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1 Introduction irtul relity @A systems im t providing prtiipnts with virtul world where they would ehve nd lern s if they were in the rel world IHF eudioEvisul @eA Esystems tht omine lrge I immersive sreens nd mny loudspekers hve een developed to provide prtiipnts with virtul spe oherently merging holophoni sptil udio nd Qh visul renderings ITD QWD QPF he term holophonic spatial audio stnds here for tehnologies suh s wveE(eld synthesis @pA TD emisonis IVD or others PSD tht ttempt to physilly rerete the sme sound (eld tht rel sound soure would hve rditedD nd thus provide prtiipnts with nturl sptilized sound renderingF uh e Esystems re very ppeling euse they re minimlly intrusive @no hedphones neededD only lightweight glssesA nd llow prtiipnts to move freely in the rendering re while lwys hving orret e perspetiveF ith the emergene of these multimodl systems rises the question of the orret pereption of the virtul spe y moving prtiipnts ndD more spei(llyD of rendered distnes within it PUD PPF 1.1 Measurement protocols for the estimation of perceived egocentric distance feuse distne pereption is ognitive tskD mesurement protools re needed to estimte perE eived solute egoentri distnesF ixisting mesurement protools n e divided into three min lsses PRD IWX verl estimtionsD pereptully direted tionsD nd imgined tionsF sn verbal estimation protoolsD prtiipnts ssess the pereived distne in terms of fmilir unitsD suh s metersF sn perceptually directed action protoolsD n ojet is presented to the prtiipnt who then hs to perform n tionD suh s lindEwlkingD without pereiving the ojet ny moreF sn imagined action protoolsD the tion is imgined insted of eing performed nd response times re used to infer the results of the tionF he dvntge of perceptually directed actions is tht they led to distne estimtions tht re more urte nd less vrile thn distne estimtions provided y verl reports IUD PTD QRD PF woreoverD using perceptually directed actionsD estimted distnes n e diretly inferred from tions wheres potentil systemti is exists in distnes estimted using imagined action protools due to the onversion of diretly mesured vlue of time into n indiret mesure of estimted distne IWF Perceptually directed actions hve thus een preferred in the present studyF emong pereptully direted tionsD direct lindEwlking nd indirect lindEwlking @tringultionA re two possile lterntives whih oth led to urte distne estimtions IUD PTF hue to physil sptil onstrints imposed y the presene of lrge sreens nd mny loudspekersD only indiret lind wlking @tringultionA is possile in the kind of e Esystems under study here PRF en dvntge of the tringultion mesurement protool is tht it is pplile to the mesurement of udioD visulD nd udioEvisul pereived solute egoentri distnes without ny need to dpt the proedure to eh di'erent modlityF yne disdvntge is tht smll errors in pointing n led to lrge di'erenes in indited distne for very distnt trgetsF purthermoreD the error is not symmetri sine one degree of rottion in one diretion n equte to smller hnge in liner distne thn n equivlent rottion in the opposite diretionF 1.2 Perceived distance in the visual and auditory modalities in real or virtual environments sn lssil visual EsystemsD suh s hedEmounted displys @rwhAD pereived visul distnes hve een oserved to e systemtilly underestimted PUD PPF his is not the se in the rel world RIF E systems sed on lrge immersive sreens were thought to o'er etter distne pereption QHF tudies fousing on visul distne pereption in virtul environments rendered y lrge immersive sreens hve found tht visul distnes were underestimted using these systemsD extly s in rwh systems QD PVD PRD IWD IF sn the audio rel worldD it is well estlished tht nerEuditory distnes @`PmA re overestimted wheres frEuditory distnes @bP mA re underestimted @see RP for reviewAF wuh less is known regrding uditory distne pereption in virtul uditory systems sed on holophoni sptil udioF sn IID QPD it ws shown tht holophoni sptil sound renderings n e'etively e used to render distnes for stti soures with moving prtiipnts nd tht pereived distnes re ompressed with respet to rendered distnesF hen prtiipnts re sttiD PSD PQ showed tht performnes in n holophoni udio virtul environment mthed well with rel world performnes in terms of distne pereptionF sn audio-visual virtul environmentsD pereived visul distnes pper to e underestimtedD nerE uditory distnes to e overestimtedD nd frEuditory distnes to e underestimtedF eudio nd visul pereived distnes re thus priori inonsistent for given rendered distneF ome e'orts hve P een done to study how udio nd visul distne ues re merged together in virtul environments IRF ytined results suggest tht stti prtiipnts pereived e distnes similrly to visul distnesF roweverD prtiipnts re rrely stti when immersed in virtul worldsF st is thus importnt to study how e distnes re pereived y prtiipnts tking ene(t of stti nd dynmi e distnes ues in virtul environmentF purthermoreD to provide prtiipnts with virtul world where they would ehve s if they were in the rel worldD Esystems should e fully transparent to prtiipntsF rnspreny is understood here s the extent to which the computer displays are capable of delivering an inclusive, extensive, surrounding, and vivid illusion of reality to the senses of a human participant QUF e Esystems re however not perfet nd su'er from some drwks tht potentilly limit their trnsprenyF st is thus importnt to ssess whether this limittion hs n in)uene on the e virtul spe pereived y prtiipntsD nd if there exists sptil link reted y e Esystems etween the rel world nd the virtul worldF 1.3 Objectives sn this pper study of audio @eAD visual @AD nd audio-visual @eA egoentri distne pereption in the tion spe @1.5 m to 6 mA y moving prtiipnts in virtual environments is presentedF e rendering is provided vi the weEs 2 pltform @ptil wultiEuser eudioEvisul elEime sntertive snterfeA QPD QQ using trked pssive visul stereosopy nd ousti wve (eld synthesis @pAF his e E system llows prtiipnts to move freely in the rendering re nd mintins stle e perspetive ues everywhere in this reF histnes re estimted y mens of pereptully direted tion @indiret lind wlkingD tringultionA under eD D nd e onditionsF his experiment ims t studying how eD D nd e distnes re pereived y prtiipnts tking ene(t of stti nd dynmi e distne ues in virtul environmentF e seond ojetive is to ssess whether the lk of totl trnspreny of the e rendering system indues sptil tethering etween the rel nd virtul worldsF 2 Method

Experimental design

o study how eD D nd e distnes re pereived y prtiipnts tking ene(t of stti nd dynmi e distnes ues in virtul environmentD (ve virtul ojets @denoted eD fD gD hD iA pled in the prtiipnt9s action spaceD i.e. the spe where one moves quickly, talks, and if needed can throw something to a compatriot or at an animal ISD were rendered @see pigF IAF o ssess whether the position of the e rendering setup hs n in)uene on the e virtul spe pereived y prtiipntsD two initil or strting positions for prtiipnts were testedX Position 1 where prtiipnts stood 2.3 m in front of the right pnel of the weEs 2 D nd Position 2 where they stood 3.3 m from it @see pigF IAF irtul ojets re t the sme lotions with respet to the rendering system for oth strting positionsF irtul ojets were loted t distnes of 1.5 mD 2 mD 2.5 mD 3.5 mD nd 5 m from Position 1D equting to distnes of 2.5 mD 3 mD 3.5 mD 4.5 mD nd 6 m from Position 2F e totl of 40 volunteers @30 menD 10 womenA etween 21 nd 49 yers old prtiipted in the experiE ment with hlf of prtiipnts strting from Position 1 nd the other hlf strting from Position 2F ell prtiipnts hd selfEreported norml vision @possily orretedA nd norml heringF ih prtiipnt hd to estimte the distnes of the (ve virtul ojets four times under eh rendering onditionF hey performed three sessions of 20 itertions eh fter trining phse of two itertions under eh rendering onditionF sn the trining phseD rendered distnes were 3 m nd 7 m for Position 1D nd 4 m nd 8 m for Position 2F rtiipnts took puses etween sessions nd the entire experiment lsted pproximtely one hourF he session order ws lned etween the six possile permuttions of the three rendering onditionsF he hosen experimentl design ws therefore mixed design with three ftorsX rendered distne d r @(ve levelsD withinEprtiipntsAD rendering ondition @three levelsD withinEprtiipntsAD nd strting position @two levelsD etweenEprtiipntsAF he dependent vriles re pereived distne d p D time t XP spent in the explortion phse @see eF PFRAD nd explortion pth length l XP F Q pigure IX yverview of the experimentl setupF Virtual objects X grey disks lelled eD fD gD h or iF Start positions X lk × F Exploration areas re represented y the grey retngles 2.2 Experimental setup ixperiments were onduted in the e virtul environment produed y the weEs 2 pltform QPD QQF sn this systemD frontEprojetion sreens nd loudspekers re integrted together to form lrge )t multiEhnnel loudspekers lso lled Large Multi-Actuator Panels @vwesAF he rendering sreens onsist of two vwes @2 m × 2.6 mD eh supporting 12 loudpekersA forming orner @see pigF PAF he reporting interfe used in the present experiment ws wiimoteF isul rendering ws produed using trked pssive stereosopy rendered t 80 frmes per seond with resolution of 1280 × 960 pixels on eh sreenF snteroulr distne for stereosopi rendering ws (xed t 6 m for ll prtiipntsF et oth strting positions @the lk × in pigsF ID Q@AD nd Q@AAD the horizontl (eld of view ws pproximtely 150¦nd the vertil (eld of view pproximtely 70¦F ine it hs een shown tht grphil resolution QSD IW nd (eld of view IQ hve no in)uene on visual distne pereptionD these experimentl prmeters should not in)uene the otined experimentl resultsF ptil udio rendering ws relized vi ousti ve pield ynthesis @pA TF his tehnology ttempts to physilly rerete the ousti sound (eld orresponding to virtul soure t ny given position in the horizontl plneD without the need for trkingF elEtime udio signl proessing ws hieved y Wave 1 rendering engine provided y sonic emotionF he interEloudspeker distne of 21 m orresponds to n lising frequeny f al 1.1 krzD up to whih the sound (eld is orretly reonE struted IIF st hs een demonstrted y QT tht sound (elds reonstruted y p re su0iently onsistent to llow for urte loliztionD even when frequenies ove f al re presentF sn IPD it ws shown tht even if not exactD zimuthl ues ove the lising frequeny f al re generlly onsistent with zimuthl ues elow f al when using wesF purthermoreD (ne temporl nd sptil lirtion hs een performed to ensure tht the udio nd visul renderings re fully oherentF 2.3 Audio, visual, and audio-visual stimuli he visual environment onsisted of n openD grssy (eld with forest t 50 m @pigF P@AD trees were 7 m tllAF he ssoited audio environment onsisted of the sound of wind in the trees ompnied y some distnt ird songs @overll kground level of 36 dfeAF he udio environment ws reted y 12 plne wves eqully distriuted in the horizontl frontl (eld of rendering @i.e. etween -70¦nd 70¦AF invironmentl sound levels were djusted to e slightly ove the kground noise produed y the videoEprojetors @kground noise level of 34 dfeAF he hosen visual target ojet ws footless Qh loudspekerD pproximtely spherilD with dimE eter of 30 m @pigF P@AAF he stnd ws removed to void window violtions when the ojet ws displyed in front of the sreenF he )oting loudspeker ws positioned t height of 1.6 m nd shdows were displyedF he ssoited audio target ojet ws 4 krz lowEpss (ltered white noise with 15 rz mplitude modultionF vowEpss (ltered white noise hs een hosen in order to hve wide spetrl ontent nd R (a) Front view (b) Back view pigure PX Left X prtiipnt nd n udioEvisul ojet in the virtul world provided y the weE s 2 F isul rendering is projeted on the front fes of the two vwes whih form ornerF Right X eletroEdynmil exiters re glued on the k of eh vweF to llow prtiipnts to rely on numerous udio loliztion uesF he white noise ws modulted in mplitude y sine wve to produe ttk trnsients tht re lso useful in sound loliztion UF xo simulted roomEe'et @i.e. ground re)etionA ws inludedF he sound level of the omnidiretionl udio ojet orresponds to monopole emitting 78 df@vA t 1 mD well ove the environmentl sound level t eh of the tested distnesF Audio nd visual ojets were lwys displyed oherentlyD i.e. t the sme sptil positionF sn dditionD their visual size nd audio level deresed nturlly with distneF es the experimentl design llowed prtiipnts to move within the rendering re @see eF PFRAD they ould rely on lrge numer of ues nturlly ville in the orresponding rel environment for the estimtion of distnesD inluding dynmi uesF sn prtiulrD motion parallaxD whih denotes hnges in the ngulr diretion of point soure osioned y the prtiipnt9s trnsltion is villeF his ue hs een shown to e useful for distne estimtion using the visul SD PW or the uditory modlity QVD QIF enother dynmi ueD the estimted timeEtoEimpt for onstnt veloity etween the moving prtiipnt nd the stti soure @lso denoted ousti or visul τ AD n lso e used RD QIF eville e distne ues re summrized in F IF eville ue wodlity glss yjet sizeGlevel eD eltive * wotion prllx eD esolute imeEtoEimpt eD esolute finoulrGinurl ues eD esolute † reight in the visul (eld eltive * le IX eville udioEvisul uesF he e kground environment ws kept tive in ll the rendering onditionsF sn the audio ondiE tionD the sptilized sound orresponding to the virtul ojet ws plyed while no imge of the virtul ojet ws shownF he only visul imge onsisted of the openD grssy (eld with forest in the kE groundF sn the visual onditionD the Qh imge of the virtul ojet ws displyed with no orresponding soundF he only udio signl onsisted of the sound of wind in the trees ompnied y some ird songsF sn the audio-visual onditionD the sptilized sound of the virtul ojet ws rendered with its orresponding Qh imge nd the e environmentF S 2.4 Experimental task histne estimtion ws performed in this tsk in two phsesX presentation phseD see pigF Q@AD nd reporting phseD see pigF Q@AF rtiipnts egn eh itertion t one of the two possile start positionsD indited y lk × in pigsF ID Q@AD nd Q@AF (a) Presentation phase (b) Reporting phase pigure QX resenttion nd reporting phsesF Start position X × F Virtual object X lk disk pled t rendered distne d r from the start positionF sn pigF Q@AD the exploration area is represented y the grey retngle nd the dotted grey line indites typil explortion trjetory performed y the prtiipntF sn pigF Q@AD the guide is shown s thik plin lk lineF he dotted grey line indites typil trjetory performed y the prtiipntF Perceived object X grey disk pled t the estimted pereived distne d p from the start positionF fefore strting the presentation phseD prtiipnts hd to indite tht they were redy to perform this phse y pressing wiimote uttonF sn the presentation phseD prtiipnts moved round in the exploration re whih ws retngle of 1.0 × 0.8 m 2 F rtiipnts were instruted to move in the exploration re in order to quire a good mental representation of the virtual object and its environmentF e typil pth followed y prtiipnt during the presentation phse is depited in pigF Q@AF yne a good mental representation hs een quiredD prtiipnts pressed utton inditing tht they were redy for the reporting phseF et this pointD the trget stimuli ws stoppedD nd the proedure for distne estimtion y mens of tringulted lind wlking egnD s depited in pigF Q@AF rtiipnts losed their eyesD mde 40¦rightEturn to hndril guide whih ws inluded to help during lindEwlkingD nd wlked lindly for n imposed distne of 2 mD following the hndril to the endF rtiipnts stopped t the end of the guideD turned in the diretion where they thought the ojet wsD nd took step forwrd in the diretion of the soure positionF rtiipnts hd een instruted tht the pereived distne ws to e lulted ording to this stepF hey then indited tht they hd ompleted the reporting phse y gin pressing uttonF efterwrdsD they ould open their eyes nd return to their initil start position for the next trilF he experimentl protool ws fully utomtedD with the prtiipnts eing oserved remotely so s not to distur the sense of preseneF 2.5 Post-session questionnaire sn the present experimentD prtiipnts were sked to omplete 7Eitem questionnire t the end of eh of the three experimentl sessions @eD D eAF he gol of this questionnire ws to evlute the feeling of presence tht prtiipnts experiened during eh sessionF his questionnire ws uilt y dpting sttements tken from V nd QD trnslted into prenhF ttements were rted on 7Epoint vikert sle rnging from -3 to 3 with two nhorsF he sttements re provided in F PF 3 Analysis of results

Extraction of the dependent variables

his setion explins how the di'erent dependent vriles @d r D t XP D l XP A were derived from the experimentl dtF he position of the hed of the prtiipnt @entrl point etween the eyesA is T I † X s hd the feeling of loting rel ojetF P † X s hd the feeling of looking t insted of relly eing in n outdoor environmentF Q † X he virtul environment eme rel for me nd s forgot the rel environmentF R † X s rememer the virtul environment more s ple where s hve een thn s omputer generted imge s hve seenF S * X s hd the impression tht s ould touh the virtul ojetsF T * X s felt present in the virtul worldF U † X s felt surrounded y the virtul worldF le PX ostEsession questionnireFF † X ttements dpted from VF * Xttements dpted from QF reorded for eh itertion during oth the presentation nd reporting phses t 100 rzF he durtion of the presentation phse t XP ws otined y mesuring the time etween the prE tiipnt9s utton presses for ready for a new trial nd for ready for the reporting phaseD s explined in eF PFRF he explortion pth length l XP ws lulted y using the hed position reorded during t XP F he explortion pth length wlked during the explortion phse l XP n e seprted into the omponent wlked prllel to the diretion of the soure l P XP nd the omponent wlked in the orthogonl diretion l O XP F o e omprleD these two pths were normlized y the mximum physil pth lengths in eh diretionD whih re here the sides of the explortion re @i.e. s O = 1 m nd s P = 0.8 mAF he dependent vrile P = l P XP /s P @respetively O = l O XP /s O A denotes the numer of times the prtiipnt wlked the length of the explortion re prllel @respetively orthogonlA to the soure diretionF ereived distnes d p were estimted from the triangulation trjetory s followsX line @y = ax + bA ws (tted to the trjetory points during the forwrd step @118 ± 67 points hve een used for the (tAF he estimted pereived distne is given y iqF @IAX

d p = - b a
@IA he reltive 957Eon(dene intervls on the estimted distne re dedued from the 957Eon(dene intervls of the liner (t regression oe0ients a nd b for eh itertion @regress funtion in wtlAF eross ll itertionsD prtiipntsD nd distnesD the WS7Eon(dene intervls for the reltive distnesD i.e. for d p /d r D estimted using the tringultion trjetory is ±8.57F he tringultion proedure nd the ssoited dt tretement thus provide relile estimtion of the pereived distnesF

Presentation phase

sn this setionD the in)uene of the rendered distne d r nd of the ondition @eDDeA on the time t XP nd on the pth length l XP respetively spent nd wlked during the presentation phase re nlyzedF ht olleted for Position 1 nd Position 2 re pooled together s oneEwy exye performed on the explortion time t XP with ftor starting position showing no signi(nt di'erene @F = 1.94 nd p < 0.17AF esults of the nlysis re shown in pigsF RF e twoEwy repetedEmesures nlysis of vrine @exyeA performed on the exploration time t XP with condition @eDDeA nd rendered distance d r s withinEprtiipnt ftors shows tht condition is highly signi(nt @F(2, 64) = 7.87 nd p < 0.008AD tht rendered distance is signi(nt @F(4, 64) = 3.19 nd p < 0.015AD nd tht there is no intertion e'et etween condition nd rendered distance d r @F(8, 64) = 0.52 nd p < 0.84AF ostEho testsD omputed in terms of medins re shown for condition in pigF R@AF hey revel tht exploration times for eh condition re signi(ntly di'erentF ostEho tests for rendered distances shown in pigF R@A reveled tht exploration times for the virtul ojet C re slightlyD ut signi(ntlyD lower thn those otined for the virtul ojet AF rtiipnts spent more time in the exploration phase when estimting distnes using the udio modlity thn when using the udioEvisul modlityF purthermoreD prtiipnts spent more time in the exploration phase when estimting distnes using the udioEvisul modlity thn when using only the visul modlityF xormlized explortion pth lengths in the diretion of the virtul ojet @PA nd in the orthogonl diretion @OA re ompred in pigF R@AF he nlysis revels tht P is slightlyD ut signi(ntlyD longer thn OF qiven ertin explortion reD prtiipnts wlked 1.06 times longer in the diretion prllel to the virtul ojet thn in the diretion perpendiulr to the virtul ojet during the explortion phseF U pigure RX ixplortion time @t XP A s funtion of @A the ondition nd @A virtul ojetsD nd @A omprison of the normlized explortion pth lengths in the diretion of the virtul ojet @PA nd in the perpendiulr diretion @OAF On each box, the central mark is the median, the edges of the box are the 25 th and 75 th percentiles, the whiskers extend to the most extreme data points (outliers not considered).

Points are drawn as outliers if they are greater than q 3 + 1.5(q 3 -q 1 ) or less than than q 1 -1.5(q 3 -q 1 ), where q 1 and q 3 are the 25 th and 75 th percentiles, respectively. Notches denote comparison intervals. Two medians are signicantly dierent at the 5% signicance level if their intervals do not overlap. Interval endpoints are the extremes of the notches.

3.3 Reporting phase sn this setionD the in)uene of the rendered distne d r nd of the rendering ondition @eDDeA on the pereived distnes d p is nlysed for eh strting positionF wens nd stndrd devitions of pereived distnes for prtiipnts strting from Position 1 re shown in pigF S@A nd for prtiipnts strting from Position 2 in pigF S@AF por Position 1D the pereived distnes d p were nlysed using repetedEmesures twoEwy exye with rendered distance d r nd rendering condition @eDDeA s ftorsF Rendered distance d r is signi(nt t the 57 level with F (4, 64) = 52.93 nd p < 10 -6 F Rendering condition is not signi(nt t the 57 level s F (2, 64) = 2.23 nd p < 0.12F xo intertion etween rendered distance d r nd condition hs een found sine F (8, 64) = 0.95 nd p < 0.47F es postEho testsD series of fonferroni orreted t-tests hve een performed nd ll the rendered distance pirs hve een found to e signi(ntly di'erentF por Position 2D the pereived distnes d p were nlysed similrlyF Rendered distance d r is signi(nt t the 57 level with F (4, 64) = 48.79 nd p < 10 -6 F Rendering condition is not signi(nt t the 57 level s F (2, 64) = 1.84 nd p < 0.17F e signi(nt intertion is found etween rendered distance d r nd V condition s F (8, 64) = 8.95 nd p < 10 -6 F he virtul ojet e is pereived signi(ntly frther in the e ondition thn in the or e onditionsF he virtul ojet i is pereived signi(ntly loser in the e ondition thn in the or e onditionsF es postEho testsD series of fonferroni orreted t-tests hve een performed nd ll the rendered distance omintions hve een found to e signi(ntly di'erentF por oth strting positionsD the di'erent distnes d r re thus orretly ordered nd well reognized y prtiipntsD independently of the rendering onditionF snterestinglyD prtiipnts pereived eh virtul ojet t modlityEindependent distne when using the udio modlityD the visul modlityD or the omintion of othF he udioEvisul sptil rendering provided y the weEs 2 isD in this senseD fully oherent in distneF fy ompring pigsF S@A nd S@AD it n furthemore e seen tht the strting position hs diret impt on distne pereptionF his spet of the results will e disussed in detils in eF RF e very smll in)uene of the presenttion order hs een oservedX prtiipnts presented with the udio ondition in third position mde slightly lrger errors thn prtiipnts presented with the udio ondition in the (rst positionF roweverD this e'et remins smllF he possiility of ny lerning e'et tht ould hve ourred during the 60 trils of the experiment hs een heked y ompring groups of 10 suessive trilsF xo signi(nt di'erenes etween the reltive errors mde y the prtiipnts mong the di'erent groups of trils hve een foundF husD no lerning e'et ppered during the experimentF 3.4 Post-session questionnaires et the end of eh session @eD D nd eAD prtiipnts rted 7 sttements on UEpoint vikert sle with two nhors @see F PAF es di'erenes etween the di'erent sessions re to e nlyzed for eh sttementD ny is due to prtiipnts hs een removed using the following proedureX the rting A i n (k) of the n th prtiipnt for the k th sttements during session i @i = eDDeA hs een trnsformed into

A i n (k) = A i n (k)-M n (k)D with M n (k)
the men over the three sessions of the rtings of the n th prtiipnt for the k th sttementsF he presence Esore hs een uilt s the men of the unised rtings

A i n (k)F A V AV -1 -0.5 0 0.5 1 1.5
Presence-score Condition pigure TX Presence Esore for eh of the rendering onditionF por explntion regrding oxplotsD see the ption of pigF RF esults shown in pigF T revel tht the sores of the e ondition re signi(ntly lower thn the sores of the others onditions @ nd eA nd tht the nd e onditions re not signi(ntly di'erentF husD presence is rted signi(ntly lower in the e ondition thn in the nd e onesF woreoverD presence is rted sttistilly equivlently for the nd e rendering onditionsF W 4 Inuence of the presence of the AV VR-system on the perceived virtual space 4.1 Potential conictual audio-visual spatial cues vike the vst mjority of virtul nd ugmented relity systemsD the weEs 2 system is not perfet nd potentilly provides on)iting udioEvisul sptil uesF es spei(ed in eF PFQD no room e'et ws synthesized in order to rerete oustil onditions tht were s lose s possile to open freeE (eld onditionsF xeverthelessD even though the experimentl room hd een oustilly tretedD there were still tres of room e'etD with midEfrequeny men reverertion time T 60 (500 rz to 1 krz) of 0.45 sF he rtio of the energies of the diret nd revererted omponents of the soundD whih is n udio distne ue WD spei(es to the prtiipnt distne orresponding to the physil setup rther thn the distne to the virtul ojetF he tehnology used to provide the Qh visul rendering is not perfet eitherF o estimte the distne of the virtul visul ojetD prtiipnts use two inoulr uesF pous ues @ommodtion nd lur in the retinl imgeA speify the distne t whih the sreenD insted of the virtul ojetD is seenF ergene ues orrespond to the distne t whih the optil xes of the two eyes ross one notherD i.e. the virtul ojetF sn Qh visul rendering setup sed on lrge immersive sreensD fous ues re then lmost lwys in on)it with vergene ues PI whih n 'et depth pereption RHD PHF pinllyD shdows projeted on the virtul ground )oor were visile only for the virtul ojets h nd i ut not for the nerer ones eD fD nd gF por lose distnesD the lk of shdow is thus lso in on)it with other sptil uesF 4.2 Anchor hypothesis he possile presene of on)itul udioEvisul ues n potentilly hve n e'et on distne perE eptionF sf prtiipnts re experiening udioEvisul ues speifying two di'erent distnesD it is expeted tht the virtul ojet will e pereived somewhere etween these two distnesF purthermoreD the only distne t whih ll ues re in greement orresponds to the physil lotion of the e EsystemF histne pereption is thus expeted to e orret t tht positionF o test for the possile existene of suh n e'etD two strting positions @Position 1 nd Position 2 A i.e. two physil lotions of the e EsystemD hve een inluded in the experimentl design @see eF PFIAF sn the results presented in pigsF S@A nd S@AD virtul ojets rendered in front of the vwe @i.e. e nd fA pper to e pushed towrd the vwe wheres virtul ojets rendered ehind the vwe @i.e. gD hD nd iA seem to e pulled towrd itF purthermoreD the distne t whih the pereived distne equls the rendered distne orresponds roughly to the distne etween the prtiipnts nd the physil lotion of the e Esystem @i.e. D P 1 s = 2.3 m for Position 1 nd D P 2 s = 3.3 m for Position 2 AF st is hypothesized thtD euse some udioEvisul ues speify the distne to the physil setup insted of the distne of the virtul ojetD prtiipnts tend to ind their pereptul distne estimtion to the tul rendering system setupF sn tht senseD the e Esystem thus physilly nhors the virtul world to the rel worldF et this pointD it must e noted tht two distnes must e onsidered during the experimentX the distne tht must e evaluated y the prtiipntD whih is de(ned expliitly s the distne etween the ojet nd the initil position @P1 or P 2A of the prtiipntD nd the distne etween the ojet nd the prtiipntD whih is vrying during the explortion phseF he ltter is used y the prtiipnt to evlute the formerF st is lso hypothesized tht nhoringD if suh n e'et existsD pertins to the verge of this ltter distneD whih is experienced y the prtiipnt during the explortion phseF pollowing RP for the udio modlity nd RI for the visul modlityD it is ssumed tht ompressive model in the form d p = k × (d r ) a reltes the pereived distne d p to the rendered distne d r F he oe0ient a denotes the glol pereptul ompression nd is not expeted to e in)uened y the strting or exploring position of the prtiipntsF roweverD the vlue of a my di'er etween the di'erent rendering onditionsF sf prtiipnts re loted t distne D a from the rendering devieD the nhor hypothesis predits the vlue of kD nd the reltion etween d p nd d r should eX

d p = D a × d r D a a @PA
IH he nhor hypothesis thus predits for eh strting position thtX osition I → D P 1 a = D P 1 s + < l P XP > with D P 1 s = 2.3 mD nd a P 1 = a @QA osition P → D P 2 a = D P 2 s + < l P XP > with D P 2 s = 3.3 mD nd a P 2 = a @RA where < l P XP > is the verge of the lgeri wlking displement of the prtiipnt in the diretion of the soure during the explortion phseF sf no orreltion is oserved etween the ouple of rossing distnes etween urves in pigF S @for osition 1 nd osition 2A nd the physil distnes to the sreenD the nhor hypothesis does not stndF 4.3 Experimental evidence of the anchor eect por the two strting positions tht hve een testedD the vlues of D a nd a for eh prtiipnt nd for eh rendering ondition hve een estimted y (tting the ompressive model of iqF @PA to the olleted dtF emong ll (tsD men R 2 = 75.3 7 is otinedD highlighting the high qulity of the modelF he estimted nd predited nhoring distnes D a nd the ompression oe0ients a re plotted versus the rendering ondition @eD D eA nd the strting position @Position 1D Position 2 A in pigsF UF prom pigF U@AD it n e oserved tht the nhoring distnes D a orresponding to eh rendering ondition re not signi(ntly di'erent for given strting positionF woreoverD for ll rendering onditions the nhoring distnes D a re signi(ntly lrger for Position 2 thn for Position 1F por the audio onditionD medin vlues of D P 1 a = 2.24 m nd D P 2 a = 2.91 m re otined while iqsF @QA nd@RA predit 2.02 m nd 2.90 m respetivelyD see pigF U@AF por the visual onditionD medin vlues of D P 1 a = 1.96 m nd D P 2 a = 2.73 m re otined @vs. predited vlues of 2.09 m nd 2.99 m respetivelyAF por the audio-visual onditionD medin vlues of D P 1 a = 2.09 m nd D P 2 a = 2.92 m re otined @vs. predited vlues of 2.08 m nd 2.96 m respetivelyAF prom pigF U@AD it n e oserved tht the ompression oe0ient a orresponding to eh rendering ondition is not signi(ntly di'erent for ny rendering ondition etween Position 1 nd Position 2F e medin vlue of a = 0.31 is otined for the audio onditionD with a = 0.48 for the visual onditionD nd a = 0.45 for the audio-visual onditionF he nhor hypothesis preditsD ording to iqsF Q nd RD tht the nhoring distne D a should e t the positions indited y the lk dots in pigF U@AF he quntittive greement etween these preditions nd the experimentl nhoring distnes is exellentD spei(lly for the e onditionF he nhor hypothesis furthermore predits tht the ompression oe0ient a should not e di'erent etween Position 1 nd Position 2F his is e'etively the seD s shown y pigF U@AF his experimentl evidene thus rgues in fvor of the nhor hypothesis proposed in eF RFPF II PR hve studiedD using tringultionD visul egoentri distne pereption in n open grssy (eldD in oth the rel world nd rendered vi vsh in virtul worldF heir results n thus e diretly ompred to the results otined here for the visual modlityF he min di'erenes in protool etween the two experiments is tht during the presenttion phseD prtiipnts were stti nd t 1.22 m from the sreen in PR wheres they were llowed to move in the explortion re nd t 2.3 m or 3.3 m from the sreen in the present experimentD see pigF Q@AF esults for the visual modlity nd the results of PR otined in the rel nd virtul worlds re plotted in pigF V@AF prom this (gureD it n e seen tht for Position 1D the results of the present experiment losely follow the rel world results of PR for d r < 3 m nd tend towrd those for the virtul world when d r > 3 mF por Position 2D the results of the present experiment losely follow rel world results of PR up to d r = 4.5 mD efore deresing slightlyF st n thus e onluded tht moving during the presentation phse my hve provided prtiipnts with etter visul distne pereption for lose distnesF yne n lso notie tht in the virtul world results tken from PR the nhoring distne D a @estimted here s the distne for whih d r = d p A is round 1.4 mD nd is lose to 1.22 mD the distne etween the prtiipnts nd the sreenF his lso onstitutes dditionl experimentl evidene rguing in fvor of the nhor hypothesis proposed in eF RFPF 5.2 Perceived distance in audio VR-systems based on holophonic sound rendering es disussed in eF RFPD ompressive urve in the form of d p = k(d r ) a hs een shown to e good model for the psyhophysil funtion tht reltes estimtes of pereived distne to physil soure distne for the audio modlity RPF e review mong 84 experiments is presented in RP with men vlue of a = 0.54 otined for the ompression oe0ient when (tting ompressive model to ll the ville dtF st hs lso een oserved tht experimentl protools PT @verl reportD pereptully direted tion FFFA nd listening onditions QV @stti or movingA hve very little in)uene on the otined vlues of aF esults from eF QFP for the audio ondition re ompred to this ompressive model in pigF V@AF fy (tting suh model to the pereived udio distnes olleted for Position 1D vlues of a = 0.41±0.03 nd k = 1.62 ± 0.09 re foundD with R 2 = 987 of the vrine oserved in the experimentl dt explined IP y the ompressive modelF he (t for Position 2 gives vlues of a = 0.29 ± 0.07 nd k = 2.13 ± 0.31D with R 2 = 847F he model d p = k(d r ) a thus (ts very well to the experimentl dt for oth strting positionsF he pereption of uditory distne seems to e slightly more ompressed in the virtul world thn predited in the rel world using the verge ompressive modelF roweverD more rigorous experimentl protoolD whih ompres diretly rel world nd virtul world distne pereption using the sme distnes nd reporting method @s done in PQ for exmpleAD is needed to ssess this pointF st n nevertheless e onluded tht p is le to synthesise soundE(elds whih re pereptully meningful in terms of distne for moving participants nd static virtual soures pled in the action spaceD pprently exhiiting slightly more ompression thn in the rel worldF 5.3 Utility of dynamic distance cues st is importnt to notie thtD s shown in eF QFPD ll of the prtiipnts spontneously wlked during the explortion phse nd tht the explortion durtions t XP were di'erent mong the di'erent modlitiesD with t XP (A) > t XP (AV ) > t XP (V )F rtiipnts thus ttempted to gin informtion from the e dynmi ues nd seemed to proeed di'erently depending on the ville modlityF woreoverD they wlked slightly more in the diretion prllel to the virtul ojet thn in the diretion perpendiulr to the virtul ojet during the presenttion phseF his highlights the importne of dynmi ues in virtul udioEvisul environments nd provides some informtion onerning how pereptul ues my e weightedF 5.4 Feeling of presence and visual distance underestimation he mjor prolem relted to the oserved presence feeling is tht it is prtiipntEdependentF por some prtiipntsD presence ws higher in the e ondition thn in the onditionF por othersD the opposite ws trueF his is potentilly onsequene of the hosen udio stimulus @low pss (ltered white noiseD see eF PFQA whih ws reported s unplesnt y some prtiipntsD nd thus my hve deresed their feeling of preseneF his my lso explin why no signi(nt di'erenes were found for the presence Esore etween the ondition nd the e onditions @see pigF TAF purthermoreD it hs een suggested tht euse e Esystems provide higher degree of presence thn visulEonly EsystemsD they potentilly led to less visul distne underestimtion PPF he orreltion etween the feeling of presence nd visul distne underestimtion is studied hereF por eh prtiipntD the presence vrition ∆ P indued y the ddition of the sptilized udio stimuli is lulted s the di'erene etween the presence Esore of tht prtiipnt in the e ondition nd the presence Esore of tht prtiipnt in the ondition @see eF QFRAF imilrlyD the linear visual underestimation factor variation ∆ α indued y the ddition of the sptilized udio stimuli is lulted s the di'erene etween the linear underestimation factor of tht prtiipnt in the e ondition nd the linear underestimation factor of tht prtiipnt in the onditionF he linear underestimation factor is omputed s the liner slope of the psyhophysil urve relting d p nd d r F es result ∆ α nd ∆ P re not found to e orrelted @orreltion oe0ient of Γ = -0.12 nd p < 0.45AF husD this does not llow one to onlude tht higher degree of presence leds to less visul distne underestimtion nd illustrtes the limited e0ieny of postEsession questionnires s tool to mesure (ne vritions of preseneF 6 Conclusion sn this pper study of audioD visualD nd audio-visual egoentri distne pereption y moving prtiipnts in virtual environments is presentedF eudioEvisul rendering ws provided y trked pssive visul stereosopy nd ousti wve (eld synthesis @pAF por eh rendering onditionD the estimtion of pereived distnes ws sed on pereptully direted tion using the method of indiret lindE wlkingF histnes pereived in the virtul environment were urtely estimted or overestimted for rendered distnes loser thn the udioEvisul rendering system nd underestimted for distnes frtherF snterestinglyD prtiipnts pereived eh virtul ojet t modlityEindependent distne when using the udio modlityD the visul modlityD or the omintion of othF egrding the audio modlityD p ws le to synthesize pereptully meningful soundE(elds in terms of distneF hynmi udioEvisul ues re used y prtiipnts when estimting the distne of virtul ojetsF woving my IQ hve provided prtiipnts with etter visul distne pereption of lose distnes thn if they were sttiF xo orreltion etween the feeling of presence nd visul distne underestimtion hs een foundF pinllyD to explin the oserved pereptul distne ompressionD it is proposed thtD due to on)iting distne uesD the udioEvisul rendering system physilly anchors the virtul world to the rel worldD y ttrting the virtul ojets to itF I sF F elexndrovD F F enevD F de l osD F uloosD rF rF fültho'D nd fF tF wohlerF igoentri distne judgments in lrge sreen disply immersive virtul environmentF sn 

  nd stndrd devition of pereived distnes d p s funtion of rendered distne d r for eh rendering ondition nd eh strting positionF ertil lines represent one stndrd devitionF

  coecient a pigure UX enhoring distne D a nd ompression oe0ient a versus strting position @Position 1D Position 2 A nd rendering ondition @eD D eAF por explntion regrding oxplotsD see the ption of pigF RF
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