreservationduringcollisionavoidancetasks

shouldbeconsidered.Thenotionofanemotionalresponsetotheinvasionofpersonal

spacehaspreviouslybeenelicited.Forexample,inapassengertrainexperiment,itwas

reportedthatthedensityratioofcarriagesizeandthenumberofpassengerselicited

nocorrelationtostressresponses,however,seatdensityandthenumberofpassengers

washighlycorrelatedwithstressindices.Itwasnotedthatpassengersprefertostand

alonethantositnexttoastranger[Evans2007];afamiliarsensationinwhichweall

shareistofindanopenseatfirstortheoneemptyseatbarrierbetweenoneselfanda

stranger.Therefore,itisnotwithoutreasontoclaimthatpersonalspaceisaprotective

bubble,whichwestrivetomaintain. Thisspacehasbeenpresentedasthespaceof

safepassagewhenpresentedwithanobstacle[Woods2003],wherethemaintenance

ofthisspaceduringlocomotorcollisionavoidancewouldsuggesttemporalandspatial

componentsforfutureplanningandanticipationofnavigationforcorrectlocomotor

adaptations[Templer1995].
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Intheprevioussectionitwasmentionedthatduringacollisionavoidancetask,between

twounconstrainedwalkers,thetwowalkerswouldadaptwhenapredictedcrossingdis-

tancewaslessthan1mthatcoincidedwiththepreservationofpersonalspace. The

spacearoundthebodyisoffundamentalimportanceforthesafenavigationandinter-

actionwiththeenvironment. Thereforeitisnecessarytoelicitthedifferentzones

thatsurroundthebodyandtounderstandtheroleofpersonalspaceduringcolli-

sionavoidance. Thespacearoundthebodyhasbeencategorisedintothreezones

[Iachini2014,Iachini2015,diPellegrino2015]:extrapersonalspacereferstothearea

outsideofthecurrentreachablearea,exploratoryeyemovementsgenerallyoccurin

thisspace. Movingclosertothebody,theperipersonal(interpersonal)spaceisthe

areainwhichtheagentcandirectlyinteractthroughthegraspingofobjects.Finally,

fromthesocialpsychologyperspective,athirdandsmallerspacecanbefoundinwhich

anemotionalresponseisreportedandoftenreferredasthepersonalspace,theprivate

spacethatcausesdiscomfortonintrusion[Iachini2014,Iachini2015,diPellegrino2015].

Thenotionoftworepresentationaldifferencesbetweengraspingandwalkingdistance

wasinitiallysuggestedbyBrainetal.,[Brain1941],thefirstexpressionofpersonalspace

asasafetymarginwaslaterdescribedinanimals;ifapredatorenteredthisspace,the

preywouldattempttoflee[Hediger1955].

TheworkconductedbyGérin-Lajoieandcolleagueshasbeeninfluentialintheun-

derstandingofpersonalspaceandcollisionavoidancenavigation[Gérin-Lajoie2005,

Gérin-Lajoie2006,Gérin-Lajoie2008]. Gérin-Lajoieetal.,[2005]studiedthepreser-

vationofpersonalspaceduringacollisionavoidancetaskwithbothastaticandmoving

mannequin,andthisstudywasthefirsttodirectlyquantifypersonalspaceduringlo-

comotion[Gérin-Lajoie2005]. Theyquantifiedpersonalspaceduringlocomotionby

defininginthetransverseplaneinfrontoftheparticipantascanningwindow;aquarter

circlecomposedof90vectorsintheupperleftquadrantofthecirclethatwascentred

atthecentreofmassoftheparticipant.Thevectorswerepolarcoordinatesforeach

Cartesiandegreeofthecircle’squadrant,whichwerealsoequalthreetimestheaverage
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steplengthofeachparticipant.Usingthisscanningwindow,thatwasmuchlargerthan

theactualpersonalspace,permittedtheauthorstocaptureandcalculatetheclearance

distanceanditsshape.Then,thepersonalspacefromtheclearancebehaviourwasre-

cordedasthedistanceinthetransverseplanebetweentheparticipant’scentreofmass

andtheelbowofthemannequin,takingtheshortestdistancefromeachvectorofthe

Cartesianquadranttocontourthepersonalspace.Fromtheirfindings,thepersonal

spacecorrespondedtoanellipticalshapewithalongitudinallengthof2.11manda

lateralwidthof0.48m(Figure1.25).

Figure1.25-Personalspaceofthetransverseplanebetweenthecentreofmassof
aparticipantandtheleftelbowofamannequin(P-M).A),expressesthedefinition
ofP-M.B),Representseachshortestpolarvectorofclearanceduringtheavoidance
behaviourwithintheNorthwestquadrantofacircle.C),Theaveragepersonalspace
calculatedandrepresentedasashadedellipticalshape.From[Gérin-Lajoie2005]

Thefindingsofpersonalspacewerecongruentwithpreviousestimations,albeitslightly

larger[Templer1995]. Thedifferencesinsizewereattributedtovariancesinwalking

speed[Gérin-Lajoie2005]. Theparticipantsthussystematicallypreserveanelliptically

shapedpersonalspacethatvariesaccordingtothedemandforinformationprocessing

requiredbythecongestedenvironment.Forexample,ifanauditorymessagedistracts

theirattention,thepersonalspaceexpandsasthedemandforattentionincreases,where

anincreaseofpersonalspacesuggestsamoreconservativestrategy.Also,whenthe

movementofthemannequinisknowninadvance,subjectshavetimetoplanafairly

largepersonalspacethatallowslessattentiontobegiventothemannequin.
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Additionally,aninfluenceofageonthepersonalspace,whichisnormalisedtostep

length,hasbeenreported. Elderlyindividualspreservedapersonalspacesimilarto

thatofyoungerpeopleunlessdistractingphenomenaduringlocomotionareapplied,

towhichtheelderlygrouphadalargerpersonalspacethantheiryoungercounter-

parts[Gérin-Lajoie2006].Fromthesefindings,personalspacefunctionsasacontrol

criterionofthelocomotorsystem,coupledwithbetweentheagentandtheenviron-

mentandusedtoplanfutureadaptations. Afurtherunderstandingwasensuedby

questioningtheinfluenceofwalkingspeed,passagesideandtheinfluenceofvirtual

reality[Gérin-Lajoie2008].Forthisstudy,participantspassedeitherrightorleftofthe

obstacle,andpersonalspacewasrecordedforbothsides.Further,theywereinstructed

tocompletethetaskwithanatural,sloworfastself-selectedwalkingpace.Asecond

experimentwasconductedaspartofthiswork,usingthesamedesignasthefirstwithin

virtualreality.Itwasobservedthatpersonalspacewaslargeronnon-dominantsides

duringpassage.However,therewasnoinfluenceofself-selectedwalkingspeed.

Virtualreality,asdetailedinsection1.1.5.3,hasprovenapowerfultoolforecological

perceptionandactionresearch[Loomis1999,Tarr2002].Thepresenceofpersonalspace

withinvirtualrealityhaspreviouslybeenvalidated[Gérin-Lajoie2008],andforsocialin-

teractionswithvirtualanimations(i.e.,objects,robotsandhumans)andforinteractions

betweenwalkers[Iachini2014,Argelaguet-Sanz2015,Jung2016,Olivier2017];personal

spacewassystematicallypreservedwhilstimmersed. However,personalspacewithin

virtualrealityhasbeenreportedtobelargerthanthatinreality,although,thiscouldbe

attributedtotherestrictedfieldofviewanddepthperception[Loomis2003].

Iachinietal.,[2014]completedworkinvirtualrealitytostudytheinfluenceofemo-

tionalresponseforperipersonalandpersonalspaceofapproachingvirtualcharacters.

Withinthisstudymaleandfemaleavatarswereused,andadditionally,aglobalrepres-

entationoftheavatarintheformofacylinderorarobotwasusedtoremovesocial

biases. Thetaskofthestudywastostopeitherthemselvesorthecharacteronce

theywereperceivedtobeatarmsreachoratthelimitofthecomfortzone(i.e.,per-
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sonalspace).Thefindingsofthisstudyhighlightedthecloserelationshipbetweenbasic

visuomotor-spatialprocessingandcomplexsocialprocessing. Furthermore,variances

inthepersonalandperipersonalspacewerereporteddependingonthevirtualobjects

appearance[Iachini2014].

Thevarianceofpersonalspacewithobstacleappearancewasfurtherverifiedbothwithin

virtualrealityandreality[Hackney2015b,Argelaguet-Sanz2015]. WhereArgelaguet-

Sanzandcolleagues[Argelaguet-Sanz2015]reporteddifferencesintheclearancedis-

tancewhenpassingahumanorabox,andthisdifferencewasfurtherobservedinboth

realityandvirtualrealityenvironments. Moreover,fromtheirresults,theyobservedan

effectofobstacleorientationinbothrealityandvirtualreality. Theyreportedlarger

clearancedistancesforhumansstandingperpendiculartotheparticipant’spath,how-

everwhenthehumanwasfacingtowardsorawayinparalleltotheparticipant’spath

theclearancedistancewasless.Theauthorsattributedthenotionoforientationeffect

totheparticipant’sadditionalconsiderationforhumanobstacle’spersonalspaceinthe

collisionavoidancetask[Argelaguet-Sanz2015].Thenotionoforientationandtheper-

ceiveddistancehasalsobeenreportedtobelargerwhenavirtualcharacterisfacing

awayandclosewhenfacingtowardsparticipants[Jung2016].

Figure1.26-Personalspacevariancesfromtheclearanceofanthropomorphicand
inanimatedobstaclesinbothrealityandvirtualreality.From[Argelaguet-Sanz2015]
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Similarly,Hackneyandcolleagues[Hackney2015b]observedbehaviouraldifferencesin

aperturecrossing,whenanapertureisformedoftwohumanpolesratherthantwo

cylindricalpolesinreality,wherethecriticalpointofshoulderrotationissmallerfor

twohumanpoles. Overall,thesestudieshaveevidencethatpersonalspaceissystem-

aticallypresentandpreservedinbothrealityandvirtualreality.However,thephysical

appearanceofanobstacleinfluencesthebehaviourofavoidance,whichisconsistently

observedinrealityandvirtualreality.

1.2.3 CollisionAvoidance

Aclutteredenvironmentaffordsmanypossibilitiesforaction,wheresomeobstacleswill

bestationary,andsomeobstacleswillmove;independentoftheobstacle’sstate,asafe

navigationtaskrequiresthattheseobstaclesshouldbeavoided[Cutting1995].Fora

fixedobstacle,itisclearthatthewalkermustadapttheirtrajectorytoavoidacollision.

Therefore,alotofstudieshavefocusedontheunderstandingofmotorcontrolregula-

tioninsteppingoveranobstacle;forexample,analysinglowerlimbregulationandfoot

placement[Patla1991],theeffectofthepropertiesoftheobstacle[Spaulding1991],

gazebehaviour[Patla1996]ortheeffectofageing[McFadyen2001]. Analternative

paradigmoffixedobstaclecollisionavoidanceincludesthenavigationandcircumven-

tionofobstacles;furtheranalysingavoidancebehaviours[Gérin-Lajoie2005],effectsof

age[Gérin-Lajoie2006],orcomparingtheavoidancebehaviourbetweenrealandvirtual

environments[Gérin-Lajoie2008].Afinalexampleoffixedobstaclecollisionavoidance

istheaperturecrossingparadigm[Warren1987];theanalysisofbodyandlimbreg-

ulation[Wilmut2010],consideringtheeffectofageing[Hackney2011,Hackney2013,

Hackney2014b],analysingagentspecificaffordances[Hackney2014a]andenvironment

specificaffordances[Hackney2015a,Baker2017,Hackney2018].Inaccordancewiththe

frameworkofthisthesis,thefollowingsectionwillfocusmainlyoncollisionavoidance

withmovingobstaclesandthekinematicsoftheavoidancebehaviours.
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1.2.3.1 Collisionavoidancecharacteristics

Wecandistinguishseveralaspectsfromtheliteratureofcollisionavoidancewithmoving

obstacles:first,wecanidentifythebehaviouroftheobstaclebeingavoided.Second,we

canidentifythreetypesofcollisionbetweentwowalkers(Figure1.27),towards,away

andglancing[Rymill2005]. Finally,wecanalsoidentifydifferentkindsofavoidance

behaviour(Figure1.28),circumventionofafixedobstacle,pathadaptationsbyboth

walkers,speedchangesbybothwalkers,andacombinationofpathandspeedchanges

byonewalker[Lettich2016]1.

1. Mobileobstaclebehaviour

Passive.Amobileobstaclecanbepassive(e.g.,aconfederate)wherethe

obstaclewillfollowapredefinedtrajectoryandnotdeviateitscoursewith

regardtoanyotherparticipantsofthetask[Gérin-Lajoie2005,Cinelli2007,

Cinelli2008a,Vassallo2017].

Reactive.Amobileobstaclecanbereactive,forexample,twounconstrained

walkerswherebothareallowedtointeractandadapttothesituationalde-

mands[Olivier2012,Olivier2013].Anotherexamplewouldincludeanenvir-

onmentallyawarerobotthatreactsaccordingtoanotherwalkerstrajectory

[Vassallo2018]

2.Typesofcollision

Towards(Figure1.27A).Whentwowalkersarewalkingtowardseachother

onthesamepath(e.g.,anarrowcorridor),bothareonahead-oncollision

course. Withoutadaptationwalkerswillwalkstraightintoeachotherorhave

anoverlapofthebodies[Honma2015]

Away(Figure1.27B).Thissituationinvolvesonewalkerbehindanother,

wherethetrailingwalkerisgainingonthefirst. Withoutadaptationfrom

1Notethatthesedistinctionshavebeencategorisedforcollisionavoidancewithlargeobstaclesthat
cannotbesteppedoverorpassedthrough,thatistheseobstaclesandcollisionavoidancecategoriesare
forobstaclesresemblingthedimensionsapproximateofthehumanbody.
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eitherthetrailingwalkerwillcollidewiththeleadingwalker.Suchexamplesof

thistypeofcollisionincludeautomotivedriving,afocusoftheearlyworkby

Lee[Lee1976,Lee2011],wheredriversarerequiredtoregulatetheirdistance.

Additionallythishasbeeninvestigatedforperceptualtasksandfollowingthe

leadertasks[Rio2014,Meerhoff2014].

Glancing(Figure1.27C). Whentwowalkershaveintersectingpathsand

thetwowalkersarelikelytomeetatthepointofintersectionatthesame

instant,therewillbeacollision[Olivier2012,Olivier2013].

Figure1.27-Threetypesofcollisioncanbeidentified:A),Ahead-oncollisionfrom
twowalkersfollowpathstowardseachother. B),Atrailingwalkerisfasterthanthe
leadingwalker(sizeofarrowrepresentsvelocityvector),catchingupwiththeleader
andwillcollidewithoutadaptation.C),Twowalkersonintersectingpathsmayarriveat
apointofintersectionatthesameinstantandthuscollide.Adaptedfrom[Rymill2005]
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3.Typesofcollisionavoidance

Circumvention(Figure1.28A).Atypicalparadigmofcircumventionincludes

awalkerononesideofanobstacleandagoalforthemtowalktowardsonthe

opposite.Theobstacleactsasarepellertothetrajectorythewalkerstakes,

andthegoalactsastheattractor[Fajen2003,Gérin-Lajoie2005,Fink2007].

Adaptationofasinglewalker(Figure1.28B).Inthesituationofpassive

confederates,alladaptationsofcollisionavoidancearebasedonthoseofthe

participant[Basili2013,Huber2014,Vassallo2017].Inthescenariodepicted

infigure1.28B,thetaskofthewalkerwouldbetojointhegeneralheading

oftheconfederate.

Pathadaptationofbothwalkers(Figure1.28C).Forinteractionsbetween

twomobileandreactiveobstaclesorwalkers,eachcanadapttheirpathto

ensureamutualcompletionofcollisionavoidance[Olivier2013]

Speedadaptationofbothwalkers(Figure1.28D).Alternatively,orincom-

binationwithadaptationsofpath,twowalkerscanadapttheirspeed,decel-

eratingoraccelerating.

Figure1.28-Collisionavoidancebehaviourcanidentifiedinfourcategories:A),cir-
cumventionofafixedobstacle. B),adaptationofasinglewalker. C),bothwalkers
adapttheirpath.D),bothwalkersadapttheirspeed.Adaptedfrom[Lettich2016]
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•••••

Withacleardefinitionofthefactorsofcollisionavoidancewithmovingobstacles,we

canbegintodiscussthecurrentobservationsfromtheliterature. Thefollowingtwo

sectionsaretitledbythebehaviourofthemobileobstacle:section1.2.3.2willfocus

ontheworksof[Gérin-Lajoie2005,Cinelli2007,Cinelli2008a]andcollisionavoidance

withpassiveobstacles,andsection1.2.3.3willfocusontheworksof[Olivier2012,

Olivier2013,Basili2013,Huber2014,Knorr2016,Vassallo2017,Croft2017].Indeed,by

definition,theworkofBasilietal.,Huberetal.,Vassalloetal.,andCroftetal.have

passiveobstacles.However,forabetterunderstandingofaglancingcollisionavoidance

task,theseworkssharethesameorthogonalparadigmwithintheirexperimentalsetup;

thereforethesestudieswillbediscussedcollectivelyinsection1.2.3.3. Whereasthe

worksofGérin-Lajoieetal.andCinellietal.sharesimilarexperimentaldesignsof

collisionavoidancewhileinteractingwithapassivemannequinonafixedrail.

1.2.3.2 Passiveobstacle

Gérin-Lajoieetal.conductedastudywithwhichamannequinwasattachedtoarail

[Gérin-Lajoie2005].Thebehaviourofthemannequinvariedfrombeingfixedinaposi-

tiononthepathoftheparticipant,ormovedalongtherailandintersectedthepathof

therail,andseveralcatchtrialswherethemannequinstartedandstoppedatpredefined

positions(Figure1.29).Therailinwhichthemannequinwasmountedintersectedthe

pathoftheparticipantata45°angle. Theresultsofthisstudyshowedthatcolli-

sionavoidanceisanticipateddifferentlyaccordingtothedynamicsoftheobstacles,

whethertheobstacleisfixed,mobileornotpresent.Adaptationswerereportedinthe

anterior-posteriorcontrolofmovement,whichwasattributedtothecontroloftiming,

specificallygainingtimeforavoidancebehaviour.Ofthethreeexperimentalconditions,

thegaitspeeddecreasedwiththepresenceofthemannequinandfurtherdecreasedwith
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themotionofthemannequin,thiscouldbeattributedtotheincreasedvisualprocessing

demandsrequiredforthesuccessfulcompletionofthetask.Furthermore,thisstudy

presenteddifferentanticipationbehaviouralresponsesdependingontheexperimental

condition. Thetrajectoryfromthecentreofmassrevealedthatparticipantsdrifted

laterallyfortheconditionswhenthemannequinwasgoingtoobstructthepathofthe

participantanditsfinalpositionwasknowninadvance. Whereas,nomediolateraldrift

wasobservedwhenthemannequinwasnotpresent. Moreover,theobservedanticipa-

tionbehaviourwasfacilitatedforthemostnaturalavoidancebehaviour,whichwasto

passbehindthemannequin[Gérin-Lajoie2005].Incontrast,whenthefinalpositionof

themannequinwasunknown,theanticipatorybehaviourobservedwasthatparticipants

delayedtheirmediolateraldisplacement. Thedelayedonsetofmediolateraldisplace-

mentcouldbeassociatedwithincreaseddemandforonlinevisualfeedbacktoassess

theevolutionofthetask.Finally,independentofanticipatorybehaviourandgaitspeed

ofapproachbytheparticipants,thefinalclearancedistanceastheparticipantpassed

themannequindidnotshowanysignificantdifferencesirrespectiveofknownandun-

knownfinalpositionsandwhetherthemannequinwasstationaryormoving. These

resultsareinterestingsinceparticipantsadaptedtheiranticipatorybehaviourandtheir

gaitspeedtointeractwiththemannequinandensureacollision-freepassage,however,

theseadaptationsresultedinastandardsafetymarginwhenavoidingamannequin.

Similarly,CinelliandPatlaalsousedaparadigmofamannequinattachedtoarail

(Figure1.30),lookingattheavoidanceofamobileobstaclearrivingtowardsthewalking

subjectatdifferentspeeds[Cinelli2007,Cinelli2008a].Inbothstudies,participantswere

instructedtowalkalongarectilinearpathwhereamannequinrested12mfromthe

participant’sstartingposition,duringtheadvancementoftheparticipantanoptical

switchwasusedtotriggermovementofthemannequinafteraninitialdisplacementof

2.5mbytheparticipant.Inthefirststudy,theywereinterestedinhowaparticipant

wouldavoidahead-oncollisionbasedonthetwofundamentalquestionsofwhereand

whenwillacollisionoccur.Further,theyquestionedwhetherconstraintsinthetravel
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Figure1.29-Experimentalsetupofamannequinattachedtoarailthatintersected
thepathofparticipantsand45°,severalstartandstoppositionswereusedtocause
uncertaintyofbehaviour.From[Gérin-Lajoie2005]

pathwouldinfluenceavoidancebehaviour.Consideringtherestrictionsofamannequin

beingfixedonarail,theirstudymanipulatedthetime-to-contactthrougharangefrom

0.8m.s−1to2.2m.s−1mannequinvelocitiesinincrementsof0.2m.s−1.Tofurtherstudy

theeffectsofspatialconstraintsonavoidancebehaviour,thesecondpartoftheirfirst

studyintroducedadoorframewitha90cmaperture3.5mfromtheopticalswitch.The

introductionofthedoorframewasforthedecisionprocessingofparticipants;deciding

topassthroughorgivewaytothemannequinbasedontime-to-contactinformation.

Theauthorsshowedthattrajectoryadaptationswithoutthespatialconstraintsofa

doorframewereinitiatedatsimilartimesindependentofmannequinvelocity,however,

thespeedoflateraldisplacementcorrelatedwiththeapproachingvelocity. Withtheuse

ofaspatialconstraint,theresultsshowedthatparticipantsinitiatedalateralchange

priororatthedoorframe,withasignificantdifferenceofinitiationinthetravelpath

betweenthetwofastestandtheslowestcondition[Cinelli2007].
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Thesecondstudywasthenfurtheringtheirinitialfindings;usingthesameexperimental

setupasintheirfirststudy,themannequinhadthreepossiblevelocities(0.8m.s−1,

1.4m.s−1,and2m.s−1),andthedoorframewasplacedinoneofninepositionsthat

coincidedwithatime-to-contactpositioneitherbefore,atorafterthedoorframe

foreachvelocity. Aspertheirfirststudy,approachvelocitydidnotaffectavoidance

behaviourtiming,andspatialconstraintsdid. Whereachangeinheadingoccurred

priortopassingthroughthedoorframe,eveniftheycouldpasssafelythroughand

changeheadingafterpassage. Theauthorsattributedthisresponsetotheexistence

ofasafetyzone,althoughspatialreferencesmayimproverelativevelocityjudgements

[Cinelli2008a].

Figure1.30-Experimentalsetupofamannequinattachedtoarailapproachinga
participant.A),agoaldirectedtaskofhead-oncollisionavoidancewithoutspatialcon-
straints.B),spatialrestrictionintheformofadoorframepresent.From[Cinelli2007]

•••••

Thesestudieshavedevelopedandpresentedanunderstandingofanticipationandavoid-

ancebehaviourwhileavoidingamannequinthatapproachedtowardsparticipants.How-

ever,whilethesestudieshavebeeninsightfulandtheirexperimentalsetupallowsfor

reproducibilitybetweentrials.Thepresenceoftherail,withwhichthemannequinwas

attached,providedvisualinformationofthemannequinsrestrictedpathandthusfuture

positioncouldbepredicted. Hence,thefollowingsectionwillfocusonthecollision

avoidancebehaviourbetweenwalkerswherethepredictabilityoffuturepositioncanbe

reduced.
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1.2.3.3 Reactiveobstacle

Previousstudieshavefocusedonlocomotiontrajectoriesandadaptationswhilein-

teractingwithpassiveorfixedobstacles,whereasOlivierandcolleagues[Olivier2012]

consideredtwowalkersthatcouldadapttheirbehaviourwithoutlimitation;walkers

wereinstructedtoreachagoalandavoidcollisions. Theyproposedanewmetricto

expresstheevolutionofthecollisionavoidancebehaviourbetweentwowalkers,coupling

theavoidancebehaviourbetweenbothwalkersundertheassumptionthatthetaskis

completedunderthereciprocalinteractionofbothwalkers.Intheirexperimentalsetup,

participantssharedasurfaceareaof15m2andwerepositionedinadjacentcorners;

wheninstructedtowalktotheiroppositecornertheywouldcompleteaglancingtype

collisiontaskastheirorthogonalpathswouldintersect.Inordertocontroltherespect-

ivepositionofeachwalkerattheinstantofintersection,startingsignalsweredisplayed

ineachofthefourcornersofthearea.Participantswereinitiallyoccludedfromper-

ceivingeachother,allowingasteadystatewalkingspeedtobeobtained. Moreover,

thereweresixparticipantsperexperimentalsession,reducingthepredictabilityofwho

thewalkerwillinteractwithandfromwhichdirectiontheywillarrive(Figure1.31).

Basedontheevolutionofthecoupledmetricofcollisionsavoidance(MPD),detailed

insection1.2.1,theauthorsdescribedthreestagesintheinteraction(Figure1.32):

observation,reaction,andregulation.Eachstagewascomputedfromthetimederiv-

ativeofMPD,andtheauthorscomparedtheMPDbetweeneachinstanceofevolution

whenthesignofthe MPDderivativechanged. Theobservationstageisthencon-

sideredwhenMPD isconstantfromMPDtsee,asignificantdifferenceofMPD from

MPDtseewasthenconsideredthereactionstage,andfinally,aplateauorslightdecrease

ofMPDfromMPDtcrosswasconsideredastheregulationstage.Theregulationbefore

crossingwassuggestedasananticipationofthetaskastheslightdecreaseinMPD

demonstratedthatthetaskhadbeensolvedpriortocrossing[Olivier2012].
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Figure1.31-Apictureoftheexperimentalsetupoftwounconstrainedwalkersavoiding
aglancingcollison.From[Olivier2012]

Figure1.32-ThemeanevolutionofMPDwhenpredictedcrossingdistanceatMPDtsee
wasbelow1m.Threesuccessivestagescanbeobservedduringtheinteraction:obser-
vation(red),reaction(orange),andregulation(red).Adaptedfrom[Olivier2012]
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Theinteractionwithfixedobstaclestowardsagoal(i.e.,circumventionavoidancebe-

haviour),hasshownhowwalkingtrajectoriesarestereotypicalandrepeatable,andthus

predictable[Fajen2003,Gérin-Lajoie2005,Fink2007]. Olivierandcolleaguesbeganto

considertheavoidancestrategiesused,wheretheyonlyconsideredtheadaptationsof

speed,path,oracombinationofthetwotoexpresstheeffectontheoveralltask

andtoweighthewalkercontributions[Olivier2013].Since,severalstudieshavecon-

sideredtheroleofcrossingorder,theinfluenceofavoidancebehavioursintermsof

speedandpath,orthecombinationofboth[Basili2013,Huber2014,Knorr2016].In

ordertoquantifythedeviationselectedstudieshavefocusedontheprogressionofthe

environment,aparticipantcompletesagoal-orientatedtaskwithoutanyinterfererin

thepath,augmentingthis,participantsarerequiredtocompleteacircumventiontask

wheretheinterfereractsasastaticobstacle. Finally,aglancingcollisionavoidance

taskiscompletedwiththeinterfererpassivelyinteractswiththeenvironmentandthe

participant[Basili2013,Huber2014].Huberetal.,[Huber2014]extensivelyconsidered

differenttypesofcollisionandtheassociatedavoidancebehaviours.Theirexperimental

setupconsideredsixscenarios,twofixedenvironmentconditionsandfourconditionsof

aninterfererintersectingatvariousangles(Figure1.33).Inaddition,participantswere

requestedtocompletethetaskunderthreedifferentself-selectedspeeds(slow,steady

state,fast):

Nointerferer. Abaselineconditionwhereparticipantswalkedtowardsagoalin

anenvironmentfreefrominterference.

Staticinterferer.Theinterfererremainedstaticinthemiddleoftheparticipant’s

rectilinearpath,actingasanobstaclethatrequirescircumvention.Inthissitu-

ation,theinterfererwasdirectedatthestartingpositionoftheparticipant.

45°interferer.Boththeparticipantandinterfererwalkedrectilinearpaths.In

thisscenario,theinitialstartingpositionoftheinterfererwasata45°anglefrom

theleftoftheparticipant.Notethatfromthisangleofapproachtheinterferer

wouldwalkinthesamedirectionastheparticipant.
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90°interferer.Thesameorthogonalsettingas[Olivier2012,Olivier2013],which

morecloselyresembled[Vassallo2017]astheinterfererwaspassiveduringthe

interaction.

135°interferer.Similartothe45°scenario,theinterfererwaspositioned135°

fromtheparticipant’sleft,placingtheinterfererinfrontoftheparticipant.

180°interferer.Theinterfererstartedatthegoalpositiondirectlyinfrontof

theparticipantandwasdirectedtothestartingpositionoftheparticipantastheir

goal.Thisscenarioresemblesahead-on(i.e.,towards)collisiontypetask.

Figure1.33-Theexperimentalsetupofthedifferentscenariosfrom[Huber2014].In
eachsub-figurethearrowsrepresentthewalkeddistance,theblueboxesarethemotion
capturedzone,andthecentreddotsarethepointsofintersectionandthepositionof
theinterfererduringthefixedscenario. A),45°angleofapproachscenario,B),90°
angleofapproachscenario,C),135°angleofapproachscenario,D),180°angleof
approachscenario.
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Thegoaloftheirstudywastodeterminewhetherandhowwalkersadapttheirpath

andspeedwhileinteractingwithaninterfererfromdifferentanglesofapproachatthree

differentself-selectedspeeds. Theresultsshowedthattheavoidancebehaviourwas

dependentontheparticipant’swalkingspeedandtheangleofapproachbytheinter-

ferer.Generally,itwasobservedthatparticipantsperformedadaptationstotheirpath

forallconditionswheretheinterfererwaspresent. However,onlyintheconditions

wherethepathoftheinterfererwas45°or135°wereadaptationsofspeedandpath

observedduringtheavoidancebehaviour.Additionally,theadaptationsobservedduring

theacuteanglesofinteractionwereinitiatedwiththesametime-to-contact.Itwas

hypothesisedthatconsideringtheinterfererwasinstructedtogenerateafuturepre-

dictedcollisioneventatthesamelocationforeachtrial,andparticipantscouldplan

theirtrajectoriesformoreoptimalavoidancebehaviours.However,therecordedvari-

abilitybetweenconditionssuggestedthattheinteractionisanon-linebasedfeedback

processoflocalplanning2.Suchbehaviourhadpreviouslybeenreported,determining

thatlocallyplannedtrajectoriesarenotoptimalasalowercostefficienttrajectorywas

available[Basili2013].

Developingfromtheirfirststudy,Olivierandcolleagues[Olivier2013]continuedex-

ploringtheinteractionbetweentwounconstrainedwalkers;investigatingtheeffectof

crossingorder,andexploringtheavoidancestrategies(i.e.,adaptationsinpath,speed,

orboth),howeverinthisstudytheauthorswereinterestedintheeffectoftheadapta-

tionsonthetaskratherthantheadaptationsthemselves.Heretheauthorsevidenced

thereciprocityofcollisionavoidance,andthetaskwassolvedcollaboratively.Further,

theysuggestedtherolesinwhicheachwalkerwaspredictedtointersectthepathfirst

orsecond,impactedthecontributionmadeandtheavoidancestrategyused. Walkers

thatwerepredictedtocrosssecondwerereportedtohavecontributedmoretothe

avoidancebehaviourthanthewalkerpredictedtocrossfirst.Furthermore,theroles

assignedatMPDtseewerenotinverted,thatis,thewalkerpredictedtocrossfirstwould

2Localplanningreferstothepredictivefuturecollisionavoidancebehaviour.Theparticipanttreatsa
movingobstacleasastaticoneineachplanningtimestep[Basili2013]
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indeedcrossfirst,notadaptingtoallowthewalkerthatwaspredictedtocrosssecond

toactuallycrossfirst. Knorrandcolleagues[Knorr2016]continuedthisworktoeli-

cittheeffectofthepossiblelimitationspreviouslymentionedbyOlivierandcolleagues

[Olivier2013];possiblehumanfactorssuchasgender,heightandpsychologicaltraits

thatcouldinfluencetheassignmentofrolesduringacollisionavoidancetask.Knorrand

colleaguesfoundnoeffectofhumanfactorsintheassignmentofcrossingorderroles.

However,theydeterminedthattheroleswereassignedearlyonduringtheinteraction

[Knorr2016].

Thenotionofcrossingorderandinversionsgainedfurtherinterestfromalaterstudy,

usingasimilarparadigmtoOlivierandcolleagues[Olivier2012,Olivier2013],participants

completedanorthogonalcrossingtaskwithapassivewheeledrobot[Vassallo2017].The

robotwouldfollowafixedrectilineartrajectoryataconstantvelocityof1.4m.s−1,and

wasprogrammedbasedonthecapturedvelocityoftheparticipantduringtheocclusion

stagetoensurethreeconditions:fullycollidebyarrivingattheintersectionpointat

thesameinstantastheparticipant,arriveattheintersectionslightlybeforeorafterthe

participanttocreateapartialcollisioncourse,orpasswithalargedistancethatwould

causenocollisions.Thecrossingorderandriskofapotentialcollisionwerecontrolled

byusingthepreviouslyproposedmetricMPD [Olivier2012].Theresultsofthisstudy

showedaconsistencyinthecapabilitiesofpredictingfuturecollisionswitharobot,

similarlytotheobservationsofOlivierandcolleagues.Additionally,thetaskwassolved

withanticipation,aplateauorreductionofMPD duringthefinalregulatorystagesof

theinteraction.However,whencrossingapassivemobilerobot,therewereasignificant

increaseinthenumberofinversionsfromtheinitialcrossingorder(i.e.,changesinthe

predictedcrossingorderwithactualcrossingorder).Previously,thenumberofinversions

werenegligible[Olivier2012,Olivier2013],however,inthisstudy,anobserved29%of

trialswereinverted.Athresholdof0.8mwasreportedforthosepredictedtocrossfirst

butfinallyadaptedtocrosssecond.Anadaptationthatcausesaninversionincrossing

orderwasconsideredinefficient,itwasthereforeconsideredthatthisbehaviourwasan
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extremeadaptationtothepreservationofpersonalspace.Further,theysuggestedthat

thisresponsecouldbeexplainedthroughthelevelofperceiveddangerfromtherobotas

wellasthelackofexperienceincollisionavoidancewithwheeledrobots[Vassallo2017].

Thisphenomenonofinversionswasfurtherexploredinafollow-upstudy[Vassallo2018];

usingthesameparadigmastheirfirststudy,nowwithavoidancebehaviourbytherobot

fortrialswithariskofcollisionwasimplemented.Thebehaviourwasimplementedin

suchawaythatwhentherobotwas2mawayfromtheintersectionpoint,therobot

woulddeviateitspathtooneoftwofixedalternativepaths,passinginfrontofor

behindtheparticipant. Notethatthebehaviourwasonlyimplementedwhenthere

wasariskofcollisionandonlythesetrialswereconsideredforanalysis.Throughthe

implementationoftherobotavoidancebehaviour,thenumberofinversionssignificantly

decreasedto8%withanewthresholdof0.39m.Further,thebehaviourofavoidance

bytheparticipantandtheinteractionbetweenthetwowerereportedlycomparableto

human-humaninteractions[Vassallo2018].

Theaforementionedstudieshavefocusedonthecouplinganduncouplingoftwowalk-

ers,eitherdescribingtheinteractionbetweenthetwoasaminimallypredicteddistance

orthroughobservationsofspeedandpathadaptationsthatcaninvolvenon-optimal

adaptationstoavoidancetrajectories.Further,theinteractionhasbeenreportedtoin-

cludethreestages(i.e,observation,reaction,andregulation). Whileithasbeenwidely

acceptedthatwalkersarecapableofperceivingthetask,andsuccessfullydetectand

avoidfuturepredictedcollisions,previousstudieshaveonlyhypothesisedandsuggested

futureworktoinvestigatethenatureofthevisualinformation.Croftetal.,[Croft2017]

conductedaneye-trackingstudytodeterminewhatwasbeingobservedandwhether

ornotitinfluencedtheavoidancestrategy.Thecollisionavoidancetaskwassetasan

orthogonalcrossing,whereaparticipantwaseitherconstrainedtowalkalonganarrow

pathtoaspecificgoalpointorwalkanunconstrainedpathtoanypointpastthein-

tersection(Figure1.34).Additionally,withintheirexperimentaldesign,theyanalysed

interferermaximumvelocity,pathconstraintandwhetherornottheparticipantgazed
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attheinterfererwithBayesianlogisticregressiontoidentifypredictorsoffinalcrossing

distance. Theparticipantwasrequiredtoavoidanycollisionswithaninterfererthat

wasinstructedtowalkatasteadystateorfastconstantvelocityandtoadjuststarting

timeastoassurefuturepredictedcollisionevents.Thefindingsofthisstudyshowed

noinfluenceofthepathconstraintsonavoidancebehaviour,rather,thecrediblepre-

dictorswerethegazingbehaviouroftheparticipantandinterferervelocity.Participants

thatgazedearlierandfixatedlongerattheinterfererduringtheinteractionshoweda

tendencytopasssecond,similarlywhentheinterfererwalkedwithafastvelocity. While

initialfixationanddurationoffixationwereeffectivepredictorsofcrossingorder,itwas

reportedthatgazingattheinterfererwasnotalwaysnecessaryaslocationandrelative

motioncouldbesourcedfromperipheralvision[Croft2017].

Figure1.34-Theexperimentalsetupofanorthogonalcrossingwithandwithoutpath
constraintsby[Croft2017].
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•••••

Toconclude,asanindividualmovesandinteractswiththeirenvironmenttherearevisual

cuessuchastime-to-contactandbearinganglethatmaybesourcesofinformationin

determiningthefuturepositionofanobstacle.Astheinteractionbetweenawalkerand

anobstacleadvances,thepredictionofafuturecollisionavoidancecanbedetermined

ratherearly[Olivier2012,Olivier2013,Knorr2016,Croft2017]. Duringthisobserva-

tionalstageoftheinteraction,rolesareassignedforcrossingfirstorsecond.Itwas

originallysuggestedtheroleswereaproductofnon-verbalcommunication[Olivier2013];

however,ithasbeenarguedthattheserolesmayratherbedefinedduetosituational

characteristicsandhumanfactorssuchasage,height,andpersonalitytraithadno

influence[Knorr2016].

Althoughitwasshownthatgazingbehaviourwasacrediblepredictorforawalkerin-

teractingwithaconfederate,however,itremainsunclearwhetherthegazingbehaviour

betweentwounconstrainedwalkersindeedinfluencescollisionavoidancebehaviour.Fur-

ther,inmorecrowdedenvironmentsmultiplewalkersmayhavetobeinteractedwith

atthesametime[Meerhoff2018b].Thisraisestheissuethatawalkerhastobesens-

itivetowhichaspectsoftheenvironmentarethemostthreatening[Meerhoff2018a].

Therefore,thefollowingsectionswillconsiderthehumanfactorsthatincludetheeffect

ofgazeandvisualappearance,whichmayinfluencecollisionavoidancebehaviour.
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1.2.4 Humanfactors

Thissectionwilldiscusstheinfluenceofgazingbehaviourandhumanfactorsthatmay

influencecollisionavoidancebehaviour.Further,toexpresstheinfluenceofgazeand

asenseofbeinglookedat,severalpaperscitedwillconsidertheinfluenceofgazeon

immersioninvirtualreality.Duringsocialinteractions,gazecanbeinterpretedasone

ofseveralcoreprocesses: mutualandavertedgaze,gazefollowingtojointattention

andsharedattention(see[Pfeiffer2013]forasocial-cognitivereview).Asmentioned

previously,gazehasbeenassociatedtoaformofnon-verbalsocialcommunication

betweentwounconstrainedwalkersandasacrediblepredictorofcrossingorderwhile

interactingwithaconfederate[Olivier2013,Croft2017]. Duringdailyexperiencesof

walkingamongotherpeopleandclutteredenvironments,wegenerallyacceptthatgaze

playsanimportantroleinthenegotiationofcollisionavoidance.Fortwounconstrained

walkers,forexample,mutualgazebetweenthemformsamutualawareness,however,

ifonewalkerdoesnotgazeattheotherbutratherisconcernedwiththeirdirection

ordistractedwiththeirpersonaldevice,itisthegazingwalkerwhoisawareofthe

interactionandthusavoidstheother.

1.2.4.1 Gaze

Whentwoindividualsgazetowardseachother,mutualeyecontactbetweenthetwo

implicitlyinfluencestheperceptioneachhasoftheother[Kuzmanovic2009].Further,

mutualgazehasbeencharacterisedasamainfactorforsocialinteraction[Kleinke1986].

Thesocialinteractionofmutualgazeisconsideredasaformofnonverbalcommunica-

tion,throughemotionalarousalfrompreviousexperiencesorcommunicativeintention

[Senju2009].Forexample,Caruanaetal.,[Caruana2017]usedvirtualfacesandgaze

directiontoformjointattentiontowardsagoal. Participantsinteractedwithavir-
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tualfacebothcharacterandparticipantgazedatoneofthreehousestoindicatewhich

housewasbeingrobbed(Figure1.35).Bailensonetal.,[Bailenson2005]highlightedthe

positiveaspectsofmutualgazeduringinteractionintermsofcoordination-regulation

andimmediacy-arousal.

Theeffectofmutualgazehasbeendemonstratedconsideringbothreal-realhumans,hu-

mansandobjects,andrealhumans-virtualcharacterssocialinteractions[Vázquez2017,

Bailenson2003,Kuzmanovic2009].Indeed,authorsreportedanincreaseofactivityin

thesuperiortemporalsulcus,aregionofthebraininvolvedintheperceptionofgazein

amutualgazetaskwithavirtualcharacter[Pelphrey2004].Evenifgazeisfundamental

insocialcommunication,itisalsocloselylinkedtoassociatedbodymotionsandori-

entation.Forexample,Marschneretal.,[Marschner2015]reportedthatemotionwas

evokedthroughthesumofmutualgazeandbodyorientation.Participantsdidnotfeel

gazeduponifthecharacterwasgazingwhileorientatedawayfromtheagent.

Figure1.35-Ascreenshotofajointattentiontask.Houseswithbluedoorswerefor
participantstogazeatandfindaburglarandhouseswithreddoorswereforthevirtual
character.From[Caruana2017].
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Theinfluenceofgazeandeyecontactduringwalkingtaskshavepredominantlybeen

investigatedintowardstypecollisions(i.e.,head-on,directgazetowardstheparticipant

oravertedgaze,lookingawayfromtheparticipant). Forexample,inwalkingtasks,

Bailensonetal.,[Bailenson2003]reportedthatwalkersgavemorepersonalspaceto

virtualcharacterswhoengagedinmutualgaze(Figure1.36).Duringhead-oncollision

avoidance,thegazedirectionofanoncomingwalkerisanimportantdeterminantcue

forfuturepathintention[Varma2017].

Figure1.36-Left:Picturesoffemale(top)andmale(bottom)avatarswithgazing
behaviour(left)orwithout(right). Right:trajectoriesfrom10participantsthatap-
proachedthevirtualavatarfrombehindandthenmovedtoinfrontoftheavatarbefore
returningtothestartingposition.Notethatbothaxesaredistanceinmeters.From
[Bailenson2003].

Nummenmaaetal.,[Nummenmaa2009]reportedthatparticipantsusedgazeasacue

toavoidcollision:theyorientatedtheirpathtotheoppositesideofthecharacter’sgaze.

Inthisstudy,theydidnotreporttheeffectofmutualgaze. Additionally,Naranget

al.,[Narang2016]reportedthepresenceofacharacter’sgazetowardsahumanwalker

improvedthesenseofimmersioninacrowdedsimulation. Finally,preliminarywork

hasbeencompletedduringacollisionavoidancetaskforcrowdsimulation[Hu2016].

Theauthorsreportedthesubjectivefeedbackofparticipantsaftercrossingpathswith
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avirtualcharacterwithorwithoutgazingbehaviour(Figure1.37).Theinitialfindings

ofthispreliminaryworkarepromising,withparticipantsreportingasenseofbeing

acknowledgedandfurtherself-reportingthattheyadjustedtheirresponsivebehaviour

asaresult.

Figure1.37-Apreliminarystudycombiningreciprocalcollisionavoidanceandgaze
behaviour.Participantsadvancedtowardsagoalandweregazedatbyavirtualwalker
iftherewasariskofcollision.From[Hu2016].

•••••

Gazecanindeedbeaninformativecueforthesuccessfulnon-verbalcommunication

betweentwowalkers. However,ithasbeenshownthatthecollisionavoidancetask

canbesuccessfullycompletedwithrobotsthatdonotpossessavisualsystemforthe

outputofsocialinformation[Vassallo2017,Vassallo2018].Further,ithasbeenreported

thatthehumanfactors(e.g.,age,heightandpersonalitytrait)donotinfluencethe

assignmentofcrossingorderroles,rather,thesituationalcharacteristicsduringthe

observationstagedo[Knorr2016]. Todevelopthisunderstandingitisnecessaryto

discusstheimpactofanobstaclesvisualappearanceforinteractionandavoidance.
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1.2.4.2 Visualappearance

Tostart,duringinfancy,ithasbeenreportedthatthevisualappearanceofanobject

movinglaterallyandthemotorrepertoireoftheobservercansignificantlyinfluencethe

predictabilityoffuturelocation. Toelaborate,infantsthatcouldonlycrawl,toddlers

thathadrecentlybegantowalk,andadultsobservedthreescenes:aninfantcrawling,a

toddlerwalking,andachairmovingfromlefttoright.Usinganeyetracker,participants

followedtheobjectasitmovedwiththeirgaze,astheobjectsmovedfromlefttoright

theywouldpassbehindaspatialocclusion. Theresultsshowedthatcrawlinginfants

couldonlysuccessfullydeterminethefuturelocationandinstantofappearancewhile

viewinganinfantviewing,toddlerscouldpredictforbothaninfantcrawlinganda

toddlerbutnotforaninanimateobject.Incontrast,adultswerefairlyaccuratewith

alltasks,notablytheinanimateobjectbeingtheleastaccurate[Stapel2016].

Similarly,thevisualappearanceofanobstaclehasbeenreportedtoinfluencethebe-

havioursofparticipants. Ageneralobservationalstudyofseveralsocialinteractions

(e.g.,walkinganarrowcorridororinashoppingmall),reportedthatapedestrian’s

heightinfluencedtheoutcomeofsocialinteractions;walkersweregivingwaytotaller

walkers[Stulp2015].However,thiswasnotreportedduringacollisionavoidancetask

withinalaboratory[Knorr2016].Nevertheless,theeffectsofthevisualappearanceof

anobstaclehavebeenreportedforothertasks,namely,head-oninteractionsandthe

influenceofappearanceonpersonalspace(Figure1.38).

Iachinietal.,[2014]conductedastudythatrequiredparticipantstostopanapproaching

virtualobstacle(twogender-specificavatars,ahumanoidrobotorageometriccylinder)

ateitheraperipersonalreachabledistanceoratthelimitsofacomfortzone(i.e.,

withinpersonalspace). Thefindingshighlightedthecloserelationshipbetweenbasic

visuomotor-spatialprocessingandcomplexsocialprocessing.Additionally,thefindings

showedagreaterdistancewaspreferredwhileinteractingwithacylinderthanhuman
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Figure1.38- Examples ofvariationinthevisualappearance. Left,from
[Hackney2015b],anapertureoftwopolesoroftwopersons. Right,fouravatars,
male,female,ahumanoidrobotandacylinderfrom[Iachini2014].

shapedavatars[Iachini2014]. Similarly,wheninteractingwithobstaclesapproaching

head-onorfrom40°totheleftorrightoftheparticipant,largerclearancedistanceswere

observedwhentheobstaclewasacylinderandsmallerdistanceforavatars[Silva2018].

However,inanaperturepassagetask,participantsrotatedtheirshoulderstoallow

morespacebetweentwohumanpolessoonerthanwhentraversingtwocylinderpoles

[Hackney2015b].Previousaperturestudieshavereportedacriticalpoint(i.e.,theratio

ofindividualshoulderwidth)of1.3mwhiletraversingfixedobstaclessuchaspoles.

However,inthiscase,thecriticalpointincreasedto1.6m.Distancesbelowthecritical

pointrecordedrotationsoftheshoulders.

Finally,similarfindingswerereportedinaCAVEsetupthatcomparedclearancedistances

invirtualrealitywithreality. Participantswalkedalongthelengthofthecaveand

avoidedeitherahumanoraboxinbothrealityandvirtualreality. Focusingonthe

humanfactorsofthestudy,theclearancedistanceinbothconditionswashigherfor

human-likeobstaclesthanforinanimateobstacles[Argelaguet-Sanz2015].
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Chapter2

Objectives

Figure2.1-Anoverviewimageoftwopathsintersectingandthepossiblevisualcues

available(fromlefttoright),aglobalrepresentationofawalker,afullbodywalker,

twoabstractrepresentationsofawalker,andtworepresentationsofheadandgaze

orientationbyawalker.
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Thisthesisandtheworksassociatedwithitarefocusedoninteractionswiththeenv-

rionment,whereweaimtodevelopfurtherunderstandingoftheunderlyingperceptual

mechanismsthatcanbeinvolvedduringacollisionavoidancetaskbetweentwowalkers.

Areviewoftheliteraturehasevidencedthatlocomotionanditsopticflowsupportsthe

safetransportationandnavigationofthebodythroughanenvironmentefficiently,with

thelatterbeingincorporatedaspartofthelocomotortask.Informationthatcould

possiblyspecifyfuturecollisionsincludetheansweringoftwofundamentalquestions,

whetherornotacollisionwilloccurandifso,whenwillthecollisionoccur.Inanswering

thesetwoquestions,walkersadapttheirtrajectoriestopossiblymaintaintheirpersonal

spaceandavoidfuturepredictedcollisions. Thus,toanswerthesetwofundamental

questions,invariantsfoundwithintheopticflowcandetailthemotionoftheobserver,

theobstacleorboth,throughglobalmotioncuessuchasthedifferentialparallaxand

rateofexpansionontheretina. Wherethevisualsystemhasprovenpowerfulinthede-

tectionofchangesindirectionforbothselfmotionandobstaclemotion,further,while

globalmotioncuesarebasedonconstantvelocitiesandthevisualsystemislimitedin

perceivingacceleration,humansremaincapableofadaptingtheirbehaviourstointeract

withacceleratingobstacles. Additionally,ithasbeenshownthatbiologicalmotionis

densewithlocalmotioncuesthatcanbeusedtoidentifydifferencesofgenderandspe-

cificindividualsfromalimitednumberoflightsfittedonanatomicallandmarks. Where

thelocalmotioncuesmayprovideadditionaltemporaladvantagesduringinteractions,

globalmotioncuesaresuggestedasasourceofmorehonestsignals.

Collisionavoidancebetweentwowalkershasgainedinterestintherecentyears,inthe

developmentofcoupledmetricstoexpresstheevolutionoftheinteraction,whether

itiswithpassiveorreactiveobstacles,gazetrackingorvariousrectilinearanglesof

approach.Further,thebehaviouraladaptationsobservedinrealitycanbeseeninvirtual

reality,simulatinglocomotionthroughopticflowwithnumerousinteractivemethods.

However,thenatureofthevisualinformationthatisbeingperceived;theinfluence

ofglobalandlocalmotioncuesonthedetectionoffuturecollisionavoidance,the
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humanfactorsthatareinvolvedduringtheinteractionsuchasgazebehaviourand

theinfluenceofcurvilinearpathsrequirefurtherinvestigation.Thustheobjectiveof

thethesisistofurtherdeveloptheunderstandingoftheunderlyingperceptual

mechanismsinvolvedinthepredictionoffutureoutcomesduringanorthogonal

collisionavoidancetask.

Thevisualappearanceofanobstaclehasasignificantinfluenceonthenatureofvisual

informationavailableandthusthebehaviouraloutcome.Forexample,whentraversing

aperturesofpolesorhumansinreality,ithasbeenreportedthatalargerapertureor

greaterdistancefromhumansisrequiredforsafepassage. Whereasduringacollision

avoidancetask,differencesofavoidancebehaviourarereportedwhileinteractingwith

apassiveorreactivewheeledrobot.Additionally,invirtualreality,personalspaceand

peripersonalspace(i.e.,armsreach)aresmallerforapproachingvirtualhumansthan

forvirtualrobotsorcylinders. Thesenotabledifferencessuggesttheimportanceof

anobject’sappearanceanditsinfluenceonbehaviouralresponses.Thesedifferencesin

behaviourmaywellbeattributedtodifferencesinthevisualinformationavailable.Ithas

previouslybeenshownthatglobalmotionaloneissufficientforsuccessfullycompleting

atask,however,localmotioncuesprovidedatemporaladvantage.Therefore,thefirst

studyofthethesisfocusesonthenatureofvisualinformationofavirtualobstacle

duringacollisionavoidancetask.Todothis,thevisualappearanceoftheobstacleis

manipulatedtolimitthevisualcuesavailable.Thisworkaimsatdeterminingwhether

relevantcuesarebasedonglobalmovementorfromlocalsegmentmovements

(i.e.,steppingrateofthelegs).

Aftercompletionofthefirststudy,thethesisprogressestowardsthesecondstudy,which

workstowardsthepathtakenbythevirtualwalkerandtheevolutionofinteraction

madebytheparticipant. Regardingtheliteratureofcollisionavoidance,duringan

orthogonalinteraction,alinearextrapolationofthecurrentvelocityvectorprovidesa

minimallypredicteddistanceatcrossing. Calculatingthispredictedcrossingdistance

foreachtimestepprovidesanevolutionoftheinteractionbetweenthetwowalkers
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andevidencesthreestagesofinteraction(i.e.,observation,reactionandregulation)

withanticipation. Additionally,thisevidencesthatduringanorthogonalcrossingthe

taskmaybelinearlyextrapolatedbythewalkerstopredicttheinstanceofcrossing.

However,duringaninterceptiontaskofaballfollowingacurvilinearpath,ithasbeen

evidencedthatthetaskiscompletedprospectivelythroughconstantchangesinthe

bearingangle. Workhasvariedtheparadigmofcollisionavoidancebetweentwowalker

withalternativeanglesofapproach,andwithconfederatesorwheeledrobots.Foreach

case,thetaskinvolvedaparticipantbeinginstructedtowalktowardsagoalandavoid

anyobstaclethatmaybeonacollision-pronetrajectory.Thepairedwalker,confederate

orrobotwereinstructedsimilarly(followarectilinearpathtowardsagoal),confederates

beinginstructedtoeithermatchthespeedoftheparticipant,alwaysensureapredicted

futurecollisionorweretrainedtowalkatfixedspeed.Further,whennavigatingcluttered

environments,inwhichwereside,apathmaywellbecurvilinearasopposedtorectilinear.

Asevidencedbyballsportsandinterceptiontasksintheliterature,thereistheability

tointerceptanobjectfollowingacurvilinearpath.However,thevisualsystemhasbeen

reportedasinsensitivetoaccelerationsforbothtemporalandspatialfutureestimations.

Tothisend,studytwoinvestigatesacurvilinearpathofavirtualwalkerand

computestheevolutionofminimallypredicteddistanceatcrossing. Theaimof

thisworkistogaininsightinthenatureofperceivedpath,specifically,whether

ornotanobservercanperceiveandpredictthefutureriskofcollisionfromcurved

trajectories.Previouslyithasbeenevidencedthatafutureriskofcollisioncorrelates

withthelinearextrapolationofvelocityvectors,however,whetherthisremainstruefor

curvilinearpathsoramorecomplexmodelthatconsidersaccelerationshasyettobe

explored.

Finally,interactionsbetweentwounconstrainedwalkerspresentedseveralfindings,firstly

thelinearextrapolationofpositionandheadingofbothwalkerspresentedthepredicted

crossingdistance,whenthisdistanceisbelowathresholdvaluethetwowalkersad-

aptedtoensureasafepassage.Secondly,withoutverbalcommunicationbetweenthe
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twowalkersbothassignedrolesinthatonewouldpassfirstandtheotherwouldpass

second. Furtherinvestigationintotheassignmentofcrossingorderrolessuggested

thattherolesareattributedtothecurrentpositionduringtheobservationalstage,that

thereisnoinfluenceofhumanfactors(e.g.,age,gender,andheight)orpersonality

traits(e.g.,introvertandextrovert).Thirdly,noinversionoftheassignedroleswerere-

ported,thatisduringtheobservationperiodthetwowalkersassignedrolestocrossfirst

orsecondandmaintainedthatroletocrossfirstorsecond. Whereas,whileinteracting

withapassiverobot,inversionsarereported,whichwasconsideredanoveradaptation

response.Furthermore,thefinalcrossingdistancesobservedbetweenawalkeranda

robotarelargerthanthoseobservedbetweentwowalkers. Theliteraturereviewhas

emphasisedapossibleeffectthroughnon-verbalsocialcommunication,passivebeha-

viour,oracombinationofboth.Consideringthetaskdetailedtoparticipantsthemost

likelyformofnon-verbalcommunicationwouldbeexpressedthroughtheeyesandfacial

expressions. Whereithaspreviouslybeenevidencedthatwhentwoindividualsgazeat

eachother,thetwoimplicitlyinfluencetheperceptioneachhasoftheother,witha

mutualgazeformingasocialinteractionthroughemotionalarousalandintention.Gaze

hasalreadyproventoincreasethesenseofimmersioninvirtualenvironments. How-

ever,moststudiesconsideringagazebehaviourhavefocusedonhead-oninteractions.

Studieshavebeguntoconsidertheinfluenceofreciprocalavoidancebehavioursduringa

collisionavoidancetaskwithpromisingresults.Studythreeisthenacontinuationin

thesimilardirection,introducinggazeasanon-verbalcueduringcollisionavoid-

ance,withinthisstudyweincludedtrialswithorwithoutreciprocalavoidance

behaviourtostudytheeffectsofgazebehaviourfurther.
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Chapter3

Collisionavoidancebehaviourbetween

walkers:globalandlocalmotioncues

Associatedpublications:

Lynch,S.D.,Kulpa,R.,Meerhoff,L.A.,Pettré,J.,Crétual,A.andOlivier,A.-H.

Collisionavoidancebehaviorbetweenwalkers:globalandlocalmotioncues.IEEE

TransactionsonVisualizationandComputerGraphics,InPress,2017.

Lynch,S.D.,Kulpa,R.,Meerhoff,L.A.,Pettré,J.,Crétual,A.andOlivier,A.-H.

Collisionavoidancebehaviorbetweenwalkers:globalandlocalmotioncues.2018

IEEEVirtualReality,Reutlingen,Germany,18-22March,2018.

Lynch,S.D.,Kulpa,R., Meerhoff,L.A.,Pettré,J.,Crétual,A.andOlivier,

A.-H.Effectoflocallimbcuesinthepredictionofglobalmotionduringcollision

avoidance. ACAPS2017-17èmeCongrèsdel’AssociationdesChercheursen

ActivitésPhysiquesetSportives,Dijon,France,29-31October,2017.

Lynch,S.D.,Kulpa,R.,Meerhoff,L.A.,Pettré,J.,Crétual,A.andOlivier,A.-H.

GlobalMotionProvidesSufficientInformationforSuccessfulCollisionAvoidance
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DuringaLocomotorTask WithinVirtualReality. AFRV2016-L’Association

françaisedeRéalitéVirtuelle,Augmentée, Mixteetd’Interaction3D,Brest,

France,11-13October,2016.
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Objectiveandcontributions

3.1 Objectiveandcontributions

Thisstudyfocusesonthevisualcuesthatconveyrelevantinformationforaccuratees-

timationofothers’globalmotion,specifically,whetherthesevisualcuesareextracted

fromlocalbodypartsorfromglobalperceptionofthebodymotion. Tomanipulate

thevisualaspectwhilestrictlypreservingthekinematicsofinteractions(i.e.,relative

motionoftheobstaclewithrespecttoparticipants),wedevelopedanexperimentin

virtualreality.Virtualrealityisanovelapproachthathasproventobeapowerfultool

forecologicalperceptionandactionresearch[Loomis1999].Advantagesofvirtualreal-

ityincludetheabilitytodecouplenaturalco-varyingvariables,increasingexperimental

controlandmanipulationoffinitedetail. Perceptionandactionthroughvirtualreal-

ityisnotwithoutlimitation[Fink2007].Ithasindeedbeendemonstratedthatthere

existsvarianceindepthperception[Loomis2003],whichisnotnecessarilyrelatedto

therestrictedfieldofviewthatisoftenreferredtowhenusingheadmounteddis-

plays[Creem-Regehr2005].Additionally,invirtualrealityforwardgaze-drivenspeedis

underestimatedcomparedtoactualspeed[Banton2005].

Despitethesenotabledifferenceswithinvirtualreality,behaviouralresponsesconform

toreality. Walkerswhoperformagoal-directedlocomotiontaskinrealityreplicate

theirtrajectoryinvirtualreality[Cirio2013]. Specifictocollisionavoidance,valida-

tionofbehaviouralresponsehasbeenreportedinthepreservationofpersonalspace

[Gérin-Lajoie2008]andinteractivemethodswhilstusinglargeimmersivedisplayshave

beendeveloped[Olivier2017].Virtualrealityhasproventobeasignificanttoolinex-

ploitingcomplexsituationssuchascompetitivesports[Brault2012], motioncontrol

[Fink2007]andcrowdsimulation[Bruneau2015]. Thusvirtualrealityisarobustand

reliabletoolforfurtherdevelopingtheunderstandingofcollisionavoidance.

Thevirtualrealityexperimentsetsadynamicobstacleonacollisiontrajectorywitha

participant.Thevisualappearanceofthedynamicobstacleischangedbetweentrials.
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Acontrolsituation,thedynamicobstacleisawalkingvirtualcharacter.Inthiscase,we

areabletocompareresultsobtainedusingvirtualrealitywithrealdatarecordedduring

interactionsbetweentworealhumans.

Theworkhasthefollowingcontributions:

1. Weexperimentallyinvestigatethenatureofthevisualinformationusedbya

walker,specificallywithinacollisionavoidancetask. Wedemonstratethatglobal

motionisasufficientsourceofinformationtosuccessfullypredictfuturecross-

ingdistancesandthereforeavoidobstacleswhilelocalmotioncontainsadditional

detailsthatcontributetomoreaccurateandrepeatablepredictions.

2.Fromtheseresults,weproviderecommendationsofcomputationalresources,and

considerationsofcomputationalbudgetreduction,forthedesignofvirtualreality

platformstoperformhumanlocomotionstudiesinthecontextofinteractions.

3.2 Method

3.2.1 Participants

Sixteenhealthyparticipants(11males,5females),aged26.43±5.53years(mean±SD)

participatedinthisstudy.Allparticipantshadnormalorcorrected-to-normalvisionand

nohistoryofdiseaseorimpairmentwhichcouldhaveaffectedtheirabilityofparti-

cipation.Awritteninformedconsentformwasobtainedfromallparticipantspriorto

experimentationandthestudywasinaccordancewiththestandardsoftheDeclaration

ofHelsinki.
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Figure3.1-Top).Overviewofthevirtualenvironmentusedfortheexperiment,ared
startingposition,agreengoaltoaimtowardsandthevarietyofobstacleappearances
atanobstructedstartingpositionontheleft.Bottom). Third-personperspectiveof
aparticipantwhilstavoidingthefullbodycontrolsituationwiththegreengoalforthe
participantinthebackground.

3.2.2 Apparatus

Experimentstookplaceina4-screenComputerAssistedVirtualEnvironment(CAVE),

whichwas9mwide,3mhighand3mdeep.Itwasequippedwith13projectorswith

15MPixelsresolutionintotal.3Denvironmentdisplayandcharacteranimation(Figure

3.1)weredesignedintheUnitygameengine. Multi-surfacerenderingwasperformed

bytheMiddleVRplugin.ActivestereoscopywasachievedwithVolfonyActiveEyesPro

Radiofrequencywearableglasses. GlassesweretrackedbyanARTtrackingsystem

madeupof16cameras.Ajoystickwasusedbytheparticipantstomoveinthevirtual
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environment. Theassociatedcontrollawforthevirtualspeedwastheoneusedby

Olivieretal.[Olivier2017]. Thejoystickneutralpositionwouldproduceabaseline

displacementof1.4m.s−1withzeroangularvelocity,whichresemblesatypicalnormative

walkingspeed[Bohannon1997]. Anyactiononthejoystickthereafterproducesan

adaptationofthevirtualtrajectory.Thelongitudinalaxiscontrolledspeedlinearlyfrom

0.8m.s−1to2.0m.s−1,andthelateralaxiscontrolledangularrotationspeedlinearlyfrom

-25deg.s−1to+25deg.s−1.

3.2.3 Experimentalsetup

UsingaLatinsquaredesign,experimentationwaspartitionedintofiverandomisedblocks

ofappearance(Figure3.2). Withineachblockofappearance,obstacleswouldadvance

fromtheparticipant’soccludedrightorleft. Wealsocontrolledthepotentialdangerof

theinteractiontoassesswhetherthevisualappearanceoftheobstaclehasaneffecton

theperceptionofthesituation.Theobstacle’sstartingpositioncontrolledthefuture

riskofcollisiondeterminedbyMPDtsee,whichistheinstanttheparticipantcanfirst

seetheobstacle[Olivier2012]. Atotalof5crossingdistanceswerechosenforthe

experiment,varyingtheriskofcollision:twohighriskdistances,whereacollisionwould

occurifnoadaptationisimplemented(0.1and0.3m),anintermediarydistance(0.6m)

thatwouldrequirenoadaptation,accordingtowhatisactuallyobservedbetweentwo

pedestrians,butaninversionisreportedwhileinteractingwithrobots[Vassallo2017],

andfinallytwolowriskdistances,wherenocollisionwouldoccurifnoadaptationis

implemented(0.9and1.2m).Furthermore,wecontrolledtheinitialcrossingorderat

MPDtseewheretheobstaclewouldpasstheparticipanteitherinfrontorbehindat

theserandomisedriskofcollisiondistances. Foreachconditionalvisualappearance

block,participantsweregivenashortfamiliarisationperiodconsistingoffivetrialsof

varyingrisksofcollisionwiththespecifiedconditionalappearance.
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Withineachblockofvisualappearance,theseconditionswerepresentedrandomlyto

participants. Asaresult,eachparticipantperformed100trials(5appearances×2

crossingsides(left-right)×5MPDtsee×2crossingorders).

Thedurationoftheexperimentperparticipant,includingfamiliarisationandquestion-

nairecompletionwasonehour.

Figure3.2-Visualappearancesusedasvisualcuesoflocalandglobalappearancesfrom
lefttoright,fullbody,trunk,COG,legsandcylinder

3.2.4 Conditions

Weaimatinvestigatingtheroleofglobalversuslocalinformationaboutobstaclemotion

inacollisionavoidancetask.Tothisend,wemanipulatedthevisualappearanceofthe

movingobstaclebyusingthefollowingconditions,asillustratedinFigure3.2:
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1.Fullbody:Amobilemannequinwithashoulderwidthof37cmandhipwidthof

27cm,wasrenderedwithoutafacetoavoidanyinfluenceofemotionandgaze.

Furthermore,themotionwasanimatedasaneutralrepeatedgaitcycle.

2.Legs: Consideringfootplacementisadirectcontacttotheground,thefeet

andlegsalonemayprovideperceptuallocalinformationforsuccessfulcollision

avoidance. Thus,allupperbodylocalinformationwasremovedwithonlyfoot

placementandlegmotionremaining. Onlypositioningandstridecouldbeper-

ceived;segmentationofthelegswasbelowthehipstoremoveanyhiporientation

information.

3.Trunk:Thetrunkbeingthelargestvisibleaspectofthehumanbodywechose

tousethissegmentation,withoutlegsorarms,inordertoremoveanyswing

rateinformationandpresentonlyorientation.Further,thehipwasexcludedonce

againfromthesegmentationasastrideratecouldotherwisebeperceivedthrough

hiposcillations.

4.Cylinder:Toremoveallorientationandstepinformation,acylinderfullyencom-

passedthefullbodycontrolinastaticposition.Thecylinderwasthenencoded

withthesametrajectoryandvelocityprofileasthefullbodycondition.

5.Sphere: WithrecentfindingsofBraultandcolleagues[Brault2012]suggesting

astrongcorrelationbetweencentreofgravity(COG)andinterceptionduring

adeceptivesportingtaskintermsofsuccess,wechosetoremoveallencasing

informationanduseasmallsphere(8cmdiameter)asanappearanceofCOG.

Thiswasalsotoremoveallorientationandstrideinformation,andsimilartothe

trunkbutunlikelegsegmentation,itwasfreefromgroundcontact.

Notethatcondition1)servesasacontrolcondition.Conditions2)and3)studythe

roleoflocalmotioncuesconveyedbythehumanlimbsandtorso.Finally,conditions

4)and5)removecompletelythelocalmotioncues,anddisplayglobalmotioncues

throughdifferentgeometricalrepresentationsoftheobstacle.
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3.2.5 Task

Participantswereimmersedinavirtualenvironment(Figure3.1),wheretheywere

instructedtostandatadesignatedlocationdepictedintheimmersiveenvironmentfloor.

Thetaskwastonavigatethroughtheenvironment,usingajoystick,toreachagoal(a

greencylinder)attheoppositeendoftheroom.Theywereinstructedtoavoidpotential

collisionswithanyvirtualobstaclethatwouldappearintheirpath.Thevirtualobstacle

wasmovingalongatrajectoryperpendiculartoparticipants’owntrajectories. Weset

occlusionwallsintheenvironmenttocontrolthemomentatwhichparticipantscould

perceivethevirtualcharacter(MPDtsee).Thisallowedparticipantstoreachthebaseline

speedsimulatingasteadystateofcomfortablewalkingbeforeinteraction.Throughout

experimentationallvirtualobstacleswerenonresponsive,withaconstantvelocityand

trajectory. Theparticipant’sinitialsteadystateandthevirtualobstacle’sspeedwas

setaccordingtothestudyofnormativewalkingspeedat1.4m.s−1[Bohannon1997].

Wherethespeedofthevirtualobstacleremainedconstantthroughout,participants

couldadapttheirspeedandtrajectoryafterMPDtseeusingthejoystick.

3.2.6 Questionnaire

WecollecteddemographicinformationandmeasuredsimulatorsicknesswiththeKennedy-

LaneSSQquestionnaire[Kennedy1993]beforeandaftertheexperiment.Attheend

ofeachblock,participantsfilledasubjectivequestionnaire.Participantsansweredthe

followingquestionsusinga7-pointLikertscalefrom1(stronglydisagree)to7(strongly

agree):
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Iamsatisfiedwiththeeaseofcompletingthistask

Iamsatisfiedwiththesupportinformationwhencompletingthistask

Thevirtualobstaclemotionwasnatural

Theinteractionwiththevirtualobstaclewasnatural

Attheendoftheexperiment,participantswereaskedtorankobstaclevisualappearance

accordingtothetaskbyorderofpreference(frombesttoworst).

3.2.7 Dataanalysis

Trajectoriesofthevirtualobjectwererecordedfromthemomenttheagentcouldsee

thevirtualobject(MPDtsee). Post-processingtheinteractionresponseoftheagent

wasperformedusingcustomisedMATLABscripts(Mathworks2015b).Usingtraject-

oryandvelocityofbothparticipantandvirtualobject,wecancalculateminimalcrossing

distance,inversionofcrossingorderandcollisions,ifany. Whereminimalcrossingdis-

tancewasdefinedastheshortestdistancebetweentheparticipantandvirtualobstacle

centers,crossingorderwasclassifiedastheparticipantpassingtheobstacleasfirstor

secondandaninversionwouldbewhentheinitialorderwasalteredbytheparticipantas

partoftheircollisionavoidancestrategy.Acollisionwasacknowledgedwhenminimal

crossingdistancewaslessthanthesumofbothparticipant’sandobstacle’sradii. We

alsocomputedMPD evolutionintimethroughouteachtrial.MPD wasnormalised

totheperiodofinteraction,thatis,fromtheinstantthattheparticipantcouldsee

thevirtualobject,MPDtsee,totheinstantofcrossing,MPDtcross.Tocharacterisethe

evolutionofMPD duringtheinteractionphase,wecomputeditstimederivative.For

eachcurve,weidentifiedalltheinstantscorrespondingtoachangeofsignofMPDtime

derivativeandwecomputedthecorrespondingMPDvalues.Then,weappliedWilcoxon

signedrankteststocomparetheMPDvalueswhichencompassthesechangesofsign

tocharacterisetheevolutionofMPD(nochange,increase,decrease).
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3.2.8 Statistics

Wesetthelevelofsignificancetoα=0.05.AKolomogorov-Smirnovtestwasperformed

toevaluatewhetherdatafollowedanormaldistribution.Thedependantvariableswere:

finalcrossingdistance,numberofcollisions,numberofinversionsaswellasthere-

sponsesfromthequestionnaire. Weevaluatedtheeffectofobstaclevisualappearance

andinitialMPDtseeonthesedependentvariablesusingaFriedmannon-parametrictest

andpost-hocWilcoxonsignrankedtestwithaBonferronicorrection. Wecomparedthe

evolutionofMPDofeachoftheappearancestothecontrolcondition(fullbody)using

statisticalparametricmapping(SPM)[Friston2007]. WiththeSPManalysis,time-

seriesdataofdifferenttrialscanbecomparedtakingthevariabilityateachtime-step

intoaccount.Finally,thedistributionofquestionnaireresponseswereanalysedusinga

Friedmannon-parametrictestwithregardstotheperceptionofimmersion,interaction

withthevirtualobstacleandabilityoftaskcompletion.
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3.3 Results

3.3.1 Collisions

Atotalof35collisionsoccurred(upon1600trialsintotal);ofthose,obstacleappear-

ancehadnosignificanteffectontherateofcollisions(χ2(4)=6.218,p=0.183).Full

body,legs,trunk,cylinderandCOGappearanceshadamediancollisionrateofzero

percent.Thereportednosignificantdifferencewasconsistentafterconsideringcrossing

order,withazeromedianrateofcollisionforallvisualappearances.

3.3.2 Crossingorder

Similarly,fromatotalof145inversionstherewasnosignificantoveralleffectofobstacle

appearanceontherateofinversionofcrossingorder(χ2(4)=5.857,p=0.210).Full

body,legsandcylinderhadreportedmediansof10%occurrences,trunkandCOGhad

reportedmediansofa7.5%occurrences. Wethenconsideredtrialsseparately,where

participantsinitiallyweresettocrossfirst(i.e,MPDtseewaspositive)andsecond(i.e,

MPDtseewasnegative).Resultsshowedasignificantinfluenceofobstacleappearance

forpredictedcrossingfirsttrials(χ2(4)=18.478,p<0.001).Post-hocanalysisshowed

aninversionfromapredictedcrossingfirsttofinallycrossingsecondwhilstinteracting

withthecylinder(20%)wassignificantlydifferent(p<0.05)fromCOG(10%),trunk

(10%),legs(5%)andfullbody(5%). Theremaininganalyseshavehadtrialswith

inversionomittedduetothelackofoveralleffect.Further,whiletherewasasignificant

differenceofinversionwithregardtocrossingorderandvisualappearancetherewasno

effectonfinalcrossingdistance(p>0.05).
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3.3.3 MPDevolutionintime

Figure3.3(top)illustratesaverageMPDevolutionduringtheinteractionphaseconsid-

eringabsolutevalues.Forallconditionsofobstacleappearance,wecanvisuallyobserve

asimilarshapeofMPD curvesthroughouttheinteractions.Apairwise Wilcoxonsign

rankedtestbasedonMPDtimederivative(Figure3.3bottom)showedforeachcondi-

tionafirststagewhereMPD wasmaintainedconstantwithoutsignificantchangesof

itsvalues(inblue),asecondstagewhereMPD wassignificantlyincreased(ingreen)

andafinalstagewhereMPD wassignificantlydecreased(inyellow).MPD remained

constant(p>0.05)forcylinder,trunk,legs,fullbodyandCOGupto6%,3%,10%,

6%and11%,respectively.ThereaftertherespectiveincreasesinMPD (p<0.05)las-

tedupto76%,79%,80%,79%and79%.AfurtherreductionofMPDoccurreduntil

completionofthetask(p<0.05).
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Figure3.3-Top). MeanMPDcurvesforeachvisualappearancecondition.Bottom).
ThreedistinctstageswithintheMPD evolution;Aninitialstagewherethereisno
differenceinMPD(blue/left),thereafteranincreaseinMPD(green/middle)beforea
finaldecreaseinMPD(yellow/right).
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Figure3.4illustratestheSPMcomparisonbetweeneachvisualappearanceofthe

obstaclewithrespecttothefullbodyreferenceone. Withineachsubplot,asignificant

differencewiththefullbodyreferenceappearanceishighlightedalongtimebetweena

greenverticalbar(firstinstanceofsignificance)andaredverticalbar(terminusin-

stanceofsignificance). QuantitativelySPManalysisshowedsignificantdifferencesin

bothCOGandcylinderconditionswhencomparedtothefullbodycontrol(p<0.05).

ForCOGcondition,incomparisontofullbody,thesignificancefirstinstanceoccurred

earlierwithinnormalisedtime(22%)thancylinder(47%).Furthermore,thegradient

oftheslopewasobservablylessinCOGthanthefullbodycontrolandcylinderbeing

steeperthanthefullbodycontrol.

Figure3.4-SPMevolutionanalysisofnormalisedMPD,comparingtheevolutionof
crossingdistanceofCOG(topleft),cylinder(topright),trunk(bottomleft)andlegs
(bottomright)tothefullbodycontrol.
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3.3.4 Crossingdistance

Table3.1reportsmedianvaluesoffinalcrossingdistance(MPDtcross)ofeachvisual

appearanceforeachinitialriskofcollisioncondition(MPDtsee). Wilcoxonsignedrank

testsshowedthattherewasasignificantdifferencebetweenMPDtseeandMPDtcrossfor

allvisualappearancesthroughallrisksofcollision(p<0.001).Eachcomparisonshowed

thatMPDtcrosswasgreaterthanitscorrespondingMPDtsee. Therewasnothreshold

whereanadaptationofavoidanceorreductionoffinalcrossingdistancedidnotoccur;

participantsimplementedavoidancestrategiesforallMPDtseeconditions. Obstacle

appearance(Figure3.5)significantlyaffectedfinalcrossingdistance(χ2(4)=223.392,

p<0.001).Post-hocanalysisshowedthatbothglobalmotionobstaclesCOG(0.96m)

andCylinder(1.24m)weresignificantlydifferentfromeachotherandtotheirlocal

motioncounterparts(p<0.05).Therewasnosignificantdifferencebetweenthelocal

motionappearances(p>0.05):fullbody(1.17m),trunk(1.16m)andlegs(1.20m).
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Figure3.5-Overalleffectofeachvisualappearanceonthecrossingdistance.

Crossingorderhadasignificantinfluenceonthefinalcrossingdistancewhenconsidering

allconditionsglobally(Z=15.278,p<0.001)(Figure3.6)orseparately(Figure3.7).

Participantsallowedmorespacewiththeobstaclewhencrossingsecond(1.24m)than

whencrossingfirst(1.04m).

Figure3.7showsthesignificanteffectofcrossingorderonfinalcrossingdistance,which

wasconsistentforallvisualappearances(p<0.05).
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Figure3.6-Crossingdistancedifferencesbetweenconditionswheretheparticipant
crossedfirstorsecond.

Figure3.7-Crossingdistanceforeachconditionofobstacleappearance,eachcondi-
tionalappearanceplottedaccordingtocrossingorder.Participantspassingfirstallow
asmallerdistance(green)thanwhencrossingsecond(blue).

|

Lynch, Sean. Visual perception of human move m ent during walking task interactions - 2018

105



Chapter3Collisionavoidancebehaviourbetweenwalkers:globalandlocalmotioncues

3.3.5 Questionnaires

TherewerenoreportedcasesofmotionsicknessfromtheKennedy-Lanequestionnaire

frompre-andpost-immersion.Additionalquestioningincludedtherankedpreferenceof

theobstacles,from1beingmostfavouredforinteractionand5beingleastfavouredfor

interaction. Thedistributionofrankingwasnotsignificantlydifferent(χ2(4)=9.257,

p=0.055). Further,therewasnosignificanteffectofobstaclevisualappearanceon

thedistributionofresponsewithregardtothequestionsconcerningobstaclemotion,

interaction,easeofthetaskandinformationavailability(p>0.05). Openquestion

responsesconcerningtheinteractionwiththevariousobstacleswerenotextensiveor

exhaustivebutincludedcommentsconcerningtheimmersionsuchas,"asensationof

beingaghostfloatingthroughspace","difficulttolookdownatthelegs","personal

spacewasbiasedduetothejoystick",and"difficulttoobservejustaredpoint".

Finallysupplementarycommentsconsistedoftheappearancesthemselves,suggesting

additionalrealityeffectcouldbecreatedthroughanavoidancebehaviourofthevirtual

obstacle.
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3.4 Discussion

Theaimofthepresentstudywastoinvestigatethenatureofinformationfromobstacle

motionthatisusedduringinteractionsbetweenwalkers. Wedesignedanorthogonalcol-

lisionavoidancetaskwithinvirtualreality,similartoOlivierandcolleagues[Olivier2012]

whoformedamethodofdescribinginterpersonalinteractioninrealconditions. Wefo-

cusedonglobalandlocalmotioncuesbymanipulatingvisualappearanceofobstacles.

Weevaluatedtheinfluenceofthismanipulationontheadaptationstrategy,focusing

ouranalysisonMPD,thepredicteddistanceofclosestapproach.

3.4.1 Qualitativemotionadaptation

Allobstacleappearancesledtoqualitativelysimilarmotionadaptation. Almostno

collisionandfewinversionsofcrossingorderwereobserved. Thecollisionavoidance

behaviourpresentedthreedistinctphasesofavoidance:observation,theparticipant

wasperceivingtheobstaclebutnotcurrentlyactinguponit;reaction,theparticipant

modifiedtheirtrajectorytoincreasethefuturedistanceofclosestapproach;regulation,

onceasafecrossingdistancehadbeenobtained,thedistancewaskeptconstantor

evenslightlydecreased.Allcollisionavoidancetrialsweresolvedbyanticipation.These

resultsmatchthoseobservedinreallifeconditions[Olivier2012],aswellasinvirtual

environmentswithavirtualwalker[Olivier2017].Themanipulationofvisualappearance

showednoeffectonhumanabilitytosuccessfullycompleteanorthogonalcollision

avoidancetask:humanssuccessfullyavoidedcollisionsindependentoftheglobalor

localobstacleappearance.

Incontrastto[Olivier2012,Olivier2013]and[Vassallo2017],whoreportednotra-

jectoryadaptationabovea1mfuturecrossingdistance,thisstudypresentsnosuch
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thresholdofriskofcollision(i.e.,initialMPD values).Asillustratedintable3.1,we

alwaysobservedanavoidanceadaptationofthetrajectory,thisisinaccordancewith

[Olivier2017].Theabsenceofanupperthresholdwithinourexperimentalsetupcould

beinpartexplainedbyachangeofdistanceperceptioninvirtualreality[Loomis2003,

Lampton1995,Plumert2005],aswellastheincreasedpersonalspacewhilstimmersed

[Gérin-Lajoie2008,Argelaguet-Sanz2015].

3.4.2 Crossingorder

Afterconsideringtheinitialcrossingorder,resultsshowedaneffectofobstaclevisual

appearanceonthenumberofinversionsofthecrossingorder.Similartoaprevious

studyinvolvingawheeledrobot[Vassallo2017],wenotedinversions(from5%to20%)

ofthecrossingorderfortrialswhereaparticipantwaspredictedtocrossfirstandfi-

nallycrossedsecond.Therateofinversionwasgreatestforcylinderandleastforfull

bodyandlegsconditions. Similarexperimentalsetupswithvaryingobstacleappear-

ancesproducedvaryingbehaviouralresponses.Theworksof[Olivier2012,Olivier2013]

reportednoinversionbetweentwohumansinrealconditions,acrossingorderemerged

atMPDtseeandremained. However,Vassalloandcolleagues[Vassallo2017]reported

inversionsofcrossingorderafterMPDtsee.Theroleofinversionwasinterpretedasan

extremebehaviouralresponseforthepreservationofpersonalspace,statinganinver-

sionisanenergyinefficientresponseonthepredictedtrajectory.Theysuggestedthat

thisresponsecouldbeexplainedthroughthelevelofperceiveddangerfromtherobot

aswellasthelackofexperienceincollisionavoidancewithwheeledrobots.Immersion

withinvirtualenvironmentsreducesphysicaldanger,further,goal-directedbehavioural

responseswithinvirtualrealityhavepreviouslybeenvalidated[Cirio2013,Olivier2017].

Consideringthefindingsreportedhereandpreviously,wemayhypothesisethatun-

derpinningnonverbalsocialcommunicationaidesparticipantsinmaintainingcrossing
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orderafterMPDtsee.Additionally,obstaclesizeandbehaviouruncertaintymayfurther

influencetherateofinversion.

3.4.3 Quantitativemotionadaptation

Ourresultsreportedasignificantdifferenceoffinalcrossingdistancewhilstinteracting

withglobalmotionvisualappearances.Crossingdistancewasgreaterwhilstinteracting

withthecylinder(1.24m)andsmallerwhilstinteractingwiththeCOG(0.96m)in

comparisontothefullbodycounterpart(1.17m). Wenotethatwithinanorthogonal

collisionavoidancesetting,variationinvisualappearancefromthecontrolfullbody

visualappearancedidnotaffectavoidancestrategy.

TheevolutionofMPD overtimeduringtheinteractivestagesofthecollisionavoid-

ancetaskshowedasignificantdifferencefromthefullbodyconditionforbothglobal

motionappearances(i.e.,COGandcylinder). After22%ofMPDtseetoMPDtcross

normalisedtimehadpassed,participantsfollowedatrajectorythatresultedinasmaller

crossingdistanceintheCOGconditioncomparedtothefullbody.Incontrast,after

47%ofnormalisedtimehadpassed,participantsfollowedatrajectorythatresultedin

alargercrossingdistancefromthecylinder.Inrelationtothethreedistinctphasesof

avoidance,COGhadthelongestMPD normalisedtimeobservationalperiodof10%

(Figure3.3). Thereafter,asignificantdifferenceintheevolutionofMPD withfull

bodywasobservedfrom22%(Figure3.4). Whileobstacleavoidancewassuccess-

fullyperformedwiththeCOGappearance(8cmsphere),suggestingthatbearingangle

changeprovidedsufficientinformationfordynamicobstacleavoidance,theobservation

periodbeforeinitiatingaresponsewassignificantlylonger,andthefinalcrossingdis-

tancewassignificantlysmaller,thanforthelargerobstacles. Thismaysuggestthat

opticalexpansionalsoplayedanimportantroleintimingtheavoidanceresponse:the

opticalexpansionofan8cmobjectreachesthresholdmuchlaterthanthatofalarge
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object.Theseresultsimplythatobstacleavoidancemaynotbecontrolledbybearing

anglechangealone,despitebeingeffectiveinemergingself-organisationwithincrowds

[Ondřej2010].

Thecylinder,however,reproducedasimilarobservationalperiodasthefullbody,a

significantdifferenceoccurringfrom47%wheretheparticipantislikelytohaveover-

adaptedduetothelargerfinalcrossingdistance. Thisfindingisinagreementwith

[Iachini2014]whoreportedalargerinteractiondistancewhilstmeetingacylinderin

comparisontoahumanbody.Theylinkedtheirfindingswiththesocialaspectsofthe

interaction.However,inourcase,ourfindingscanbeinterpretedby:thedifferencein

thesocialdimensionofinteractionswithacylinderoracharacter,orsomeuncertainty

intheperceptionofthecylindersizeandmotion.

3.4.4 Localvs.globalinformation

Participantsfilledoutaquestionnaireconcerningtheirsubjectiveexperiencewitheach

obstacleappearance. Theyrankedthevisualappearanceintheorderofpreference

forinteraction.Interestinglytherewasnosinglepreference. Thisimpartialresponse

wasfurthersupportedbyinter-blockLikertquestionnairesthatalsoshowednobiasto

obstacleappearance.

Knorrandcolleagues[Knorr2016]reportedthatage,height,genderandpersonalityso-

cialfactorsdonotinfluencethebehaviouralresponsesofacollisionavoidancetask.The

subjectivepreferencereportedherecorroboratesthebehaviouralresponsesofKnorret

al.[Knorr2016].However,Knorretal.didnotreportananalysisofsubjectiveprefer-

ence.Surprisingly,thebehaviouralresponsesweobservedtoglobal-andlocal-motion

informationappearancescontradictthesefindings. Ourresultsshowedthatdepend-

ingontheobstacleappearance,participantswouldavoidtheobstacleatadifferent
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distance. Thesefindingsthussuggestthatavoidancebehaviourisnotboundtoa

subjectivepreferenceofvisualappearance,rather,thevisualappearancechangesapar-

ticipant’sperceivedaction-opportunitiesasevidencedbyitsbehaviouralresponse.That

is,thelargersurfaceareaencompassedbythecylinderaffordsalargercrossingdis-

tance,whereas,theCOGhasasmallervolumeandthereforeaffordsasmallercrossing

distance.

Meerhoffetal.[Meerhoff2014]studiedtheroleofglobalandlocalmotioninformation

inanon-competitivedistanceregulationtask. Theyshowedthateveniftheability

toregulatedistancewasnotperturbed,whenonlyglobalmotionwasavailable,parti-

cipantsmanagedtogainatemporaladvantage(i.e.,earlierresponses)whenbothlocal

andglobalmotionwereavailable.Itcouldthusbehypothesisedthatlocalmotionin-

formationallowsforamoreaccurateestimationofanotherperson’smovements,but

theusabilityofthisinformationdependsonthenatureoftheinteraction(competitive

ornon-competitive).Inourstudy,wefoundthatthecylinderconditionsinduceda

largerfinalcrossingdistance.However,ourCOGresultscontrastedwiththefindings

of[Meerhoff2014],whichmaybeexplainedbythesizeoftheobject. Meerhoffand

colleagues[Meerhoff2014]usedasphericalobjectwiththesamediameterastheheight

oftheirfullbodycontrolcondition,whereasweadoptedasmallerspheretorepresent

theCOG.Giventhissmallersize,itcouldhavegiventheparticipantsasenseofbeing

abletocrossatasmallerdistance,despitethehypothesiseduncertaintyfromthelack

oflocalmotioninformation.Furthermore,withinouranalysis,wehadconsideredbe-

haviouralresponsestoanobstacle’scentreandtoanobstacle’senvelope,thatisthe

obstacle’sclosestcircumferentialpointtotheparticipant.Theanalysisofbehavioural

responsetoobstacleenvelopewasomittedastherewasnodifferencefromobstacle

centre. However,collisionfrequencywassignificantlyincreasedwhilsttreatingCOG

withinaninvisiblefullbody.Thisfurthersupportsthataction-opportunitiesarebound

todirectlyperceivedvisualappearanceswithintheopticarray.
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3.5 Limitations

Somelimitationsofourworkcanbeconsideredwithrespecttothebehaviourandthe

visualaspectoftheobstacles. Ourexperimentalsetupincludedthepassivebehaviour

portrayedbythevirtualobstacles,asusedinOlivieretal.[Olivier2017]. Thepass-

ivebehaviourwasrequiredtostandardisetheexperimentwhileexposingparticipants

tothesameconditions.Abstractappearancessuchasourglobalmotionappearances

andabstractionsoflocalmotioninformationmaybeconsideredaspassiveobstacles,

whereasusersmayhaveexpectedareactionfromthefullbodycontrolobstacle.How-

ever,userswereinformedaboutthepassivenessofeachvirtualobstacleandthatthey

shouldnotexpectcooperationwhichshouldhavereducedanybiasofpassivity.Itwould

beofinteresttoobservebehaviouralresponsesofwalkerswithactiveresponsivevirtual

obstacles.Implementinganactiveresponsemaypresentgreaterwalkerbehavioural

responsedifferencesbetweenglobalandlocalmotionappearances,wherelocalinform-

ationmayprovideadditionaltrajectoryadaptationinformationthatwouldotherwisebe

lostbythesmoothconvexshapeofthecylinder.

Identifyingcharacteristicssuchasemotion,genderbasedwalkingpatternsandgaze

wereomittedfromthefullbodycontrol. Theinclusionofsuchcharacteristicswould

havebeenadditionalconfoundingvariables. Omittingthesecharacteristicsmayhave

decreasedthesenseofpresenceandincreasedthepassivityofthevirtualcharacter

andthusformedthebehaviouralresponsesmorecloselyrelatedtoourglobalmotion

appearances.Theextentofinfluenceofsocialtraitsinvirtualrealityisstilladvancing

[Knorr2016,Marschner2015,Jung2016].
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3.6 Applications

Fromourfindings,wesuggestguidelinesofconsiderationforfutureapplicationsof

humanbehaviouralresponsesandinteractionswithinvirtualreality. Atthepairwise

interactionlevelofbehaviouralresponseswerecommendcontinuationwithfullbody

humanappearances.Quantitativelylocalmotionwasmorereproducibleincomparison

toglobalmotionvariances.Studiesofincreasedcomplexitiesinvirtualreality,including

multipleinteractions,suchasimmersioninacrowd,arelimitedbytheneedforcom-

putationalperformance.Themaintenanceofanimationdetailssuchasfootplacement

accuracy,directionalgaze,emotionalstateexpressionsandgendercanbecomputation-

allycumbersomeandthusnegativelyinfluencelatency.Apreservationofcomputational

resourcesmaybeaproposthenatureofglobalmotionratherthanthelocaldetails,e.g.,

footplacement.

Ourresultsshowedthattaskabilityisnotqualitativelyimpairedduringinteractionwith

globalmotionappearances:athreestagebehaviouralresponseisexhibitedthrough-

outallvisualappearancesthatisalsoobservedinpairedhumancollisionavoidance

[Olivier2012].Suchanunderstandingposesprospectstofutureapplicationsthatshould

considerimplementingembodiedvirtualcharacterswiththethreestagesofavoidance,

observation,reactionandregulation. Furthermore,withinthisworkweobservedno

subjectivepreferencetovisualappearance. Ourfindingsareinagreementwiththis

subjectiveanalysis.Thatis,appearanceborelessimportance;ratherperceivedaction-

opportunitywithintheopticarraymaybeofgreaterimportance.Thus,complexsimu-

lationsshouldfocuscomputationpowertowardsthedisplacementofglobalmotionand

preserveenergycostsassociatedtovisualappearance.Astandardisedfullbodyencom-

passingaglobalmotionissufficient.Finitedetailsoffootplacement,gaze,genderand

emotionalstateareoflesserimportance.
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3.7 Conclusion

Wehaveinvestigatedapassivevirtualcharacter’smotionwithglobalonlyandlocal

visualmotioncuesduringanorthogonalcollisionavoidancetask.Ourfindingsshowed

thatthenatureofvisualappearanceindeedaffectedthefinalcrossingdistance.Global

motionappearancesofCOGandcylinderweresmallerandgreaterrespectivelyfrom

localmotionappearances.Qualitativelyallvisualappearancesreproducedsimilarmotion

adaptations.Participantsanticipatedfuturecollisionsthroughobservation,reactionand

regulationresponses.Furthermore,visualappearancehadnoeffectonthenumberof

collisionsorinversionsofthecrossingorder. Weassociatethevarianceofcrossing

distancetotheperceivedaction-opportunitiesofthewalker,theaffordedsurfacearea

ofthevirtualobstacle,ratherthanthevisualappearancedichotomyofglobalandlocal

information.Insummary,globalmotionprovidessufficientinformationforsuccess-

fulcollisionavoidance,however,localmotionvariantsreproducemoreaccurateand

repeatableresponses.
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4.1 Objectiveandcontributions

Thisstudyinvestigatedtheinfluenceofavirtualwalker’spathfortheaccuratees-

timationoffuturepotentialcollisiondetectionbetweentwowalkers.Specifically,we

investigatedwhetheracurvilinearpathinfluencedthetimingandtheavoidancebe-

haviourbetweentwowalkerswithrespecttoarectilinearpath. Humansinteract

indynamicenvironmentsonadailybasis,respondingtowhateachenvironmentaf-

fords. Forexample,publicandcrowdedspacesaffordhumanstoregulatetheirin-

terpersonaldistancestoavoidcollisions.Inthecaseofapairwisecollisionavoid-

anceinteraction,theenvironmentmayaffordtopassfirst(infront)orsecond(be-

hind)ofanotherwalker,withorwithoutcollisionavoidance.Inthecaseofrecti-

lineartrajectories,thecollisionavoidancebehaviourshavebeenextensivelyreported

[Olivier2012,Olivier2013,Basili2013,Huber2014,Knorr2016,Olivier2017].Further,it

hasbeenshownthattheperceivedaction-opportunitiesofthewalkersmightbeafforded

basedonaminimallypredicteddistance[Olivier2012,Olivier2013].

TheMinimalPredictedDistance(MPD)linearlyextrapolatesinstantaneousspeedand

orientation,whichrepresentstheclosestpredicteddistancetwowalkerswillpassifno

adaptationisperformedbyeitherwalker(i.e.,basedonconstantspeedandtrajectory).

Additionally,MPDquantifiesthenotionofriskofcollision,whereadaptationsofMPD

areobservedwhenthefuturepredictedcrossingdistanceisbelowcontactdistance;

athresholdof1mwasreported[Olivier2012]. Additionally,duringtheevolutionof

MPD,threedistinctphaseswereidentified:observation,reactionandregulation.These

findingsshowedthatforarectilineartrajectoryMPDmaybeusedinthepredictionof

futureriskofcollision. Whentheriskislow,noavoidancebehaviourisobserved,however

whentheriskishigh,avoidancebehaviourisobserved. However,inrealconditions,

humansdonotalwaysfollowrectilineartrajectoriesatconstantspeeds.Thisraisestwo

questions,firstiswhetherornotacollisionavoidancetaskwithcurvilineartrajectories

canbeaswellperformed,aspreviouslyshownforrectilineartrajectories. Second,
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whetherornotMPDisapertinentaffordanceforacollisionavoidancetaskwithnon-

lineartrajectories.

Figure4.1presentsanexampleoflinearextrapolationofaconstantvelocityduring

twodifferenttrajectories(5mand10m). Withinthisfigure,theredlinepresentsthe

extrapolationoffuturecrossingdistanceiftheconstantaccelerationofthecurveis

accountedfor.Theblueandorangelinerepresentthelinearextrapolationforthere-

spective5and10mtrajectories.Inthisexample,theactualriskisthatacollisionwill

occurandtheparticipantwillpasssecond.However,thelinearextrapolationsuggests

thattheparticipantisinitiallypredictedtocrossfirst.Furthermore,thelinearextra-

polationdoesnotpredictariskofcollisionwhenthetrajectoryiswitha5mradius.

Therefore,ifMPD islinearlyextrapolated,itwouldbeexpectedthatparticipantswill

changetheircrossingordermorefrequentlyandcollidemoreoften.

Thevisualsystemhaspreviouslybeenshownassensitivetodirectionalchangesof

self-motionandobjectmotioninbothrectilinearandcurvilinearpaths[Bastin2006b,

Bastin2008,Bosco2012,DelleMonache2015],andsensitivetotheperceptionofspeed

butratherinsensitivetoacceleration[Watamaniuk2003,Zaal2012].Ithaspreviously

beenshownthatwalkers’velocitycanbeprospectivelycontrolledusingaconstant

bearinganglestrategywhileinterceptingaballthatfollowsamediolateraltrajectory

alonga5mand10mradiuscurve[Bastin2006b].Prospectivecontrolusescontinuous

informationforactionregulation.Incontrast,predictivecontrolisanadaptivebehaviour

fromaninitialperceptualvariableandthefurtherupdatesofastimulusdonoteffectthe

regulationofaction[Katsumata2012].Itwasfurthershownthatthewalkers’velocity

wasmoreaffectedbythecurvatureofaballinflightthanthemanipulationoftherate

ofexpansion[Bastin2008].However,theworksofBastinetal.theecologicalvalidity

mayhavebeenaffectedasthewalkerswereconstrainedtoasingleaxisofdisplacement.

Moreover,participantsperformedaninterceptiontask,itisuncertaintowhatextent

thesefindingsapplytopedestriannavigationincollisionavoidancetask.
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Experimentallymanipulatingthetrajectoryofapassivewalkertofollowacurvilinear

pathwithoutavisualaidandtorepeatthecurvilinearpathwithaconstantaccelera-

tiontoensureaconstantvelocityatthetangentofthecurvilinearpathinreallifeis

difficultandreproducibilitywouldbealimitation. Virtualrealityisanovelapproach

thathaspreviouslybeenusedtostudylocomotionandinteractions[Bruneau2015,

Lynch2017,Olivier2017]asithasbeenprovenasapowerfultoolforecologicalper-

ceptionandactionresearch[Loomis1999].Althoughvirtualrealityisnotwithoutlim-

itation(see[Pan2018]forareview),behaviouralresponsesobservedinvirtualreality

conformtorealityforgoal-orientedlocomotiontasks[Cirio2013],despitevaryingin-

teractivemethods[Olivier2017].Additionally,regardingcollisionavoidancetasks,the

preservationofpersonalspaceandsimilaravoidancebehaviouralresponseshavebeen

reported[Gérin-Lajoie2008,Argelaguet-Sanz2015,Olivier2017]. Therefore,wehave

developedandperformedtheexperimentinvirtualreality.

Thisworkaimstoexaminecollisionavoidancebehaviouroncurvilineartrajectoriesin

virtualreality.Specifically,weaddressthequestionwhethercollisionavoidanceofwalk-

ersoncurvedtrajectoriesisperturbed(i.e.,wrongadaptationsleadingtoacollision).

Whereithasbeenevidencedwhenthefuturedistanceofclosestapproachisbelow

a1mthresholdoflineartrajectories,walkersadapttheirtrajectoryinanticipationof

collisionavoidance.Inthissetting,thepredictionoffutureriskofcollisionfollowsthe

assumptionofconstantvelocity.However,inthecaseofacurvedtrajectory,thereisa

constantaccelerationtoconstantlychangethedirection,anditremainsunclearwhether

thisisaccountedforinthepredictionoffuturecollisions(c.f.,figure4.1).Alternatively,

whenconsideringthenatureofthecurve,ifindeedthecollisionavoidancebehaviouris

perturbed,behaviouralresponsesmayrelyonvisualcuessuchas,theorientationofthe

walker,withrespecttotheobserver. Thereforeanadditionalanalysisofthewalker’s

orientationwouldbeofinterest. Wehypothesisethatcollisionavoidancebehaviourwill

indeedbeperturbedbycurvilineartrajectories,whichwouldindicatethatwalkersusea

linearextrapolationassumingconstantvelocitytoanticipatefuturecollisions.
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Figure4.1-AnexampleofconstantvelocityMPD predictingfutureriskforcurved
trajectories. Thebluelinewouldbetheextrapolationofatrajectoryfollowinga5m
radiuscurve.Theorangelinewouldbetheextrapolationofatrajectoryfollowinga10
mradiuscurve.Theredlineindicatestheactualprogressionofriskwithoutadaptation.
Inthisexample,theactualriskisthatacollisionwilloccurandtheparticipantwillpass
second.LinearextrapolationofMPD suggeststhetrajectorywitha5mcurvehasno
initialpredictedrisk,and10mdoes. Moreover,bothlinearextrapolationspredictthe
participanttocrossfirst,andtheactualriskisthattheparticipantwillcrosssecond.
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4.2 Method

4.2.1 Participants

Twenty-twohealthyuniversityfacultyandstudentmembers(13males,9females),aged

27.59±4.11years(mean±SD)participatedinthisstudy. Allparticipantshadnormal

orcorrected-to-normalvisionandnohistoryofdiseaseorimpairmentwhichcouldhave

affectedtheirabilityofparticipation. Writteninformedconsentformwasobtained

fromallparticipantspriortoexperimentationandthestudywasinaccordancewiththe

standardsoftheDeclarationofHelsinki.

4.2.2 Apparatus

Figure4.2-Layoutofthevirtualenvironment:Left,atop-downviewoftheenvir-
onment,thestartingpositionishighlightedasaredpoint,thegoalishighlightedby
agreencylinder,andvirtualwalkerwasvisibleafterexitingthecorridor.Thecorridor
servedtoblocktheviewoftheenvironment. Right,athirdpersonperspectiveofa
participantinteractingwithavirtualwalkerafterexitingthecorridor.
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ExperimentstookplaceinaComputerAssistedVirtualEnvironment(CAVE),which

was12mwide,4mhighand4mdeep.Itwasequippedwith4ChristieMirage4K3D

projectors.3Denvironmentdisplayandcharacteranimation(Figure4.2)weredesigned

intheUnitygameengine. Multi-surfacerenderingwasperformedbythe MiddleVR

plugin.ActivestereoscopywasachievedwithVolfonyActiveEyesProRadiofrequency

wearableglasses. Glassesweretrackedby6ViconBonitacameras. Ajoystickwas

usedbytheparticipantstomoveinthevirtualenvironment. Thejoystickfunctioned

withacontrollawthatwaspreviouslyvalidatedtostudycollisionavoidanceinteractions

betweenwalkers[Olivier2017].Theneutralpositionofthejoystickproducedabaseline

displacementof1.4m.s−1withzeroangularvelocity,whichresemblesatypicalnormative

walkingspeed[Bohannon1997]. Anyactiononthejoystickthereafterproducesan

adaptationofthevirtualtrajectory.Thelongitudinalaxiscontrolledspeedlinearlyfrom

0.8m.s−1to2.0m.s−1,andthelateralaxiscontrolledangularrotationspeedlinearlyfrom

-25deg.s−1to+25deg.s−1.

4.2.3 Experimentalsetup

Participantsbeganeachtrialfromastartingpositionwithinacorridor,whichprevented

themfromperceivingthevirtualwalker’sstartingposition.Astheparticipantexitedthe

corridor,avirtualwalkeradvancedfromtherightorleftoftheparticipant. Wecontrolled

thepotentialdangeroftheinteractiontoassesswhethertheradiusofapproachhas

aneffectontheperceptionofthesituation.Todothis,displacingthevirtualwalker’s

startingpositiondeterminedtheriskoffuturecollisionatMPDtsee,whichistheinstant

theparticipantcanfirstseethevirtualwalker[Olivier2012]. Atotaloffourcrossing

distanceswerechoseninordertovarytheriskoffuturecollision:twohigh-riskdistances

(0and0.3m),anintermediaryriskdistance(0.6m)andalow-riskdistance(0.9m).

Inthehigh-riskcollisions,acollisionoccurrediftheparticipantdidnotadapttheir
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trajectory.Intheintermediaryandlow-riskdistances,theparticipantdidnotnecessarily

havetoadapttoavoidacollision.Itisworthnotingthatattheintermediarydistances

humanshavebeenobservedtonotadaptinhumantohumaninteractions;however,in

humantorobotandhumantovirtual(moving)obstacleinteractions,humanstended

toadaptandinvertthecrossingorder[Vassallo2017,Lynch2017,Lynch2018].Further,

weregulatedtheinitialcrossingorder:thevirtualwalkerwouldcrosseitherinfront

orbehindtheparticipantattheserandomiseddistances(exceptforMPDtsee=0m).

Finally,thevirtualwalkeradvancedusingafixedpathtrajectory,atotalofthreepaths

werechosen(Figure4.3):twocurvilinearpathswithafixedradiusof5mor10m,and

onecontrolrectilinearpath.Thetangentialvelocity(i.e.,thelinearvelocityalongthe

curvatureofthepath)wassetat1.4m.s−1,thesamevelocityastheparticipant’s

baselinevelocityandthevelocityofthevirtualwalkersonthelineartrajectory.Allthe

curvedpathsweresignednegative(in-front)andpositive(behind)fordirectionfrom

wherethevirtualwalkeradvanced:

N5 Thevirtualwalkeradvancedfrominfrontoftheparticipant,approaching

them,witha5mradiuscurvilinearpath.

N10 SimilarlytoN5,thevirtualwalkeradvancedfrominfrontoftheparticipant,

approachingthem,witha10mradiuscurvilinearpath.

P5 Thevirtualwalkeradvancedfrombehindtheparticipant,approachingthem,

witha5mradiuscurvilinearpath.

P10 SimilarlytoP5,thevirtualwalkeradvancedfrominfrontoftheparticipant,

approachingthem,witha10mradiuscurvilinearpath.

INFGivenaninfiniteradiusthepathofthevirtualwalkerwasrectilinear,acontrol

condition. Tobalancetheexperimentalconditions,INFwasrepeatedtwice,as

persignedcurveapproach.
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Intotal,eachparticipantperformed168trials(6paths×7 MPDtsee×2crossing

sides(left-right)×2repetitions).Allconditionsandtheirrepetitionswerepresented

inafullyrandomisedorder. Priortoexperimentaltrialsparticipantscompletedsix

familiarisationtrialsofrandomisedconditions,participantsfamiliarisedwiththevirtual

walker’sbehaviourandtheirownmotionadaptationcapabilitiesofthejoystick. The

durationoftheexperimentperparticipant,includingfamiliarisationandquestionnaire

completionwasapproximatelyonehour.

Figure4.3-Examplesofthepresentedcurvesfromthesetup. Thegreylineisthe
hypotheticaltrajectoryoftheparticipantwithoutadaptation,theblacklineistherecti-
lineartrajectoryofthevirtualwalker,bluelinesarethetrajectoriesofthevirtualwalker
witha5mradius,orangecurvesarethetrajectoriesofthevirtualwalkerwitha10m
radius.Solidlinesarefortrajectoriesfrombehindtheparticipant,dashedlinesarefrom
infront.Thevirtualwalkerapproachedfromleftorright
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4.2.4 Task

Participantswereimmersedinavirtualenvironment(Figure4.2)andwereinstructed

tostandatadesignatedlocationdepictedintheimmersiveenvironmentfloor. The

taskwastonavigatefromtheirstartingposition(redcircle),throughtheenvironment,

usingajoystick,toreachagoal(agreencylinder)attheoppositeendofthe20m2

virtualroom.

Eachparticipantwasinstructedtoavoidpotentialcollisionswiththevirtualwalkerthat

wouldappearintheirpathwhileadvancingtowardstheirgoal. Thevirtualwalker’s

trajectorywasoneoftherandomlyassignedpaths(Figure4.3)incombinationwith

arandomlyassignedriskofcollisionatMPDtsee. Tocontrolthemomentatwhich

theparticipantcouldseethevirtualwalkerweplacedtheparticipantinacorridorthat

occludedthemfromtheenvironment(Figure4.4). Thisallowedtheparticipantto

reachthebaselinesteadystatespeedof1.4m.s−1,whichresemblesatypicalnormative

humanwalkingspeed[Bohannon1997].Throughoutexperimentation,thevirtualwalker

waspassive,non-responsivewithaconstanttangentialvelocity(1.4m.s−1),followinga

predeterminedpath.Participantscouldadapttheirspeedandtrajectoryafterexiting

thecorridor,themomentofMPDtsee,usingthejoystick.

Figure4.4-Participant’sperspectivewhileexitingtheoccludingcorridor
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4.2.5 Questionnaire

WecollecteddemographicinformationandmeasuredsimulatorsicknesswiththeKennedy-

LaneSSQquestionnaire[Kennedy1993]beforeandaftertheexperiment.Attheendof

eachblock,participantsfilledoutasubjectivequestionnaire.Participantsansweredthe

followingquestionsusinga7-pointLikertscalefrom1(stronglydisagree)to7(strongly

agree).

Iamsatisfiedwiththeeaseofcompletingthistask

Iamsatisfiedwiththesupportinformationwhencompletingthistask

Thevirtualobstaclemotionwasnatural

Theinteractionwiththevirtualobstaclewasnatural

4.2.6 Dataanalysis

Trajectoriesoftheparticipantandvirtualwalkerwererecordedfromthemomentthe

participantcouldseethevirtualwalker(MPDtsee). Thepost-processingofthein-

teractionresponseoftheparticipantwasperformedusingcustomisedMATLABscripts

(Mathworks2016b).Usingtrajectoryandvelocityofbothparticipantandvirtualwalker,

wecalculatedminimalcrossingdistance,inversionofcrossingorderandcollisions,ifany.

Whereminimalcrossingdistancewasdefinedastheshortestdistancebetweenparti-

cipantandvirtualwalkercentres,crossingorderwasclassifiedastheparticipantpassing

thevirtualwalkerasfirstorsecond,andaninversionwouldbewhentheinitialorder

wasalteredbytheparticipantaspartoftheircollisionavoidancestrategy. Acolli-

sionwasdefinedwhenminimalcrossingdistancewaslessthan50cm,whichwasthe

sumofbothparticipantandvirtualwalkersradii. WealsocomputedMPD evolution

intimethroughouteachtrial.RectilinearRMPD wascalculatedusingthemethodof

[Olivier2012],andcurvilinearCMPD wascomputedbasedonthefollowingextrapolation

ofvirtualwalkerposition:
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VWx=Cx+r∗cos(t∗θ̇+θstart)

VWy=Cy+r∗sin(t∗θ̇+θstart)

Thefuturexandypositionsofthevirtualwalkerwerederivedfromthefixedcurvilinear

centre(C),theradialdistancerofthecurve,andthetrigonometricmultiplicationof

theangularvelocityfromtheinitialstartinganglewithrespecttotime. BothRMPD

andCMPD makeapredictionofthefuturedistanceofapproachbetweenwalkers,

wheretheequationofCMPD considerstheconstantaccelerationinthepredictionof

futureposition. Thus,CMPD makesanaccuratepredictionwhereasRMPD wouldbe

inaccuratebyneglectingtheacceleration,insteadassumingthevelocityisconstant.

TheevolutionofMPD wasnormalisedtotheperiodofinteraction,thatis,fromthe

instantthattheparticipantcouldseethevirtualwalker,MPDtsee(0%),totheinstant

ofcrossing,MPDtcross(100%).

Previously,ithasbeenshownthattheevolutionofMPD hasthreedistinctphases

duringtheinteraction[Olivier2012]:astagewhereMPD isconstant(observation),

astagewhereanadaptationismadetoincreaseMPD (reaction),andafinalstage

wheretheMPD isconstantordecreasesslightlybeforecrossing(regulation). To

characterisetheevolutionofMPDanddifferenteventsduringtheinteractionphase,we

computedthereactiontimeattheinstantbetweenMPDtseeandthefirstinstantwhen

theabsoluteMPD differencewasgreaterthan0.15m.Further,tominimisepotential

errorsinreactiontimedetection,weusedanabsolutedifferencethatpersistedfor1.5s;

removingpossibleincorrectspikedetection.Intrialswhereareactiontimewasrecorded

attheinstantMPDtseeorsoonerwereexcludedfromfurtheranalysisasthissuggests

theparticipantattemptedadaptationpriortoMPDtsee.Additionally,wecomputedthe

regulationstagewiththesamethresholdsinreversefromMPDtcross;thefirstinstant

MPDwaswithinthe0.15mthresholdofMPDtcross.Giventheinstantofreactionand

regulation,wecouldthendeterminewhethertheonsetofthesespecificstagesvaryas

|

Lynch, Sean. Visual perception of human move m ent during walking task interactions - 2018

126



Method

aconsequenceofthepathofthevirtualwalker.Finally,were-sampledthetimeduring

theinteractionbetweenMPDtseeandMPDtcross.

Consideringthevarianceofvisualinformationfromthevirtualwalkerinrelationtothe

natureofthecurvewecomputedtheorientationangleofthevirtualwalkerrelativeto

theparticipant.Specifically,wecomputedtheangleoftheparticipant’srelativeposition

tothevirtualwalker’stangentialvelocityvector(Figure4.5).Fromtheseangles,wecan

theninfertheamountofvisualinformationtheparticipantcanperceive.Forexample,

inarectilinearsetting,ifthevirtualwalkerpassesdirectlyinfrontoftheparticipant,at

theinstantofintersectiontheorientationanglewouldbe90°.

Figure4.5-Orientationangleofthevirtualwalker(VH)withrespecttotheparticipant
(P)
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4.2.7 Statistics

Wesetthelevelofsignificanceto α=0.05. AKolomogorov-Smirnovtestwasper-

formedtoevaluatewhetherthedatawasnormallydistributed.Thedependentvariables

were:finalcrossingdistance,numberofcollisions,numberofinversions,reactiontime,

regulationtime,andthevirtualwalker’sorientationattimeofreactionandtimeof

regulation. WeevaluatedtheeffectofpathtypeandinitialMPDtseeonthesedepend-

entvariables. AFriedmannon-parametrictestandpost-hoc Wilcoxonsignedranked

testwithaBonferronicorrectionwasusedforthenumberofcollisionsandinversions

variables.Further,arepeatedmeasuresANOVAwithaBonferronipost-hoctestwas

usedforcrossingdistance,reactiontime,regulationtimeandtherespectiveorientation

anglesofthevirtualwalker.ReportedsignificancevaluesaretheBonferronicorrected

pvalues. WecomparedtheevolutionofMPD ofeachofthecurvilinearpathstothe

rectilinearcontrolconditionusingstatisticalparametricmapping(SPM)[Friston2007].

WiththeSPManalysis,time-seriesdataofdifferenttrialscanbecomparedtaking

thevariabilityateachtime-stepintoaccount. Finally,thedistributionofquestion-

naireresponseswereanalysedusingaFriedmannon-parametrictestwithregardsto

theperceptionofimmersion,interactionwiththevirtualobstacleandabilityoftask

completion.
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4.3 Results

4.3.1 Collisions

Acollisionoccurredin79(outof3501)trials(Table4.1);ofthe79collisiontrials,

therewasasignificanteffectofvirtualwalkerpathonthepercentofnumberofcollision

trials(χ2(4)=20.737,p<0.001).Post-hocanalysisshowedthereweremorecollisions

intheP5conditionthanINF(Z=3.117,p=0.02)andN10(Z=2.834,p=0.05).

Additionally,post-hocanalysisshowedINFandP10trendedtowardsadifference,but

wasnotsignificant(Z=2.674,p=0.07).Nofurthersignificanteffectsofvirtualwalker

pathonthepercentageofthenumberofcollisionswereobserved.Collisionsoccurred

inallinitialriskconditionsexceptwhencrossingsecondatMPD -0.9m,therewasno

significanteffectofthedistributionofcollisionsperMPD(p>0.05).

Path mean±SD(%)lower(%) median(%) upperquartile(%)

INF  0.74±1.90  0 0 0

P10  3.15±4.69  0 0 4.56

N10  0.49±1.67  0 0 0

P5  5.17±6.16  0  3.64 7.14

N5  2.97±5.26  0 0 5.05

Table4.1-Percentagesofthenumberofcollisionsasafunctionofvirtualwalkerpath.
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4.3.2 Crossingorder

340inversionsoccurredoutof3501trials,therewasasignificantoveralleffectof

virtualwalkerpathonthepercentageofinversionofcrossingorder(χ2(4)=17.634,

p=0.001).Post-hocanalysisshowedthatthereweremoreinversionsinconditionN5

(17.86%)thanINF(3.60%,Z=2.972,p=0.03)andN10(8.05%,Z=3.458,p=0.01).

Additionally,post-hocanalysisshowedP5(8.25%)andN5trendedtowardsadifference,

butwasnotsignificant(Z=2.652,p=0.08).Nofurthereffectswereobservedforvirtual

walkerpath(Figure4.6).Thedistributionofinversionswasnotsignificantlydifferent

asafunctionofinitialriskofcollision(p>0.05).

Figure4.6-Percentageofthenumberofinversionsrecordedwhilecrossingpathswith
avirtualwalker
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4.3.3 MPDevolution

FromtheSPMcomparisons(Figure4.7),wecanvisuallyobserveaqualitativelysimilar

curveshapethroughouttheevolutionofMPD.Eachsubplotisstructuredwiththe

meanRMPD asabluedashedlineandabluestandarddeviationcloud. Thereafter,

RMPD iscomparedtoCMPD,themeandepictedasaredsolidlineandaredstandard

deviationcloud. AnysignificantdifferencesduringtheevolutionofnormalisedMPD

betweenRMPD andCMPD arehighlightedbythefirstinstanceofsignificance(green

verticalline)andtheterminusofsignificance(redverticalline). Quantitatively,only

curvilinearconditionswitharadiusof5mshowedsignificantdifferencesfromrectilinear

MPD(p<0.05).TheCMPD forP5andN5incomparisontoRMPD showedsignificant

differencesstartingfrom39%and46%ofnormalisedtime,respectively.Thesesigni-

ficantdifferencesterminatedat65%and100%,respectively.Additionally,thegradient

oftheslopeforallCMPD conditionswasobservablylessthanthecontrolRMPD.
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Figure4.7-SPMevolutionanalysisofnormalisedRMPD andCMPD,comparingthe
evolutionofRMPD withCMPD ofN10(topleft),N5(topright),P10(bottomleft),
andP5(bottomright).

|

Lynch, Sean. Visual perception of human move m ent during walking task interactions - 2018

132



Results

4.3.3.1 Timing

Theoveralldurationoftheinteractionshowednosignificanteffectofcurve,conditions

INF(3.15±0.21s),P10(3.12±0.20s),N10(3.13±0.27s),P5(3.10±0.19s),and

N5(3.18±0.33s)werenotsignificantlydifferentfromeachother(p>0.05). When

consideringspecifictimingofeventsduringtheinteraction,weobservedasignificant

maineffectofthecrossingorderonreactiontimeafterobservation(F(1,21)=16.73,p

=0.001,η2p=0.443);participantsreactedlaterwhencrossingfirst(0.87±0.33s)than

second(0.68±0.18s,p<0.001).Additionally,weobservedamaineffectofthepath

curveonreactiontime(F(2.5,52.51)=10.05,p<0.001,η2p=0.324).Post-hocanalysis

showedthatreactiontimewaslongerintheP5condition(0.87±0.35s)thanINF

(0.74±0.24s,p=0.001),P10(0.75±31s,p=0.001)andN10(0.73±23s,p<0.001).

Additionally,thereactiontimesintheN10conditionweresignificantlyshorterthanN5

(0.78±24s,p=0.020). Weobservedasignificantinteractionbetweenthereaction

timesofcrossingorderandpath(F(2.9,61.33)=5.40,p=0.003,η2p=0.204);the

interactionispresentedinfigure4.8withpathmaineffectsindicated.Thisinteraction

suggestedthattheeffectofcrossingorderwasmorepronouncedinP5withadifference

of0.31sbetweenmeansandlesspronouncedinN5withadifferenceof0.12s.Laterin

theinteractionwedidnotobserveasignificantmaineffectofthecrossingorderatthe

instanceofregulation(p=0.186).Therewasamaineffectofthepathonregulation

time(F(1.92,40.28)=9.75,p<0.001,η2p=0.317),wherepost-hocanalysisshowed

thatintheN5condition(2.49±0.42s)theregulationtimewassignificantlylonger

thanINF(2.28±0.28s,p=0.010),P10(2.29±0.30s,p=0.019),N10(2.36±0.30s,

p=0.046)andP5(2.28±0.28s,p=0.025).Furthertherewerenodifferences(Figure

4.9). Wedidnotobserveaninteractionbetweentheregulationtimesofcrossingorder

andpath(p=0.348).
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Figure4.8-InteractioneffectbetweencurveandcrossingorderonReactiontime. We
plottedthereactiontimespercrossingorderpercurveforobservationalinsightofthe
significantinteractionbetweencrossingorderandcurve. Thecontrol(INF)isgrey,
orangebarsrefertocurveswitha10mradius,bluebarsrefertocurveswitha5m
radius,filledbarsareapproachesfrombehindandstripedbarsareapproachesfromin
front(c.f.,figure4.3).Lightershadedbarsarewhentheparticipantcrossedfirstand
darkerbarsarewhentheparticipantcrossedsecond.Branchedconnectionsgroupand
indicatemaineffectsofcurvetypes.

Withrespecttothe MPD,wedidnotobserveamaineffectofthecrossingorder

onMPD atthetimeofreaction(p=0.080).Additionally,wedidnotobserveamain

effectofthepathonMPDatthetimeofreaction(p=0.558). Weobservedasignificant

interactionbetweentheMPDatreactiontimeofcrossingorderandpath(F(2.48,52.11)

=181.10,p<0.001,η2p=0.896). Thisinteractionsuggestedthattheeffectof

crossingorderwasdependentofvirtualwalkerdirectionofapproach,alargereffectwas

observedwhentheparticipanteithercrossedfirstandthevirtualwalkerapproached

frombehindortheparticipantpassedsecondwhenthevirtualwalkerapproachedfrom

infront(Figure4.10).Further,withrespecttoMPD atregulationtime,wedidnot

observeamaineffectofthecrossingorder(p=0.369). Weobservedamaineffectof

thepathonMPD atthetimeofreaction(F(2.40,50.31)=6.11,p=0.003,η2p=

|

Lynch, Sean. Visual perception of human move m ent during walking task interactions - 2018

134



Results

Figure4.9-Maineffectofcurveonmean(±SD)regulationtime.Branchedconnec-
tionsgroupandindicatemaineffectsofcurvetypes.

0.225).Post-hocanalysisshowedthatP5(1.29±0.32m)wassignificantlylesserthan

INF(1.38±0.27m,p=0.008),P10(1.37±0.31m,p=0.004)andN10(1.39±0.32m,

p=0.049).Therewerenofurtherreporteddifferencesofthe MPDatthefirstinstance

ofregulation(p>0.05).Finally,weobservedasignificantinteractionbetweentheMPD

atregulationtimeofcrossingorderandpath(F(2.48,52.11)=181.10,p<0.001,η2p

=0.896);theinteractionispresentedinfigure4.10withpathmaineffectsindicated.

Similarly,thisinteractionsuggestedthattheeffectofcrossingorderwasdependentof

virtualwalkerdirectionofapproach,alargereffectwasobservedwhentheparticipant

eithercrossedfirstandthevirtualwalkerapproachedfrombehindortheparticipant

passedsecondwhenthevirtualwalkerapproachedfrominfront.
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Figure4.10-InteractioneffectbetweencurveandcrossingorderonMPDatreaction
time(top)andatregulationtime(bottom).Interactioneffectswereplottedpercrossing
orderpercurveforobservationalinsightofthesignificantinteractionbetweencrossing
orderandcurve. Thecontrol(INF)isgrey,orangebarsrefertocurveswitha10m
radius,bluebarsrefertocurveswitha5mradius,filledbarsareapproachesfrombehind
andstripedbarsareapproachesfrominfront(c.f.,figure4.3).Lightershadedbars
arewhentheparticipantcrossedfirstanddarkerbarsarewhentheparticipantcrossed
second.Branchedconnectionsgroupandindicatemaineffectsofcurvetypes
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4.3.4 Crossingdistance

Fromthetotalnumberof3501trails,43trialsshowednoadaptationthatisMPDtcross

didnotdifferfromMPDtsee.Fortheremainingtrials,therewasanavoidancebehaviour,

thedistanceatcrossingwasgreaterthanMPDtsee. Wedidnotobserveasignificant

maineffectofthecrossingorderonthefinalcrossingdistance(p=0.477).However,we

observedamaineffectofthepathcurveonthefinalcrossingdistance(F(1.94,40.66)

=5.87,p=0.006,η2p=0.218).Post-hocanalysisshowedthatP5(1.27±0.33m)was

significantlysmallerthanINF(1.37±0.27m,p=0.004),P10(1.35±0.31m,p=0.002)

andN10(1.38±0.32m,p=0.032).Furthertherewasnosignificantdifferencesofvirtual

walkerpathonfinalcrossingdistance(p>0.05). Further,weobservedasignificant

interactionbetweenthefinalcrossingdistanceofcrossingorderandpath(F(2.08,43.74)

=95.84,p<0.001,η2p=0.204);theinteractionispresentedinfigure4.11withpath

maineffectsindicated.Thisinteractionsuggestedthattheeffectofcrossingorderwas

dependentofvirtualwalkerdirectionofapproach,alargereffectwasobservedwhen

theparticipanteithercrossedfirstandthevirtualwalkerapproachedfrombehindor

theparticipantpassedsecondwhenthevirtualwalkerapproachedfrominfront. We

furtherexaminedthevariabilityofvirtualwalkerpathonfinalcrossingdistance. The

Friedmantestreportedtherewasnosignificanteffectofvirtualwalkerpathonfinal

crossingdistancevariability(χ2(4)=6.309,p=0.177):INF(0.38m),P10(0.39m),N10

(0.32m),P5(0.33m),andN5(0.35m).
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Figure4.11-Interactioneffectbetweencurveandcrossingorderonfinalcrossing
distance.Interactioneffectswereplottedpercrossingorderpercurveforobservational
insightofthesignificantinteractionbetweencrossingorderandcurve. Thecontrol
(INF)isgrey,orangebarsrefertocurveswitha10mradius,bluebarsrefertocurves
witha5mradius,filledbarsareapproachesfrombehindandstripedbarsareapproaches
frominfront(c.f.,figure4.3).Lightershadedbarsarewhentheparticipantcrossed
firstanddarkerbarsarewhentheparticipantcrossedsecond. Branchedconnections
groupandindicatemaineffectsofcurvetypes
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4.3.5 Orientationangle

Weconsideredtheorientationofthevirtualwalkeratbothreactionandregulation

timedevents,weobservedamaineffectofcrossingorderontheangleatreactiontime

(F(1,21)=1204.11,p<0.001,η2p=0.983). Theangleatreactiontimewassignific-

antlysmallerwhencrossingfirst(39.18±19.78°)thancrossingsecond(52.35±16.81°,

p<0.001).Additionally,weobservedamaineffectofpathontheangleatreactiontime

(F(1.17,24.64)=1242.55,p<0.001,η2p=0.983). Wherepost-hocanalysisrevealed

allconditionsweresignificantlydifferentfromeachother(p<0.001).Furthermore,we

observedaninteractionbetweencrossingorderandpathontheangleatreactiontime

(F(1.53,32.18)=25.51,p<0.001,η2p=0.548);theinteractionispresentedinfigure

4.12withpathmaineffectsindicated. Thisinteractionsuggestedthattheeffectof

crossingorderwasmorepronouncedinN10andN5withadifferenceof14.65°and

18.37°,respectively.
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Figure4.12-Maineffectofcurveonangleatreactiontime(top),andinteractioneffect
betweencurveandcrossingorderonangleatreactiontime(bottom).Thecontrol(INF)
isgrey,orangebarsrefertocurveswitha10mradius,bluebarsrefertocurveswitha
5mradius,filledbarsareapproachesfrombehindandstripedbarsareapproachesfrom
infront(c.f.,figure4.3).Lightershadedbarsarewhentheparticipantcrossedfirstand
darkerbarsarewhentheparticipantcrossedsecond.Branchedconnectionsgroupand
indicatemaineffectsofcurvetypes
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Wenormalisedtheanglesatreactiontimewiththemeanangleofthecontroltrial

(INF,45°)fromtheobservedmaineffectsofpath.Themaineffectofcrossingorder

wasstillobserved(F(1,21)=43.13,p<0.001,η2p=0.673),furtherthemaineffect

ofpathwasobserved(F(1.92,40.31)=263.17,p<0.001,η2p=0.926). Post-hoc

analysisshowedthattheabsolutenormalisedanglewasgreaterwhencrossingfirst

(17.62±10.58°)thanwhencrossingsecond(15.19±10.22°).Additionally,theabsolute

normalisedanglesintheP10(13.43±5.83°)andN10(-12.20±7.63°)conditionswere

notsignificantlydifferent(p>0.05),whiletheINF(5.94±1.74°),P5(26.56±7.78°)and

N5(-23.90±9.89°)conditionsweresignificantlydifferentfromeachotherandfromthe

P10andN10conditions(p<0.001);thedifferencebetweenconditionsP5andN5was

closetothesetalpha(p=0.049). Finally,weobservedaninteractionbetweenthe

crossingorderandpathonthenormalisedangleatreactiontime(F(1.96,41.09)=

319.94,p<0.001,η2p=0.938);theinteractionispresentedinfigure4.13withpath

maineffectsindicated. Thisinteractionsuggestedthattheeffectofcrossingorder

wasdependentofvirtualwalkerdirectionofapproach,further,thesizeoftheeffect

ofcrossingorderwasmorepronouncedforN10(14.63°difference)andN5(18.37°

difference).
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Figure4.13-Interactioneffectbetweencurveandcrossingorderonthenormalised
angleatreactiontime. Thecontrol(INF)isgrey,orangebarsrefertocurveswitha
10mradius,bluebarsrefertocurveswitha5mradius,filledbarsareapproachesfrom
behindandstripedbarsareapproachesfrominfront(c.f.,figure4.3).Lightershaded
barsarewhentheparticipantcrossedfirstanddarkerbarsarewhentheparticipant
crossedsecond.Branchedconnectionsgroupandindicatemaineffectsofcurvetypes
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Whenconsideringtheangleatregulationtime,weobservedamaineffectofcrossing

orderontheangleatregulationtime(F(1,21)=1100.25,p<0.001,η2p=0.981).The

angleatregulationtimewassignificantlysmallerwhencrossingfirst(22.30±7.54°)than

crossingsecond(80.98±12.35°,p<0.001).Additionally,weobservedamaineffectof

pathontheangleatregulationtime(F(1.49,31.37)=3.73,p=0.047,η2p=0.151).

Post-hocanalysisshowedthatINF(49.52±29.00°)wassignificantlysmallerthanP10

(51.23±27.47°,p=0.006)andP5(55.10±26.51°,p<0.001),further,P5wassignific-

antlylargerthanP10(p<0.001)andN10(50.22±32.81°,p=0.004). Therewereno

furthersignificantdifferences.Finally,weobservedaninteractionbetweenthecrossing

orderandpathontheangleatregulationtime(F(1.82,38.21)=13.37,p<0.001,η2p

=0.389);theinteractionispresentedinfigure4.14withpathmaineffectsindicated.

Thisinteractionsuggestedthattheeffectofcrossingorderwasmorepronouncedby

thelargerdifferencesbetweencrossingfirstandcrossingsecondforP5(62.52°)and

N5(72.22°).

Figure4.14-Maineffectofcurveonanglereactiontime.Branchedconnectionsgroup
andindicatemaineffectsofcurvetypes
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4.3.6 Questionnaires

TherewerenoreportedcasesofmotionsicknessfromtheKennedy-Lanequestionnaire

frompre-andpost-immersion. Additionally,therewasnosignificanteffectofvirtual

walkerpathonthedistributionofresponsewithregardtothequestionsconcerningmo-

tion,interaction,easeofthetaskandinformationavailability(p>0.05).Openquestion

responsesabouttheinteractionwiththevirtualwalkerandwhatmayhavebeenthe

variablesorresearchquestionsinvolvedinthestudyincludedcommentsof:theability

inthedetectionofcollisions,therelationbetweentheparticipantandthevirtualwalker

trajectories,reactiontiming,thedurationofinteraction,theaccelerationofthevirtual

walker,participantadaptationbehaviour,andthetrajectoryofthevirtualwalker.
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4.4 Discussion

Thepresentstudyaimedtoexaminecollisionavoidancebehaviourwhileinteractingwith

avirtualwalkerthathadaconstantaccelerationandproducedacurvilineartrajectory

incomparisonwitharectilineartrajectorywithconstantspeed. Wedesignedacollision

avoidancetaskwithinvirtualreality,usingarectilineartrajectory,similartoprevious

studies[Olivier2012,Olivier2013,Basili2013,Olivier2017],asacontrolsituation.Fur-

ther,wefocusedoncurvilineartrajectoriesthatintersectedthepathoftheparticipant

perpendicularly,asaninitialstudyofcurvilineartrajectoriesoncollisionavoidancebeha-

viourweusedtrajectorieswithafixedradius.Tothisend,weevaluatedtheinfluence

ofcurvilineartrajectoriesontheadaptationbehaviourandspecificeventtiming,our

analysisfocusedontheminimalpredicteddistanceofclosestapproachbetweentwo

walkers.

4.4.1 Qualitativemotionadaptation

Interactionswithallvirtualwalkerpaths,bothrectilinearandcurvilinear,ledtoqualit-

ativelysimilarmotionadaptions. Outof3501possibletrials,anadaptationoccurred

inalmostalltrials.Foreachconditionofvirtualwalkerpath,thecollisionavoidance

behaviouroftheparticipantpresentedthreedistinctphasesofinteraction:observa-

tion,reaction,andregulation. Observationinfersthattheparticipantswereperceiv-

ingthevirtualwalkerbutnotactingonthepresentedvisualinformation. Duringthe

reactionstage,theparticipants modifiedtheirowntrajectory,increasingtheirpre-

dictedfuturecrossingdistanceofclosestapproachwiththevirtualwalkertoallow

asafecrossing. Oncethefuturecrossingdistanceofclosestapproachhadbeenob-

tainedtheparticipantsbegantheregulationstage,maintainingthepredicteddistance
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ordecreasingitslightlyuntilsafepassage. Thesefindingsaresimilartothoseob-

servedbetweentwowalkershavinglineartrajectoriesinreality[Olivier2012,Olivier2013],

betweenawalkerandawheeledrobot[Vassallo2017,Vassallo2018],andinvirtualreal-

ity[Olivier2017,Lynch2017,Lynch2018]. Thesefindingssuggest,whileinteracting

withavirtualwalkerwithaconstantaccelerationorwithnoacceleration,thecollision

avoidancestrategyisgloballysimilar. Theperceivedaction-opportunitiesaffordedby

futurepredictedcrossingdistanceareobserved,anadaptationisnecessarilymadeand

thetaskisanticipatedwiththeregulationofMPD.

4.4.2 Quantitativemotionadaptation

Crossingdistance. Ourresultsshowedamaineffectofvirtualwalkerpathonthe

finalcrossingdistance;theP5condition(1.27±0.33m)hadasignificantlysmallerfinal

crossingdistancethanINF(1.37±0.27m),P10(1.35±0.31m)andN10(1.38±0.32m).

Weadditionallyconsideredthevariabilityofthefinalcrossingdistance,ifacondition

wasdifficulttoperceivetheexpectedvariabilitywouldhavebeenlarger. However,

weobservednosignificantdifferencesofvirtualwalkerpathonfinalcrossingdistance

variability.

Thefinalcrossingdistancesreportedherearelargerthanthosepreviouslyreported

invirtualreality[Olivier2017,Lynch2017,Lynch2018]andfurtherlargerthanthose

observedinreality[Olivier2012,Vassallo2017,Vassallo2018]. Whencomparingour

controltrialexperimentalsetuptothosepreviouslyreported,wemayhypothesisethat

thecorridor,whichwasusedforocclusionpurposesinthisstudy,mayhaveinfluenced

theavoidancebehaviour.Thesefindingsfurthersupportthatparticipantsperceivedthe

differencesofvirtualwalkerpathandsuccessfullyadaptedtheirtrajectoriestoavoid

collisions.Indeed,thefinalcrossingdistanceofP5wassignificantlysmallerthanINF,

P10andN10. Howeverthisdistancedidnotresultinacollision. Overalltherewere
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fewcollisionsreported,fromthetotalnumberofcollisionstheP5conditionreported

significantlymorethanINF.Fromthesefindings,wecansummarisethatwhenthe

virtualwalkerfollowsacurvilineartrajectorywitha5mradiusandapproachesfrom

behindtheparticipant,theoverallavoidancebehaviourproducesasmallercrossing

distanceandanincreasedprobabilityofacollision. WemayhypothesisethatfortheP5

conditionparticipantsmayhaverequiredmoretimetoperceivethetaskorconversely,

perceivedthetaskwassolvedsooner,andpotentiallyincorrectly.Ouranalysisincluded

theevolutionofMPDandthetimingofspecificeventsduringtheinteraction,thuswe

discussthedirectionofthisobservedeffectlater.

Crossingorderinversions. Whenconsideringinversionsoftheinitialcrossingorder,

ourresultsshowedaneffectofpath.Similartoinvestigationsinvolvingawheeledrobot

[Vassallo2017]andwithinvirtualreality[Lynch2017],weobservedinversionsranging

from3%to20%.Fromourresults,INFhadtheleastreportednumberofinversions

andwassimilartopreviousstudies[Lynch2017],whereasN5hadthegreatestnumber

ofinversions.

Inarectilinearsettingbetweentwowalkersinreallife,noinversionhasbeenreported

[Olivier2012,Olivier2013],thecrossingorderthatwaspresentatMPDtseewasmain-

tainedbybothwalkers.Theroleofaninversionwaspreviouslyinterpretedasanextreme

behaviouralresponseforthepreservationofpersonalspacefromphysicaldangerasitis

inefficientintermsofenergy[Vassallo2017],howeverecologicalstudiesthroughvirtual

realityreducesthephysicaldanger.Therefore,theinversionofcrossingorderwaslater

attributedtotheunderpinningnonverbalsocialcommunicationcuesthatmayaidethe

maintenanceofcrossingorderafterMPDtsee[Lynch2017]. Thenumberofinversions

werelaterreducedwhenwalkersinteractedwithawheeledrobotthatcollaboratedin

thecollisionavoidancetask[Vassallo2018]. Although,thesefindingswerenotrepro-

ducedforvirtualwalkersthatcollaboratedinthetaskwithandwithoutgazingbehaviour

[Lynch2018].
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Ourresultshadasimilarrangeofinversionstothosepreviouslyreported[Lynch2017],

thepresenceofinversionsinourstudyandtheiragreementtopreviousstudiesevid-

encestheaccuracyofperceivingthesituation.Further,thereportednumberofinver-

sionsbetweenconditionsINF,P10,N10andP5suggeststhatcrossingordersinthese

conditionswereeasilyperceivedandaffordedsimilaravoidancebehaviours. However,

conditionN5hadsignificantlymoreinversions. Thisresultsuggeststhatparticipants

eithermoreeasilyperceivedthetrajectoryandadoptedanavoidancebehaviourasto

passbehindthevirtualwalker,ortheyrequiredalongerdurationtoperceiveandadapt

tothevirtualwalker’strajectorytoensuresafepassage. Wefurtherdetailanddiscuss

thetimingofeventsduringtheinteractioninthefollowingsections.

MPDevolution. Wecomparedtheevolutionof RMPD andCMPD overnormalised

time,whichwastheinteractionstageofthecollisionavoidancetaskbetweenMPDtsee

andMPDtcross.Forthisanalysis,thelimitednumberoftrialsthatreportedacollision

oraninversionwereexcluded,wheregenerallyatrialwithacollisionoraninversion

suggeststhatthecharacteristicsoftheinteractionwerenotwellperceived. Wherethis

analysiswastospecificallycomparethepertinenceandevolutionofMPDforsuccessful

trialsonly. TheevolutionofCMPD showedsignificantdifferencesforpathswitha

radiusof5mwhencomparedtoRMPD.TheCMPD forP5wassignificantlydifferent

fromRMPD after39%oftheinteractionnormalisedtime,participantsadaptedtheir

trajectorythatresultedinalessgradualincreaseofCMPD. Theobserveddifference

wasnolongerpresentafter65%ofthenormalisedtime.Additionally,theCMPD for

N5wassignificantlydifferentfromRMPD after46%ofnormalisedtime.Participants

followedatrajectorythatresultedinalessgradualincreaseofCMPD thanRMPD,which

laterresultedinasmallercrossingdistancewhenconsideringtrialswithoutchangesin

thecrossingorder.Theseresultssupportourhypothesis,atrajectorywithaconstant

accelerationthatfollowsapathwitha5mradiusperturbedcollisionavoidancebehaviour

whencomparedtoatrajectorywithoutacceleration.However,thiswasonlytruefor

a5mradius;therewasnosignificantdifferencefortheconstantaccelerationofa

|

Lynch, Sean. Visual perception of human move m ent during walking task interactions - 2018

148



Discussion

10mradiustrajectoryfromtherectilineartrajectory. Thissuggeststhataconstant

accelerationwasmoredifficulttoperceivefora5mcurvedtrajectory.However,from

theobservedsimilaritiesintheevolutionofMPD curves,wehavedemonstratedthat

MPDisapertinentaffordanceofconstantspeedandconstantaccelerationtrajectories

forcollisionavoidancetasks.

Timing. Allpathspresentedthethreedistinctphasesofcollisionavoidancebehaviour

duringtheevolutionofMPD,observableinfigure4.7.Previousstudiescharacterisedthe

evolutionofMPDbycomputingitstimederivative,identifyingachangeofsignofthe

MPDtimederivativeandlatercomparingthecorrespondingMPDvalues[Olivier2012,

Lynch2017]. Toelucidatethethreestagesoftheinteraction,wesetathresholdof

absoluteMPD differencegreaterthan0.15m,fromMPDtseeforreactiontime(i.e.,

terminusofobservationstage)andfromMPDtcrossforregulationtime,thatlasted

for1.5s. WeselectedathresholdofabsoluteMPD as0.15masthiswaswithinthe

previouslyreportedstandarddeviationatthetimeofregulation[Olivier2012].Theset

thresholdwasfurthervalidatedbyobservingthedifferencebetweenregulationtimeand

totalduration,thetimeofregulationwasrecordedapproximately0.8sbeforecrossing,

whichwassimilartopreviousfindings[Olivier2012]. WeobservedthatP5hadalonger

periodofobservationthanINF,P10andN10. Additionally,N5hadasignificantly

longerperiodofobservationthanN10.Further,weinterprettheinstanceofrecorded

regulationasthecombinationoftheobservationandadaptationstages;aftertheinstant

ofrecordedregulation,nofurtheradaptationofMPD greaterthanthethresholdof

0.15mwasobserved.

Fromourresults,weobservedamaineffectofpath;N5hadalaterregulationtime

fromallotherconditions. Whenconsideringthedifferencesbetweenreactiontimeand

regulationtimewecansummarisethatP5requiredlongerperiodsofobservationfor

visualinformationpickupandhencedelayedtheironsetofadaptation,however,the

avoidancebehaviourduringthereactionstageofP5wassolvedsoonerandthefinal

crossingdistancewasshorter. Contrarily,N5wasnotsignificantlylongerthanINF
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duringtheobservationperiodbuthadalaterregulationtime;N5wasinitiallyperceived

similarlytoINF.However,N5requiredmoretimetoreachacomfortableregulation

distance,althoughthisdidnotinfluencethefinalcrossingdistance. Thesefindings

supportourhypothesis,wherethereactiontimefortheP5conditionsuggeststhat

theconstantaccelerationisinitiallypoorlyperceived.Further,thelongerdurationof

adaptationandlaterregulationtimeofN5suggeststhattheconstantaccelerationwas

incorrectlyperceived.

Fromtheobserveddifferencesofeventtiming;P5hadalongerperiodofobservation

thanINF,andN5requiredmoretimebeforearegulationdistancewasobtained. We

consideredtheadditionalanalysisofCMPD fromRMPD andtheorientationofthevirtual

walkerateachrespectivelytimedevent.Itallowsfortheinferenceofvisualinformation

presentedtotheparticipant. Overall,therewasnomaineffectofpathonMPD at

reactiontime,thelongerdurationofobservationforP5didnoteffectthepredicted

futurecrossingdistance.However,thelongerobservationandtheshorteradaptation

durationthatproducedthesimilarregulationtimeofP5fromINFhadinfluencedthe

predictedfuturecrossingdistanceatthetimeofregulation. TheshorterMPD at

regulationisfurtherobservedbytheshorterfinalcrossingdistanceofP5.Contrarily,N5

hadasimilardurationfortheobservationalstageoftheinteractionandtooksignificantly

longerduringtheperiodofadaptationthatproducedasignificantlylongerregulation

timeofN5fromINF.However,thelongeradaptationdidnotsignificantlyeffectMPD

atregulationtimeorthefinalcrossingdistanceofN5fromINF.

Orientationangle.Whenconsideringtheorientationofthevirtualwalker,ourresults

showedthatthenormalisedabsoluteangleforP10andN10weresimilar.Participants

begantheiradaptationswiththesamekindofvisualinformationfromthevirtualwalker.

ThesignificanteffectfromalongerreactiontimeforP5canalsobeobservedinthe

absolutenormalisedorientationofthevirtualwalkeratreactiontime,P5wassignific-

antlydifferentfromINFandN5.However,thedifferencebetweenP5andN5trended

towardsnotbeingsignificantlydifferent(p=0.049).Consideringthis,wemaysuggest
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thatparticipantsbegantheiradaptationswithasimilaramountofvisualinformation

fromthevirtualwalkerfollowingatrajectoryfixedtoa5mradiusindependentofthe

directionofapproach. Similarly,theorientationofthevirtualwalkeratthetimeof

regulationwassimilarbetweenP5andN5andsimilarbetweenP10andN10.Further

suggestingthatindependentofthedirectionofapproachthesamekindofvisualin-

formationwasusedtodeterminearegulationtimeforeachcurvesize.Thesefindings

areinterestinginthatthesamekindofvisualinformationmaybeusedfordecision

makingbetweenadaptationstages. However,ourfindingsstillreportdifferencesof

finalcrossingdistanceandthetimingofadaptations.

Wehypothesisethatthereporteddifferencesmayhavebeeninfluencedbythedirection

ofapproachofthevirtualwalker.Ithasbeenreportedthatpersonalspaceisasymmetric

betweentheanterior-posteriorandmediolateralaxis[Gérin-Lajoie2005],whichhasbeen

discussedforitsinfluenceofriskbeingsmallerwhencrossingfirstandlargerwhen

crossingsecond[Olivier2013].Fromtheinteractioneffectsoffinalcrossingdistance

andthenormalisedorientationangles,wecanobservetheamountofvisualinformation,

andthefinalcrossingdistancewasinfluencedbythedirectionofapproachofthevirtual

walker.

4.4.3 Rectilinearvs.curvilinear

Thefindingsofthisstudyevidencethatparticipantssuccessfullyperformedacollision

avoidancetaskwheninteractingwithavirtualhumanwalkingwitharectilineartrajectory

ofconstantvelocityandacurvilineartrajectoryofconstantacceleration.Thisisfurther

confirmedbytheendofexperimentquestionnairethatparticipantsfilledoutconcerning

thevirtualwalker’smotion,theinteractionwiththevirtualwalker,theeaseofthetask,

andopenquestionresponsesthatoftenreferredtothevirtualwalker’strajectory.
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Theabilitytosuccessfullydetectcurvilinearpathshaspreviouslybeendemonstrated

duringinterceptiontasks[Bastin2006b,Bosco2012]andthesecapabilitieshavebeen

presentedinpartialocclusionparadigms(see[DelleMonache2015]forareview).How-

ever,toourknowledge,thisisthefirststudythathasconsideredtheinteractionof

curvilinearpathsbetweentwowalkersduringacollisionavoidancetask.

Boscoandcolleagues[Bosco2012]studiedtheintegrationofdifferentinformationpro-

cessinginthecontrolofaninterceptionactionofcatchingaballthatfollowedaparabolic

flightpath. Withintheirexperimentaldesignparticipantsinterceptedafly-ballusinga

computermouseandfollowedthetrajectoryonacomputermonitor. Thetrajectory

waseithercontinuallypresentoroccludedshortlyaftermaximumheightwasachieved.

Additionally,theflightpathwasperturbedduringthedecent. Therepeatedmeas-

uresmixeddesignallowedforthecomparisonbetweenprospectivevisualcontroland

predictivecapabilities[Bosco2012]. Theirfindingsshowedthatparticipantsreliedon

acombinationofprospectiveandpredictivecontrolwhenvisualstimuliareconstantly

present,andreliedmoreonpredictivemechanismswhenthestimuliwereoccluded.Par-

ticipantshadincreasedinterceptionerrorswheninitiallyinteractingwithperturbedand

occludedflighttrajectories.However,animplicationofthisstudywastheinteraction

throughacomputermonitorandmouse,thefinalpositionofthemousecursorcould

havebeenspecifiedpriortointerceptiontiming.

Ourfindingsareinagreement,participantsreliedonacombinationofbothprospect-

iveandpredictivecontrolwhencompletingthecollisionavoidancetask.Indeed,our

experimentalsetupwasnotdesignedtoelucidatedifferencesbetweenprospectiveand

predictivecontrol. However,theevolutionofMPD andthedistinctionofthethree

stagesoftheinteractionsupportthehypothesisthattheinitialstagesoftheinterac-

tionarepredicted. Moreover,thecompletionofadaptationbeforecrossingandthe

presenceofaregulationstagesuggeststhatthecompletionofthetaskwasanticip-

ated.Futureworkwouldbetoconsideratemporalocclusionparadigmduringacollision

avoidancetasktoinvestigatethepredictiveaspectofthecontrol.
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Similartoourexperimentaldesign,Bastinandcolleagues[Bastin2006b]conductedan

interceptiontaskofaballthatfollowedarectilinearorcurvilineartrajectoriesbasedon

5and10mradiuscurves.Further,thedistanceatwhichtheballinterceptedthepath

oftheparticipantwasoffset,soparticipantswererequiredtoaccelerate(1m),maintain

aconstantspeed(0m)ordecelerate(-1m)tosuccessfullyintercepttheball.Intheir

design,allballtrajectoriesoriginatedfrominfrontoftheparticipantandapproached

fromtheright. Participantswereattachedtotheframeofthetreadmillinorderto

confinemotionadaptationtowalkingvelocity[Bastin2006b]. Thefindingsoftheir

studyshowedanabilitytoperceiveandinterceptaballthatfollowedarectilinearor

curvilinearpathwithonlyadaptationstowalkingvelocity.Moreover,theirresultsshowed

thataconstantbearinganglestrategycouldexplaindisplacementadaptationsduringan

interceptiontask;participantsprospectivelycontrolledtheiractionsbymaintainingan

invariantbearingangle[Bastin2006b].Bastinandcolleagueslaterconfirmed,usingthe

sameparadigm,theconstantbearingstrategyaccountedfortheeffectofcurvature.

Moreover,thewalkingspeedofparticipantswasalsoeffectedbycurve.[Bastin2008].

Wehavedemonstrated,foracollisionavoidancetask,thatindeedcurvilineartrajectories

arewellperceived. Wehavefurthershownthatthetaskcanbepredictedinadvance

andisanticipatedbeforecrossing. Withinourstudy,wedidnotconsiderthebearing

angleoftheparticipantduringtheinteractionortheconstantbearingangletheory.

Consideringtheconsistencyoftheorientationanglesreportedhere,itwouldsuggest

thataconsistentthresholdofbearinganglemayhavebeenavisualcueforeffective

decisionmaking.Furtherworkcouldconsidertheroleofbearingangleinthedetection

anddecisionmakingprocessofcollisionavoidancebehaviourincurvedpaths.Asthe

rateofchangeofbearinganglehaspreviouslybeenevidencedasapotentialvision

basedmodelwithtime-to-contactinformationforcollisionavoidanceinawalkingtask

[Ondřej2010]. Moreover,similarto[Bastin2008]wecouldinvestigatetheeffectof

opticalexpansionduringacollisionavoidancetask.
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Finally,Olivierandcolleagues[Olivier2012]proposedMPDtodescribecombinedinter-

personalinteractionsduringcollisionavoidance.Thelinearextrapolationofinstantan-

eousspeedandorientationtoafuturecrossingpointbetweentwowalkersrepresents

thefuturedistanceofclosestapproachifnoadaptationisperformed.MPD quanti-

fiesthenotionofriskofcollision,adaptationsofMPD indeedoccurwhenthereisa

riskoffuturecollision[Olivier2012]. Wheretheadaptationstrategyisperformedby

anticipation[Olivier2012]andfurtherdependsonthecharacteristicsoftheinteraction;

previousworkshaveconsidereddifferentanglesofintersectionwithrectilinearpaths

[Huber2014]. Withinourexperimentaldesign,weconsideredanadaptationofMPDfor

curvilineartrajectoriesofafixedradiustoexpresstheinteractionbetweentwowalkers.

Ourresultsshowedqualitativelyandquantitativelythatparticipantspredictedfuture

crossingdistancesandsuccessfullyperformedavoidancebehaviours,further,ourresults

showedthattheinteractionwithcurvilineartrajectoriesisperformedbyanticipation.

4.5 Limitations

ALimitationofourexperimentaldesigncanbeobservedinthereportedcrossingdis-

tances. Weusedapassivevirtualwalkerasthisallowedformorecontrolandstand-

ardisationoftheconditionsthatparticipantswereexposedto.Previousstudieshave

reportedanincreaseoffinalcrossingdistances,andtheobserveddifferenceswereattrib-

utedtothepassivebehaviourofthevirtualwalkerorrobot[Olivier2017,Lynch2017,

Vassallo2017].Inreality,acollaborativeavoidancebehaviourfromawheeledrobot

significantlyreducedthefinalcrossingdistance[Vassallo2018].However,theseobser-

vationswerenotconsistentforcollaborativevirtualwalkers[Lynch2018]. Therefore,

whileparticipantswereinformedofthevirtualwalker’spassivityandshouldnotex-

pectcooperationduringthecollisionavoidancetask,thisstillmayhaveledtoanover

adaptationintheavoidancebehavioursoftheparticipants.
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Whiletheincreasedcrossingdistancecanindeedbeattributedtothepassivenature

ofthemotionofthevirtualhumanaswellasthechangeindepthperceptionwithin

virtualreality,ourreportedcrossingdistanceswerelargerthanthosepreviouslyrepor-

tedforpassivevirtualwalkers[Lynch2017,Olivier2017,Lynch2018]. Theseobserved

differencesmaybeattributedtotheuseofanocclusioncorridorasopposedtoanopen

floorplanwithoccludingwalls[Olivier2012,Olivier2013,Olivier2017,Lynch2017].The

occlusioncorridorallowedformorecontrolandstandardisationoftheinstantwhenboth

walkerswerevisible(MPDtsee).Indeed,wecouldhavemaintainedasimilarparadigm

topreviousstudies. However,itwouldbenecessarytoshifttheorientation,sizeand

positionoftheoccludingwallsforeachcondition,whichcouldprovidecuestothe

identificationofconditions. Alternatively,wecouldhavedesignedtheexperimentso

thatthevirtualwalkerappearedataspecifiedlocation;however,thiswouldlimitthe

ecologicalvalidityoftheinteraction.

Finally,weinitiallystudiedtheeffectsoffixedradiicurvilinearpathsoncollisionavoid-

ancebehavioursimilartopreviousstudiesthatinvestigatedtheabilitytointercept

objects[Bastin2006b].However,whenconsideringobservedtrajectoriesinrealityand

virtualrealityforgoal-orientedtasks[Hicheur2007,Cirio2013]andballflighttrajector-

ies[Bosco2012,Craig2006],theobservedtrajectoriesarenotnecessarilyuniformwith

afixedradialcurve. Whenconsideringthefixedcurvetrajectoryincombinationwith

thepassivebehaviourofthevirtualwalker,thesetwolimitationsmayhaveresultedin

poorerecologicalvalidityandreducedthesenseofpresence.Futureworkshouldinclude

themeasureofthesenseofpresencetodeterminewhetherornottrajectorieswitha

constantaccelerationreduceorpossiblyincreasethesenseofpresence.
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4.5.1 Conclusion

Thisstudyinvestigatedtheinfluenceofapassivevirtualwalker’srectilinearandcur-

vilineartrajectoryoncollisionavoidancebehaviour. Weshowedthatthenatureof

informationfromthevirtualwalker’spathindeedaffectedthefinalcrossingdistance

andthestagesofMPDevolution.However,theseinfluenceswereonlyobservedwhen

thevirtualwalkerfollowedatrajectorywitha5mradiuscurve.

Whenthevirtualwalkerapproachedfrombehindtheparticipanthadalongerperiod

ofobservation,butthedurationofadaptationwasshorter,whichresultedinashorter

finalcrossingdistance.Conversely,whenthevirtualwalkerapproachedfrominfrontof

theparticipantthedurationofobservationwassimilartoarectilinearpath;howeverthe

durationofadaptationwaslonger.Thelongerdurationofobservationandadaptation

didnotinfluencethefinalcrossingdistance.

Qualitatively,allexperimentalconditionsreproducedsimilarmotionadaptations;parti-

cipantsanticipatedtheinteractionthroughobservation,reactionandregulation.From

thesmallnumberoftrialsthathadareportedcollisionorinversion,P5hadthegreatest

numberofcollisions,andN5hadthegreatestnumberofinversion.Therewerenosig-

nificanteffectsofa10mcurvilinearpathonthenumberofcollisionsorinversionsfrom

thecontrolcondition.

Fromthesefindings,wecanconcludethataconstantaccelerationfroma5mradius

curvedpathperturbedcollisionavoidancebehaviour. However,thiswasnottruefor

the10mradiuscurve.However,whenMPDaccountsfortheconstantaccelerationof

afixedradialcurve,theevolutionofthetaskissolvedwithqualitativelysimilaradapt-

ations.Thissuggeststhatthefutureriskofcollisionwaspredictedearlyininteraction

andwaslaterprospectivelycontrolledandanticipatedduringafinalstageofregulation

beforecrossing.Thisstudyoffersafirstattempttoinvestigatehowanobserverinter-

pretsthetrajectoryofanotherwalker. Herewehavediscussedaprospectivecontrol
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thattakesintoaccountacceleration,whichappearstobeagoodcandidatetomodel

thesituation.Futureworkisneededtoconsideralternativelyacceleratedtrajectories,

forexample,additionalconstantaccelerationsfromdifferentlysizedradiuscurves,and

thepresenceofaccelerationinrectilinearconditions.
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Figure5.1-Thirdpersonperspectiveofparticipantsnavigatingthroughavirtualen-
vironment;maleparticipantinteractingwithoutgaze(left,redcircle)andfemaleparti-
cipantinteractingwithgaze(right,orangecircle).

5.1 Objectivesandcontributions

Thisstudyinvestigatedtheinfluenceofgazebehaviouronacollisionavoidancetask

betweenarealhumanandavirtualhumancharacter.Incontrastwithpreviousworks,

wefocusedontheeffectofgazeonthekinematicsofinteractionswithtwoquestions

inmind. Wouldthepresenceorabsenceofgazeinterceptionchangethekinematicsof

collisionavoidancebetweentwowalkers?Andbyextension,asVirtualRealityistoday

usedtostudylocomotionandinteractions[Bruneau2015,Lynch2017],isitimportantto

correctlycontrolvirtualcharacters’gazebehaviourssoastonotbiastheexperimental

dataacquiredthisway?

Toanswerthesequestions,weaskedparticipantstoperformatrajectoryinavirtual

environmentandcontrolledavirtualcharactertocrosstheirpath.Amongtrials,the

characterwouldpresentavaryingriskofcollisionwiththesubject,thecharacterwould

gazeornotatsubjects,andthecharacterwouldperformornotavoidancemanoeuvres.

Weassumedthatthepresenceortheabsenceofgazeinterceptionduringthenegotiation

ofcollisionavoidancewillhaveaneffectonthetrajectoriesperformedbyaparticipant

toavoidavirtualcharacter. Thefirsthypothesis(H1)isthattheabsenceofgaze
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interception(i.e.,duetothecharacternotgazingatthesubject)mayresultintolarger

avoidancemanoeuvresbytheparticipant,whodoesnotexpectcollaborationtosolvethe

task.However,theabsenceofgazecanbecompensatedbythepresenceofavoidance

manoeuvresperceivedinthemotionofthecharacter. Whichofthesetwovisualcues

playsthegreatestrole?Thesecondhypothesis(H2)isthatifthegaze-relatedvisualcue

playsnoimportantroleintheinteraction,thedistanceofcrossingwillnotbeimpacted

bythegazefactor(thesubjectcontrolstheirtrajectoryaccordingtotherelativemotion

ofthecharacter,whateverthegazebehaviour).Afinalhypothesis(H3)isthat,when

someincongruentstimulusisdisplayed,i.e.,whenthecharacterlooksattheparticipant

butdoesnotavoidthem,wemayobservealackofavoidancebytheparticipantwho

shouldexpectcollaboration(andthus,potentialcollisionorabnormallylowcrossing

distances).

Thecontributionofthisworkistodemonstratethat,inthesimplekindofsituation

weconsidered,thelocomotionofvirtualcharactersprovidedsufficientinformationfor

participantstocontroltheirownmotion.Thepresenceorabsenceofgazeinterception

didnotaffecttheirmotion.Thisresultisdetailedinthenextsections.

Figure5.2-Participantsnavigatedfromtheredcircletothegreencylinderusinga
joystick,avoidinggendermatchedvirtualcharacters.
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5.2 Method

5.2.1 Participants

Seventeenhealthyparticipants(12males,5females),aged24.6±2.9years(mean±SD)

volunteeredforthisstudy. Writteninformedconsentformswereobtainedpriortothe

experimentationandthestudystandardswereinaccordancetotheDeclarationof

Helsinki.

5.2.2 Task

Participantswereimmersedinavirtualenvironment(Figures5.1and5.2)andaskedto

navigatefromtheirinitialposition(redcircle)toagoalposition(greencylinder)using

ajoystick.Theapparatuswasthesameastheoneusedin[Olivier2017,Lynch2017];

participantswereimmersedina20m2virtualroom,usinga9mwide,3mhighand

3mdeepComputerAssistedVirtualEnvironment(CAVE)equippedwith13projectors

with15MPixelsresolutionintotal.Characteranimationandthe3Denvironmentwas

designedusingUnitygameengine,multi-surfacerenderingwasperformedbyMiddleVR,

andactivestereoscopywasachievedusingVolfonyActiveEyesProRadiofrequencywear-

ableglassesthatweretrackedbya16cameraARTtrackingsystem.Userstartingpos-

itionwaslocated9.5mfromthecentreoftheroom(Figure5.2,redcircle).Participants

wereinstructedtoavoidpotentialcollisionswithavirtualcharacterthatwouldappear

intheirpathwhilstadvancingtowardstheirgoal,located19moppositetheirstarting

position. Tolimitanygendereffectintheinteraction,femaleandmaleparticipants

wereinteractingrespectivelywithfemaleandmalevirtualcharacters. Thecharacter

movedalongatrajectoryperpendiculartoparticipants’owntrajectory. Wesetocclu-
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sionwallsintheenvironmenttocontrolthemomentatwhichparticipantscanperceive

thecharacter(tsee).Thisallowedparticipantstoreachabaselinesteadystatespeed

(1.4m.s−1),whichresemblesatypicalnormativehumanwalkingspeed[Bohannon1997],

beforetheinteractionandbeforebeingabletoadapttheirspeedandtrajectoryusingthe

joystick.Thelongitudinalaxisofthejoystickcontrolledspeedlinearlyfrom0.8m.s−1to

2.0m.s−1,andthelateralaxiscontrolledangularrotationspeedlinearlyfrom-25deg.s−1

to+25deg.s−1[Olivier2017,Lynch2017,Bruneau2015].

5.2.3 ExperimentalDesign

Followingourhypotheses,twomainfactors,namelygazewithheadrotationbehaviour

andthereciprocalavoidancebehaviourofthevirtualcharacter,weremanipulatedinour

study.Eachfactorhastwolevelsdescribedbelow:

1)GazeBehaviour:ForthefirstlevelNoGaze(NG),thevirtualcharacterdoesnot

lookattheparticipantbutstraightahead,asastereotypicalinterfererthatdoesnot

formulatesocialinteractionswiththeagent.Forthesecondlevel,Gaze(G),thevirtual

characterlooksattheparticipant. Moreprecisely,thecharacterfirstlooksahead,then,

0.2safterMPDtsee,itdirectsitsgazetotheheadofparticipants. During1.5s,the

characterfixatesontheparticipantbeforereturninggazetowalkingdirection. Gaze

behaviourisperformedbyanimatingeye,headandneckcomponents(throughhead

andshoulderrotation)ofthevirtualcharacter,basedonpreviousworkof[Grillon2009].

2)AvoidanceBehaviour:ForthefirstlevelNoAvoidance(NA),thevirtualcharacter

maintainedastraightpathtowardsitsgoalataconstantspeed.Forthesecondlevel

Avoidance(A),thevirtualcharacteradapteditspathtoensureasafepassageatthe

futurepredictedcrossingpointusingtheRVOalgorithm[VanDenBerg2011].

Wecombinedthesetwofactorssothatwehadthefollowingconditions:NoGaze+
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NoAvoidance(NGNA),NoGaze+Avoidance(NGA),Gaze+NoAvoidance(GNA),

Gaze+Avoidance(GA).

Inthisstudy,thevirtualcharacterwouldadvancefromtheagent’soccludedrightor

left. Wecontrolledthepotentialdangeroftheinteractiontoassesswhetherthegaze

behaviourhadaneffectontheperceptionofthesituation.Thefutureriskofcollision

wascomputedusingthe MinimumPredictedDistancevariable(MPD)aspreviously

definedby[Olivier2012].Itwassetatthebeginningoftheinteractionbycontrolling

participant’sbaselinespeedandheadinguntiltsee,andfurthercontrollingthestarting

positionofthecharacter,whichhadthesamebaselinespeedastheparticipantand

aconstantheading[Olivier2012].Bothparticipantandvirtualcharacterwerelocated

9.5mfromtheintersectionpoint,atconstantheadingandvelocitybotharriveatthe

sameinstant.Forourexperimentalconditions,weoffsetthestartingpositionofthe

character,inplaceofoffsettingthestartingtime.Atotalof5futurecrossingdistances

computedattsee(MPDtsee)werechosen,varyingtheinitialriskofcollisioninthe

interaction;2highriskdistances,whereacollisionwouldoccurifnoadaptationis

implemented(0.1and0.3m),anintermediarydistance(0.6m)thatwouldrequireno

adaptation,whatisactuallyobservedbetweentwopedestrians,butaninversionis

reportedwhileinteractingwithrobotsandvirtualcharacters[Vassallo2017,Lynch2017],

andfinally2lowriskdistances,wherenocollisionwouldoccurifnoadaptationis

implemented(0.9and1.2m).Furthermore,wecontrolledtheinitialcrossingorderat

tseewherethevirtualcharacterwouldpasstheparticipanteitherinfront(MPDtsee<0)

orbehind(MPDtsee>0)attheserandomisedriskofcollisiondistances.

Eachparticipantperformed80randomisedtrials(4behaviourresponses×2crossing

sides(left-right)×5MPD×2crossingorders). Attheendoftheexperiment,we

askedparticipantstoreportwhichparameterstheythoughtweevaluatedduringthis

study. Wealsocollectedself-reportedfeedback. Thedurationoftheexperimentper

participantwasonehour.
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5.2.4 Dataanalysis

Post-processingoftrajectoriesandtheinteractionresponseoftheparticipantwasper-

formedusingcustomisedMATLABscripts(Mathworks2015b). Thedependantvari-

ableswere:finalcrossingdistance,numberofcollisions,andnumberofinversionsof

initialcrossingorder. Wherecrossingdistancewastheshortestdistancebetweenthe

participant’sandthecharacter’scentres,collisionoccurredwhencrossingdistancewas

lessthanthesumofbothparticipant’sandcharacter’sradii,andcrossingorderwas

classifiedastheparticipantpassingthecharacterfirstorsecondandaninversionwasa

changefrominitialorder(initialorderisestimatedbyalinearextrapolationoftraject-

oriesbasedontheinitialpositionsandvelocities).MPD evolutionovertimewasalso

computedandwasnormalisedtotheperiodofinteraction,thatis,fromMPDtseeto

MPDtcross(i.e.theinstantwhenthecrossingdistanceisminimal).

AKolomogorov-Smirnovtestdeterminedwhetherdatafollowedanormaldistribution.

Incongruencewiththeaimofthisstudy,NAandAbehaviourswereconsideredsep-

arately,focusingonaneffectofgazebehaviours.Sincedatawerenotnormallydis-

tributed,weevaluatedthiseffectusing Wilcoxon’ssigned-ranknon-parametrictest.

Weperformedthiscomparisonconsideringallthetrialsforeachconditionofgaze/a-

voidancebutalsoseparatelywithrespecttoMPDtseevalues,definingtheinitialriskof

collisionintheinteraction. Wesetthelevelofsignificancetoα=0.05andwereported

medianvalues.Finally,wecomparedtheevolutionofMPDusingstatisticalparametric

mapping(SPM,[Friston2007]).
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5.3 ResultsandDiscussion

5.3.1 Collisions

Table5.1-TotalpercentageofcollisionsobservedforeachMPDtseevalues(inmeters)
withrespecttotheconditionsofgazeandavoidance:Gaze+NoAvoidance(GNA),
NoGaze+NoAvoidance(NGNA),Gaze+Avoidance(GA),NoGaze+Avoidance
(NGA)

First,weinspectedthepresenceofcollisionsbetweentheparticipantsandthevirtual

character. Amongallofthe1360trialsperformedbyallparticipants,thecollision

avoidancetaskwassuccessfullyperformed:therewasatotalof14collisionsbetweenthe

characterandtheparticipant,meaningthatonly1%ofthetrialsperformedpresented

acollision.Figure5.1illustratesthepercentageofcollisionsobserveddependingonthe

MPDtseevaluesaswellastheconditionsofgazeandavoidance.Obviously,nocollision

wasobservedintheavoidanceconditionsincetheRVOnavigationalgorithmprevented

thecharacterfromcollidingwiththeuser. CollisionswereobservedonlyintheNo

AvoidancetrialswhereMPDtseerangedfrom-0.6mto0.3m.
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Therewasnosignificanteffectofthevirtualcharactergazebehaviour(p>0.05)neither

inNAnorinAconditionswhenconsideringthenumberofcollisionsperparticipantforall

trials(medianvalue:GNA=0%andNGNA=0%,GA=0%andNGA=0%)orseparately

foreachMPDtseeconditions(i.e.,definingtheinitialriskofcollision).

Theseresultsarenotinaccordancewithhypothesis(H3).Indeed,intheGNAcon-

dition,wehypothesisedthatthevirtualcharactergazewouldletparticipantsexpect

collaborationintheavoidancetaskwhilethereisnot.Assumingcollaboration,thepar-

ticipantwouldnotadaptthetrajectoryenoughtoavoidthecharacter,resultinginto

morecollisions. Comparisonsbetweengazeandnogazeconditions(resp. GNAand

NGNA)shownosignificantdifferenceinthenumberofcollisions.Therefore,therewas

almostnoambiguityintheinterpretationofthevirtualcharactertrajectorywhatever

thegazeconditions,allowingsafecrossingseveninmostsituationswithoutavoidance

strategybeingimplementedbythevirtualcharacterwheretheinitialriskofcollision

washigh(-0.3m<MPDtsee<0.3m).

5.3.2 InversionsofCrossingOrder

Second,weexploredinversionsofthecrossingorderbetweentheparticipantandthe

virtualcharacter.Amongallofthe1360trials,165trialspresentedaninversionofthe

crossingorder(i.e.,12%intotal).ThepercentageofinversionsdependingonMPDtsee

valueswithrespecttotheconditionsofgazeandavoidanceisillustratedonfigure5.2.

InversionswereobservedforMPDtseevaluesrangingfrom-0.6mto0.6m.Especially,

wefoundahighpercentageofinversionsinthe-0.1mconditionwithhalfofthosetrials

recordinganinversionofthecrossingorder.
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Table5.2-TotalpercentageofinversionsofcrossingorderobservedforeachMPDtsee
(inmeters)valueswithrespecttotheconditionsofgazeandavoidance.

Consideringtheinfluenceofourexperimentalparameters,mutualgazehadnosignific-

anteffect(p>0.05)onthesepercentagesneitherinNAnorinAconditionseithercon-

sideringallthetrialstogether(GNA=10%andNGNA=10%,GA=10%andNGA=15%)

orwhenperformingthestatisticsseparatelyforeachMPDtseevalues.Theseresultsare

incontradictionwithourexpectations,i.e.,intheNoGazeconditions,theparticipant

wouldnotexpectcollaborationandwouldmorereadilygiveway,evenwhenlikelytopass

first. While[Olivier2013]reportednoinversionwithinunconstrainedcollisionavoidance

betweentworealwalkers,Vassalloetal.[Vassallo2017]reportedinversionsbetweena

walkerandarobotwhenMPDtseevaluesrangedbetween0and0.8m. Olivieretal.

[Olivier2013]attributedthetaskresolutionasanonverbalcommunicationbetweentwo

walkers,where[Vassallo2017,Lynch2017]presentedsubjectswithnon-communicative

partners,apassiverobotandpassivevirtualobstaclesrespectively. While,Vassalloetal.

[Vassallo2017]suggestedalevelofperceiveddanger,alackofexperienceofinteracting

withrobotsaswellasthepassivenatureoftherobotascausesofinversion,Lynchetal.

[Lynch2017]attributedinversionstoalackofnonverbalcommunicationandbehaviour

uncertainty.Herewestudiedtheeffectofgazebehaviourandreciprocalavoidancebe-
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haviourduringacollisionavoidancetaskwithavirtualcharacter.Similarlytocollisions,

thegazebehaviourhadnoeffect.Fewinversionswerereportedwhenconsideringall

thetrialsbutalargenumberwerereportedforthe-0.1mcondition.Thisresultcanbe

linkedtotheonepreviouslyobservedin[Olivier2017]involvingtheinteractionbetween

aparticipantandanonreactiveandneutralvirtualcharacter.Intheirperceptualstudy,

authorsshowedthatparticipantswerenotaccuratetopredictthefuturecrossingorder

whenMPDtseewasequalto-0.1m.Theyinterpretedthisinaccuracyasaforwardshift

inspaceoftheperceivedbodyenvelopeinvirtualreality. Wecanthenhypothesizethat

inourset-up,theperceptionoftherelativemotionofthevirtualcharacterwithrespect

totheparticipantperceivedpositionwasmoreimportantthanthegazetodefinethe

interaction.

5.3.3 CrossingDistance

CrossingdistancesforalltrialsconsideredtogetherareillustratedinFigure5.3(the

largevariabilityisexplainedbythefactthatweplotthevaluesforalltheMPDtsee

conditions).

Gazebehaviourofthevirtualcharacterhadnosignificanteffect(p>0.05)onthefinal

crossingdistance,neitherinNAnorinAconditions(GNA=1.22mandNGNA=1.20m,

GA=1.20mandNGA=1.20m)whenconsideringallthetrialsperformedbyparticipants.

Thisisalsotruewhenconsideringthetrialswithrespecttotheinitialriskofcollision

(MPDtsee). Theseresultsvalidateourhypothesis(H2). Thefinalcrossingdistances

reportedherearesimilartothoseof[Olivier2017,Lynch2017],whicharelargerthan

thoseobservedinreality[Olivier2012,Vassallo2017].Theincreasedcrossingdistance

inVRmayhavebeencausedthroughimmersivedepthperceptionthatwasmainlyre-

portedinpreviousstudies.Gerin-Lajoieetal.[Gérin-Lajoie2008]comparedbehavioural
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Figure5.3-Boxplotofcrossingdistance(median,1st-3rdquartiles,min-maxvalues)
dependingongazeandavoidancebehaviour.

differencesandpersonalspacepreservationbetweenrealityandVRduringanobstacle

circumventiontask,itwasreportedthatthepersonalspaceellipticalshapewassimilar

torealityalthoughthesizeincreasedwithinVR.Furthermore,thefidelityoftheen-

vironmentortheperceivedagencyofthethevirtualcharactersmayhaveaffectedthe

behaviouralresponses. Where,consideringtheeffectofgazewithvirtualcharacters,

behaviourissignificantlyalteredifanindividualisinbeliefofinteractingwithavirtual

avataroravirtualagent[Bailenson2003]. Whichwasinagreementtothesenseofbeing

gazedupon,withdeceleratedheartrate,skinconductiveresponses,andpositivefrontal

P3cortexresponse[Myllyneva2015].Consideringthesepreviousfindings,participants

mayhaveadaptedtheirbehaviourtothebeliefofinteractingwithanavatarasopposed

toareciprocalagent.Therefore,participantsmayhavedirectedtheirattentiontoper-

ceptualvariables,suchasbearingangleandopticexpansionoffullbodymotion,which

aresufficientforcollisionavoidancefromfullbodymotioncues[Lynch2017].
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5.3.4 MPDEvolutionoverTime

Finally,weinvestigatedthecollisionavoidancebehaviourduringtheinteractionby

consideringMPD evolutionovertime. Foreachconditionofgazeandavoidance,

thebehaviourconformedtothosepreviouslyreportedinrealandvirtualconditions

[Olivier2012,Olivier2017,Lynch2017].Indeed,asillustratedinFigure5.4forallthe

trials,wecandescribeforeachconditionofthepresentstudythethreedistinctphases

ofinteraction:observation(MPDvalueisconstant),reaction(MPDisincreased),and

regulation(MPD ismaintainedconstantatacomfortabledistance).Theanticipation

previouslyreportedduringinteractionsbetweenrealwalkersispreservedsinceweob-

servedtheregulationphasethatshowedthatthetaskissolvedbeforetheendofthe

interaction.

Quantitatively,theSPManalysisshowedthattherewasnosignificanteffectofgaze

behaviouronMPD(t)valuesordurationofeachphase,neitherinNAnorinAcondi-

tions(p>0.05)whenconsideringallthetrialstogether(consideringtheabsolutevalue

ofMPD)asillustratedinFigure5.4orseparatelywithrespecttoinitialMPDtseevalues.

ThesefindingsarenotinaccordancewithHypothesis(H1)andthusfurthercorrob-

oratesHypothesis(H2).Therewerenoreporteddifferencesthroughouttheevolution

ofMPD,independentofourexperimentalparameters.Interestingly,theevolutionof

MPD inbothNAandinAconditionsweresimilar. Thissimilaritywasobservedfor

allinitialMPDtseewithnoreportedsignificantdifferences(p>0.05),suggestingthat

participantsmayhavedirectedtheirattentiontoperceptualvariablesrelatedtothe

trajectory[Lynch2017]ratherthantothegazebehaviourofthecharactertoavoid.
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Figure5.4-SPManalysisofMPDevolution,comparingeffectofgazewithintrialsof
NoAvoidance(NA,left)andAvoidance(A,right)conditions.Eachplotshowsmean
MPD evolutionwithgaze(blackline)andwithoutgaze(redline),withrespective
standarddeviationclouds.

5.3.5 GazeBehaviourandCollisionAvoidance

Fromtheseresults,ourfirst(H1)andthird(H3)hypotheseswerenotvalidatedand

oursecondhypothesis(H2)was,sincethepresenceofvirtualcharactergazeactivity

towardstheparticipantsdidnotmodifycollisionavoidancebehaviourneitherwhilst

interactingwithapassivenorareactivevirtualcharacter.Indeed,assuggestedby

[Marschner2015,Jung2016],wewouldhaveexpectedthatinteractionisinfluencedby

bothmutualgazeandbodymotioncues.

Consideringourresults,wecanconcludethatwithinthiscurrentexperimentalsetup,

bodymotioncuesconveyedbythevirtualcharacterwereenoughforthecollisionavoid-

ancetask. Wereiteratethatoursetupconsideredapairwiseinteractionwithinasimple

environment,withoutchallengingconditionsrequiringadaptationinasmallamountof

time,orwithinarestrictedspace. Therefore,whendesigningasimplesituationof

interactionwhereauserhastoavoidacollisionwithavirtualcharacter,itisimportant

tofocusonthegenerationofarelevantwalkingtrajectoryratherthanfocusingonthe

gazebehaviourofthecharacter.
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However,wecanhypothesisethatstrongerspatialandtemporalconstraintsofthe

virtualenvironmentwouldhaveincreasedtheimportanceofmutualgazeinthedecision-

makingprocessofavoidingacollision.Inparticular,theeffectofgazeduringacollision

avoidancetaskwithinacrowdshouldbeconsideredasfuturework. Theincreased

immersionthatsubjectsexperiencefromacrowdedenvironmentandtheincreased

complexityasopposedtoasinglevirtualcharactercouldincreasetheroleofmutual

gazebetweenwalkers,whichmayproducesignificantdifferencesofavoidancebehaviour.

5.4 Limitations

Onecanwonderwhethertheseresultscanbeexplainedbythefactthatusersdid

notperceivethegazebehaviourofthevirtualcharacter. However,wevalidatedthat

thegazebehaviourwasperceivedbytheparticipantsandthusformingamutualgaze

betweenwalkers,throughtheirsubjectivequestionnairepostimmersion. Eachparti-

cipantrespondedtothequestion"Inyouropinion,whatweretheparametersbeing

investigatedtoday",towhichseveralexampleresponseswere:"Themovementofthe

head","Theorientationoftheheadandeyes","Orientationoftheeyesandheaddur-

ingcollisionavoidance",and"Thetrajectoryandfunctionofposition,speedandgaze

ofthevirtualcharacter". Thesesubjectivereportsconfirmthatparticipantsnoticed

thegazeandbodymotioncuesofthecharacter,however,therewerenodifferences

onavoidancebehaviour.Inourstudyasocialpresencequestionnairewasnotincluded

duetotherandomisedexperimentaldesign. However,itwouldhavebeeninteresting

toevaluatethispotentialeffectofthemutualgazesinceitwaspreviouslyshownthat

mutualgazecanincreasethesenseofimmersion[Narang2016].Additionally,beingan

interactionthroughvirtualrealityandjoystick,onecanwonderwhethertheecological

validityoftheinteractionispreservedandthereforewhetherthegazebehaviouristhe

sameasinrealconditions.Nevertheless,theapparatusweusedwaspreviouslyvalid-
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atedforgoaldirectedlocomotiontrajectories[Cirio2013]aswellasinteractioninvolving

collisionavoidancebetweenwalkers[Olivier2017].Especially,duringcollisionavoidance

tasks,itwasshownthatthetrajectoryperformedbytheuserqualitativelymatched

theonesperformedinrealconditionsevenifquantitativelysomedifferencesexist(e.g.,

over-adaptationtoavoidthecollision). Therefore,thequantitativedifferencesthat

existbetweenvirtualandrealconditionsinsuchasituationmayhavehiddenthein-

fluenceofgazeifthisinfluenceissubtle.Itshouldofcoursebeinterestingtodesign

newexperimentswhichincludeotherlocomotionmetaphorstobemoreaccuratein

thequantificationoftheavoidancebehaviouranditslinkwithgazebehaviour.Finally,

wecanquestionthegazebehaviourmodelweusedinthisstudy[Grillon2009]. While,

themodelisefficientandeasilyintroducedtoourexperimentalsetup,itisbasedon

jointrotationaltiminglawsandafixedpointofinterest,inthiscasetheparticipants

position.Itisgenerallyacceptedthatparticipantsgazeattheirconfederatesandre-

portedtoinfluenceavoidancebehaviourdependingonnumberoffixationsandduration

[Croft2017].However,toourknowledge,therehavebeennoreportspecifyinglimitsfor

fixationlocation,durationand,headandeyerotationallimitsforasimilarparadigmof

occludedwalkersintersectingpaths.Therefore,futureworkshouldconsiderthecapture

andanalysisofthegazebehaviourbetweentwounconstrainedparticipantstoexperi-

mentallyassessthatthereisindeedagazingbehaviourandfurthermoreamutualgaze

duringtheinteraction.
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5.5 Conclusion

Theresultsofthisstudyshowedthatmutualgazehadnoeffectonpairwiseavoidance

behaviour,neitherwhilstinteractingwithapassivenorareactivevirtualcharacter. We

stillbelievethatgazeplaysanimportantroleincollisionavoidance,butourexperiment

wasnotabletorevealaneffectonavoidancebehaviour.Theinfluenceofgazemaybe

dependentofthecharacteristicsofthistask,suchasthedurationofinteractionand

itscomplexity.Alternatively,bodymotioncuesconveyedenoughinformationtosolve

thistask.Futureworkshouldthenconsidermorecomplexsituationsandtheuseofeye

tracking,whichallowsspecificationofcuesderivedforfuturecollisionprediction.For

example,wecanimmerseauserwithinacrowdwithsomevirtualwalkersgazingand

othersnotgazingattheuser. Thissituationwouldallowtoinvestigatewhetherthe

selectionoftheinteractionswithintheusers’neighbourhoodaswellastheirtrajectory

isinfluencedbythegazeofthevirtualwalkers.Finally,eventhoughwedonotreport

asignificanteffectofgazeonavoidancebehaviourwithinourexperimentalsetupwe

wouldstillconcludethatagazebehaviourshouldbeincludedintheanimationofvirtual

characters. Wheretheinclusionofgazehasbeenpreviouslyreportedtoincreaseimmer-

sion[Narang2016]andwithinourexperiment,eventhoughnopresencequestionnaire

wasincluded,participantsacknowledgedthechangeinthevirtualcharactersbehaviour.
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Thereviewoftheliteratureinchapter1hasdemonstratedthedynamiccouplinghu-

manshavewiththeirenvironment,andthecontinuousinteractionwiththeenvironment.

Humansdonotaimlesslydisplacewithinagivenenvironmentinsteadtheyperceivethe

denseinformationoftheenvironmentandactonwhatisafforded. Afewexamples

couldincludethenavigationandclimbingofstairwells,thesafepassagethroughdoor-

wayapertures,andthesafenavigationaroundfixedobstaclesorotherpedestrians.This

thesishasfocusedonthelatter,thecoordinationofone’smovementwithanotherper-

sonandmorespecificallyacollisionavoidancetaskbetweentwowalkers. Tofurther

developanunderstandingofthisinteractionwehavefocusedontheunderlyingper-

ceptualmechanisms,thatistheperceptualcuesthatmayormaynotbeused,inthe

perceptionandactioncouplingforcollisionavoidance.

Therefore,theaimofthethesiswastodeterminewhatvisualcuesareperceivedfrom

themovementofanotherwalker. Further,thethesisconsideredthemechanismsof

interpretationandpossiblemodelsusedforthepredictionoffuturecrossingdistances

andtheirinferrednotionofrisk.Theoverallobjectiveofthethesiswastoprovidenew

knowledgeandunderstandingontheinteractionbetweentwowalkerswhiledeveloping

guidelinesofconsiderationforfutureapplicationsofhumanbehaviouralresponsesand
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interactionswithinvirtualreality.Thatis,toidentifytheimportantvisualcuesduring

interpersonalinteractionsthatmayadditionallyprovidevirtualhumanswitharealistic

behaviour.

Thefirststudyfocusedonthenatureofvisualinformationprovidedfromanotherwalker.

Morespecifically,thisstudyfocusedonthevisualcuesthatconveyrelevantinformation

foraccurateestimationofothers’globalmotion,specifically,whetherthesevisualcues

areextractedfromlocalbodypartsorfromglobalperceptionofthebodymotion.The

applicationofvirtualrealityallowedforthemanipulationofavirtualobstaclesvisual

appearancewhilestrictlypreservingthekinematicsofinteractions(i.e.,therelative

motionoftheobstaclewithrespecttoparticipants).Thefindingsofthisstudyshowed

thatthenatureofvisualinformationhadindeedaffectedtheavoidancebehaviourof

participants. Wesuggestedthattheassociatedvariancesobservedcouldbelinkedto

theperceivedaction-opportunitiesoftheobserver. Overall,globalmotionprovided

sufficientinformationforsuccessfulcollisionavoidancehoweverlocalmotionvariants

reproducemoreaccurateandrepeatableresponses.

Thesecondstudyfocusedonthenatureofinformationfromthepathofanotherwalker

andthepertinenceofaminimallypredicteddistancetodescribetheinteractionbetween

twowalkers. Morespecifically,weinvestigatedwhethercollisionavoidancebehaviour

isperturbedwhenavirtualwalkerhasaconstantaccelerationthatconstantlychanges

thedirectionofthefutureposition.ToevaluatethepertinenceofMPD,weadapted

thepreviouscomputationtotakeintoaccounttheconstantaccelerationofacurvilinear

trajectory.Ouranalysisofthisstudywasthentofocusonthedifferencesintheevolution

ofMPD andtheadaptationsbehavioursofcurvilineartrajectorieswithreferenceto

knownrectilineartrajectoriesofaconstantspeedwithoutacceleration.

Thefindingsofthesecondstudydemonstratedthatthenatureofavirtualwalker’s

pathdidindeedperturbtheavoidancebehaviouroftheparticipants.However,thiswas

onlytruewhileinteractingwithavirtualwalkerthatfollowedacurvilineartrajectory
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withaconstantvelocityofa5mradius. Collisionavoidancebehaviourwasnotper-

turbedwhenthetrajectorywasofa10mradius. Moreover,thefindingsdemonstrated

thatMPDwaspertinentforthedescriptionofacollisionavoidancebetweentwowalk-

ersforbothrectilineartrajectoriesofaconstantspeedandcurvilineartrajectoriesof

aconstantacceleration. Thiswasevidencedbythequalitativelysimilaradaptations

betweenrectilinearandcurvilinearconditions;duringtheinteraction,therewasastage

ofobservation,theriskwaspredicted,andanadaptationoccurredbeforecrossing,and

finally,thetaskwasanticipatedastheMPD wasregulatedbeforecrossing. Toour

knowledge,thiswasthefirststudytoconsiderhowanobserverinterpretsatrajectory

ofaconstantaccelerationforaconstantdirectionchangeofanotherwalkerduringa

collisionavoidancetask.Futureworkshouldconsidertheconstantaccelerationfrom

differentlysizedradii,andthepresenceofaccelerationinrectilineartrajectories.

Thethirdstudyfocusedonthesocialaspectsoftheinteractionbetweenthetwowalk-

ers,namelythegazingbehaviourofavirtualwalker.Previousstudiesevidencedthat

inreality,twounconstrainedwalkersassignedrolesforwhowouldcrossfirstandwhom

wouldcrosssecondwithoutverbalcommunication[Olivier2013]. Whereas,whileinter-

actingwithpassivewalkers,robotsorobstacles,participantsadoptedanoveradaptation

oftheiravoidancebehaviourandchangedtheirpredictedorderofcrossing.Thisphe-

nomenonwasobservedwhileinteractingwithpassivewheeledrobots[Vassallo2017]

howevertheoveradaptationresponsewassignificantlyreducedwhentherobotcollab-

orativelysolvedthecollisionavoidancetask[Vassallo2018].Thisstudywasthenacon-

tinuationofthesepreviousfindingsandthereportedobservationswithintheotherstud-

iesofthethesis. Weintroducedgazeasapotentialnon-verbalcuebetweentwowalkers,

focusingontwoquestions:wouldthepresenceorabsenceofgazeinterceptionchange

thekinematicsofcollisionavoidancebetweentwowalkers?Andbyextension,asvirtual

realityistodayusedtostudylocomotionandinteractions[Bruneau2015,Olivier2017],

isitimportanttocorrectlycontrolvirtualwalker’sgazebehaviourssoastonotbiasthe

experimentaldataacquiredthisway?Inadditiontoagazingbehaviour,weincluded
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collaborativeavoidancebehaviourbythevirtualwalker.Theresultsofthisstudyshowed

thatgazehadnoeffectonavoidancebehaviour,neitherwhileinteractingwithapassive

noracollaborativevirtualwalker.Consideringthatwedidnotfindanysignificanteffects

ofgazebehaviouroncollisionavoidancebehaviourwithinourexperimentalsetup,we

stillsuggestthatgazeplaysavitalroleinthenon-verbalcommunicationbetweentwo

walkersduringacollisionavoidancetask. Weattributedthelackofsignificanteffectto

thespatialandtemporalconstraintsoftheinteractionandsuggestedthatwithinthis

specificparadigmbodymotioncuesconveyedenoughinformationtosolvethistask.

Overall,thescopeoftheresultswithinthisthesiscanappealtoamuchbroaderframe-

workthanappliedpsychologyandbiomechanics.Asmentionedintheintroduction,the

studyofhumanlocomotionspanstheinterestofneuroscience,sportssciences,medi-

cineandcomputersciences.Asevidencedbysomeoftheliteraturecitedwithinthis

thesis,thefurtherunderstandingoftheunderlyingperceptualmechanismsaresought

afterforimprovedvirtualhumananimationandinteraction[Narang2016],improved

human-robotinteractions[Vassallo2017,Vassallo2018]andrehabilitativetrainingfor

strokepatients[Darekar2015],forexample. Notethatthedesiredunderstandingof

theunderlyingperceptualmechanismsdoesnotpresentthesameapplications.Virtual

humananimationcanberelatedtotherealismoftheinteractionandanincreased

senseofimmersion,whereas,strokerehabilitationcanbeusedtoevaluateandtrain

environmentnavigationbymanipulatingmovingvirtualobstaclesinsafeandcontrolled

virtualenvironments.

Inconclusion,thesethreestudieshavedemonstratedtwokeypoints.Thefirstwouldbe

thepossiblemechanismofhumansusingtheminimallypredicteddistancetoregulate

theirinterpersonaldistancesduringacollisionavoidancetask. Wehaveevidencedthe

pertinenceofMPD whileinteractingwithvirtualhumans,andobstacles.Ourfindings

suggestthesensitivitytotheaction-opportunitiesoftheobserverarebounddirectly

totheperceivedvisualappearancewithintheopticarray. Moreover,thepertinenceof

MPDwasdemonstratedforcomplextrajectoriesthatincludedaconstantacceleration.
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Thesecondkeypointdemonstratedfromthisthesiswastheperceptualcuesthatcan

beperceivedfromanotherwalker.Fromthefirststudy,weshowedthatglobalmotion

providedsufficientinformationforthedetectionoffuturecollisions.Thesecondstudy

evidencedthatthefutureriskofcollisioncanbepredictedinthepresenceofaconstant

accelerationandaconstantvelocity. Thefinalstudysupportedthefindingsofthe

firststudy,whichwasglobalmotioncuesprovidedsufficientinformationforsuccessful

collisionavoidance.

Thecurrentworkswithinthisthesishavestudiedtheunderlyingperceptualmechanisms

ofasimplepairwiseinteractionbetweentwowalkers.However,crowdinteractionsare

morecomplexthanthissimplepairwiseinteraction,asobserversmustconsidertheir

interactionwithmultiplewalkers. Onepossiblefuturedirectionofthethesiswould

betoconsiderthesecomplexinteractions;whethercollisionavoidancebehaviouris

sequentiallysolvedforeachindividualpairwiseinteractionorthatcollisionavoidanceis

solvedforsimultaneousinteractions.Furthermore,fromthethirdstudyofthethesis,as

thecomplexityoftheinteractionincreases,thepotentialroleandinfluenceofawalker

gazingbehaviourcanbeanadditionalsocialcuethatinturnwillaidsuchcomplex

interactions.Therefore,asecondprospectiveextensionofthethesiswouldfirstlybeto

considertheimmersionofacrowdinteractionandtheuseofeye-trackingtechnologies

todeterminethefocusofattentionandthedetectionoffuturecollisioneventsfrom

multiplewalkers.Thereafter,futureworkmayconsidertheinfluenceofavirtualwalker’s

gazebehaviourinsuchlargerandimmersivecrowdinteractions. Finally,age-related

differenceshavepreviouslybeenreportedintheanticipatorybehaviouralresponsesand

bodysegmenttimingcoordinationwhencircumventingobstacles[Vallis2005].Ithas

furtherbeenobservedthatadultsarebetterattunedtotemporalinformationthanspatial

information[Siegler2013],whereaschildrenaremoreattunedtospatialinformationand

adapttotemporalinformationwithageing[Benguigui2008,Bazile2016].Therefore,an

additionalprospectivedirectionoffutureworkfromthethesisshouldconsidercollision

avoidanceinteractionswithyoungerandolderpopulations.
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Moreover,todemonstrateoneofthepossiblefieldsofinterestandthepossiblefuture

directionsofthiswork,wecompletedanadditionalexperimentinparallelwiththe

workofthisthesis(AnnexeA). Weappliedthesamemethodologyasthefirststudy

inthedetectionofdeceptivemotionduringarugbyattacker-defenderdyad.Previous

workshaveshowntheimportanceofcentreofmassinexpertsperformanceandthe

detectionofdeceptivemotion.Itremainsunclearwhether,thevisualcuesnecessary

foradefendertodetectthedeceptionofanattackerarebasedonglobal,suchasthe

centreofmass,oronlocalinformation,suchaslowerlimbsmotion.Thisstudyshowed

thatthesuperimpositionofthecentreofmasswithlocalinformationhadnoadditional

effectontheperformancetocorrectlydetectdeceptivemotion,neitherdiditaffectthe

reactiontimes. Thisworkallowedustodetermineifthesespecificvisualinformation

cuescanbebeneficialindirectingattentionfortrainingpurposes.
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AnnexeAGlobalmotionvisualisationfordetectionofdeceptivemotioninrugby

Abstract

Rugbyisamultifactorialsportthatinvolveshigh-intensityburststhroughoutlongerlow-
intensityperiodsofagame.Frequently,playersincorporatedeceptivemotions(e.g.,a
side-step)inordertopasstheiropponent.Previousworksshowedthatexpertdefenders
aremoreefficientindetectingdeceptivemotions.Theirperformancewasshowntobe
correlatedwiththeevolutionofthecentreofgravityoftheattacker,suggestingthat
expertsmayrelyonglobalmotioncues. Thisstudyaimsatinvestigatingwhethera
representationofcentreofgravitycanbeusefulfortrainingpurposes,byusingthis
representationaloneorbycombiningitwiththelocalmotioncuesgivenbybodyparts.
Wedesignedanexperimentinvirtualrealitytocontrolthemotioncuesavailableto
thedefenders.Sixteenhealthyparticipants(sevenexpertsandninenovices)actedas
defenderswhileavirtualattackerapproached. Thevirtualattackerwouldappearas
afullhuman,ahumanwithitscentreofgravityvisibleoronlythecentreofgravity
present. Participantscompletedtwoseparatetasks. Thefirstwasatimeocclusion
perceptiontask,wheretheattackerdisappearedafter100ms,200msor300msafter
theinitialchangeindirection,whereparticipantswouldindicatethedirectionthey
believedtheattackerwouldpass. Thesecondwasaperception-actiontaskwhere
participantswereinstructedtointercepttheoncomingattackerbydisplacingmedio-
laterally.Theattackerwouldperformanon-deceptivemotion,runningdirectlytoward
thefinalpassingdirectionoradeceptivemotion,performingaside-stepinitiallytowarda
falsedirectionbeforequicklyreorientingintheirtruedirection.Therewasamaineffect
ofexpertise,appearance,cutofftimesandmotiononcorrectresponsesduringboth
tasks.Therewasaninteractionbetweenvisualappearanceandexpertise,andbetween
motiontypeandexpertiseduringtheperceptiontask,however,thisinteractionwas
notpresentduringtheperception-actiontask. Weobservedthatexpertsmaintained
superiorityintheperceptionofdeceptivemotion;howeverwhenthevisualappearanceis
reducedtoglobalmotionalonethedifferenceinsuperioritybetweennovicesandexperts
isreduced. Wefurtherexploretheinteractionsanddiscusstheeffectsobservedforthe
visualappearanceandexpertise.

Keywords:Deception,Sport,Rugby,Perception,Perception-action,Anticipation,centre
ofgravity
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A.1 Introduction

Rugby,asperfield-basedteamsports,ischaracterisedbybriefhigh-intensityefforts

ofrunningandaccelerationoverlongerlow-intensityperiods[Austin2011].Thegame

consistsoftwoteamscompetingovertwo40-minutehalvesforthehighestaccumu-

lationofpointsscored,withthegreatestnumberofpointsbeingawardedforcarrying

theballovertheopponentstry-line.Therefore,aprimaryobjectiveofthegameisto

gainterritorybyadvancingtheballtowardstheopponentstry-line.Inordertoprevent

theadvancementoftheattackingteam(theballcarryingteam)andpossiblygainpos-

session,thedefendingteamwilltackletheplayerthatiscarryingtheball. Atackle

asdefinedbytheinternationalgoverningbodyofrugbyiswhentheball-carrierisheld

byoneormoreopponentsandbroughttotheground. Duetothisnature,apropor-

tionofthegameconsistsoftackling[Gabbett2012,Gabbett2016],whereanincreased

numberoftackleshasbeenassociatedtogamesuccessrate[Hulin2015a,Hulin2015b].

Togainanattackingadvantage,attackerscanusetheirbodilymovementstogen-

eratedeceptivemotion(e.g.,aside-stepinrugby),misleadingthedefenderwiththe

intentiontoruninonedirectionwhileactuallyintendingtorunintheotherdirection

[Jackson2006,Brault2010,Brault2012,Wright2014]. Whilegenerally,motorcontrol

andorientationofthebodyiscoordinatedaccordingtoatop-downstrategyofhead

andgazealignmentbeforebodyreorientation[Patla1991],inasport-specificcontext

ofdeceptivemotionBraultetal.[Brault2010]reportedabottom-upstrategy,wherea

displacementofsupportispriortouppertrunkandheadreorientation.Further,Brault

etal.[Brault2010]reportedthatthecentreofmassdisplacementonthemedio-lateral

planewasminimised,itwastheupperlimbs,head,andtrunkthatwereorganisedfor

deception.Althoughtrunkyawwassimilarbetweendeceptiveandnon-deceptivemo-

tion,theuppertrunkangularmovementchanges(i.e.,shoulders)wouldbeexaggerated

indeception.
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Withintheattacker-defenderdyad,whiletheattackerintendstodeceivethedefender

withspecificbodymotion,thedefenderutilisestherelevantvisualcueinformation

availabletointercepttheattacker[Kunde2007]. Previousstudiesdemonstratedthe

abilityofobserverstodistinguishbetweenadeceptiveandnon-deceptivemotionof

anotherperson[Runeson1983b].Usingpoint-lightdisplays,participantswererequired

toobserveactorsliftingboxesofvariousweights.Itwasreportedthattheparticipants

couldperceivetheactionofaboxbeingpickedup,evenfromalimitedpoint-light

display,further,alsotherelativeweightandiftheactorwasattemptingtodeceive

theobserveraboutthetrueweight.Inasportsspecificcontext,authorsshowed

thattheabilitytoperceiveandtocorrectlyanticipateanopponentmotionisrelated

tothelevelofexpertise(see[Jackson2006],[Cañal-Bruland2010]and[Mori2013]).

Jacksonetal. [Jackson2006]werethefirsttostudydeceptivemovementandan-

ticipationinsport,usingtemporallyoccludedvideosofanattackerapproachinga

camera,theperspectiveofadefender. Participantsweregiventheroleofthede-

fenderandrequiredtopredictthesidewhichtheattackerwouldpass,leftorright.

Theattackerwouldundertakeanon-deceptivemovementoradeceptivemovement.

Fromthesefindings,itwasconcludedthatexpertise mayaffectanticipationabil-

ity,whereexpertsmoreaccuratelydetectfinalpassingdirectionwhencomparedto

novices[Jackson2006].Since,thestudyofperception,anticipationanddeceptivemo-

tionwithinsportingcontextshasbeenfurtherstudied,confirmingthesuperiorityof

expertise[Renshaw2000,Sinnett2010,Mori2013,Wright2014,Brenton2016]. How-

ever,fewstudieshaveconsideredtheunderlyingmechanismstoexplainthesefindings

[Huys2009,Brault2012,Lopes2014].Huysetal.[Huys2009]studiedthemanipulation

ofcorrespondingdynamicsofatennisservethroughpoint-lightdisplays.Theyreported

thatspatialocclusionimpactedthedominantdynamics,additionally,suggestingcue

informationpickupwasmoreglobal(i.e.,wholebodymovement)thanlocal(i.e.,limb

motion).Furthermore,Lopesetal.[Lopes2014]performedabiomechanicalanalysisof

penaltykicksinsoccerandreportedthatlimbsprovidinglocalinformationweremod-

ifiedduringtheearlystagesofapproachfordeceptivemotion. Finally,Braultetal.
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[Brault2012]reportedthattheperformanceofexpertscorrelatedwiththeevolutionof

theperceptualvariabletau(cf.,[Lee1976]),thatis,expertsfixatedonhonestsignals

fromglobalmotion(e.g.,CentreofGravity(CG))thanlocalones(e.g.,limbs). While

thesefindingswerecorrelated,theyhaveyetbeeninvestigateddirectly.

WhileBrault etal.[Brault2012]showedhowtauofparameterssuchasCGexplained

performancesuperiorityinexperts,nocompetitivestudyhasdirectlystudiedtheeffects

ofinterceptingCGorrepresentationsoftauinplaceofanattacker.Innon-competitive

settings,Savelsberghetal.[Savelsbergh1991]showedthatsubjectscouldregulatetheir

handaperturethroughopticalsizeexpansionalone(i.e.,tau[Lee1976]).Additionally,

Lynchetal.[Lynch2017]studiedinteractionsofacrossingtaskwithvaryingglobal

andlocalobstacleappearances,acylinder,CG,avirtualhuman,thetrunkaloneand

thelegsalone,withinvirtualreality. Theyreporteddifferencesofcrossingdistance

betweentheglobalandlocalvisualcueappearancesbutreportednodifferenceinthe

abilitytocompletethetask.Finally,Meerhoffetal.[Meerhoff2014]alsostudiedthe

roleofglobalandlocalmotioninformationduringadistanceregulatorylocomotortask.

Theirfindingssuggestedthatabilitytocompletethetask,whileinteractingwithalarge

sphereoravirtualhuman,wasnotimpeded;however,therewasatemporaladvantage

whenbothlocalandglobalmotioncueswereavailable. Wecanthenwonderhowto

trainnovicestoperceivetheserelevantmotioncues.Inthiscontext,virtualrealityisa

powerfultoolthathasbecomeincreasinglyreadilyavailableforecologicalandpsycholo-

gicalstudies[Meerhoff2014,Lynch2017]andasatrainingtoolinsport(see[Miles2012]

forareview). Trainingthroughvirtualrealityallowsforadditionalenrichmentofthe

environment(augmentation),anabilitytoreducethetasktoseveralsmallersteps(sim-

plification)andchangethespeedordistorttheenvironment(variability)[Ruffaldi2011].

Additionally,virtualrealityallowsfortheuncouplingofperception-action,althoughthis

mayleadtobiasedresults[Dicks2010a],betteranticipationskillsremainswidelyde-

batedwithintheliterature,throughvisualexpertiseormotoractioncapabilityexpertise

[Güldenpenning2017].
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A.1.1 ObjectivesandContribution

Fromtheworkof[Brault2012],therewasareportedcorrelationwiththeexpansion

rateoftauoftheCGandrateofsuccessinexpertise. Thisobservedcorrelationis

interestingasitcanbeinterpretedthatglobaldisplacementofCGmaybeperceptually

important,afocalpointofattentionduringinteraction,whichinturncanbetreatedas

atrainablevariabletoattunedefenderattention.Thisworkfocusesonthevisualcues

thatcanbeconveyedbyanattackerandperceivedbythedefender. Ourobjectives

aretwo-fold:firstly,wherepreviousstudieshaveshownacorrelationofCGrateof

expansionandperformancetointerceptanattacker,weaimtoinvestigatewhetherthis

globalmotioncuedepictssufficientinformationindetectingdeceptiveattackermotion.

Secondly,contrarytoexperts,theperformanceofnovicesiscorrelatedwiththetauof

uppertrunk. ThereforeweaimtoinvestigatewhetheranemphasisofCGcouldact

asanaidifcombinedwithlimbslocalcues,wherewewouldexpectamoresignificant

increaseofcorrectresponseperformancefornovices.

Toanswerthesequestions,weproposedtomanipulatethevisualappearanceoftheat-

tacker.Topreserveandrepeatkinematicmotionwhilemanipulatingvisualappearance,

weconductedourexperimentinvirtualreality.Theapplicationofvirtualrealityineco-

logicalperceptionandactionhasbeenprovenapowerfultool[Loomis1999]althoughit

isnotwithoutlimitations,asthereexistvariancesindepthperception[Loomis2003]and

forwardgaze-drivenspeedisunderestimatedcomparedtoactualspeed[Banton2005].

Consideringthesenotablevariances,virtualrealityhasbeenvalidatedtoconformwith

reality;asenseofpersonalspace[Gérin-Lajoie2008],interactionswithvirtualhumans

[Olivier2017,Lynch2017,Caruana2017]andwithincompetitivesettings[Brault2012].

Wecompletedtwoexperiments,bothinvirtualreality,whereparticipantswerepresen-

tedadynamicvirtualattackeronanapproachtoadefender(theparticipant).Between

trials,thevisualappearanceofthevirtualattackerwouldvarytheamountofglobal
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andlocalvisualcuesavailable.Inthefirstexperiment,wefocusedonperception,where

participantsrecordedtheirresponsesthroughaperipheraldevice,thisfirsttaskaimedto

identifyvariancesfromthemanipulationofavailableperceptualinformation. Weused

thisparadigmsinceourexperimentinvolvedbothinexperiencednovicesandhighlycom-

petitiveexperts,asspecificresponsesobservedintheperception-actionconditioncould

beattributedtothephysical(action)capabilities[Güldenpenning2017].Forthesecond

experiment,wefocusedonperception-action,thepositionoftheparticipantwastracked

duringtheinteraction,investigatingperceptualexpertisewithreactiontimeresponses.

Thisexperimentwasdesignedtocomplementtheresultsofthefirstexperimentand

toconsidertheresultsofpreviousworksthatshowedtheimportanceofpreservingthe

representativenessofexperimentaltaskdesignswhenexploringtheperformanceofthe

athletes,particularlyintime-constrainedactions[VanderKamp2008,Travassos2013].

Inthatcontext,weformulatedtwohypotheses:

H1:consideringthepreviousfindingsofacorrelationbetweenCGmotionandper-

formanceinexpertrugbyplayers[Brault2012],wehypothesisedthatperformance

willnotbeimpededforexpertswhilstinteractingwithonlyavisualrepresentation

ofCG.

H2:wehypothesisethatthepresenceofCGwillactasanaidandtheperformance

ofnoviceswillbegreaterwhilstinteractingwithacombinationofavirtualattacker

andCGthanwhilstinteractingwithavirtualattackeralone.

Ourfirstcontributionistodesignanexperimentalplatforminvirtualrealitytostudythe

influenceofglobalandlocalmotioncueswithinarugbyattacker-defenderdyadtask.

Oursecondcontributionisthatwhileglobalmotioncanbevisualisedandactedupon,

thereisinsufficientinformationtomaintainsuccessrate.Localcuessuchaslimbsmo-

tionandtrunkorientationarenecessaryforeffectiveperceptionandperception-action

tasks. Todemonstratethis,wehaveformulatedthepaperinthefollowingway:the

methodsectiondescribesbothperceptionandperception-actiontasksseparately,high-

|

Lynch, Sean. Visual perception of human move m ent during walking task interactions - 2018

237



AnnexeAGlobalmotionvisualisationfordetectionofdeceptivemotioninrugby

lightingtheirdifferences.Resultsfromtheperceptionandperception-actiontaskare

presentedasseparatesections,andwediscussthefindingscollectivelyinthediscussion.

FigureA.1-Thirdpersonperspectiveofaparticipantimmersedwithinthevirtual
environment
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A.2 Method

A.2.1 Participants

Sevenexpertrugbyplayersaged24.71±2.43(mean±SD)andnineinexperiencedsub-

jectsaged27.56±10.69yearsparticipatedinthisstudy.Allparticipantshadnormalor

corrected-to-normalvisionandnohistoryofdiseaseorimpairmentwhichcouldhave

affectedtheirabilityofparticipation. Theexpertrugbyplayerscompetedregularlyin

theFrenchsecondnationalleague(ProD12)with16.29±4.23yearsofexperiencein

playingrugby. Noviceswereuniversitystaffandstudentswithnopriorexperienceof

competitiverugby. Thisstudywascarriedoutinaccordancewiththerecommenda-

tionsoftheresearchinstitute.Allparticipantsgavetheirwritteninformedconsentin

accordancewiththedeclarationofHelsinki.

A.2.2 Apparatus

Experimentstookplaceina4-screenComputerAssistedVirtualEnvironment(CAVE),

whichwas9mwide,3mhighand3mdeep.TheCAVEwasfittedwithasyntheticall

weatherturfsurfaceforincreasedimmersionduringexperimentation.Itwasequipped

with13projectorswith15MPixelsresolutionintotal.The3Denvironmentdisplayand

characteranimation(FigureA.1)wasdesignedintheUnitygameengine. Multi-surface

renderingwasperformedbytheMiddleVRplugin.Activestereoscopywasachievedwith

VolfonyActiveEyesProRadiofrequencywearableglasses.Glassesweretrackedbya16

cameraARTtrackingsystem.
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A.2.3 Stimulus

Foralltrials,anattackerwaspositionedinfrontoftheparticipantandadvancedtowards

theparticipantafteravisualcountdownofthreeseconds.Attackermotionwasreal-

isedthroughpreviouslycapturedmotionofeightFrenchnationalleaguerugbyplayers

[Brault2012]usingtheoptoelectronicmotioncaptureViconMXsystem(OxfordMet-

rics,Oxford,UK).Atotalof16motionswerepresentedasstimuli;attackerseither

performedoneof8deceptivemotions(DM),otherwiseknownasaside-step,orone

of8non-deceptivemotions(NDM),nochangeofdirectionafterinitialreorientation.

Severalattackermotionswereused,opposedtotherepetitionofoneattackingmotion,

toreducepossibleidentificationofrepeatedmotions.

A.2.4 Appearances

Toinvestigatetheroleofthecentreofgravityindeceptivemotiondetection,wehave

manipulatedthevisualappearanceofavirtualattackerusingthefollowingconditions,

asillustratedinfigureA.2:

1.Fullbody: Amobilemannequinwithashoulderwidthof37cmandhipwidth

of27cm,wasrenderedwithoutafacetoavoidanyinfluenceofgazedirection.

Furthermore,themotionwasanimatedascarryinganinvisibleballtomaximise

characterperceptionandreduceocclusionofcharactermotionbythepresenceof

arugbyball.

2.Sphere: WithrecentfindingsofBraultandcolleagues[Brault2012]suggestinga

strongcorrelationbetweenCGandinterceptionduringadeceptivesportingtask

intermsofsuccess,wechosetoremoveallbodyencasinginformationanduse

asmallsphere(8cmdiameter)asanappearanceofCG.Suchareductionwould
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removeallinformationincluding,orientationandgroundcontact.

3.Combination:BothafullbodyattackerwiththeirCGarepresentedtotheparti-

cipant,acombinationoforientationandgroundcontactwiththelessdeceptive

motionofCGbeingpresent.

Notethatcondition1)servedasacontrolcondition,usingavirtualhuman(VH),

condition2)completelyremovedanylocalmotioncuesleavingonlyglobalinformation

ofmotion(CG),finally,condition3)combinedbothVHlocalandCGglobalmotion

cuestomaximisestimuli(HC).

FigureA.2-Visualappearancesofstimuli:fullbody(left),centreofgravity(centre),
fullbodyandcentreofgravitycombined(right)
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A.2.5 Perceptiontask

Participantswereimmersedinavirtualenvironment(FigureA.1),wheretheywere

instructedtostandinadesignatedlocation,asindicatedbyaredcircleonthefloor

oftheimmersiveenvironmentthatremainedvisiblethroughout.UsingaLatinsquare

design,experimentationdividedintothreerandomisedblocksofattackerappearance

(FigureA.2). Withintheperceptiononlytaskforeachvisualappearance,wealsoset

conditionsbasedonanocclusiontimeparadigm,allowingtotestforthequantityof

visualinformationondecisionprocessingforfutureactions. Themomentoftoeoff,

astheattacker’sfootleavestheground,beforereorientationoccurredwasusedas

areferencepointforallattackermotions(T0). Thereafter,ourthreeexperimental

conditionsconsistedofthedurationofvisualappearancebeforeocclusion,cutofftimes

were100ms(T1),200ms(T2),and300ms(T3).Participantswereinformedthatthey

wouldbeactingasadefenderandwouldberequiredtodetectthedirectionwhichthe

attackerwouldgoafterocclusionforasuccessfulinterception.Therewasnofeedback

ofsuccessorfailurethroughouttheexperiment.Foreachvisualappearance,atotalof

16attackingmotions(8DMand8NDM)wererepeatedwiththreedifferentocclusion

cutofftimes(100ms,200ms,and300ms).Afterocclusionparticipantswererequired

toindicate,usingthehand-heldwand,whichdirectiontheattackerwasgoingtopass.

Participantsweregivenaperiodoffamiliarisationpriortodatacapture.

Foreachblockofvisualappearance,theseconditionswerepresentedrandomlywithin

andbetweensubjects.Intotal,eachparticipantperformed144trials(3appearancesx

3cutofftimesx16motions).Thedurationoftheexperimentperparticipant,including

trainingandrestingperiods,was30minutes.
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A.2.6 Perception-actiontask

Participantswereimmersedinthesamevirtualenvironment,andtheappearanceswere

presentedinthesameorderastheperceptiontask,theconditionsperblockwere

randomisedindependently. Fortheperception-actiontask,therewasnoocclusion

paradigm,andtheattackerwouldapproachandpassthedefender.Participantswere

informedthattheymaintainedtheroleofdefender,however,inthisinstancethede-

fenderwouldnotdisappearbutcontinuerunning.Theyweretheninstructedtomove

medio-laterallyinanattempttointercepttheattacker.Participantsworeabeltfitted

withreflectivemarkers,andtheirmedio-lateraldisplacementwastrackedusingthe16

cameraARTtrackingsystem. Weusedthesamethresholdofdisplacementvelocityas

[Brault2012],withspeedsgreaterthan0.5m/swereusedtorecordinitialresponseafter

T0.Additionally,reactiontimeswererecordedattheinstanceoftheinitialresponse.

Similartotheperceptiontask,participantswereprovidedaperiodoffamiliarisationto

adapttotheperception-actiontask.

Similarly,foreachblockofvisualappearance,theseconditionswerepresentedrandomly

withinandbetweensubjects.Intotal,eachparticipantperformed48trials(3appear-

ancesx16motions).Thedurationoftheexperimentperparticipant,includingtraining

andrestingperiods,was15minutes.
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A.2.7 Analysis

Perceptionresponsesandperception-actionbeltmotionwerepost-processedusingcus-

tomised MATLABscripts(Mathworks2016b),responseswerethenexpressedasa

percentageofsuccess(mean±SD). Wesetthelevelofsignificancetoα=0.05. A

Kolmogorov-Smirnovtestwasperformedtoevaluatewhetherdatafollowedanormal

distribution.Forbothexperiments,thedependentvariablewastherateofsuccess,and

agenerallinearmixedmodelanalysiswasusedtodeterminetheeffectofappearance,

typeofmotion(DMandNDM)andcutofftimesfortheperceptiontaskandtode-

terminetheeffectofappearanceandmotionfortheperception-actiontask. Mauchly’s

testofsphericitywasusedforassumption,andaGreenhouse-Geisserwasusedasa

correctionwhensphericityhadbeenviolated. Finally,effectsizeswerecomputedas

partialetasquaredη2pandpairwisecomparisonswereusedforfurtherpost-hocanalysis.
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A.3 Perceptionresults

A.3.1 Overallperformance

Overall,therewasamaineffectofexpertise(F(1,14)=31.119,p<0.001,η2p=0.69),

appearance(F(2,28)=127.826,p<0.001,η2p=0.90),cutofftimes(F(1.232,17.247)=

33.115,p<0.001,η2p=0.70)andmotion(F(1,14)=541.149,p<0.001,η
2
p=0.98).Over-

all,expertsweremoresuccessful(75.30±31.92%)thannovices(61.27±38.13%),ap-

pearanceCGhadasmallersuccessrate(48.57±35.72%)thanVH(76.43±31.67%)and

HC(77.21±33.69%),cutofftimeT3hadthegreatestrateofsuccess(75.65±35.83%),

thenT2(68.75±35.31%)andT1hadthelowestrateofsuccess(57.81±35.46%),

andnon-deceptivemotionwasgreater(92.27 ±14.41%)thanthedeceptivemotion

(42.53±34.23%).

FigureA.3presentsthesuccessrateforeachindividualcondition,therewasnofour-way

interactionbetweenalldependentvariables;visualappearance,cutsofftimes,motion

typeandexpertiselevel(F(4,56)=0.391,p=0.814).Fromthiswecanobserveduring

NDM,whilstinteractingwithCG,anincreasingrateofsuccessfromT1toT3forboth

expertsandnovices,whilstinteractingwithVHorHCtherateofsuccessissimilarfor

T1,T2andT3.DuringDM,whilstinteractingwithCG,weobserveadecreasingrate

ofsuccessfromT1toT3forexpertsandasimilarresponsefornovicesfromT1toT2

andT3,whileVHandHCinteractionsshowanincreaseofsuccessratefromT1toT2

andT3forbothexpertsandnovices.Additionallyweobservethatexpertsandnovices

hadsimilarratesofsuccessforNDM,forDMexpertshadagreaterrateofsuccess

thannovicesexceptwhileinteractingwithCGatT3.
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A.3.2 Expertise

Furtherinvestigatingthemaineffectofexpertise,therewasasignificanttwo-wayinter-

actionbetweenthevisualappearanceandtheexpertise(FigureA.4A)oftheparticipant

(F(2,28)=9.166,p<0.001,η2p=0.40);whereweobservesimilarratesofsuccessfor

experts(50.60±36.10%)andnovices(46.99±35.68%)whilstinteractingwithCG,and

expertsweremoresuccessfulthannoviceswhilstinteractingwithVH(87.50±19.13%

and67.82±36.63%,respectively)andHC(87.80±22.34%and68.98±38.60%,re-

spectively).

Therewasasignificanttwo-wayinteractionbetweenmotion(FigureA.4B)andexpert-

ise(F(1,14)=31.144,p<0.001,η2p=0.69);whereweobservesimilarratesofsuccess

forexpertsandnovicesduringNDM(93.65±14.35%and91.20±14.45%,respect-

ively),whileexpertsweremoresuccessfulthannovicesforDM(56.94±34.11%and

31.33±30.05%,respectively).

However,therewasnosignificanttwo-wayinteractionbetweencutofftimes(Figure

A.4C)andexpertise(F(1.232,17.247)=2.710,p=0.112);weobservethatexpertswere

continuallymoresuccessfulthannovicesforT1(66.67±29.43%and50.93±38.38%,re-

spectively),T2(78.87±30.80%and60.88±36.83%,respectively)andT3(80.36±34.28%

and71.99±36.90%,respectively).

Whenconsideringthethree-wayinteractionbetweenexpertise,appearanceandmo-

tion(FigureA.4D),therewasasignificance(F(1.443,28)=7.795,p=0.006,η2p=0.36);

whereweobservethatexpertsandnoviceshadanincreasedrateofsuccesswheninter-

actingwithVH(100%and95.83±9.17%,respectively)andHC(100%and99.07±3.34%,

respectively)thanCG(80.95±19.61%and78.70±17.27%,respectively)duringNDM,

however,expertshadagreaterrateofsuccessfrominteractingwithCG(20.24±18.74%)

toVH(75±20.54%)andHC(75.60±26.66%)duringDMthannovices(15.28±14.43%,

39.81±31.97%and38.89±33.85%,respectively).
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FigureA.5-Mean±SDpercentageofsuccessfortheinteractionbetweenappearance,
motionandcutofftimesduringtheperceptiontask.
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A.3.3 Appearance

Irrespectiveofexpertise,therewasasignificanttwo-wayinteractionbetweenthevisual

appearanceandcutofftimes(F(4,56)=9.971,p<0.001,η2p=0.42);whereweobserve

thattheratesofsuccesswerefewerwhilstinteractingwithCGforT1(46.88±18.78%),

T2(46.48±39.17%)andT3(52.34±44.73%)thanVHandHC,whichhadsimilarrates

ofsuccessforT1(62.50±39.78%and64.06±41.61%,respectively),T2(78.52±25.25%

and81.25±29.61%,respectively)andT3(88.28±22.44%and86.33±24.25%,respect-

ively).

Additionally,therewasasignificanttwo-wayinteractionbetweenthevisualappearance

andmotion(F(1.443,28)=13.969,p<0.001,η2p=0.50);whereweobservethatCG

duringNDM(79.69±18.16%)hadalowerrateofsuccessthanVH(97.66±7.13%)

andHC(99.48±2.52%),duringDMthisdifferencebecamegreaterbetweenCGand

theVHandHCcounterparts(17.45±16.46%,55.21±32.50%and54.95±35.71%,

respectively).

Developingfromthetwo-wayinteractions,therewasaninteractionbetweenappear-

ance,cutofftimesandmotion(F(4,56)=41.932,p<0.001,η2p=0.75)(FigureA.5);

where,duringNDMtherateofsuccesswassimilarforVHandHCatT1(96.88±7.22%

and100%,respectively),T2(96.88±9.68%and98.44±4.27%,respectively)andT3

(99.22±3.13%and100%,respectively),whereCGincreasedcutofftimes(60.94±11.06%,

82.81±13.60%and95.31±8.98%,respectively).DuringDM,atT1,CG,VHandHC

weresimilar(32.81±13.60%,28.13±26.42%and28.13±28.69%,respectively),atT2,

CGhadasmallersuccessrate(10.16±13.09%)thanVH(60.16±22.46%)andHC

(64.06±34.12%)andatT3,CGhadasmallersuccessrate(9.38±10.70%)thanVH

(77.34±27.85%)andHC(72.66±28.58%). TherateofsuccessduringNDMforall

appearancesandcutofftimeswasgreaterthanthoseobservedduringDM.
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FigureA.6-Mean±SDpercentageofsuccessduringtheperception-actiontasks,show-
ingtheoverallthree-wayinteractionfornovices(N,blue),andexperts(E,red),during
DMandNDMwhileinteractingwithCG,VH,orHC.
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A.4 Perception-Actionresults

A.4.1 Performance

Overall,therewasamaineffectofexpertise(F(1,14)=9.744,p=0.008,η2p=0.41),

expertshadagreaterrateofsuccess(86.01±19.25%)thannovices(65.63±32.79%).

Therewasamaineffectofmotion(F(1,14)=77.260,p<0.001,η2p=0.85),NDMhad

agreaterrateofsuccess(94.53±10.91%)thanDM(54.69±30.58%). Additionally,

therewasamaineffectofvisualappearance(F(1.427,28)=4.693,p=0.031,η2p=0.25)

betweenCG(70.31±32.03%),VH(78.91±28.12%)andHC(74.61±31.19%).

Therewasnothree-wayinteraction(FigureA.6)betweenexpertise,visualappearance

andmotion(F(2,28)=1.131,p=0.337).Fromthisweobservethatexpertsandnovices

hadnosignificantdifferenceforrateofsuccess(96.43±6.10%and88.89±15.87%,re-

spectively)whilstinteractingwithCGduringNDMand(64.29±29.25%and36.11±26.84%,

respectively)duringDM.InteractionswithVHforexperts(98.21±4.72%)andnovices

(91.67±16.54%)hadnosignificantdifferenceduringNDM,alsointeractionswithHC

(96.43±6.10%and97.22±5.51%,respectively)reportednodifference.DuringDM,ex-

pertshadagreaterrateofsuccessthannoviceswhilstinteractingwithVH(89.29±8.63%

and43.06±25.85%,respectively)andwhilstinteractingwithHC(73.21±18.30%and

36.11±28.26%,respectively).

Consideringtwo-wayinteractions,therewasnosignificantinteractionbetweenvisual

appearanceandexpertise(F(1.427,28)=1.320,p=0.280)(FigureA.7A),wherewe

observethatexpertshadagreaterrateofsuccesswhilstinteractingwithCG,VH

andHC(80.36±26.27%,93.75±8.13%and84.82±17.80%,respectively)thannovices

(62.50±34.57%,67.36±32.69%and66.67±37.13%,respectively).
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FigureA.7-Mean±SDpercentageofsuccesswhenconsideringeffectsobservedfor
interactionsduringtheperception-actiontaskbetweenlevelandappearance(A),level
andmotion(B)andappearanceandmotion(C).

However,therewasasignificantinteractionbetweenmotionandexpertise(F(1,14)=

14.490,p=0.002,η2p=0.51)(FigureA.7B),whereweobservethatexpertsandnovices

hadgreaterratesofsuccessduringNDM(97.02±5.46%and92.59±13.54%,respect-

ively)thanduringDMwhereexpertshadagreaterrateofsuccess(75.60±22.18%)

thannovices(38.43±26.16%).

|

Lynch, Sean. Visual perception of human move m ent during walking task interactions - 2018

253



AnnexeAGlobalmotionvisualisationfordetectionofdeceptivemotioninrugby

Therewasnosignificantinteractionbetweenvisualappearanceandmotion(F(2,28)

=2.499,p=0.100)(FigureA.7C),wheretherateofsuccesswasgreaterduringNDM

forCG,VHandHC(92.19±12.81%,94.53±12.88%and96.88±5.59%,respectively)

thanduringDM(48.44±30.58%,63.28±30.78%and52.34±30.35%,respectively).

A.4.2 Reactiontime

Therewasnosignificantthree-wayinteractionbetweenexpertise,appearanceandmo-

tion(FigureA.8)onreactiontimes(F(2,28)=0.405,p=0.671). Whereweobserve

thatexpertsgenerallyhadslowerreactiontimesduringDM(CG=0.84±0.09s,VH=

0.66±0.03s,andHC=0.61±0.06s)andNDM(CG=0.71±0.07s,VH=0.54±0.06s,

andHC=0.52±0.08s)thannovicesduringDM(CG=0.70±0.17s,VH=0.50±0.20s,

andHC=0.53±0.19s)andNDM(CG=0.60±0.13s,VH=0.44±0.19s,andHC=

0.45±0.15s).FiguresA.9andA.10presentsthemeanmedio-lateraldisplacementof

thedefenderasafunctionofnormalisedtime,showingaveragecorrectandincorrect

responsesforbothnovicesandexperts.

Independently,therewasno maineffectofexpertise(F(1,14)=2.906,p=0.110)

whereexpertshadareactiontimeof0.65±0.13sandnoviceshadareactiontime

of0.54±0.19s. Therewasaneffectofappearance(F(2,28)=89.224,p<0.001,

η2p=0.86),CGhadaslowerreactiontime(0.71±0.15s)thanVH(0.53±0.16s)andHC

(0.52±0.14s).Finally,therewasamaineffectofmotion(F(1,14)=36.839,p<0.001,

η2p=0.73),whereDMhadslowerreactiontimes(0.63±0.18s)thanNDM(0.54±0.15s).

Therewerenosignificanttwo-wayinteractionbetweenexpertiseandmotion(F(1,14)=

1.204,p=0.291),expertiseandappearance(F(2,28)=1.540,p=0.232)ormotionand

appearance(F(2,28)=1.537,p=0.233). Whereweobservethatnovicesandexperts
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hadslowerreactiontimesduringDM(0.58±0.20sand0.70±0.12s,respectively)than

duringNDM(0.50±0.17sand0.59±0.11s,respectively).Forbothnovicesandexperts

CGhadtheslowestreactiontime(0.65±0.16sand0.78±0.10s,respectively),VHand

HChadsimilarreactiontimesfornovices(0.47±0.19sand0.49±0.17s,respectively)

andexperts(0.60±0.08sand0.57±0.08s,respectively).Similarly,CGduringDMand

NDMhadtheslowestreactiontimes(0.76±0.15sand0.65±0.12s,respectively)while

VHandHChadsimilarreactiontimesduringDM(0.57±0.17sand0.56±0.15s,re-

spectively)andNDM(0.48±0.15sand0.48±0.13s,respectively).Observationsofthe

two-wayinteractionsarepresentedinfigureA.11

FigureA.8-Mean±SDreactiontimesduringtheperception-actiontasks,showingthe
overallthree-wayinteractionfornovices(N,blue),andexperts(E,red),duringDMand
NDMwhileinteractingwithCG,VH,orHC.
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FigureA.9-Averagemedio-lateraldisplacementduringnormalisedtimeofexpert(red)
andnovice(blue)defendersinsuccessfully(solidline)andunsuccessfully(dashedline)
detectingfinalcrossingdirectionoftheattackersmotion(top).Columns(left-right)
representthemotionoftheattacker;DM-LandDM-R,andRows(top-bottom)
representthevisualappearanceoftheattacker;CG,VH,andHC.
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FigureA.10-Averagemedio-lateraldisplacementduringnormalisedtimeofexpert
(red)andnovice(blue)defendersinsuccessfully(solidline)andunsuccessfully(dashed
line)detectingfinalcrossingcrossingdirectionoftheattackersmotion(top).Columns
(left-right)representthemotionoftheattacker;NDM-LandNDM-R,andRows(top
-bottom)representthevisualappearanceoftheattacker;CG,VH,andHC.
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FigureA.11-Mean±SDreactiontimesfrominteractionsbetweenlevelandappearance
(A),levelandmotion(B)andmotionandappearance(C).
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A.5 Discussion

Thepresentstudyfocusedonthevisualcuesconveyedbyanattackerwithinarugby

dyad. Wereplicatedanattacker-defenderdyad,similarto[Brault2012],throughvirtual

reality.Inthispaper,theyimplementedsuchascenariousinghead-mounteddisplays

(HMD),andtheyconcludedthatthereisarelationshipbetweenattackerCGandexpert

defenderrateofsuccess.Developingfromthis,wefocusedonthevisualrepresentation

ofanattacker,ageneralfullbody,afullbodywithCGvisibleoronlytheCGofthe

attackerbeingpresent. Wethenevaluatedtheinfluenceofthesevisualmanipulations

undertwotypesoftask,aperceptiononlytaskandaperception-actiontask. Wehad

hypothesisedthatCGalonewouldnotimpedetheperformanceofexpertsandwehad

furtherhypothesisedthatthepresenceofCGwithafullbodyrepresentationwould

improvetheperformanceofnovices.Fromourresults,weobservedthatactually,CG

impededtheperformanceofexperts.Further,weobservedtheCGdidnotactasanaid

astherewerenoperformancedifferencesbetweenHCandVHconditionsfornovices.

Wewilldiscussthesefindingsandtheinfluencesoftheotherindependentvariablesfrom

ourstudy.

A.5.1 ExpertisePerformance

Previously,Braultetal. [Brault2012]reportedthatexpertsweremoresensitivein

attuningtheirperceptualskillstomorehonestsignals,specifyingthemedio-lateral

displacementoftheCG,whilethenovicesweremoreattunedtodeceptive,theoth-

erwisedishonestsignals,referringtouppertrunkandshoulderrotation.Additionally,

theyreportedthatexpertsgainedamajorityofcorrectresponsessoonerthannovices,

suggestingthatexpertscouldaccuratelyanticipatethefinalcrossingdirectionofthe
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attackerwithlessinformation. While,duringanactionresponsetask,expertswaited

significantlylongerthannovicesbeforeinitiatingtheirinterceptionmovement. The

delayedresponseinreactiontimethatweobservedwithinthisworkwasobservedfor

bothnovicesandexperts,withexpertsinitiatingdisplacementlaterthannovices.The

delayedresponsesobservedbyexpertshaspreviouslybeenassociatedtoamethodof

gainingmorereliableinformationabouttheperceivedaction[Güldenpenning2017],this

iscoherentwithourfindings,expertswaitedlongerthannovices. However,greater

reactiontimeswerealsoobservedfornoviceswhileinteractingwithCGthanVHand

HC,wheretheymaywellbeincorporatingasimilarmethodofgainingmorereliable

information. Theobserveddifferencesbetweennovicesandexpertsinthisstudymay

befurtherexplainedbytheactioncapabilitiesofexperts,suchasbeingphysicallyable

tocovergreaterdistancesinshortertimes[Oudejans1996,Dicks2010b,Navia2018].

Withinourstudy,expertsweremoresuccessfulinidentifyingthefuturepassingdirection

ofanopponentthannovices.Thesefindingswereconsistentforbothperceptionand

perception-actiontasks.Novicesandexpertswereequallysuccessfulindeterminingthe

passageoftheattacker,irrespectiveofvisualappearanceorcutofftimesduringNDM.

ThedifferenceinexpertiseonlybecamedistinguishableduringDM,whereperformance

forbothexpertsandnovicessignificantlydecreased,expertsweresuperiortonovices

inanticipatingdeceptivemotion. Thesefindingsareinaccordancewithpreviouslit-

erature,thatexpertshaveagreaterrateofsuccessinidentifyingandcorrectlyacting

updeceptivemotionwithinrugby[Jackson2006,Brault2010,Brault2012,Mori2013,

Wright2014],cricket[Renshaw2000,Brenton2016],handball[Cañal-Bruland2010]and

tennis[Sinnett2010].
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A.5.2 AppearancePerformance

Where[Brault2012]previouslyhypothesisedacorrelationbetweenCGandperformance,

wehavenotproducedsupportingevidenceforthis. Ourfindingsreportadetrimental

effectonperformancewhileinteractingwithCG.First,intheperceptiononlytask,

expertsandnoviceshadsimilarperformancescoreswhileinteractingwithCGbutexperts

regainedtheiradvantageofexpertisewhileinteractingwithVHandHCwhencompared

tonovices. WhilenovicesdidimproveduringinteractionswithVHandHCcompared

toCG,theydidnotimprovewiththeaidofHCwhencomparedtoVH.Moreover,the

detrimentaleffectfromCGwasobservableduringNDM,andduringDMthesuccessrate

inperformancedecreasedthelongerthestimuluswasvisible.Second,intheperception-

actiontask,expertsregainedtheiradvantagebymaintainingagreatersuccessratethan

novicesforallvisualappearances.Duringtheperception-actiontask,bothexpertsand

novicesweremostsuccessfulwhileinteractingwithVH.Noviceshadasimilarsuccess

ratebetweenVHandHC,whileexpertsperformedbestwithVH.

Innon-competitivesettings,[Meerhoff2014]and[Lynch2017]bothreportedadvantages

offullbodyrepresentationsasopposedtoglobalmotionvisualcues. Meerhoffetal.

[Meerhoff2014]reportedtemporaladvantagesincompletingamimicrytaskwhileinter-

actingwithlocalmotioncues(i.e.,armsandlegs)oralargesphere(i.e.,globalmotion

cue)thesameheightasthevirtualhuman.Lynchetal.[Lynch2017]alsoreported

advantagesoffullbodyrepresentationwithlocalcuesasopposedtointeractionswith

globalmotioncuesonly. Wherecueswerenotboundtoasubjectivepreferenceofvisual

appearance,rather,theperceivedaction-opportunities.Specifically,theirvisualappear-

ancesoflocalmotioncuesproducedsimilarresultswhileglobalmotioncuesvaried.Our

findingsareinaccordancewiththesepreviousfindings,globalmotioncuesalonelack

sufficientinformationforreproducibleandrepeatableperformancesasobservedforlocal

motioncues.Additionally,therewasnoadvantagewiththesimultaneouspresenceof

globalandlocalmotioncues.
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A.5.3 Timing

Duringtheperception-actiontaskexpertsgenerallytooklongertoreacttothestimuli,

andCGandDMrequiredlongerreactiontimes. Moreover,bothnovicesandexperts

requiredmoretimetoobserveCG,bothforNDMandDM.Further,duringthepercep-

tiontasktherewasaneffectofcutofftimes,overallperformanceimprovedwithlonger

exposureforbothexpertsandnovices.Thistrendofimprovementinperformancewas

observedforbothVHandHC,howeverperformancewithCGdidnotimprovewithtime.

Rather,whenconsideringvisualappearancewithDMandcutofftimesthesuccessrate

loweredafterT1.

Ourfindingsofreactiontimeduringtheperception-actiontaskweresimilartothoseof

[Brault2012],expertstooklongertoactonadecision,theyattributedthesefindingsto

asuperiorityinexpertise,thatis,expertsminimisedthenumberofmotionerrorsinthe

wrongdirectionbydelayingtheirresponse.Thiscouldalsoexplainthedelayedresponse

observedforbothexpertsandnoviceswhilstinteractingwithCG,bothgroupsdelayed

theirresponsestominimiseerrorsinthewrongdirection.However,thisdoesnotfully

explainthedifferencesobservedbetweenexpertsandnovicesifbothareadoptingsimilar

strategies.

Meerhoff etal.[Meerhoff2014]alsoreportedatemporaladvantageoflocalmotion

cues(i.e.,armsandlegs)duringanon-competitivesetting;participantswhilstinteract-

ingwithalargesphere,thesameheightasthevirtualhuman,haddelayedresponses

inproducingamirroredormimickedactionofthevisualdisplay.Further,Lynchetal.

[Lynch2017]reportedsimilarfindingsduringanorthogonalcollisionavoidancetask.Par-

ticipants,whileinteractingwithasmallredsphere,delayedtheiractionresponsethan

duringotherinteractionsofglobal(i.e.,acylinder)orlocalmotioncues(i.e.,virtualhu-

man).Theyattributedthisdelayedresponsetoalaterthresholdintheopticalexpansion

thanlargerobstaclesandtheaction-opportunitiesperceivedbytheparticipant.
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Although,inaheadonapproachingtask,Savelsberghetal.[Savelsbergh1991]has

previouslyshownacorrelationoftimetocontactandtherateofexpansion,where

participantsadjustedtheirhandaperturestocatchaluminousball.Consideringthese

findings,wesuggestthatindeedbothexpertsandnovicesadoptedadelayedresponse

tominimiseerrorswhilstinteractingwithCG.Thisconditionhadindeedlimitedvisual

informationwithalowrateofexpansion,creatinguncertaintyaboutthefuturepassing

directionoftheattacker.Thiscouldpossiblyexplaintheinvertedperformanceobserved

intheperceptionstudywheresuccessratedroppedascutofftimeincreasedduringCG.

Finally,theobserveddifferencesbetweennovicesandexpertscouldbeexplainedby

experiencebasedonperceivedaction-opportunities[Hommel2001,Rizzolatti2001,

Schütz-Bosbach2007].Thatis,expertscontaintheappropriatemotorrepertoirefrom

previousexperiencetoassociatefromperceptiontorequiredaction.Inpart,thiscould

explaintheobserveddifferencebetweenperceptionandperception-actiontasks;ex-

pertswereunaccustomedinperceivingglobalmotionofCGalone,however,during

perception-action,theyaccesstheirmotorrepertoirewhenphysicallyrequiredtoin-

terceptCG.Indeed,interactingwithCGwouldnotbehabitualforbothexpertsand

novices;however,expertsarefamiliarwiththeattacker-defendertaskandtheiraction

capabilities.

A.5.4 Limitations

Aninitiallimitationindirectcomparisontothepreviousstudyof[Brault2012]wouldbe

thechangeofapparatus.Previously,[Brault2012]completedtheirvirtualrealitystudy

throughtheapplicationofheadmounteddisplays,whilewehaveconductedourstudy

usingacomputerassistedvirtualenvironment.Bothapproacheshavebeenpreviously

validatedandappliedinecologicalperceptionstudies[Loomis1999,Brault2012],with

knownlimitations[Loomis2003,Banton2005].Headmounteddisplayshavepreviously
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beenreportedtohaveareducedfieldofviewandanincreasedimpactoninducingsimu-

latorsicknesscomparedtoimmersiveenvironments[Creem-Regehr2005,Sharples2008].

Asecondlimitationofthestudycouldbeattributedtothereactiontimeresponses.

Withinourexperimentalsetupwerecordedreactiontimesandinitiationresponsesfrom

themomentoftoeoffbeforeattackingdirectionreorientationdefinedasT0.Theor-

etically,asthestimuluswaspresentpriortoT0,participantscouldhaveperformedan

initialmovementbeforeanactualchangeindirection. However,weonlyconsidered

responsesandreactiontimesafterT0asthestimuluspriorthereorientationprovided

noadditionalinformationonpassingdirection,thisisinaccordancewiththepaperof

[Brault2012],butitcouldbeinterestingtoevaluateifreactiontimesappearedbefore

T0forsomeplayers,mainlynovices.Finally,weobserveddifferencesinoverallreaction

timesincomparisonto[Brault2012]. Weattributedthisgeneraldifferenceofmean

reactiontimestopossiblevariancesinthedistanceatwhichT0occurs,whilewemain-

tainedasimilarmethodologyinthedeterminationofT0as[Brault2012],therewasno

specificationofdistanceoftheattackerfromthedefenderatT0.

A.6 Conclusion

Toourknowledge,thisisafirstpapertoinvestigatetheeffectofvisualisedCGand

performanceinarugbyattacker-defenderdyad. Ourfindingswereinagreementwith

previousliterature,expertsmoreaccuratelydetectedthesideanattackerwouldpass

thannovices,andthatperformanceishinderedbydeceptivemotionsuchasaside-step

inrugby.However,globalmotioncuesalonewerenotsufficientincorrectlydetecting

attackerdirection.Therateofsuccesswasleastforbothexpertsandnovicesduring

deceptivemotionwhilstinteractingwithCG.TheinclusionofCGonVH(HCcondition)

hadnoadditionaleffectonperformanceorreactiontimesforbothnovicesorexpertsin

comparisonwithVHalone.Duringtheperception-actiontaskbothnovicesandexperts
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adoptedadelayedreactionresponsewhilstinteractingwithCG.Additionally,experts

haddelayedreactionresponsescomparedtonovicesforallvisualappearances. We

attributethisdifferencetosportspecificaction-opportunities,expertsbeingtrainedand

adaptedtotheattacker-defenderdyadandmayaccessanduseanassociatedmotor

repertoiretodelaytheirresponsesforincreasedcertaintypriortoinitiationofmotion.In

comparisonto[Brault2012]itappearsthattheglobaldisplacementofthewholebodyis

necessary,however,theintroductionofCGcombinedwithVH(HC),wasinhibitoryon

overallperformanceforexperts.ThissuggeststheintroductionofCGasatrainingaid

inattacker-defenderdyadisnotarelevantcue.Futureworkcouldconsidertheuseof

eyetrackingasamethodofdetailingthenotionsofglobalandlocalcues,alternatively,

theintroductionofrigidattackers,withoutarticulationsofthejoints, mayprovide

insight. Wherewehavebeenunabletoidentifyapossibletrainingaidthroughthe

visualrepresentationofCG,globaldisplacementofawholebody,withoutarticulation,

maybeasimplificationoftheinteractionandagreaterimpactontrainingapplications.
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AnnexeB

SynthèseFrançaise

FigureB.1-Lavieurbaine,unefouledepersonnesmarchantdansdemultiplesdirec-
tionsetréalisantdifférentesformesd’interaction.
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B.1 Introduction

Bienquelalocomotionpuisseêtreconsidéréecommeunetâcheélémentaireetauto-

matiquedelaviequotidienne,ellen’endemeurepasmoinsunetâchecomplexequi

permetdesedéplacerversunbutentoutesécurité[Winter1991]. Danscecadre,

l’étudedelalocomotionhumainereprésenteunchampderecherchetrèsvasteimpli-

quantlesdisciplinestellesquelesneurosciences,lapsychologie,lessciencesdusport,

lamédecineouencorel’informatique.

Commel’illustrelaFigureB.1dansunespaceurbaintrèsfréquenté,undéplacement

réussicorrespondàlafoisàlacapacitéd’orienteretdemouvoirsoncorpsdansla

directiondésiréemaiségalementd’interagiravecl’environnement,notammententen-

antcomptedesdifférentsélémentsleconstituant(élémentsfixesoumobiles)etla

naturedesinteractionspossiblesavecceséléments.Cesinteractionspeuventprendre

diversesformescommel’illustrelaFigureB.2dansunetâched’interactionavecun

autremarcheuroudansunetâchesportiveplusdynamiqueetpluscomplexed’unpoint

devuedescontraintesspatiotemporelles.Lemarcheurpeutparexempleainsiallerà

larencontredequelqu’un,marcheravec,lesuivreouencoreévitertoutecollisionavec

lemarcheur.Pourchacunedecestâches,laperceptiondel’environnementquientoure

lemarcheurestnécessairepourrecueillirlesinformationssurlescaractéristiquesde

l’environnementainsiquelespositionsetdéplacementsrelatifsdel’individuparrapport

auxélémentsdel’environnement.Cecipermetàl’observateurdeproduireuneaction

adaptéeàlasituation,cetteactionmodifiantcequeperçoitl’observateur.Gibsonpar-

laitainsid’uncouplagefortentrelaperceptionetl’actiondanslequelilestnécessairede

percevoirpouragiretd’agirafindepercevoir[Gibson1979].Celienfortentrelaperep-

tionetl’actionaétéétudiéainsidansdiversessituationscommelamontéed’escaliers

[Warren1984],lepassagedeportes[Cinelli2008b],ouencorel’évitementdecollision

entredeuxmarcheurs[Olivier2012].
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FigureB.2-Deuxexemplesd’environnementsdecouplageperception-action. A

gauche,unescènedevilleprésentantquatreformespossiblesd’interaction,dansle

sensinversedesaiguillesd’unemontredepuislehautàgauche:suivre,marcheravec

quelqu’un,alleràlarencontred’unepersonneetéviterunecollision.Adroite)Unex-

empled’interceptionréussie(joueurentraind’êtreplaqué)etuncoéquipierensoutien.

L’êtrehumainestparticulièrementsensibleauxindicesvisuelsfournisparlemouvement

delapersonneavecquiilinteragit.Parl’observationdumouvementd’unautremarch-

eur,l’êtrehumainestcapablededéterminerlescaractéristiquesfuturesdel’interaction,

etd’anticiperl’événementàvenirpardesadaptationspossiblesàsonétatactuel.Cette

habiletéàpercevoirlescaractéristiuesdu mouvementdel’autre marcheuresttrès

sensiblecarl’observateurestcapabled’identifierlesétatsémotionnelsd’unmarch-

eursurlabasedeson mouvement,ouencoresongenre,sonintentiondefeinte

[Montepare1987,Runeson1983a],etcecimêmelorsquelesindicessontextraitsd’une

représentationtrèssimplifiéedumouvementcommeunensembledepointslumineux

(PointLightDisplay)[Troje2002].Lesindiceslocauxtelsqueleregardpeuventégale-

mentêtrevecteursd’informationsimportantes,oùleregardaétécaractérisécomme

unfacteurd’interactionsociale[Kleinke1986]etconsidérécommeuneformedecom-

municationnonverbale[Senju2009].L’identificationdesmécanismessous-jacents,qui

sontlesindicesperceptuelsrequispouruneperceptioncorrectedumouvement,per-

mettraitderéaliserdesprogrèssignificatifsdanslacompréhensionducomportement

humain.
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Danscecadre,cettethèseviseàrépondreauxquestionssuivantes:quelssontles

indicesvisuelsqu’unindividuperçoitàpartirdumouvementdesautres? Quelssont

lesmodèlespermettantdedéterminerlesétatsfutursdel’interaction? Quelssont

lesmécanismesd’interprétationdesindicesperçusmisenjeu?Afinderépondreàces

questions,nousavonsconsidéréunparadigmesimpled’évitementdecollisionentredeux

marcheurs,tâchequifaitpartiedessynergiesmotricesdebasedelaviequotidienne.

Considérantdestâchesd’interaction,afindegarantiruncontrôleexpérimentalfin,

l’ensembledesexpérimentationsdéveloppéesdurantettethèseontétéréalisésenréalité

virtuelle.L’utilisationdelaréalitévirtuelleestunoutilvalidéquipermetdemanipuler

lesdétailsfinsd’unenvironnementdonnéetdetirerdesconclusionssurleseffetsde

cesmanipulations. Nousavonsainsiconduittroisétudes. Lapremièreétudes’est

concentréesurlanaturedesindicesvisuelsutiliséssurlemouvementdel’autreen

s’interrogeantsurlefaitquel’informationsoitextraited’unereprésentationglobale

dumouvementoud’indiceslocauxauseindelareprésentationglobale.Ladeuxième

études’estensuites’estintéresséeàl’influencedurayondecourburedelatrajectoire,

ensedemandantsilesétatsfutursétaientextrapolésurlabased’unereprésentation

rectiligneoucurvilignedumouvement.Enfin,latroisièmeétudes’estpenchéesurdes

paramètresplussociauxdel’interactionàtraversl’influenceducomportementduregard

del’autremarcheursurl’interaction.Enrésumé,lestroisétudescombinéesontexaminé

lelienentrelesindicesvisuelsdisponiblesdansl’environnementetlecomportement

d’évitementdecollisions.

Lathèseeststructuréedelamanièresuivante:Lechapitre1passeenrevuelalittérature

actuelle,enmettantl’accentsurlesfondementsthéoriquesedlathèse,laperception

del’environnement,l’interactionavecl’environnementetlecouplagedestechnologies

informatiquespouranalyserlecouplageperception-action.Parlasuite,surlabasedes

travauxdelalittérature,lesobjectifsdelathèsesontdétaillésavantdeprésenterles

troischapitresquiseréfèrentauxétudesexpérimentales.Lechapitre3estlepremier

travailréaliséenrelationaveclathèse,seconcentrantsurlanaturedesindicesvisuels,
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enparticulier,enexaminantsil’informationestextraitedudéplacementglobaloudes

indicesdemouvementlocal.Lechapitre4estledeuxièmetravaildelathèseetest

centrésurl’influencedescaractéristiquesdelatrajectoiredu marcheurobservéen

s’intéresantnotammentauxdifférencesentreunetrajectoirecurviligneourectiligne.

Lechapitre5estladernièreétudedelathèse,ets’intéresseauxaspectssociauxde

l’interaction,àsavoirl’influenceducomportementduregarddel’autremarcheursur

l’interaction.Enfin,uneconclusiongénéraledestroisétudesetdesperspectivessont

présentées.Uneétudecomplémentairesurlanaturedel’informationvisuelleutilisées

dansuncadreplusdynamiqued’unedyaderugbyattaque-défenseurestdisponibleen

annexeA,quiprésenteunchampd’applicationpossibleàpartirduchapitre3.
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B.2 Objectifs

FigureB.3-Vued’ensemblededeuxcheminsquisecroisentetlesindicesvisuelssurle
marcheurobservéconsidérésdanscettethèse.Degaucheàdroite,unereprésentation
globaled’unmarcheur,deuxreprésentationsabstraitesetlocalesd’unmarcheur,et
deuxreprésentationsdel’orientationdelatêteetduregarddumarcheur.

Cettethèseetlestravauxquiluisontassociéssontcentréssurlesinteractionsentre

unmarcheuretsonenvironnement. Danscecontexte,nousvisonsàdévelopperune

meilleurecompréhensiondesmécanismesperceptuelssous-jacentsquipeuventêtreim-

pliquéslorsd’unetâched’évitementdecollisionentredeuxmarcheursquisecroisent.

Unerevuedelalittératureadémontréquedurantsatâchelocomotrice,lemarcheur

extraitdufluxoptiquelesinformationspertinentesquiluipermettentdesedéplaceren

toutesécuritédanssonenvironnement.Enparticulier,ilestnécessaired’identifiersi

unecollisionseproduiradanslefuturetsiouiquandelleauralieu.Lesréponsesàces

deuxquestionsfondamentales,s’appuientsurdesindicesvisuelsdemouvementglobal

telsquelesmouvementsparallactiquesdifférentielsouletauxd’expansiondel’obstacle

surlarétine.Denombreuxtravauxontétémenéssurlaperceptiondescaractéristiques

dumouvementobservé,mettantenévidencequelesystèmevisuelestperformantpour
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détecterdeschangementsdedirection,lesindicesdemouvementsglobauxétantbasés

surunehypothèsedevitessesconstantes.Lesystèmevisuelseraitlimitédanslapercep-

tiondel’accélération,maisnéanmoins,l’observateurhumainrestecapablesd’adapter

sonmouvementafind’interagirdefaçonadaptéeaveclesobstaclesayantdifférentes

caractéristiquesdemouvement. Deplus,ilaétédémontréquelemouvementbiolo-

giqueesttrèsricheavecdesindicesdemouvementlocalquipeuventêtreutiliséspour

identifierlegenredel’individuàpartird’unnombrelimitédepointslumineuxcorres-

pondantàdesrepèresanatomiques.Alorsquelesindicesdemouvementlocauxpeuvent

fournirdesavantagestemporelssupplémentairesaucoursdesinteractions,lesindices

demouvementglobauxsontsuggéréscommesourcedesignauxplushonnêtes.

L’évitementdecollisionsentredeuxmarcheursagagnéenintérêtcesdernièresan-

nées.Enparticulier,lesauteursontdéveloppédenouvellesmétriquespourcaractériser

l’interaction,etontanalysédifférentsfacteursd’influencecommeparexemplel’ordrede

passageouencorel’angledecroisementlorsdetrajectoiresrectilignessurlesstratégies

misesenplaceparlesmarcheurs.Lesprotocolesmisenplaceimpliquentdesobstacle

prenantdifférentesapparencesouayantdesmouvementspassifsouréactifs.Lesen-

vironnementsconsidéréssontsoitréels,oualorsvirtuels.Cependant,denombreuses

questionssontencoresansréponseàcejouretdoiventdoiventfairel’objetd’unexa-

menplusapprofondi.Enparticulier,ellesconcernentlanaturedel’informationvisuelle

(globaleoulocale)perçueetutiliséepouréviterunecollision,lamanièred’extrapoler

lemouvementfuturdumarcheurobservéouencorel’influencedefacteurshumainsim-

pliquésdansl’interaction,telsquelecomportementduregard.L’objectifprincipalde

lathèseestdoncdedévelopperlesconnaissancessurlesmécanismesperceptuels

sous-jacentsimpliquésdanslaperceptiondel’interactionentredeuxmarcheurs

lorsd’unetâched’évitementdecollision.

L’apparencevisuelled’unobstacleauneinfluencesignificativesurlanaturedel’information

visuelledisponibleetdoncsurlecomportementobervé.Parexemple,lorsqu’unmarch-

eurfranchituneouverturematérialiséepardespoteauxoudeshumainsenconditions
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réelles,ilprivilégieradeplusgrandesdistancesdanslecashumain.Alorsqu’aucours

d’unetâched’évitementdecollision,lesdifférencesdecomportementd’évitementsont

signaléeslorsdel’interactionavecunrobotàrouespassifouréactif. Deplus,dans

laréalitévirtuelle,l’espacepersonneletl’espacepéripersonnel(c.-à-d.laportéedes

bras)sontpluspetitspourleshumainsvirtuelsquepourlesrobotsoulescylindres

virtuels.Cesdifférencesnotablessuggèrentl’importancedel’apparenced’unobjetet

soninfluencesurlesréponsescomportementales. Cesdifférencesdecomportement

peuventbienêtreattribuéesàdesdifférencesdansl’informationvisuelledisponible.Il

adéjàétédémontréquelemouvementglobalseulestsuffisantpourmeneràbienune

tâche,cependant,lesindicesdemouvementlocalontfourniunavantagetemporel.Par

conséquent,lapremièreétudedelathèseseconcentresurlanaturedel’information

visuelled’unobstaclevirtuelpendantunetâched’évitementd’unecollision. Pource

faire,l’apparencevisuelledel’obstacleestmanipuléepourlimiterlesrepèresvisuels

disponibles.Cetravailviseàdéterminersilesindicespertinentssontbaséssur

lemouvementglobalousurlesmouvementsdesegmentslocaux(c’est-à-direle

tauxdepasdesjambes).

Aprèsl’achèvementdelapremièreétude,lathèseprogresseversladeuxièmeétude,qui

s’orienteverslecheminparcouruparlemarcheurvirtueletl’évolutiondel’interaction

faiteparleparticipant.Encequiconcernelalittératuresurl’évitementdescollisions,

lorsd’uneinteractionorthogonale,uneextrapolationlinéaireduvecteurvitesseactuelle

fournitunedistanceminimalepréditeaucroisement.Lecalculdecettedistancede

franchissementprévuepourchaquepasdetempsfournituneévolutiondel’interaction

entrelesdeuxmarcheursetmetenévidencetroisétapesd’interaction(c.-à-d.observa-

tion,réactionetrégulation)avecanticipation.Deplus,celaprouvequ’aucoursd’une

traverséeorthogonale,latâchepeutêtreextrapoléelinéairementparlesmarcheurspour

prédirel’instancedetraversée.Cependant,aucoursd’unetâched’interceptiond’une

billesuivantunetrajectoirecurviligne,ilaétédémontréquelatâcheestaccompliepro-

spectivementpardeschangementsconstantsdansl’angledegisement.Lesdifférents
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travauxontfaitvarierleparadigmedel’évitementdescollisionsentredeuxmarcheurs

avecdesanglesd’approchealternatifs,etavecdesconfédérésoudesrobotsàroues.

Pourchaquecas,latâcheconsistaitàdemanderàunparticipantdemarcherversun

butetd’évitertoutobstaclequipourraitsetrouversurunetrajectoiresujetteauxcolli-

sions.Lemarcheur,leconfédéréoulerobotappariésontreçudesinstructionssimilaires

(suivreunetrajectoirerectiligneversunbut),lesconfédérésayantreçul’instructionde

fairecorrespondrelavitesseduparticipant,detoujourss’assurerd’unecollisionfuture

prévueoud’êtreentraînésàmarcheràvitessefixe. Deplus,lorsquenousnousdé-

plaçonsdansdesenvironnementsencombrés,danslesquelsnousrésidons,unchemin

peutêtrecurviligneparoppositionàuncheminrectiligne.Commeleprouventlessports

deballonetlestâchesd’interceptiondanslalittérature,ilestpossibled’intercepterun

objetensuivantunetrajectoirecurviligne.Cependant,lesystèmevisuelaétésignalé

commeétantinsensibleauxaccélérationspourlesestimationstemporellesetspatiales

futures.Acettefin,l’étudedeuxs’intéresseàl’influenced’unetrajectoirecurvil-

igned’unmarcheurvirtuelsurlesstratégiesd’évitementdecollisionets’intéresse

àl’évolutiondeladistanceminimaleprévueaucroisement.Lebutdecetravailest

demieuxcomprendrelanaturedesindicesdelatrajectoireperçue,enparticulier

siunobservateurpeutounonpercevoiretprédirelerisquefuturdecollisionà

partirdetrajectoirescurvilignes.Auparavant,ilaétédémontréquelerisquefutur

decollisionpouvaitêtredéduitdel’extrapolationlinéairedesvecteursvitessedechaque

marcheur,maisilresteàsavoirsicelaestvraipourlestrajectoirescurvilignesousiun

modèlepluscomplexequiprendencomptelesaccélérationsdoitencoreêtreexploré.

Enfin,lesinteractionsentredeuxmarcheurssanscontrainteontprésentéplusieursré-

sultats,toutd’abordl’extrapolationlinéairedelapositionetducapdesdeuxmarcheurs

aprésentéladistancedefranchissementprévue,lorsquecettedistanceestinférieureà

unevaleurseuil,lesdeuxmarcheurssesontadaptéspourassurerunpassageentoute

sécurité. Deuxièmement,sanscommunicationverbaleentrelesdeuxmarcheurs,les

deuxrôlesétaientassignés:l’unpasseraitenpremieretl’autrepasseraitensecond.
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D’autresrecherchessurl’attributiondesrôlesdesordresdecroisementontsuggéré

quelesrôlessontattribuésauposteactuelpendantlaphased’observation,qu’iln’y

apasd’influencedesfacteurshumains(p.ex.âge,sexeettaille)oudestraitsde

personnalité(p.ex.introvertietextraverti).Troisièmement,aucuneinversiondesrôles

assignésn’aétérapportée,c’est-à-direquependantlapérioded’observation,lesdeux

marcheursontassignédesrôlespourtraverserenpremierouensecondetontmaintenu

cerôlepourtraverserenpremierouensecond. Alorsque,lorsdel’interactionavec

unrobotpassif,desinversionsontétérapportées,etconsidéréescommeuneréponse

desuradaptation). Deplus,lesdistancesfinalesobservéesentreunmarcheuretun

robotsontplusgrandesquecellesobservéesentredeuxmarcheurs. L’analysedela

littératureamisl’accentsuruneffetpossibledelacommunicationsocialenonverbale,

d’uncomportementpassifoud’unecombinaisondesdeux.Enconsidérantlatâchedé-

tailléeauxparticipants,laformelaplusprobabledecommunicationnonverbaleserait

expriméeàtraverslesyeuxetlesexpressionsfaciales.Làoùiladéjàétédémontré

quelorsquedeuxindividusseregardentl’unl’autre,lesdeuxinfluencentimplicitement

laperceptionquechacunadel’autre,avecunregardmutuelformantuneinteraction

socialeparlebiaisdel’excitationémotionnelleetdel’intention.Leregardadéjàprouvé

qu’ilaugmentelesentimentd’immersiondanslesenvironnementsvirtuels.Cependant,

laplupartdesétudesportantsurlecomportementduregardsesontconcentréessurles

interactionsfrontales.Desétudesontcommencéàexaminerl’influencedescomporte-

mentsd’évitementréciproqueaucoursd’unetâched’évitementdescollisionsavecdes

résultatsprometteurs.Latroisièmeétudeestalorsunecontinuationdanslamême

direction,introduisantleregardcommerepèrenonverbalpendantl’évitementdes

collisions,danscetteétudenousavonsinclusdesessaisavecousanscomporte-

mentd’évitementréciproquepourétudierplusavantleseffetsducomportement

duregard.
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B.3 Méthodes

B.3.1 Participants

Lepersonneluniversitaireetlesétudiantsenbonnesantéontparticipéauxétudesliées

àlathèse. Touslesparticipantsavaientunevisionnormaleoucorrigéeàlanormale

etn’avaientpasd’antécédentsdemaladieoudedéficiencequiauraientpuaffecter

leurcapacitédeparticipation.Unformulairedeconsentementaétéfournipartousles

participantsavantl’expérimentationetlesétudesétaientconformesauxnormesdela

Déclarationd’Helsinki.

B.3.2 Dispositifs

Lesexpériencesonteulieudansdesenvironnementsvirtuelsassistésparordinateur

(CAVE);celuide9mdelarge,3mdehautet3mdeprofondeur,quiétaitéquipé

de13projecteursavecunerésolutiontotalede15MPixelsetlastéréoscopieactivea

étéréaliséeavecleslunettesportablesVolfonyActiveEyesProRadiofrequency. Les

lunettesontétésuiviesparunsystèmedesuiviARTcomposéde16caméras.L’autre

CAVEmesurait12mdelarge,4mdehautet4mdeprofondeur.Ilétaitéquipéde

4projecteursChristieMirage4K3Detlastéréoscopieactiveaétéréaliséeavecles

lunettesportativesVolfonyActiveEyesProRadiofrequency.Leslunettesontétésuivies

par6camérasViconBonita. Lesaffichagesd’environnement3Detlesanimations

depersonnages(FigureB.4)ontétéconçusdanslemoteurdejeuUnity.Lerendu

multi-surfaceaétéeffectuéparleplugin MiddleVR.Unjoystickaétéutiliséparles

participantspoursedéplacerdansl’environnementvirtuel.Laloidecontrôleassociéeà

lavitessevirtuelleétaitcelleutiliséeparOlivieretal.[Olivier2017].Lapositionneutre
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dujoystickproduiraitundéplacementdebasede1,4m.s−1avecunevitesseangulaire

nulle,quiressembleàunevitessedemarchenormativetypique[Bohannon1997].Toute

actionsurlejoystickparlasuiteproduituneadaptationdelatrajectoirevirtuelle.

L’axelongitudinalacontrôlélavitesselinéairementàpartirde0,8m..s−1à2,0m.s−1,

etlavitessederotationangulairecontrôléeparl’axelatérallinéairementàpartirde

-25deg.s−1à+25deg.s−1.

Figure B.4-Enhaut). Vued’ensembledel’environnementvirtuelutilisépour
l’expérience,d’unepositiondedépartrouge,d’unobjectifvertàatteindreetdela
variétédesapparencesd’obstaclesàunepositiondedépartobstruéeàgauche. En
bas).Perspectiveàlatroisièmepersonneduparticipanttoutenévitantlasituationde
contrôletotalducorpsavecl’objectifvertenarrière-plan.
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•••••

Cettethèseportaitsurtroisétudesdistinctesvisantàétudierlesmécanismespercep-

tuelssous-jacentsquipeuventêtreimpliquésdansunetâched’évitementdescollisions.

Àcettefin,latâchedechaqueexpérienceindividuelleétaitsimilaireet,parconséquent,

latâchegénéraleestdétailléeci-dessous.Parlasuite,leplanexpérimentaldechaque

étudeestdétaillédanslessectionsquisuiventlatâche.

B.3.3 Tâches

Lesparticipantsontétéplongésdansunenvironnementvirtuel(FigureB.4),oùon

leurademandédesetenirdeboutàunendroitdésignéreprésentédansleplancher

del’environnementimmersif. Latâcheconsistaitsedéplacerdansl’environnement,

àl’aided’unjoystick,pouratteindreunobjectif(uncylindrevert)àl’autreboutde

lapièce. Onleurademandéd’éviterlescollisionspotentiellesavectoutobstacle

virtuelquiapparaîtraitsurleurchemin. L’obstaclevirtuelsedéplaçaitlelongd’une

trajectoirequisecroisaitperpendiculairementauxtrajectoiresdesparticipants. Nous

avonsplacédesmursd’occlusiondansl’environnementpourcontrôlerlemomentoù

lesparticipantspouvaientpercevoirlepersonnagevirtuel(MPDtsee). Celaapermis

auxparticipantsd’atteindrelavitessedebaseensimulantunétatstabledemarche

confortableavantl’interaction. Toutaulongdel’expérimentation,touslesobstacles

virtuelsavaientunevitesseconstante. L’étatd’équilibreinitialduparticipantetla

vitessedel’obstaclevirtuelontétéfixésselonl’étudedelavitessenormativedemarche

à1,4m..s−1[Bohannon1997].Làoùlavitessedel’obstaclevirtuelestrestéeconstante

toutaulongduparcours,lesparticipantsontpuadapterleurvitesseetleurtrajectoire

aprèsMPDtseeàl’aidedujoystick.
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B.3.4 Miseenplaceexpérimentale

B.3.4.1 Comportementd’évitementdescollisionsentremarch-

eurs:indicesdemouvementglobaletlocal

Pourlapremièreétude(chapitre3),leplanexpérimentalaétémisenplaceenutilisant

unplancarrélatin,l’expérimentationaétédiviséeencinqblocsaléatoiresd’apparence

(FigureB.5).Àl’intérieurdechaqueblocd’apparence,lesobstaclesavancentàpartir

deladroiteoudelagaucheoccultéeduparticipant.Nousavonségalementcontrôlé

ledangerpotentieldel’interactionpourévaluersil’apparencevisuelledel’obstaclea

uneffetsurlaperceptiondelasituation.Lapositiondedépartdel’obstaclecontrôlait

lerisquefuturdecollisiondéterminéparMPDtsee,quiestl’instantoùleparticipant

peutd’abordvoirl’obstacle[Olivier2012].Untotalde5distancesdecroisementont

étéchoisiespourl’expérience,variantlerisquedecollision:deuxdistancesàhaut

risque,oùunecollisionseproduiraitsiaucuneadaptationn’estmiseenœuvre(0,1et

0,3m),unedistanceintermédiaire(0,6m)quinenécessiteraitaucuneadaptation,selon

cequiestréellementobservéentredeuxpiétons,maisuneinversionestrapportéelors

del’interactionaveclesrobots[Vassallo2017],etenfindeuxdistancesàfaiblerisque,

oùaucunecollisionneseproduiraitsiaucuneadaptationn’estmiseenœuvre(0,9

et1,2m). Deplus,nousavonscontrôlél’ordredecroisementinitialàMPDtseeoù

l’obstaclepasseraitdevantouderrièreleparticipantàcesdistancesaléatoiresderisque

decollision.Pourchaqueblocd’apparencevisuelleconditionnelle,lesparticipantsont

bénéficiéd’unecourtepériodedefamiliarisationconsistantencinqessaisderisques

variablesdecollisionavecl’apparenceconditionnellespécifiée.

Danschaqueblocd’apparencevisuelle,cesconditionsontétéprésentéesauhasardaux

participants.Parconséquent,chaqueparticipantaeffectué100essais(5apparitions×

2côtésdecroisement(gauche-droite)×5MPDtsee×2ordresdecroisement).
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Laduréedel’expérienceparparticipant,ycomprislafamiliarisationetleremplissage

duquestionnaire,étaitd’uneheure.

B.3.4.1.1 Conditions

Notreobjectifestd’étudierlerôledel’informationglobaleparrapportàl’information

localesurlemouvementdesobstaclesdansunetâched’évitementdescollisions.Pource

faire,nousavonsmanipulél’apparencevisuelledel’obstacleenmouvementenutilisant

lesconditionssuivantes,commel’illustrelafigure3.2:

1.Corpsentier:Unmannequinmobileavecunelargeurd’épaulede37cmetune

largeurdehanchede27cm,aétérendusansvisagepourévitertouteinfluence

del’émotionetduregard.Deplus,lemouvementaétéanimécommeuncycle

demarcherépétéetneutre.

2.Jambes:Sil’onconsidèrequeleplacementdespiedsestuncontactdirectavec

lesol,lespiedsetlesjambesseulspeuventfournirdesinformationslocalesper-

ceptuellespouréviterlescollisions.Ainsi,toutel’informationlocalesurlehaut

ducorpsaétésuppriméeavecseulementleplacementdespiedsetlemouvement

desjambes.Seulslepositionnementetlafouléepouvaientêtreperçus;laseg-

mentationdesjambesétaitsousleshanchespoursupprimertouteinformationsur

l’orientationdelahanche.

3.Tronc:Letroncétantleplusgrandaspectvisibleducorpshumain,nousavons

choisid’utilisercettesegmentation,sansjambesnibras,afind’éliminertoute

informationsurletauxd’oscillationetdeneprésenterquel’orientation.Deplus,

lahancheaétéunefoisdeplusexcluedelasegmentation,caruntauxdefoulée

pourraitautrementêtreperçuparlesoscillationsdelahanche.

4.Cylindre:Poursupprimertouteslesinformationsd’orientationetdepas,uncyl-

indreentoureentièrementlecontrôlecompletducorpsdansunepositionstatique.

Lecylindreaensuiteétécodéaveclamêmetrajectoireetlemêmeprofildevitesse
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quel’étatducorpsentier.

5.Sphère:AveclesrécentesdécouvertesdeBraultetdesescollègues[Brault2012]

suggérantunefortecorrélationentrelecentredegravité(COG)etl’interception

lorsd’unetâchesportivetrompeuseentermesdesuccès,nousavonschoisi

d’enlevertouteinformationd’encapsulageetd’utiliserunepetitesphère(8cm

dediamètre)commeapparencedeCOG.Ils’agissaitégalementdesupprimer

touteslesinformationsd’orientationetdefoulée,etsimilaireautronc,maiscon-

trairementàlasegmentationdesjambes,iln’yavaitpasdecontactaveclesol.

Notezquelacondition1)sertdeconditiondecontrôle.Lesconditions2)et3)étudient

lerôledessignauxdemouvementlocauxtransmisparlesmembreshumainsetletorse.

Enfin,lesconditions4)et5)éliminentcomplètementlesrepèresdemouvementlocaux

etaffichentlesrepèresdemouvementglobauxàtraversdifférentesreprésentations

géométriquesdel’obstacle.

FigureB.5-Apparencesvisuellesutiliséescommeindicesvisuelsdesapparenceslocales
etglobalesdegaucheàdroite,corpsentier,tronc,tronc,COG,jambesetcylindre.
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B.3.4.2 Influencedelacourburedelatrajectoiresurle

comportementd’évitementdescollisions

Pourladeuxièmeétude(chapitre4),l’installationexpérimentaleaétéconçuedetelle

sortequelesparticipantsontcommencéchaqueessaiàpartird’unepositiondedépart

dansuncorridor,cequilesaempêchésdepercevoirlapositiondedépartdelamarchette

virtuelle.Lorsqueleparticipantestsortiducorridor,unmarcheurvirtuels’estavancé

deladroiteoudelagaucheduparticipant. Nousavonscontrôléledangerpotentiel

del’interactionpourévaluersilerayond’approcheauneffetsurlaperceptiondela

situation.Pourcefaire,ledéplacementdelapositiondedépartdumarcheurvirtuela

déterminélerisquedecollisionfutureàMPDtsee,quiestl’instantoùleparticipantpeut

d’abordvoirlemarcheurvirtuel[Olivier2012].Autotal,quatredistancesdecroisement

ontétéchoisiesafindevarierlerisquedecollisionfuture:deuxdistancesàhautrisque

(0et0,3m),unedistancederisqueintermédiaire(0,6m)etunedistanceàfaiblerisque

(0,9m). Danslescollisionsàhautrisque,unecollisionseproduisaitsileparticipant

n’adaptaitpassatrajectoire.Danslecasdesdistancesintermédiairesetàfaiblerisque,

leparticipantn’apasnécessairementdûs’adapterpouréviterunecollision.Ilconvient

denoterqu’auxdistancesintermédiaires,onaobservéqueleshumainsnes’adaptent

pasdanslesinteractionsentrehumains;cependant,danslesinteractionsentrehumains

etrobotsetentrehumainsetobstaclesvirtuels(enmouvement),leshumainsonteu

tendanceàs’adapteretàinverserl’ordredecroisement[Vassallo2017,Lynch2017,

Lynch2017,Lynch2018]. Deplus,nousavonsréglementél’ordredepassageinitial:

lemarcheurvirtueltraverseraitsoitdevantouderrièreleparticipantàcesdistances

aléatoires(saufpourMPDtsee=0m).Enfin,lemarcheurvirtuelaavancéenutilisant

unetrajectoirefixe,untotaldetroistrajectoiresontétéchoisies(FigureB.6):deux

trajectoirescurvilignesavecunrayonfixede5mou10m,etunetrajectoirerectiligne

decontrôle.Lavitessetangentielle(c.-à-d.lavitesselinéairelelongdelacourbure

delatrajectoire)aétéfixéeà1,4m.s−1,soitlamêmevitessequelavitessedebase
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duparticipantetlavitessedesmarcheursvirtuelssurlatrajectoirelinéaire. Tousles

cheminscourbesétaientsignésnégatifs(àl’avant)etpositifs(derrière)pourindiquer

ladirectionàpartirdelaquellelemarcheurvirtuelavançait:

N5Lemarcheurvirtuels’estavancédevantleparticipant,s’approchantd’eux,

avecunrayonde5mdechemincurviligne.

N10 SemblableàN5,le marcheurvirtuels’estavancédevantleparticipant,

s’approchantdelui,avecunetrajectoirecurviligned’unrayonde10m.

P5Lemarcheurvirtuels’estavancéparderrièreleparticipant,s’approchantde

lui,avecunrayonde5mderayoncurviligne.

P10SemblableàP5,le marcheurvirtuels’estavancédevantleparticipant,

s’approchantdelui,avecunetrajectoirecurviligned’unrayonde10m.

INFÉtantdonnéunrayoninfini,latrajectoiredumarcheurvirtuelétaitrectiligne,

uneconditiondecontrôle.Pouréquilibrerlesconditionsexpérimentales,l’INFa

étérépétédeuxfois,selonl’approcheparcourbesignée.

Autotal,chaqueparticipantaeffectué168essais(6voies×7MPDtsee×2côtésde

croisement(gauche-droite)×2répétitions).Touteslesconditionsetleursrépétitions

ontétéprésentéesdansunordretotalementaléatoire.Avantlesessaisexpérimentaux,

lesparticipantsonteffectuésixessaisdefamiliarisationàdesconditionsaléatoires,

lesparticipantssesontfamiliarisésaveclecomportementdumarcheurvirtueletleurs

proprescapacitésd’adaptationaumouvementdujoystick. Laduréedel’expérience

parparticipant,ycomprislafamiliarisationetleremplissageduquestionnaire,était

d’environuneheure.
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FigureB.6-Exemplesdescourbesprésentéesàpartirdelaconfiguration.Laligne
griseestlatrajectoirehypothétiqueduparticipantsansadaptation,lalignenoireestla
trajectoirerectilignedumarcheurvirtuel,leslignesbleuessontlestrajectoiresdumarch-
eurvirtuelavecunrayonde5m,lescourbesorangesontlestrajectoiresdumarcheur
virtuelavecunrayonde10m.Leslignespleinessontpourlestrajectoiresdederrièrele
participant,leslignespointilléessontàl’avant.Lemarcheurvirtuels’estapprochéde
lagaucheoudeladroite.
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B.3.4.3 Effetducomportementduregardhumainvirtuel

lorsd’unetâched’évitementdecollisionsortho-

gonales

Pourlatroisièmeétude(chapitre5),leplanexpérimentalaétémisenplaceentenant

comptededeuxfacteursprincipaux,àsavoirleregardavecuncomportementderotation

delatêteetlecomportementd’évitementréciproquedupersonnagevirtuel,quiontété

manipulésdansnotreétude.Chaquefacteurcomportedeuxniveauxdécritsci-dessous

:

1)Comportementduregard(FigureB.7):PourlepremierniveauNoGaze(NG),

lepersonnagevirtuelneregardepasleparticipantmaistoutdroitdevant,commeun

intervenantstéréotypéquineformulepasd’interactionssocialesavecleparticipant.

Pourledeuxièmeniveau,Gaze(G),lepersonnagevirtuelregardeleparticipant.Plus

précisément,lepersonnageregarded’abordversl’avenir,puis,0.2saprèsMPDtsee,il

dirigesonregardverslatêtedesparticipants.Pendant1,5s,lepersonnagesefixesurle

participantavantderetournerleregarddanslesensdelamarche.Lecomportementdu

regardestréaliséenanimantlescomposantesdel’œil,delatêteetducou(parrotation

delatêteetdesépaules)dupersonnagevirtuel,surlabasedestravauxantérieursde

[Grillon2009].

2)Comportementd’évitement:PourlepremierniveauNoAvoidance(NA),leper-

sonnagevirtuelamaintenuunchemindroitverssonbutàunevitesseconstante.Pour

ledeuxièmeniveauAvoidance(A),lepersonnagevirtuelaadaptésoncheminpour

assurerunpassagesûraufuturpointdepassageprévuenutilisantl’algorithmeRVO

[VanDenBerg2011].
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FigureB.7-Perspectiveàlatroisièmepersonnedesparticipantssedéplaçantdansun
environnementvirtuel;leparticipantmasculininteragitsansregard(àgauche,cercle
rouge)etlaparticipanteféminineinteragitavecleregard(àdroite,cercleorange).

Nousavonscombinécesdeuxfacteursdesortequenousavionslesconditionssuivantes:

NoGaze+NoAvoidance(NGNA),NoGaze+Avoidance(NGA),Gaze+NoAvoidance

(GNA),Gaze+Avoidance(GNA),Gaze+Avoidance(GA).

Danscetteétude,lepersonnagevirtuelavanceraitàpartirdeladroiteoudelagauche

occultéeduparticipant.Nousavonscontrôléledangerpotentieldel’interactionpour

évaluersilecomportementduregardavaituneffetsurlaperceptiondelasituation.Le

risquefuturdecollisionaétécalculéàl’aidedelavariableDistanceminimaleprévue

(DMP)définieprécédemmentpar[Olivier2012].Ilaétédéfiniaudébutdel’interaction

encontrôlantlavitessedebaseetlecapduparticipantjusqu’àtsee,etencontrôlant

enoutrelapositiondedépartdupersonnage,quiavaitlamêmevitessedebaseque

leparticipantetuncapconstant[Olivier2012].Leparticipantetlepersonnagevirtuel

ontétélocalisésà9,5mdupointd’intersection,àuncapetàunevitesseconstants,

lesdeuxarriventaumêmemoment.Pournosconditionsexpérimentales,nouscompen-

sonslapositiondedépartdupersonnage,aulieudecompenserletempsdedépart.Un

totalde5futuresdistancesdecroisementcalculéesàtsee(MPDtsee)ontétéchoisies,

variantlerisqueinitialdecollisiondansl’interaction;2distancesàhautrisque,oùune

collisionseproduiraitsiaucuneadaptationn’estmiseenœuvre(0,1et0,3m),unedis-

tanceintermédiaire(0.6m)quinenécessiteraitaucuneadaptation,cequiestréellement

observéentredeuxpiétons,maisuneinversionestrapportéelorsdel’interactionavec

desrobotsetdespersonnagesvirtuels[Vassallo2017,Lynch2017],etenfin2distances
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àfaiblerisque,oùaucunecollisionneseproduiraitsiaucuneadaptationn’estmiseen

œuvre(0,9et1,2m).Deplus,nousavonscontrôlél’ordredecroisementinitialàtsee

oùlepersonnagevirtuelpasseraitleparticipantsoitdevant(MPDtsee<0ouderrière

(MPDtsee>0)àcesdistancesaléatoiresderisquedecollision.

Chaqueparticipantaeffectué80essaisaléatoires(4réponsescomportementales×2

côtésdecroisement(gauche-droite)×5MPD××2ordresdecroisement).Àlafin

del’expérience,nousavonsdemandéauxparticipantsd’indiquerlesparamètresqu’ils

pensaientquenousavionsévaluésaucoursdecetteétude. Nousavonségalement

recueillidescommentairesautodéclarés.Laduréedel’expérienceparparticipantétait

d’uneheure.
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B.4 Comportementd’évitementdescollisions

entremarcheurs:indicesdemouvement

globaletlocal

B.4.1 Objectifetcontributionsdelapremièreétude

Lapremièreétudeseconcentresurlesindicesvisuelsquitransmettentdesinform-

ationspertinentespouruneestimationprécisedumouvementglobaldesautres,en

particulier,quecesindicesvisuelssoientextraitsdespartieslocalesducorpsoudela

perceptionglobaledumouvementducorps. Pourmanipulerl’aspectvisueltouten

préservantstrictementlacinématiquedesinteractions(c’est-à-direlemouvementre-

latifdel’obstacleparrapportauxparticipants),nousavonsdéveloppéuneexpérience

enréalitévirtuelle.Laréalitévirtuelleestunenouvelleapprochequis’estavéréeêtre

unoutilpuissantpourlaperceptionécologiqueetlarecherche-action[Loomis1999].

Lesavantagesdelaréalitévirtuellecomprennentlacapacitédedécouplerlesvariables

covariantesnaturelles,l’augmentationducontrôleexpérimentaletlamanipulationdes

détailsfinis.Laperceptionetl’actionàtraverslaréalitévirtuellen’estpassanslim-

ite[Fink2007].Ilaeneffetétédémontréqu’ilexisteunevariancedanslaperception

delaprofondeur[Loomis2003],quin’estpasnécessairementliéeauchampdevision

restreintauquelonseréfèresouventlorsqu’onutilisedesécransmontéssurlatête

[Creem-Regehr2005].Deplus,enréalitévirtuelle,lavitesseduregardversl’avantest

sous-estiméeparrapportàlavitesseréelle[Banton2005].

Malgrécesdifférencesnotablesauseindelaréalitévirtuelle,lesréponsescomporte-

mentalesseconformentàlaréalité. Lesmarcheursquiexécutentunetâchedelo-

comotiondirigéeversunbutdanslaréalitéreproduisentleurtrajectoireenréalité

virtuelle[Cirio2013]. Encequiconcernel’évitementdescollisions,lavalidationde
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laréponsecomportementaleaétérapportéedanslapréservationdel’espaceperson-

nel[Gérin-Lajoie2008]etdesméthodesinteractivesutilisantdegrandsécransimmer-

sifsontétédéveloppées[Olivier2017]. Laréalitévirtuelles’estavéréeêtreunoutil

importantdansl’exploitationdesituationscomplexestellesquelesportdecompéti-

tion[Brault2012],lecontrôlede mouvement[Fink2007]etlasimulationdefoule

[Bruneau2015].Laréalitévirtuelleestdoncunoutilrobusteetfiablepourapprofondir

lacompréhensiondel’évitementdescollisions.

L’expériencederéalitévirtuellemetunobstacledynamiquesurunetrajectoiredecol-

lisionavecunparticipant.L’apparencevisuelledel’obstacledynamiqueestmodifiée

entrelesessais.Unesituationdecontrôle,l’obstacledynamiqueestunpersonnagevir-

tuelambulant.Danscecas,noussommesenmesuredecomparerlesrésultatsobtenus

enréalitévirtuelleaveclesdonnéesréellesenregistréeslorsd’interactionsentredeux

humainsréels.

Letravailacontribuédedifférentesmanières:

1.Nousétudionsexpérimentalementlanaturedel’informationvisuelleutiliséepar

unmarcheur,enparticulierdanslecadred’unetâched’évitementdescollisions.

Nousdémontronsquelemouvementglobalestunesourced’informationsuffisante

pouréviteravecsuccèslesobstacles,tandisquelemouvementlocalcontientdes

détailssupplémentaires.

2.Apartirdecesrésultats,nousfournissonsdesrecommandationspourlaconcep-

tiondeplates-formesderéalitévirtuelleafind’effectuerdesétudesdelocomotion

humainedanslecontextedesinteractions.
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B.4.2 Discussion

L’objectifdelapremièreétudeétaitd’étudierlanaturedel’informationprovenant

desmouvementsd’obstaclesutiliséslorsdesinteractionsentrelesmarcheurs. Nous

avonsconçuunetâched’évitementdescollisionsorthogonalesdanslaréalitévirtuelle,

semblableàOlivieretsescollègues[Olivier2012]quiontforméuneméthodepour

décrirel’interactioninterpersonnelledansdesconditionsréelles. Nousnoussommes

concentréssurlesindicesdemouvementglobaletlocalenmanipulantl’apparence

visuelledesobstacles.Nousavonsévaluél’influencedecettemanipulationsurlastraté-

gied’adaptation,ennousconcentrantnotreanalysesurleMPD,ladistanceprévuede

l’approchelaplusproche.

B.4.2.1 Adaptationqualitativedumouvement

Touteslesapparencesd’obstaclesontconduitàuneadaptationdumouvementqualit-

ativementsimilaire.Presqueaucunecollisionetpeud’inversionsdel’ordredepassageà

niveauontétéobservées.Lecomportementd’évitementdescollisionsprésentaittrois

phasesdistinctesd’évitement:observation,leparticipantpercevaitl’obstaclemais

n’agissaitpasactuellementsurcelui-ci;réaction,leparticipantmodifiaitsatrajectoire

pouraugmenterladistancefuturedel’approchelaplusproche;réglementation,une

foisladistancedesécuritéobtenue,ladistanceétaitmaintenueconstanteoumême

légèrementdiminuée.Touslesessaisd’évitementdescollisionsontétérésolusparan-

ticipation. Cesrésultatscorrespondentàceuxobservésdansdesconditionsréelles

[Olivier2012],ainsiquedansdesenvironnementsvirtuelsavecun marcheurvirtuel

[Olivier2017]. Lamanipulationdel’apparencevisuellen’amontréaucuneffetsurla

capacitéhumainedemeneràbienunetâched’évitementdescollisionsorthogonales:

leshumainsontréussiàéviterlescollisionsindépendammentdel’apparenceglobaleou

localedel’obstacle.
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Contrairementà[Olivier2012,Olivier2013]et[Vassallo2017],quin’ontrapportéaucune

adaptationdetrajectoireau-dessusd’unedistancedecroisementfuturede1m,cette

étudeneprésenteaucunseuilderisquedecollision(c’est-à-direlesvaleursinitiales

MPD).Nousavonstoujoursobservéuneadaptationd’évitementdelatrajectoire,ceci

estenaccordavec[Olivier2017].L’absenced’unseuilsupérieurauseindenotredisposi-

tifexpérimentalpourraits’expliquerenpartieparunchangementdeperceptiondeladis-

tancedanslaréalitévirtuelle[Loomis2003,Lampton1995,Plumert2005],ainsiquepar

l’espacepersonnelaccrupendantl’immersion[Gérin-Lajoie2008,Argelaguet-Sanz2015].

B.4.2.2 Ordredecroisement

Aprèsavoirexaminél’ordredecroisementinitial,lesrésultatsontmontréuneffet

d’apparencevisuelled’obstaclesurlenombred’inversionsdel’ordredecroisement.

Semblableàuneétudeprécédenteimpliquantunrobotàroues[Vassallo2017],nous

avonsnotédesinversions(de5%à20%)del’ordredecroisementpourlesessaisoù

ilétaitprévuqu’unmarcheurcroiseenpremieretfinalementcroiseensecond. Le

tauxd’inversionétaitleplusélevépourlecylindreetlemoinsélevépourlecorps

entieretlesjambes. Desconfigurationsexpérimentalessimilairesavecdesappar-

encesd’obstaclesvariablesontproduitdesréponsescomportementalesvariables.Les

travauxde[Olivier2012,Olivier2013]n’ontrapportéaucuneinversionentredeuxhu-

mainsdansdesconditionsréelles,unordredecroisementaémergéàMPDtseeetest

resté. Cependant,Vassalloetsescollègues[Vassallo2017]ontsignalédesinversions

d’ordredecroisementaprèsMPDtsee.Lerôledel’inversionaétéinterprétécommeune

réponsecomportementaleextrêmepourlapréservationdel’espacepersonnel,déclar-

antqu’uneinversionestuneréponseénergétiqueinefficacesurlatrajectoireprévue.

Ilsontsuggéréquecetteréactionpourraits’expliquerparleniveaudedangerperçu

durobotainsiqueparlemanqued’expérienceenmatièred’évitementdescollisions

avecdesrobotsàroues.L’immersiondansdesenvironnementsvirtuelsréduitledanger
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physique,d’autresréponsescomportementalesorientéesversunobjectifdanslaréalité

virtuelleontdéjàétévalidées[Cirio2013,Olivier2017].Considérantlesrésultatsrap-

portésicietprécédemment,nouspouvonsémettrel’hypothèsequelefaitdesoutenirla

communicationsocialenonverbaleaidelesmarcheursàmaintenirl’ordredecroisement

aprèsMPDtsee.Deplus,latailledel’obstacleetl’incertitudeducomportementpeuvent

influencerdavantageletauxd’inversion.

B.4.2.3 Adaptationquantitativedumouvement

Nosrésultatsontfaitétatd’unedifférencesignificativedeladistancedecroisement

touteninteragissantaveclesapparencesvisuellesglobalesdumouvement.Ladistance

decroisementétaitplusgrandelorsdel’interactionaveclecylindre(1,24m)etplus

petitelorsdel’interactionavecleCOG(0,96m)parrapportaucorpsentier(1,17m).

Nousnotonsquedansunréglaged’évitementdescollisionsorthogonales,lavariation

del’apparencevisuelleparrapportaucontrôledel’apparencevisuelleducorpsentier

n’apasaffectélastratégied’évitement.

L’évolutionduMPDaufildutempspendantlesétapesinteractivesdelatâched’évitement

descollisionsamontréunedifférencesignificativeparrapportàl’étatducorpsentier

pourlesdeuxaspectsdumouvementglobal(c’est-à-direleCOGetlecylindre).Après

que22%dutempsnormalisédeMPDtseeàMPDtcross,lesparticipantsontsuiviunetra-

jectoirequis’esttraduiteparunedistancedecroisementpluspetitedansl’étatCOGpar

rapportaucorpsentier.Enrevanche,après47%dutempsnormalisé,lesparticipants

ontsuiviunetrajectoirequileurapermisdefranchiruneplusgrandedistanceàpartir

ducylindre.Encequiconcernelestroisphasesdistinctesd’évitement,leCOGavait

lapluslonguepérioded’observationentempsnormaliséde10%(Figure3.3).Parla

suite,unedifférencesignificativedansl’évolutionduMPD aveclecorpsentieraété

observéeàpartirde22%(Figure3.4).Bienquel’évitementdesobstaclesaitétéef-
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fectuéavecsuccèsavecl’aspectCOG(sphèrede8cm),suggérantquelechangement

d’anglederelèvementfournissaitsuffisammentd’informationspouréviterlesobstacles

dynamiques,lapérioded’observationavantd’initieruneréponseétaitsignificativement

pluslongue,etladistancedecroisementétaitsignificativementpluspetitequepour

lesobstaclesplusgrands. Celapeutsuggérerquel’expansionoptiqueaégalement

jouéunrôleimportantdanslechronométragedelaréponsed’évitement:l’expansion

optiqued’unobjetde8cmatteintleseuilbeaucoupplustardquecelled’unobjet

degrandetaille. Cesrésultatsimpliquentquel’évitementdesobstaclespeutnepas

êtrecontrôléparleseulchangementd’anglederoulement,bienqu’ilsoitefficacedans

l’auto-organisationémergenteauseindesfoules[Ondřej2010].

Lecylindre,cependant,reproduisaitunepérioded’observationsimilaireàcelleducorps

entier,unedifférencesignificativeseproduisantàpartirde47%oùlemarcheurest

susceptibledes’êtresuradaptéenraisondelaplusgrandedistancedecroisement.

Cerésultatestenaccordavec[Iachini2014]quiarapportéuneplusgrandedistance

d’interactiontoutenrencontrantuncylindreparrapportàuncorpshumain.Ilsont

établiunlienentreleursconclusionsetlesaspectssociauxdel’interaction. Cepend-

ant,dansnotrecas,nosrésultatspeuventêtreinterprétéspar:ladifférencedansla

dimensionsocialedesinteractionsavecuncylindreouunpersonnage,ouunecertaine

incertitudedanslaperceptiondelatailleetdumouvementducylindre.

B.4.2.4 Informationslocalesouglobales

Lesparticipantsontrempliunquestionnaireconcernantleurexpériencesubjectivede

chaqueapparitiond’obstacle.Ilsontclassél’apparencevisuelledansl’ordredepréférence

pourl’interaction.Ilestintéressantdenoterqu’iln’yavaitpasdepréférenceunique.

CetteréponseimpartialeaétéétayéepardesquestionnairesLikertinter-blocsquin’ont

pasnonplusmontrédebiaisdansl’apparencedesobstacles.
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Knorretsescollègues[Knorr2016]ontrapportéquel’âge,lataille,lesexeetlesfac-

teurssociauxdepersonnalitén’influencentpaslesréponsescomportementalesd’une

tâched’évitementdescollisions.Lapréférencesubjectiverapportéeicicorroborelesré-

ponsescomportementalesdeKnorretal.[Knorr2016].Toutefois,Knorretcoll.n’ont

pasfaitétatd’uneanalysedespréférencessubjectives. Étonnamment,lesréponses

comportementalesquenousavonsobservéesauxinformationsglobalesetlocalessurle

mouvementcontredisentcesrésultats.Nosrésultatsontmontréqueselonl’apparence

del’obstacle,lesparticipantséviteraientl’obstacleàunedistancedifférente. Cesré-

sultatssuggèrentdoncquelecomportementd’évitementn’estpasliéàunepréférence

subjectivedel’apparencevisuelle,maisplutôtquel’apparencevisuellemodifielesocca-

sionsd’actionperçuesd’unagent,commeentémoignesaréactioncomportementale.

C’est-à-direquelaplusgrandesurfaceenglobéeparlecylindrepermetuneplusgrande

distancedecroisement,alorsqueleCOGaunpluspetitvolumeetpermetdoncune

pluspetitedistancedecroisement.

Meerhoffetal.[Meerhoff2014]ontétudiélerôledel’informationsurlemouvement

globaletlocaldansunetâchederégulationdedistancenoncompétitive.Ilsont

montréquemêmesilacapacitéderéglerladistancen’étaitpasperturbée,lorsque

seullemouvementglobalétaitdisponible,lesparticipantsontréussiàobtenirunav-

antagetemporel(c.-à-d.desréponsesantérieures)lorsquelemouvementlocaletle

mouvementglobalétaientdisponibles.Onpourraitdoncsupposerquel’informationsur

lemouvementlocalpermetuneestimationplusprécisedesmouvementsd’uneautre

personne,maisl’utilitédecetteinformationdépenddelanaturedel’interaction(com-

pétitiveounoncompétitive).Dansnotreétude,nousavonsconstatéquelesconditions

decylindreinduisaientuneplusgrandedistancedecroisement.Cependant,nosrésultats

COGcontrastentaveclesrésultatsde[Meerhoff2014],cequipeuts’expliquerparla

tailledel’objet. Meerhoffetsescollègues[Meerhoff2014]ontutiliséunobjetsphérique

ayantlemêmediamètrequelahauteurdeleurconditiondecontrôleducorpsentier,

alorsquenousavonsadoptéunesphèrepluspetitepourreprésenterleCOG.Étant
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donnécettetaillepluspetite,celaauraitpudonnerauxparticipantsl’impressionde

pouvoirtraverseràunedistancepluspetite,malgrél’incertitudesupposéedel’absence

d’informationsurlemouvementlocal. Deplus,dansnotreanalyse,nousavonscon-

sidérélesréponsescomportementalesaucentred’unobstacleetàl’envelopped’un

obstacle,c’est-à-direlepointcirconférentieldel’obstacleleplusprochedumarcheur.

L’analysedelaréponsecomportementaleàl’enveloppedel’obstacleaétéomisecaril

n’yavaitpasdedifférenceparrapportaucentredel’obstacle.Cependant,lafréquence

descollisionsaétéconsidérablementaugmentéetoutentraitantleCOGàl’intérieur

d’uncorpsentierinvisible. Celaconfirmequelesoccasionsd’actionsontliéesaux

apparencesvisuellesdirectementperçuesdansleréseauoptique.

B.4.2.5 Conclusion

Nousavonsétudiélemouvementd’unpersonnagevirtuelpassifavecdesindicesvisuels

globauxetlocauxlorsd’unetâched’évitementdecollisionorthogonale.Nosconstata-

tionsontmontréquelanaturedel’apparencevisuelleavaiteffectivementuneincidence

surladistancefinaledupassageàniveau.LesapparencesdemouvementglobalduCOG

etducylindreétaientpluspetitesetplusgrandesrespectivementd’aprèslesapparences

demouvementlocal. Qualitativement,touteslesapparencesvisuellesreproduisaient

desadaptationsdemouvementsimilaires.Lesparticipantsontanticipélescollisionsfu-

turesparl’observation,laréactionetlesréponsesréglementaires.Deplus,l’apparence

visuellen’aeuaucuneffetsurlenombredecollisionsoud’inversionsdel’ordredepas-

sageàniveau.Nousassocionslavariancedeladistancedecroisementàlaperception

desopportunitésd’actiondumarcheur,lasurfaceofferteparl’obstaclevirtuel,plutôt

queladichotomievisuelledel’informationglobaleetlocale.Enrésumé,lemouvement

globalfournitsuffisammentd’informationspouréviterlescollisions,maislesvariantes

demouvementlocalreproduisentdesréponsesplusprécisesetrépétables.
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B.5 Influencedelacourburedelatrajectoiresur

lecomportementd’évitementdescollisions

B.5.1 Objectifsetcontributionsdeladeuxièmeétude

Cetteétudeaexaminél’influencedelatrajectoired’unmarcheurvirtuelpourl’estimation

précisedeladétectiondescollisionspotentiellesentredeuxmarcheurs.Plusprécisé-

ment,nousavonscherchéàsavoirsiunetrajectoirecurviligneinfluençaitlechoixdu

momentetlecomportementd’évitemententredeux marcheursparrapportàune

trajectoirerectiligne. Lesêtreshumainsinteragissentdansdesenvironnementsdy-

namiquessurunebasequotidienne,répondantàcequechaqueenvironnementof-

fre. Parexemple,lesespacespublicsetbondéspermettentauxhumainsderégler

leursdistancesinterpersonnellesafind’éviterlescollisions. Danslecasd’uneinter-

actiond’évitementdescollisionsparpaires,l’environnementpeutsepermettrede

passerenpremier(devant)ouensecond(derrière)d’unautre marcheur,avecou

sansévitementdescollisions. Danslecasdestrajectoiresrectilignes,lescomporte-

mentsd’évitementdescollisionsontétélargementrapportés[Olivier2012,Olivier2013,

Basili2013,Huber2014,Knorr2016,Olivier2017]. Deplus,ilaétédémontréqueles

occasionsd’actionperçuesparlesmarcheurspourraientêtreaccordéessurlabase

d’unedistanceminimaleprédite[Olivier2012,Olivier2013].Ladistanceminimaleprévue

(MPD)extrapoleralinéairementlavitesseetl’orientationinstantanées,cequire-

présenteladistanceprévuelaplusprochequedeuxmarcheurspasserontsiaucune

adaptationn’esteffectuéeparl’unoul’autremarcheur(c.-à-d.,baséesurunevitesse

etunetrajectoireconstantes).Enoutre,MPDquantifielanotionderisquedecollision,

oùdesadaptationsduMPD sontobservéeslorsqueladistancedecroisementprévue

estinférieureàladistancedecontact;unseuilde1maétérapporté[Olivier2012].

Deplus,aucoursdel’évolutionduMPD,troisphasesdistinctesontétéidentifiées
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:l’observation,laréactionetlarégulation. Cesrésultatsontmontréquepourune

trajectoirerectiligne,leMPD peutêtreutilisédanslaprédictiondurisquefuturde

collision.Lorsquelerisqueestfaible,aucuncomportementd’évitementn’estobservé,

maislorsquelerisqueestélevé,lecomportementd’évitementestobservé.Cependant,

dansdesconditionsréelles,leshumainsnesuiventpastoujoursdestrajectoiresrecti-

lignesàvitesseconstante.Celasoulèvedeuxquestions,lapremièreétantdesavoirsi

unetâched’évitementdescollisionsavecdestrajectoirescurvilignespeutêtreaussibien

exécutée,commecelaaétédémontréprécédemmentpourlestrajectoiresrectilignes.

Deuxièmement,laquestiondesavoirsileMPDestunmoyenpertinentpouréviterles

collisionsavecdestrajectoiresnonlinéaires.

Lesystèmevisueladéjàétémontrécommesensibleauxchangementsdirectionnels

del’automobilismeetdu mouvementdesobjetsdanslestrajectoiresrectiligneset

curvilignes[Bastin2006b,Bastin2008,Bosco2012,DelleMonache2015],etsensibleà

laperceptiondelavitessemaisplutôtinsensibleàl’accélération[Watamaniuk2003,

Zaal2012].Iladéjàétédémontréquelavitessedesmarcheurspeutêtrecontrôlée

prospectivementenutilisantunestratégied’anglederelèvementconstanttoutenin-

terceptantuneballequisuitunetrajectoiremédiolatéralelelongd’unecourbede5m

et10mderayon[Bastin2006b].Deplus,ilaétédémontréquelavitessedesmarcheurs

étaitplusaffectéeparlacourbured’unebouleenvolqueparlamanipulationdutaux

d’expansion[Bastin2008].Cependant,danscesexpériences,lavaliditéécologiquepeut

avoirétéaffectéecarlesmarcheursontétécontraintsàunseulaxededéplacement.De

plus,lesparticipantsonteffectuéunetâched’interception,onnesaitpasdansquelle

mesurecesrésultatss’appliquentaudéplacementpiétonnierdanslecadred’unetâche

d’évitementdescollisions.

Ilestdifficiledemanipulerexpérimentalementlatrajectoired’unmarcheurpassifpour

suivreunetrajectoirecurvilignesansaidevisuelleetderépéterlatrajectoirecurviligne

avecuneaccélérationconstantepourassurerunevitesseconstanteàlatangentedela

trajectoirecurvilignedanslavieréelleetlareproductibilitéseraitunelimitation.Laréal-
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itévirtuelleestunenouvelleapprochequiadéjàétéutiliséepourétudierlalocomotionet

lesinteractions[Bruneau2015,Lynch2017,Olivier2017]carelles’estavéréeêtreunoutil

puissantpourlaperceptionécologiqueetlarecherche-action[Loomis1999].Bienque

laréalitévirtuellenesoitpassanslimites(voir[Pan2018]pourunerevue),lesréponses

comportementalesobservéesdanslaréalitévirtuellesontconformesàlaréalité.Parex-

emple,lestâchesdelocomotionorientéesversunbutontétévalidéespourlareproduct-

ibilitédestrajectoiresstéréotypées[Cirio2013],malgrélesdifférentesméthodesinteract-

ives[Olivier2017].Deplus,encequiconcernelestâchesd’évitementdescollisions,la

préservationdel’espacepersonneletdesréactionscomportementalesd’évitementsim-

ilairesontétésignalées[Gérin-Lajoie2008,Argelaguet-Sanz2015,Olivier2017]. C’est

pourquoinousavonsdéveloppéetréalisél’expérienceenréalitévirtuelle.

Nousabordonslaquestiondesavoirsil’évitementdescollisionsdesmarcheurssurdes

trajectoirescourbesestperturbé(c.-à-d.,demauvaisesadaptationsconduisantàune

collision).Lorsqu’ilaétédémontréquelorsqueladistancefuturedel’approchelaplus

procheestinférieureàunseuild’unmètredetrajectoireslinéaires,lesmarcheursad-

aptentleurtrajectoireenprévisiondel’évitementdescollisions.Danscecontexte,la

prédictiondurisquefuturdecollisionsuitl’hypothèsed’unevitesseconstante.Cepend-

ant,danslecasd’unetrajectoirecourbe,ilyauneaccélérationconstantepourchanger

constammentdedirection,etiln’estpasclairsicelaestprisencomptedanslaprédiction

descollisionsfutures(c.f.,figureB.8).Parailleurs,lorsquel’onconsidèrelanaturedela

courbe,silecomportementd’évitementdescollisionsesteffectivementperturbé,lesré-

ponsescomportementalespeuvents’appuyersurdesrepèresvisuelscommel’orientation

delamarcheparrapportàl’observateur.Parconséquent,uneanalysesupplémentaire

del’orientationdelamarcheseraitintéressante. Nousémettonsl’hypothèsequele

comportementd’évitementdescollisionsseraeneffetperturbépardestrajectoires

curvilignes,cequiindiqueraitquelesmarcheursutilisentuneextrapolationlinéaireen

supposantunevitesseconstantepouranticiperlescollisionsfutures.
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FigureB.8-ExempledevitesseconstanteMPD prédisantlerisquefuturpourles
trajectoirescourbes.Lalignebleueseraitl’extrapolationd’unetrajectoiresuivantune
courbede5mderayon.Laligneorangeseraitl’extrapolationd’unetrajectoiresuivant
unecourbede10mderayon.Lalignerougeindiquelaprogressionacutaledurisque
sansadaptation.
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B.5.2 Discussion

Lebutdelaprésenteétudeétaitd’examinerlecomportementd’évitementdescolli-

sionslorsdel’interactionavecunmarcheurvirtuelayantuneaccélérationconstante

etproduisantunetrajectoirecurviligneencomparaisonavecunetrajectoirerectiligne

àvitesseconstante. Nousavonsconçuunetâched’évitementdescollisionsdansla

réalitévirtuelle,enutilisantunetrajectoirerectiligne,similaireauxétudesprécédentes

[Olivier2012,Olivier2013,Basili2013,Olivier2013,Olivier2017],commesituationde

contrôle. Deplus,nousnoussommesconcentréssurlestrajectoirescurvilignesqui

croisentperpendiculairementlatrajectoireduparticipant,commeétudeinitialedes

trajectoirescurvilignessurlecomportementd’évitementdescollisions,nousavons

utilisédestrajectoiresàrayonsfixes. Pourcefaire,nousavonsévaluél’influence

destrajectoirescurvilignessurlecomportementd’adaptationetlasynchronisation

d’événementsspécifiques,notreanalyses’estconcentréesurladistanceminimaleprévue

del’approchelaplusprocheentredeuxmarcheurs.

B.5.2.1 Adaptationqualitativedumouvement

Lesinteractionsavectouslescheminsdemarcheursvirtuels,rectilignesetcurvilignes,

ontconduitàdesadaptationsdemouvementqualitativementsimilaires.Surles3501

essaispossibles,uneadaptationaeulieudanspresquetouslesessais. Pourchaque

conditiondelamarchevirtuelle,lecomportementdepréventiondescollisionsdupar-

ticipantaprésentétroisphasesdistinctesd’interaction:l’observation,laréactionet

larégulation.L’observationsous-entendquelesparticipantspercevaientlemarcheur

virtuelmaisn’agissaientpasenfonctiondel’informationvisuelleprésentée.Aucoursde

laphasederéaction,lesparticipantsontmodifiéleurpropretrajectoire,enaugmentant

leurdistancedecroisementfutureprévuedel’approchelaplusprocheaveclemarcheur
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virtuelpourpermettreunetraverséeentoutesécurité.Unefoisladistancedecroise-

mentfutured’approcheminimaleobtenue,lesparticipantsontcommencél’étapede

régulation,enmaintenantladistanceprévueouenladiminuantlégèrementjusqu’àce

quelepassageentoutesécurité. Cesrésultatssontsimilairesàceuxobservésentre

deuxmarcheursayantdestrajectoireslinéaires,enréalité[Olivier2012,Olivier2013],

entreunmarcheuretunrobotàroues[Vassallo2017,Vassallo2018],etenréalitévir-

tuelle[Olivier2017,Lynch2017,Lynch2017,Lynch2018].Cesrésultatssuggèrentque,

touteninteragissantavecunmarcheurvirtuelavecuneaccélérationconstanteousans

accélération,lastratégied’évitementdescollisionsestglobalementsimilaire.Lespos-

sibilitésd’actionperçuesparlesfuturesdistancesdecroisementprévuessontobservées,

uneadaptationestnécessairementfaiteetlatâcheestanticipéeparlaréglementation

duMPD.

B.5.2.2 Adaptationquantitativedumouvement

Distancedecroisement. Nosrésultatsontmontréuneffetprincipaldelamarchevir-

tuellesurladistancedecroisement,laconditionP5(1.27±0.33m)avaitunedistance

decroisementsignificativementpluspetitequeINF(1.37±0.27m),P10(1.35±0.31m)

etN10(1.38±0.32m).Lesdistancesdecroisementrapportéesicisontplusgrandes

quecellesprécédemmentrapportéesdanslaréalitévirtuelle[Olivier2017,Lynch2017,

Lynch2017,Lynch2018]etplusgrandesquecellesobservéesdanslaréalité[Olivier2012,

Vassallo2017,Vassallo2018]. Lorsquenouscomparonsnotredispositifexpérimental

del’essaitémoinàceuxquiontétésignalésprécédemment,nouspouvonsémettre

l’hypothèsequelecorridor,quiaétéutiliséàdesfinsd’occlusiondanscetteétude,

peutavoirinfluencélecomportementd’évitement. Cesrésultatsconfirmentqueles

participantsontperçulesdifférencesdelamarchevirtuelleetontadaptéavecsuccès

leurstrajectoirespouréviterlescollisions. Eneffet,ladistancefinaledupassageà

niveauP5étaitnettementinférieureàINF,P10etN10,maiscettedistancen’apas

|

Lynch, Sean. Visual perception of human move m ent during walking task interactions - 2018

302



Influencedelacourburedelatrajectoiresurlecomportementd’évitementdescollisions

donnélieuàunecollision. Dansl’ensemble,peudecollisionsontétésignalées;sur

lenombretotaldecollisions,l’étatP5asignalébeaucoupplusdecollisionsquel’état

INF.Apartirdecesrésultats,nouspouvonsrésumerquelorsquelemarcheurvirtuel

suitunetrajectoirecurviligneavecunrayonde5mets’approcheparderrièrelepar-

ticipant,lecomportementd’évitementglobalproduitunedistancedecroisementplus

petiteetuneprobabilitéaccrued’unecollision.Nouspouvonsémettrel’hypothèseque

pourlaconditionP5,lesparticipantspeuventavoireubesoindeplusdetempspour

percevoirlatâcheou,inversement,percevoirquelatâcheaétérésolueplustôt,et

potentiellementdemanièreincorrecte.Notreanalysecomprenaitl’évolutionduMPD

etlasynchronisationd’événementsspécifiquesaucoursdel’interaction,nousdiscutons

doncdeladirectiondeceteffetobservéplustard.

Inversionsd’ordredecroisement.Enconsidérantlesinversionsdel’ordredecroise-

mentinitial,nosrésultatsontmontréuneffetdetrajectoire.Semblableauxenquêtes

impliquantunrobotàroues[Vassallo2017]etdanslaréalitévirtuelle[Lynch2017],nous

avonsobservédesinversionsallantde3%à20%. D’aprèsnosrésultats,INFavaitle

nombred’inversionsleplusfaibleetétaitsimilaireauxétudesprécédentes[Lynch2017],

alorsqueN5avaitleplusgrandnombred’inversions.

Dansuncadrerectiligneentredeuxmarcheursdanslavieréelle,aucuneinversionn’aété

rapportée[Olivier2012,Olivier2013],l’ordredecroisementquiétaitprésentàMPDtsee

aétémaintenuparlesdeuxmarcheurs.Lerôled’uneinversionétaitauparavantinter-

prétécommeuneréponsecomportementaleextrêmepourlapréservationdel’espace

personneldudangerphysiquecarilestinefficaceentermesd’énergie[Vassallo2017],

maislesétudesécologiquesàtraverslaréalitévirtuelleréduisentledangerphysique.

Parconséquent,l’inversiondel’ordredecroisementaétéattribuéeplustardauxindices

decommunicationsocialenonverbalesous-jacentsquipeuventaideraumaintiende

l’ordredecroisementaprèsMPDtsee[Lynch2017].Lenombred’inversionsaétéréduit

parlasuitelorsquelesmarcheursontinteragiavecunrobotàrouesquiacollaboréàla

tâched’évitementdescollisions[Vassallo2018].Bienquecesrésultatsn’aientpasété
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reproduitspourlesmarcheursvirtuelsquiontcollaboréàlatâcheavecetsansregard

[Lynch2018].

Nosrésultatsavaientunegammed’inversionssimilaireàcellesrapportéesprécédem-

ment[Lynch2017],laprésenced’inversionsdansnotreétudeetleuraccordavecles

étudesprécédentesprouvel’exactitudedelaperceptiondelasituation. Deplus,le

nombrerapportéd’inversionsentrelesconditionsINF,P10,N10etP5suggèrequeles

ordresdecroisementdanscesconditionsétaientfacilementperçusetpermettaientdes

comportementsd’évitementsimilaires.Cependant,laconditionN5avaitbeaucoupplus

d’inversions,cerésultatsuggèrequelesparticipantsontsoitperçuplusfacilementla

trajectoireetontadoptéuncomportementd’évitementpourpasserderrièrelemarch-

eurvirtuel,soitilsonteubesoind’unepluslongueduréepourpercevoirets’adapter

àlatrajectoiredumarcheurvirtuelafind’assurerunpassageentoutesécurité.Dans

lessectionssuivantes,nousdétaillonsetdiscutonsdelachronologiedesévénementsau

coursdel’interaction.

Évolutiondela MPD.Nousavonscomparél’évolutiondeRMPD etCMPD surune

périodenormalisée,quiétaitl’étaped’interactiondelatâched’évitementdescollisions

entreMPDtseeetMPDtcross. Pourcetteanalyse,lenombrelimitéd’essaisquiont

signaléunecollisionouuneinversionaétéexclu,alorsqu’engénéral,unessaiavecune

collisionouuneinversionsuggèrequelescaractéristiquesdel’interactionn’étaientpas

bienperçues.Lorsquecetteanalysedevaitcomparerspécifiquementlapertinenceet

l’évolutionduMPDpourlesessaisréussisseulement.

L’évolutiondeCMPD amontrédesdifférencessignificativespourdestrajetsd’unrayon

de5mparrapportàRMPD.LeCMPD pourP5étaitsignificativementdifférentde

RMPD après39%dutempsnormaliséd’interaction,lesparticipantsontadaptéleur

trajectoirequiaeupourrésultatuneaugmentationmoinsgraduelledeCMPD ;la

différenceobservéen’étaitplusprésenteaprès65%dutempsnormalisé. Deplus,le

CMPD pourN5étaitsignificativementdifférentdeRMPD après46%dutempsnor-
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malisé. Lesparticipantsontsuiviunetrajectoirequiaentraînéuneaugmentation

moinsgraduelledeCMPD queRMPD,cequiaeupoureffetderéduireladistance

decroisementlorsquel’onenvisagedesessaissansmodificationdel’ordredecroise-

ment.Cesrésultatssoutiennentnotrehypothèse,unetrajectoireavecuneaccélération

constantequisuitunetrajectoireavecunrayonde5mperturbéeetuncomportement

d’évitementdescollisionsparrapportàunetrajectoiresansaccélération.Cependant,

cecin’étaitvraiquepourunrayonde5m,iln’yavaitpasdedifférencesignificativepour

l’accélérationconstanted’unetrajectoired’unrayonde10màpartirdelatrajectoire

rectiligne. Celasuggèrequ’uneaccélérationconstanteétaitplusdifficileàpercevoir

pourunetrajectoirecourbede5m.Cependant,àpartirdessimilitudesobservéesdans

l’évolutiondescourbesMPD,nousavonsdémontréqueMPD estunmoyenpertinent

dedisposerd’unevitesseconstanteetdetrajectoiresd’accélérationconstantepourles

tâchesd’évitementdescollisions.

Timing. Touslestrajetsprésentaientlestroisphasesdistinctesducomportement

d’évitementdescollisionsaucoursdel’évolutionduMPD,observabledanslafigure

4.7.Desétudesantérieuresontcaractérisél’évolutionduMPDencalculantsadérivée

temporelle,enidentifiantunchangementdesignedeladérivéetemporelleduMPDeten

comparantensuitelesvaleurscorrespondantesduMPD[Olivier2012,Lynch2017].Pour

éluciderlestroisétapesdel’interaction,nousavonsfixéunseuildedifférenceabsolue

deMPDsupérieurà0,15m,àpartirdeMPDtseepourletempsderéaction(c’est-à-dire

leterminusdel’étaped’observation)etdeMPDtcrosspourletempsderégulation,quia

duré1,5s.NousavonschoisiunseuildeMPDabsolude0,15mcommeétantàl’intérieur

del’écart-typeprécédemmentrapportéaumomentdelaréglementation[Olivier2012].

Leseuilfixéaétévalidéenobservantladifférenceentreletempsderégulationetla

duréetotale,letempsderégulationaétéenregistréenviron0,8savantlecroisement,

cequiétaitsimilaireauxrésultatsprécédents[Olivier2012]. Nousavonsobservéque

P5avaitunepérioded’observationpluslonguequeINF,P10etN10.Deplus,N5avait

unepérioded’observationbeaucouppluslonguequeN10. Deplus,nousinterprétons
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l’instancederégulationenregistréecommelacombinaisondesétapesd’observationet

d’adaptation;aprèsl’instantderégulationenregistrée,aucuneautreadaptationdu

MPDsupérieureauseuilde0,15mn’aétéobservée.D’aprèsnosrésultats,nousavons

observéuneffetprincipaldetrajectoire;N5aeuuntempsderégulationplustardif

detouteslesautresconditions. Sil’onconsidèrelesdifférencesentreletempsde

réactionetletempsderégulation,onpeutrésumerqueP5anécessitédespériodes

d’observationpluslonguespourlacollected’informationsvisuellesetdoncretardéleur

adaptation,maislecomportementd’évitementpendantlaphasederéactiondeP5a

étérésoluplustôtetladistancefinaledetraverséeaétépluscourte. Parcontre,

N5n’étaitpassignificativementpluslongqueINFpendantlapérioded’observation

maisavaituneduréederégulationplustardive;N5étaitinitialementperçudela

mêmemanièrequeINF,maisN5avaitbesoindeplusdetempspouratteindreune

distancederégulationconfortable,bienquecelan’aitpasd’influencesurladistance

decroisement.Cesrésultatsappuientnotrehypothèse,oùletempsderéactionpour

laconditionP5suggèrequel’accélérationconstanteestinitialementmalperçue,puis

laduréepluslonguedel’adaptationetplustardletempsderégulationdeN5suggère

quel’accélérationconstanteaétémalperçue.

D’aprèslesdifférencesobservéesdanslasynchronisationdesévénements;P5avaitune

périoded’observationpluslonguequeINF,etN5avaitbesoindeplusdetempsavant

d’obtenirunedistancederégulation.Nousavonsconsidérél’analysesupplémentairede

CMPDdeRMPDetl’orientationdumarcheurvirtuelàchaqueévénementrespectivement

chronométré.Ilpermetd’inférerl’informationvisuelleprésentéeauparticipant. Dans

l’ensemble,iln’yavaitpasd’effetprincipaldutrajetsurleMPD aumomentdela

réaction,lapluslongueduréed’observationpourP5n’apaseud’effetsurladistance

decroisementprévue. Toutefois,l’observationpluslongueetladuréed’adaptation

pluscourtequiaproduitletempsderégulationsimilairedeP5àpartirdel’INFavait

influencéladistancedecroisementfutureprévueaumomentdelarégulation.LeMPD

lepluscourtàlarégulationestégalementobservéparladistancefinaledecroisement
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pluscourtedeP5.Aucontraire,N5avaituneduréesimilairepourlaphased’observation

del’interactionetaprisbeaucoupplusdetempspendantlapérioded’adaptation,ce

quiaproduituntempsderégulationdeN5significativementpluslongàpartirdeINF.

Toutefois,l’adaptationpluslonguen’apaseud’effetsignificatifsurleMPDaumoment

delaréglementationousurladistancefinaledeN5parrapportàINF.

Angleorientation. Enconsidérantl’orientationdelamarchevirtuelle,nosrésultats

ontmontréquel’angleabsolunormalisépourP10etN10étaientsimilaires.Lesparti-

cipantsontcommencéleursadaptationsaveclemêmetyped’informationsvisuellesde

lamarchevirtuelle.L’effetsignificatifd’untempsderéactionpluslongpourP5peut

égalementêtreobservédansl’orientationnormaliséeabsoluedelamarchevirtuelleau

tempsderéaction,P5étaitsignificativementdifférentdeINFetN5. Cependant,la

différenceentreP5etN5tendànepasêtresignificativementdifférente(p=0,049).

Comptetenudecequiprécède,nouspouvonssuggérerquelesparticipantsontcom-

mencéleursadaptationsavecunequantitésimilaired’informationsvisuellesdelamarche

virtuellesuivantunetrajectoirefixéeàunrayonde5mindépendammentdeladirection

d’approche.Demême,l’orientationdelamarchevirtuelleaumomentdelarégulation

étaitsimilaireentreP5etN5,etsimilaireentreP10etN10.Deplus,onautilisélemême

typed’informationvisuellepourdétermineruntempsderégulationpourchaquetaille

decourbe,indépendammentdeladirectiond’approche.Cesrésultatssontintéressants

danslamesureoùlemêmetyped’informationsvisuellespeutêtreutilisépourlaprisede

décisionentrelesétapesd’adaptation.Toutefois,nosconstatationsfontencoreétatde

différencesquantàladistancefinaledupassageàniveauetaumomentdesadaptations.

Nousémettonsl’hypothèsequelesdifférencessignaléespeuventavoirétéinfluencées

parladirectiond’approchedumarcheurvirtuel.Ilaétérapportéquel’espacepersonnel

estasymétriqueentrel’axeantéro-postérieuretl’axemédiolatéral[Gérin-Lajoie2005],

cequiaétédiscutépoursoninfluencedurisqued’êtrepluspetitlorsdupremiercroise-

mentetplusgrandlorsducroisementdusecond[Olivier2013]. Apartirdeseffets

d’interactiondeladistancefinaleducroisementetdesanglesd’orientationnormalisés,
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nouspouvonsobserverlaquantitéd’informationsvisuellesetladistancedecroisement

aétéinfluencéeparladirectiond’approchedumarcheurvirtuel.

B.5.2.3 Rectiligneetcurviligne.

Lesrésultatsdecetteétudedémontrentquelesparticipantsontréussiàexécuter

unetâched’évitementdescollisionslorsqu’ilsinteragissentavecunhumainvirtuel

marchantsurunetrajectoirerectilignedevitesseconstanteetunetrajectoirecurviligne

d’accélérationconstante.Ceciestconfirméparlequestionnairedefind’expérienceque

lesparticipantsontrempliconcernantlemouvementdumarcheurvirtuel,l’interaction

aveclemarcheurvirtuel,lafacilitédelatâcheetlesréponsesauxquestionsouvertes

quiseréféraientsouventàlatrajectoiredumarcheurvirtuel.

Lacapacitédedétecteravecsuccèslestrajectoirescurvilignesadéjàétédémon-

tréelorsdetâchesd’interception[Bastin2006b,Bosco2012]etcescapacitésontété

présentéesdansdesparadigmesd’occlusionpartielle(voir[DelleMonache2015]pour

unerevue).Cependant,ànotreconnaissance,ils’agitdelapremièreétudequiaex-

aminél’interactiondestrajectoirescurvilignesentredeuxmarcheurslorsd’unetâche

d’évitementdecollision. Boscoetsescollègues[Bosco2012]ontétudiél’intégration

dedifférentstraitementsdel’informationdanslecontrôled’uneactiond’interception

d’uneballequisuitunetrajectoiredevolparabolique.Danslecadredeleurconception

expérimentale,lesparticipantsontinterceptéunballonàl’aided’unesourisd’ordinateur

etontsuivilatrajectoiresurunécrand’ordinateur.Latrajectoireétaitsoitcontinuelle-

mentprésente,soitoccultéepeudetempsaprèsl’atteintedelahauteurmaximale.

Deplus,latrajectoiredevolaétéperturbéependantladescente. Laconception

mixtedemesuresrépétéesapermislacomparaisonentrelecontrôlevisuelprospectifet

lescapacitésprédictives[Bosco2012].Leursrésultatsontmontréquelesparticipants

s’appuyaientsurunecombinaisondecontrôleprospectifetprédictiflorsquelesstimuli

|

Lynch, Sean. Visual perception of human move m ent during walking task interactions - 2018

308



Influencedelacourburedelatrajectoiresurlecomportementd’évitementdescollisions

visuelssontconstammentprésents,etqu’ilss’appuyaientdavantagesurdesmécan-

ismesprédictifslorsquelesstimuliétaientocclus.Lesparticipantsavaientplusd’erreurs

d’interceptionlorsqu’ilsinteragissaientinitialementavecdestrajectoiresdevolpertur-

béesetoccultées.Cependant,l’unedesimplicationsdecetteétudeétaitl’interaction

entreunécrand’ordinateuretlasouris,lapositionfinaleducurseurdelasourisauraitpu

êtrespécifiéeavantlemomentdel’interception.Nosconstatationssontenaccord,les

participantssesontfiésàunecombinaisondecontrôleprospectifetprédictiflorsqu’ils

effectuentlatâched’évitementdescollisions.Eneffet,notredispositifexpérimentaln’a

pasétéconçupouréluciderlesdifférencesentrelecontrôleprospectifetlecontrôlepré-

dictif.Cependant,l’évolutionduMPDetladistinctiondestroisétapesdel’interaction

soutiennentl’hypothèsequelesétapesinitialesdel’interactionsontprédites.Deplus,

l’achèvementdel’adaptationavantlecroisementetlaprésenced’uneétapederégula-

tionsuggèrequelesétapesfinalesdelatâcheontétécontrôléesprospectivement.Les

travauxfutursconsisteraientàenvisagerunparadigmed’occlusiontemporelleaucours

d’unetâched’évitementdescollisionsafind’étudierl’aspectprédictifdelacommande.

Commepournotreplanexpérimental,Bastinetsescollègues[Bastin2006b]onteffectué

unetâched’interceptiond’unballonquisuivaitdestrajectoiresrectilignesoucurvilignes

baséessurdescourbesderayonde5et10m. Deplus,ladistanceàlaquellelaballe

ainterceptélatrajectoireduparticipantétaitdécalée,desortequelesparticipants

devaientaccélérer(1m),maintenirunevitesseconstante(0m)oudécélérer(-1m)pour

intercepterlaballeavecsuccès.Dansleurconception,touteslestrajectoiresdeballe

provenaientdel’avantduparticipantets’approchaientdeladroite.Lesparticipants

ontétéattachésaucadredutapisroulantafindelimiterl’adaptationdumouvement

àlavitessedemarche[Bastin2006b]. Lesrésultatsdeleurétudeontmontréune

capacitédepercevoiretd’intercepteruneballeavecseulementdesadaptationsàla

vitessedemarche. Deplus,leursrésultatsontmontréqu’unestratégied’anglede

relèvementconstantpouvaitexpliquerlesadaptationsdedéplacementaucoursd’une

tâched’interception;lesparticipantscontrôlaientprospectivementleursactionsen
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maintenantunanglederelèvementinvariant[Bastin2006b]. Bastinetsescollègues

ontconfirméplustard,enutilisantlemêmeparadigme,quelastratégiedeportance

constantetenaitcomptedel’effetdecourbure. Deplus,lavitessedemarchedes

participantsétaitégalementaffectéeparlacourbe.[Bastin2008]. Nosrésultatssont

enaccordaveclecontrôleprospectifdelatâche,nousavonsdémontrépourunetâche

d’évitementdescollisionsquelestrajectoirescurvilignessontbienperçues.Nousavons

enoutremontréquelatâchepeutêtreprévueàl’avanceetqu’elleestaccompliegrâce

àuncontrôleprospectifenprévisionducroisement. Danslecadredenotreétude,

nousn’avonspastenucomptedel’angled’appuiduparticipantpendantl’interaction

oudelathéoriedel’angled’appuiconstant.Comptetenudelacohérencedesangles

d’orientationrapportésici,ilsembleraitqu’unseuilconstantd’anglederelèvement

pourraitavoirétéunrepèrevisuelpouruneprisededécisionefficace.

Enfin,Olivieretsescollègues[Olivier2012]ontproposéMPDpourdécrirelesinterac-

tionsinterpersonnellescombinéespendantlapréventiondescollisions.L’extrapolation

linéairedelavitesseinstantanéeetdel’orientationàunfuturpointdepassageentre

deuxmarcheursreprésenteladistancefuturedel’approchelaplusprochesiaucunead-

aptationn’esteffectuée.MPDquantifielanotionderisquedecollision,lesadaptations

deMPD seproduisenteneffetlorsqu’ilyaunrisquedecollisionfuture[Olivier2012].

Lorsquelastratégied’adaptationestréaliséeparanticipation[Olivier2012]etdépend

enoutredescaractéristiquesdel’interaction;lestravauxprécédentsontprisencompte

différentsanglesd’intersectionavecdescheminsrectilignes[Huber2014].Danslecadre

denotreconceptionexpérimentale,nousavonsenvisagéuneadaptationduMPDpour

lestrajectoirescurvilignesd’unrayonfixeafind’exprimerl’interactionentredeuxmarch-

eurs.Nosrésultatsontmontréqualitativementetquantitativementquelesparticipants

ontpréditlesdistancesdecroisementfuturesetontréussiàéviterlescomportements

d’évitement;deplus,nosrésultatsontmontréquel’interactionaveclestrajectoires

curvilignesestréaliséeparanticipation.
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B.5.2.4 Limitations

Unelimitationdenotreconceptionexpérimentalepeutêtreobservéedanslesdistances

decroisementrapportées.Nousavonsutiliséunmarcheurvirtuelpassifcarcelaapermis

unmeilleurcontrôleetunestandardisationdesconditionsauxquelleslesparticipantsont

étéexposés.Desétudesantérieuresontsignaléuneaugmentationdesdistancesfinales

detraversée,lesdifférencesobservéesontétéattribuéesaucomportementpassifdu

marcheurvirtuelourobot[Olivier2017,Lynch2017,Lynch2017,Vassallo2017].Enréal-

ité,uncomportementd’évitementcollaboratifd’unrobotàrouesaréduitdemanière

significativeladistancedecroisementfinale[Vassallo2018].Cependant,cesobserva-

tionsn’étaientpascohérentespourlesmarcheursvirtuelscollaboratifs[Lynch2018].

Parconséquent,bienquelesparticipantsaientétéinformésdelapassivitédela

marchevirtuelleetqu’ilsnedevraientpass’attendreàunecoopérationpendantla

tâched’évitementdescollisions,celaapuconduireàuneadaptationexcessivedes

comportementsd’évitementdesparticipants.

Alorsquel’augmentationdeladistancedecroisementpeuteneffetêtreattribuéeà

lanaturepassivedumouvementdel’êtrehumainvirtuelainsiqu’auchangementde

perceptiondelaprofondeurdanslaréalitévirtuelle,nosdistancesdecroisementrap-

portéesétaientplusgrandesquecellesrapportéesprécédemmentpourlesmarcheurs

virtuelspassifs[Lynch2017,Olivier2017,Olivier2017,Lynch2018].Cesdifférencesob-

servéespeuventêtreattribuéesàl’utilisationd’uncorridord’occlusionparoppositionà

unpland’étageouvertavecdesmursocclusifs[Olivier2012,Olivier2013,Olivier2013,

Olivier2017,Lynch2017].Lecouloird’occlusionpermettaitunmeilleurcontrôleetune

standardisationdel’instantoùlesdeuxmarcheursétaientvisibles(MPDtsee).Eneffet,

nousaurionspumaintenirunparadigmesimilaireàceluidesétudesprécédentes,mais

ilseraitnécessairededéplacerl’orientation,latailleetlapositiondesmursocclusifs

pourchaquecondition,cequipourraitfournirdesindicespourl’identificationdescon-

ditions.Sinon,nousaurionspuconcevoirl’expériencedemanièreàcequelamarche

|

Lynch, Sean. Visual perception of human move m ent during walking task interactions - 2018

311



SynthèseFrançaise

virtuelleapparaisseàunendroitprécis;cependant,celalimiteraitlavaliditéécologique

del’interaction.

Enfin,nousavonsd’abordétudiéleseffetsdestrajectoirescurvilignesàrayonsfixessurle

comportementd’évitementdescollisions,àl’instardesétudesantérieuresquiportaient

surlacapacitéd’intercepterdesobjets[Bastin2006b].Cependant,lorsqu’onconsidère

lestrajectoiresobservéesdanslaréalitéetlaréalitévirtuellepourlestâchesorientées

versunbut[Hicheur2007,Cirio2013]etlestrajectoiresdevoldeballe[Bosco2012,

Craig2006],lestrajectoiresobservéesnesontpasnécessairementuniformesavecune

courberadialefixe.Lorsquel’onconsidèrelatrajectoiredelacourbefixeencombinaison

aveclecomportementpassifdelamarchevirtuelle,cesdeuxlimitationspeuventavoir

entraînéunemoinsbonnevaliditéécologiqueetréduitlesentimentdeprésence.Les

travauxfutursdevraientinclurelamesuredusensdelaprésenceafindedéterminersiles

trajectoiresavecuneaccélérationconstanteréduisentouéventuellementaugmentent

lesensdelaprésence.

B.5.2.5 Conclusion

Cetteétudeaexaminél’influencedelatrajectoirerectiligneetcurviligned’unmarcheur

virtuelpassifsurlecomportementd’évitementdescollisions.Nousavonsmontréquela

naturedel’informationprovenantduchemindupromeneurvirtuelaffectaiteneffetla

distancedecroisementetlesétapesdel’évolutionduMPD.Cependant,cesinfluences

n’ontétéobservéesquelorsquelemarcheurvirtuelasuiviunetrajectoireavecune

courbede5mderayon.

Lorsquele marcheurvirtuelapprochéparderrière,leparticipantaeuunepériode

d’observationpluslongue,maisladuréedel’adaptationaétépluscourte,cequia

entraînéunedistancedetraverséefinalepluscourte.Inversement,lorsquelemarcheur

virtuels’approchaitdedevantleparticipant,laduréedel’observationétaitsimilaireàun
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cheminrectiligne,maisladuréedel’adaptationétaitpluslongue.Laduréepluslongue

del’observationetdel’adaptationn’apaseud’influencesurladistancecroisement.

Qualitativement,touteslesconditionsexpérimentalesreproduisaientdesadaptations

demouvementsimilaires;lesparticipantsontanticipél’interactionparl’observation,

laréactionetlarégulation. Parmilepetitnombred’essaisquiontfaitl’objetd’une

collisionoud’uneinversion,P5aeuleplusgrandnombredecollisionsetN5aeule

plusgrandnombredecollisions.Iln’yapaseud’effetssignificatifsd’unetrajectoire

curvilignede10msurlenombredecollisionsoud’inversionsdelaconditiondecontrôle.

Apartirdecesrésultats,nouspouvonsconclurequ’uneaccélérationconstanteàpartir

d’unetrajectoirecourbed’unrayonde5mperturbelecomportementd’évitementdes

collisions, maiscen’étaitpaslecaspourlacourbed’unrayonde10m. Cepend-

ant,lorsqueMPD tientcomptedel’accélérationconstanted’unecourberadialefixe,

l’évolutiondelatâcheestrésolueavecdesadaptationsqualitativementsimilaires.Cela

donneàpenserquelerisquefuturdecollisionaétéprédittôtdansl’interactionet

qu’ilaétécontrôléprospectivementparlasuiteetanticipéaucoursd’unedernière

étapederégulationavantlecroisement. Cetteétudeoffreunepremièretentative

d’étudiercommentunobservateurinterprètelatrajectoired’unautremarcheur.Nous

avonsdiscutéicid’uncontrôleprospectifquitientcomptedel’accélération,cequi

sembleêtreunboncandidatpourmodéliserlasituation. Destravauxfuturssontné-

cessairespourenvisagerd’autrestrajectoiresaccélérées,parexemple,desaccélérations

constantessupplémentairesàpartirdecourbesderayonsdetaillesdifférentesetla

présenced’accélérationsdansdesconditionsrectilignes.
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B.6 Effetducomportementduregardhumain

virtuellorsd’unetâched’évitementdecol-

lisionsorthogonales

B.6.1 Objectifsetcontributionsdelatroisièmeétude

Latroisièmeétudeaportésurl’influenceducomportementduregardsurunetâche

d’évitementdescollisionsentreunpersonnagehumainréeletunpersonnagehumainvir-

tuel.Contrairementauxtravauxprécédents,nousnoussommesconcentréssurl’effetdu

regardsurlacinématiquedesinteractionsavecdeuxquestionsentête.Laprésenceou

l’absenced’interceptionduregardchangerait-ellelacinématiquedel’évitementdescolli-

sionsentredeuxmarcheurs?Etparextension,commelaréalitévirtuelleestaujourd’hui

utiliséepourétudierlalocomotionetlesinteractions[Bruneau2015,Lynch2017],est-

ilimportantdecontrôlercorrectementlecomportementduregarddespersonnages

virtuelsafindenepasbiaiserlesdonnéesexpérimentalesainsiacquises?

Pourrépondreàcesquestions,nousavonsdemandéauxparticipantsd’effectuerune

trajectoiredansunenvironnementvirtueletdecontrôlerunpersonnagevirtuelpour

croiserleurchemin.Parmilesessais,lepersonnageprésenteraitunrisquevariablede

collisionaveclesujet,lepersonnageregarderaitounonlessujets,etlepersonnage

exécuteraitounondesmanœuvresd’évitement.

Nousavonssupposéquelaprésenceoul’absenced’interceptionduregardpendant

lanégociationdel’évitementdescollisionsaurauneffetsurlestrajectoiresréalisées

parunparticipantpouréviterunpersonnagevirtuel. Lapremièrehypothèse(H1)

estquel’absenced’interceptionduregard(c’est-à-direparcequelepersonnagene

regardepaslesujet)peutentraînerdesmanœuvresd’évitementplusimportantesde
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lapartduparticipant,quines’attendpasàunecollaborationpourrésoudrelatâche.

Cependant,l’absencederegardpeutêtrecompenséeparlaprésencedemanœuvres

d’évitementperçuesdanslemouvementdupersonnage. Lequeldecesdeuxindices

visuelsjoueleplusgrandrôle? Ladeuxièmehypothèse(H2)estquesilerepère

visuelliéauregardnejoueaucunrôleimportantdansl’interaction,ladistancede

traverséeneserapasinfluencéeparlefacteurregard(lesujetcontrôlesatrajectoire

enfonctiondumouvementrelatifdupersonnage,quelquesoitlecomportementdu

regard).Unedernièrehypothèse(H3)estque,lorsqu’unstimulusincongruestaffiché,

c’est-à-direlorsquelepersonnageregardeleparticipantmaisnelesévitepas,nous

pouvonsobserverunmanqued’évitementdelapartduparticipantquidevraits’attendre

àunecollaboration(etdonc,unecollisionpotentielleoudesdistancesdecroisement

anormalementbasses).

Lacontributiondecetravailestdedémontrerque,dansletypedesituationsimple

quenousavonsconsidéré,lalocomotiondespersonnagesvirtuelsafournisuffisamment

d’informationspourquelesparticipantspuissentcontrôlerleurpropremouvement.La

présenceoul’absenced’interceptionduregardn’apasaffectéleurmouvement. Ce

résultatestdétaillédanslessectionssuivantes.
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B.6.2 Discussion

B.6.2.1 Collisions

TableB.1-PourcentagetotaldescollisionsobservéespourchaquevaleurdeMPDtsee
(enmètres)parrapportauxconditionsderegardetd’évitement.

Toutd’abord,nousavonsinspectélaprésencedecollisionsentrelesparticipantsetle

personnagevirtuel.Parmiles1360essaiseffectuésparl’ensembledesparticipants,la

tâched’évitementdescollisionsaétéexécutéeavecsuccès:ilyaeu14collisionsentre

lepersonnageetleparticipant,cequisignifiequeseulement1%desessaiseffectués

présentaientunecollision.LafigureB.1illustrelepourcentagedecollisionsobservées

enfonctiondesvaleursdeMPDtseeainsiquelesconditionsderegardetd’évitement.

Évidemment,aucunecollisionn’aétéobservéedanslaconditiond’évitementpuisque

l’algorithmedenavigationRVOaempêchélepersonnaged’entrerencollisionavec

l’utilisateur.Lescollisionsn’ontétéobservéesquedanslesessaisdeNon-évitementoù

MPDtseevariaitde-0,6mà0,3m.
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Iln’yapaseud’effetsignificatifducomportementduregarddespersonnagesvirtuels

(p>0,05)nidanslesconditionsNAnidanslesconditionsAlorsquel’onconsidèrele

nombredecollisionsparparticipantpourtouslesessais(valeurmédiane:GNA=0%

etNGNA=0%,GA=0%etNGA=0%)ouséparémentpourchaqueconditionMPDtsee

(c’est-à-dire,définissantlerisqueinitialdecollision).

Cesrésultatsnesontpasconformesàl’hypothèse(H3).Eneffet,danslacondition

GNA,nousavonsémisl’hypothèsequeleregarddupersonnagevirtuelpermettraitaux

participantsdes’attendreàunecollaborationdanslatâched’évitementalorsqu’iln’y

enapas.Dansl’hypothèsed’unecollaboration,leparticipantn’adapteraitpassuffisam-

mentlatrajectoirepouréviterlepersonnage,cequientraîneraitdavantagedecollisions.

Lescomparaisonsentreleregardetlesconditionssansregard(resp.GNAetNGNA)ne

montrentpasdedifférencesignificativedanslenombredecollisions.Parconséquent,il

n’yavaitpresqueaucuneambiguïtédansl’interprétationdelatrajectoiredupersonnage

virtuelquellesquesoientlesconditionsduregard,permettantdespassagessûrsmême

danslaplupartdessituationssansquelastratégied’évitementsoitmiseenœuvreparle

personnagevirtueloùlerisqueinitialdecollisionétaitélevé(-0,3m<MPDtsee<0,3m).
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B.6.2.2 Ordredecroisement

Deuxièmement,nousavonsexplorélesinversionsdel’ordredecroisemententrele

participantetlepersonnagevirtuel.Parmiles1360essais,165essaisontprésentéune

inversiondel’ordredecroisement(c.-à-d.12%autotal).Lepourcentaged’inversions

dépendantdesvaleursdeMPDtseeparrapportauxconditionsderegardetd’évitement

estillustrésurlafigureB.2. Desinversionsontétéobservéespourlesvaleursde

MPDtseeallantde-0,6mà0,6m. Enparticulier,nousavonstrouvéunpourcentage

élevéd’inversionsdanslacondition-0,1m,lamoitiédecesessaisenregistrantune

inversiondel’ordredecroisement.

TableB.2-Pourcentagetotaldesinversionsd’ordredecroisementobservéespour
chaqueMPDtsee(enmètres)parrapportauxconditionsderegardetd’évitement.

Comptetenudel’influencedenosparamètresexpérimentaux,leregardmutueln’apas

eud’effetsignificatif(p>0.05)surcespourcentagesnidanslesconditionsNAnidansles

conditionsAsoitenconsidéranttouslesessaisensemble(GNA=10%etNGNA=10%,

GA=10%etNGA=15$%)oueneffectuantlesstatistiquesséparémentpourchaque

valeurMPDtseeee. Cesrésultatssontencontradictionavecnosattentes,c’est-à-dire

quedanslesconditionsduNoGaze,leparticipantnes’attendraitpasàunecollabor-
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ationetcèderaitplusfacilement,mêmes’ilpasseenpremier.Alorsque[Olivier2013]

n’arapportéaucuneinversiondansl’évitementdescollisionssanscontrainteentredeux

marcheursréels,Vassalloetal.[Vassallo2017]arapportédesinversionsentreunmarch-

euretunrobotlorsquelesvaleursMPDtseesesituaiententre0et0,8m. Demême,

Lynchetal.[Lynch2017]ontrapportédesinversionsentreunutilisateuretunobstacle

virtuelpassifmaisn’ontpasdétailléleursrésultatsparrapportauxvaleursMPDtsee.

Olivieretal.[Olivier2013]ontattribuélarésolutiondetâchecommeunecommu-

nicationnonverbaleentredeuxmarcheurs,où[Vassallo2017,Lynch2017]aprésenté

dessujetsavecdespartenairesnon-communicatifs,unrobotpassifetdesobstacles

virtuelspassifsrespectivement.AlorsqueVassalloetal.[Vassallo2017]ontsuggéréun

niveaudedangerperçu,unmanqued’expériencedel’interactionaveclesrobotsainsi

quelanaturepassivedurobotcommecausesd’inversion,Lynchetal.[Lynch2017]ont

attribuélesinversionsàunmanquedecommunicationnonverbaleetàl’incertitude

ducomportement. Nousavonsétudiéicil’effetducomportementduregardetdu

comportementd’évitementréciproquelorsd’unetâched’évitementdecollisionavecun

personnagevirtuel.Commepourlescollisions,lecomportementduregardn’aeuaucun

effet.Peud’inversionsontétésignaléeslorsquel’onconsidèretouslesessais,maisun

grandnombred’inversionsontétésignaléespourlacondition-0,1m.Cerésultatpeut

êtreliéàceluiobservéprécédemmentdans[Olivier2017]impliquantl’interactionentre

unparticipantetunpersonnagevirtuelnonréactifetneutre.Dansleurétudepercep-

tuelle,lesauteursontmontréquelesparticipantsn’étaientpasassezprécispourprédire

l’ordredecroisementfuturlorsqueMPDtseeétaitégalà-0,1m.Ilsontinterprétécette

inexactitudecommeundéplacementversl’avantdansl’espacedel’enveloppecorporelle

perçuedanslaréalitévirtuelle.Nouspouvonsalorsémettrel’hypothèsequedansnotre

configuration,laperceptiondumouvementrelatifdupersonnagevirtuelparrapport

àlapositionperçueparleparticipantétaitplusimportantequeleregardpourdéfinir

l’interaction.
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B.6.2.3 Distancedepassage

Lesdistancesdecroisementpourtouslesessaisconsidérésensemblesontillustréesdans

laFigureB.9.(lagrandevariabilités’expliqueparlefaitquenoustraçonslesvaleurs

pourtouteslesconditionsMPDtsee).

Lecomportementduregarddupersonnagevirtueln’aeuaucuneffetsignificatif(p>

0,05)surladistancedecroisementfinale,nienconditionsNAnienconditionsA

(GNA=1,22metNGNA=1,20m,GA=1,20metNGA=1,20m)lorsquel’onconsidère

touslesessaisréalisésparlesparticipants.C’estégalementvrailorsqu’onconsidèreles

essaisencequiconcernelerisqueinitialdecollision(MPDtsee).Cesrésultatsvalident

notrehypothèse(H2).Lesdistancesfinalesdecroisementrapportéesicisontsimilaires

àcellesde[Olivier2017,Lynch2017],quisontplusgrandesquecellesobservéesdansla

réalité[Olivier2012,Vassallo2017].L’augmentationdeladistancedecroisementenVR

peutavoirétécauséeparuneperceptionimmersivedelaprofondeurquiaétésignalée

principalementdansdesétudesantérieures.

Gerin-Lajoieetal.[Gérin-Lajoie2008]ontcomparélesdifférencesdecomportement

etlapréservationdel’espacepersonnelentrelaréalitéetlaRVlorsd’unetâchede

contournementd’obstacles,ilaétérapportéquelaformeelliptiquedel’espacepersonnel

étaitsimilaireàlaréalitébienquelatailleaitaugmentédanslaRV.Deplus,lafidélité

del’environnementoulaperceptiondel’agencedespersonnagesvirtuelspeutavoir

affectélesréponsescomportementales.Lorsque,comptetenudel’effetduregardsur

lespersonnagesvirtuels,lecomportementestconsidérablementmodifiésiunepersonne

croitinteragiravecunavatarvirtuelouunmarcheurvirtuel[Bailenson2003]. Cequi

étaitenaccordaveclesentimentd’êtreregardé,avecunefréquencecardiaqueralentie,

desréponsesconductricesdelapeauetuneréponsepositiveducortexP3frontal

[Myllyneva2015].Comptetenudecesrésultatsantérieurs,lesparticipantspeuventavoir

adaptéleurcomportementàlacroyanced’interagiravecunavatarplutôtqu’avecun
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marcheurréciproque.Parconséquent,lesparticipantspeuventavoirportéleurattention

surdesvariablesperceptuelles,tellesquel’anglederelèvementetl’expansionoptique

dumouvementducorpsentier,quisontsuffisantespouréviterlescollisionsàpartirdes

indicesdemouvementducorpsentier[Lynch2017].

.FigureB.9-Boxplotdedistancedecroisement(médiane,1er-3èmequartiles,valeurs
min-max)enfonctionduregardetducomportementd’évitement.

B.6.2.4 ÉvolutiondelaMPD

Enfin,nousavonsétudiélecomportementd’évitementdescollisionspendantl’interaction

enconsidérantl’évolutionduMPDdansletemps.Pourchaqueconditionderegardet

d’évitement,lecomportementétaitconformeàceuxprécédemmentrapportésdansdes

conditionsréellesetvirtuelles[Olivier2012,Olivier2017,Lynch2017].Eneffet,comme

l’illustrelafigureB.10pourtouslesessais,nouspouvonsdécrirepourchaquecondi-

tiondelaprésenteétudelestroisphasesdistinctesdel’interaction:l’observation(la

valeurduMPDestconstante),laréaction(leMPDestaugmenté)etlarégulation(le

|
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MPDestmaintenuconstantàunedistanceconfortable).L’anticipationprécédemment

rapportéelorsdesinteractionsentremarcheursréelsestpréservéepuisquenousavons

observélaphasederégulationquiamontréquelatâcheestrésolueavantlafinde

l’interaction.

Quantitativement,l’analyseSPMamontréqu’iln’yavaitpasd’effetsignificatifducom-

portementduregardsurlesvaleursdeMPD(t)ouladuréedechaquephase,nidansles

conditionsNAnidanslesconditionsA(p>0,05)lorsquel’onconsidèretouslesessais

ensemble(considérantlavaleurabsoluedeMPD)commeillustrédanslaFigureB.10

ouséparémentparrapportauxvaleursinitialesMPDtsee.Cesrésultatsnesontpascon-

formesàl’hypothèse(H1)etcorroborentdoncdavantagel’hypothèse(H2).Aucune

différencen’aétérapportéetoutaulongdel’évolutionduMPD,indépendammentde

nosparamètresexpérimentaux.Ilestintéressantdenoterquel’évolutionduMPDdans

leNAetdanslesconditionsduAétaientsimilaires.Cettesimilaritéaétéobservéepour

touslesMPDtseeinitiauxsansdifférencessignificativesrapportées(p>0,05),suggérant

quelesparticipantspeuventavoirdirigéleurattentionsurdesvariablesperceptuelles

liéesàlatrajectoire[Lynch2017]plutôtquesurlecomportementduregardduperson-

nageàéviter.

.

FigureB.10-AnalyseSPMdel’évolutionduMPD,comparantl’effetduregarddans
lesconditionsdeNoAvoidance(NA,àgauche)etAvoidance(A,àdroite). Chaque
graphiquemontrel’évolutionduMPDavecleregard(lignenoire)etsansregard(ligne
rouge),aveclesnuagesd’écart-typerespectifs.
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B.6.2.5 Conclusion

Lesrésultatsdecetteétudeontmontréqueleregardmutueln’avaitaucuneffetsur

lecomportementd’évitementparpaires,nieninteractionavecunpersonnagepassif

niavecunpersonnagevirtuelréactif. Nouscroyonstoujoursqueleregardjoueun

rôleimportantdansl’évitementdescollisions,maisnotreexpériencen’apaspurévéler

uneffetsurlecomportementd’évitement. L’influenceduregardpeutdépendredes

caractéristiquesdecettetâche,commeladuréedel’interactionetsacomplexité.Par

ailleurs,lesindicesdemouvementducorpstransmettaientsuffisammentd’information

pourrésoudrecettetâche.Lestravauxfutursdevraientalorstenircomptedessituations

pluscomplexesetdel’utilisationdusuivioculaire,quipermetdespécifierlesindices

dérivéspourlaprévisiondescollisionsfutures. Parexemple,nouspouvonsimmerger

unutilisateurdansunefouleavecdesmarcheursvirtuelsquiregardentetd’autresqui

neregardentpasl’utilisateur.Cettesituationpermettraitd’examinersilasélectiondes

interactionsauseinduquartierdesusagersainsiqueleurtrajectoireestinfluencéeparle

regarddesmarcheursvirtuels.Enfin,mêmesinousnesignalonspasd’effetsignificatif

duregardsurlecomportementd’évitementauseindenotredispositifexpérimental,

nouscontinuonsàsoutenirqu’uncomportementderegarddevraitêtreinclusdans

l’animationdepersonnagesvirtuels.Làoùl’inclusionduregardadéjàétérapportée

pouraugmenterl’immersion[Narang2016]etdansnotreexpérience,mêmesiaucun

questionnairedeprésencen’aétéinclus,lesparticipantsontreconnulechangement

danslecomportementdespersonnagesvirtuels.
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Titre :   Perception visuelle du mouvement humain dans les interactions lors de tâches locomotrices 
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Trajectoire 

Résumé :  Durant ses activités quotidiennes, un 
marcheur interagit avec son environnement et en 
particulier avec les autres marcheurs, notamment 
en  évitant  toute  collision.  La  nature  de 
l'information  visuelle  utilisée  pour  une  interaction 
sans  collision  est  une  question  encore  très 
ouverte à ce jour. Dans ce cadre, cette thèse vise 
à  répondre  aux  questions  suivantes  :  quels  sont 
les  indices  visuels  qu'un  individu  perçoit  à  partir 
du  mouvement  des  autres  ?  Quels  sont  les 
mécanismes  d'interprétation  possibles  et  les 
modèles  utilisés  pour  déterminer  les  possibles 
risques  de  collision ? Afin  de  répondre à  ces 
questions,  nous  avons  mis  en  place  des 
expérimentations  impliquant  des  évitements  de 
collision  entre  deux  marcheurs  en  utilisant  la 
réalité virtuelle, permettant un contrôle détaillé de 
l'environnement  visuel  et  des  informations 
visuelles disponibles.  La première étude s'est 

concentrée  sur  la  nature  de  l'information  visuelle 
fournie  par  un  autre  marcheur, en  particulier,  si 
ces informations  sont  extraites  d’une  perception 
locale  considérant  les  segments  corporels, ou 
d’une  perception  globale  du  mouvement  du 
corps.  La  deuxième  étude  s'est  concentrée  sur 
l’influence  de  la  trajectoire  de  l’autre  marcheur 
(en  ligne  droite  ou  en  courbe)  sur  la  capacité  à 
estimer  de  façon  précise  un  possible  risque  de 
collision. Enfin,  la  troisième   étude   s'est 
concentrée  sur  l’effet  du  contact  visuel  sur 
l'interaction  entre  les  deux  marcheurs. Nous 
avons  présenté  ici  le  couplage  entre  les 
possibilités  d'action  perçues  et  les  possibilités 
offertes  par  la  nature  de  l'information  visuelle  et 
démontré que les marcheurs peuvent détecter les 
collisions  futures   prévues  lorsqu'un   autre 
marcheur   suit   une  trajectoire   avec   des 
accélérations constantes. 

 

Title:  Visual perception of human movement during walking task interactions 

Keywords : Motion perception, Collision Avoidance, Locomotion, Gaze, Interaction, Trajectory 

Abstract:    During  daily  activities, a walker 
interacts with their  environment,  especially  the 
other  walkers,  avoiding  any  collision  with  them. 
The nature of visual information that is used for a 
collision-free   interaction   requires   further 
understanding.    Specifically,  the  thesis  aims to 
answer  the  following  questions:  what  are  the 
visual  cues  an  individual  perceives  from  the 
movement  of  others?  What  are  the  possible 
interpretation  mechanisms  and  models  used  for 
determining  future  predicted  crossing  distances? 
To  answer  these  questions, we  designed 
experiments  considering  collision  avoidance 
interactions between two walkers in virtual reality, 
allowing   detailed   control   of   the   visual 
environment and the available visual 

information. The first study of the thesis focused 
on the nature of visual information provided from 
another  walker,  investigating  whether  these 
visual  cues  are  extracted  from  local  body  parts 
or  from  global  perception  of  the  body  motion. 
The  second  study  investigated  the  influence  of 
the  walker's  path  (straight  or  curved),  which the 
participant  is  interacting  with  for  the  accurate 
estimation of future risk of collision.  Finally, the 
third  study  investigated  whether  eye  contact 
influences  the  interaction. Here  we have 
demonstrated  the  coupling  of  perceived  action-
opportunities  affordances  from  the  nature  of 
visual  information  and  evidenced  that  walkers 
can  detect  future  predicted  collisions  when 
another  walker  follows  a  path  with  constant 
acceleration.  
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