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Abstract

In virtual ervironmentsthat use head-mountedlisplays(HMD),
distancgudgmentgo targetsonthegroundarecompressedtleast
whenindicatedthroughvisually-directedwvalking tasks. The same
tasksperformedin the real world yield veridical resultsover dis-
tancegangingfrom 2m to 25m. This paperdescribeexperiments
aimedat determiningf mechanicabspect®f HMDs suchasmass
andmomentof inertiaareresponsibléor theapparentistortionof
distance Ourresultsindicatethatthe mechanicahspect®f HMDs
cannotexplainthefull magnitudeof distanceunderestimatioseen
in HMD-basedvirtual ervironments thoughthey may accountfor
aportionof theeffect.
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1 Intro duction

Head-mountedlisplay (HMD) systemsfacilitate fully immersie
viewing conditionsfor interactionwith virtual environments,but
do so with the addedconstraintsof wearing helmetswith x ed
massesteducedeld of view, andotherinherentimitations. Even
with theseconstraintsHMDs still canprovide a fairly robustand
meaningfulway to interactwith virtual spaces.HMDs and other
virtual displaytechnologiehave the potentialfor largeimpactson
psychologyresearchtraining, scienceandeducationput will  rst

requirethatthein uencesthatthesedeviceshave onperceptiorand
actionin virtual ervironmentss well understood.

Recentesearclon the perceptiorof absoluteggocentricdistances
in HMD-basedvirtual ervironmentshasfound striking underesti-
mationto tamgetspresentedn the groundat a rangefrom 2 to 15
metergDurgin etal. 2002;Lamptonetal. 1995;LoomisandKnapp
2003; Thompsoret al. in press;Witmer and Sadavski 1998; Wit-
mer andKline 1998]. This is both surprisingand interestingbe-
causghesesametypesof distancgudgmentsn realworld, full-cue
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settingsareaccuratgLoomis et al. 1992]. The sourcescontrikut-
ing to theunderestimationf distancgudgmentsn virtual erviron-
mentsremainanopenquestion.

Thereare severalwaysin which HMD systemmechanicssuchas
massandmomentsf inertiamight affectthejudgmentof absolute,
egocentricdistancedn virtual ervironments. Recentspeculation
aboutthe perceptiorof distanceto tamgetson the oor hasfocused
on the role of angleof declinationcoupledwith eye height[Ooi
etal. 2001]. The weightof anHMD andthe torquesit placeson
a users headmight well biasthe determinatiorof this angle. The
mostcommonexperimentalmechanisnfor probing distanceper
ceptionin virtual ervironmentsover rangesgreaterthan 2m has
beenblind walking In this task,subjectsview atarget, closetheir
eyes,andthenattempto walk to or towardthelocationof thetamet.
Wearingan HMD could biasthis distanceor directionof walking,
evenif the spatiallocationof thetametis correctlyperceved.

We exploredtheseissuesby comparingdistancegudgmentsmade
in avirtual world presentedvith a corventionalHMD to distance
judgmentsmadein therealworld wearinga mockHMD designed
to matchthe massand momentsof inertia of the real HMD. Our
resultsshowv thatpeoplewearingthemockHMD actasif thescale
of the world hasbeencompressedthoughnot enoughto account
for the full amountof the compressiorseenwhenperformingthe
sametasksusingarealHMD.

2 Background

Perceptualpsychologistshave investicated the relationshipsbe-
tweenperceptionyrepresentatiorgndactionin termsof spatialup-
datingandlocomotionin a physical ervironment. Speci cally, in-
ternalrepresentationsf spacearein uenced andupdatedby both
visual and motoric input [Rieseret al. 1990; Thomson1983]. In
particular this researchhas shavn that visually directedactions
suchas blind walking to previously viewed targets are good re-
sponsemeasuresor how physical spacemapsto perceved visual
space.In thesestudies participantsrst constructa visually-based
representatiorof an ervironment, and thenwalk without vision,
eitherin a direct pathto or an indirect pathtoward the perceved
location of someobjectin the ervironment. As participantswalk
without vision, they aretold to focuson how their internal, men-
tal representatiomf the spaceupdatesbasedon their movement.
Figure 1 illustratesthe visually directedactionsof directandtri-
angulatedwalking. Resultsfrom thesestudies,conductedn real
world indoor and outdoorspacesunderfull cue conditions,shav
that peopleare accurateat judging distancego targetsrestingon
the groundout to about25 meters[Loomis et al. 1992; Philbeck
etal. 1997;Fukusimaetal. 1997;Rieseretal. 1990].

Otherresearctefforts have investigatedthe effectivenessf differ-
entcuesnecessaryor absolutedistanceperception.Accommoda-
tion and corvergenceare absoluteegocentriccues, but individu-
ally, do nothave muchdirecteffect beyondpersonakpace(i.e. out
to about2m) [Cutting andVishton1995]. Similarly, absolutemo-
tion parallaxhasbeenfoundto be a weakcuefor absolutadistance
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Figurel: Visually directedactionsinvolving directandtriangulated
walking to tamgets.

beyond personakpaceBeall andLoomis 1995]. However, at dis-
tancesipto 2m,accommodatioandcorvergencehave beenshavn

to beimportantcuesthatin uence spaceperceptiorin virtual ervi-

ronmentgEllis andMenges1997;Surdicketal. 1997]. This paper
focusespeci cally ondistancgudgmentsn actionspacein which
visual cuessuchasaccommodationvergence andmotion parallax
have little impacton absolutedistancgudgments.

Whenvisually directedactionsare usedasresponsaneasuresor
distanceperceptionin virtual environments,judgeddistancesare
underestimatecdelative to the modeledgeometry Thus,peopleact
uponthe spacesasthoughthe spacesvere smallerthanintended.
Onecommonexplanationfor the underestimatioris the relatively
small eld of view in mostHMDs, but recentstudiessuggesthisis
notthecasefor blind walking to tamgetsin actionspacdKnappand
Loomisin press]providedthatparticipantsareableto look around
the ervironment[Creem-Regehret al. 2003]. However, small eld
of view hasbeenshavn to degradeperformancén searchandwalk-
ing tasks,but thesestudiesdid not study absolute egocentricdis-
tancejudgmentgArthur 2000]. Another possibleexplanationfor
the compressiorof spaceis the lack of graphicsrealismusedin
previous studies.However, graphicsquality doesnot appearto be
amajorfactorof the compressiorsinceresultsfrom blind walking
to tametspresentedvith wireframegraphicsJit andshadedyraph-
ics,andphotographigpanoramashavedno statisticallysigni cant
differencegThompsoretal. in pressWillemsenandGooch2002].

Thesourceof thecompressiomemainsanopenquestion.Onepos-
sible explanationinvestigatedin this paperis thatthe underestima-
tion of distancemay be arisingfrom statictorqueforcesresulting
from masddistribution nearthefront of theHMD. This couldin u-
encethe angleof declinationwhich would resultin a shorterper
ceived distanceto targetson the groundplane. The triangulation
taskinvolvesturning of the headandbodywhich couldbe affected
by massand momentsof inertia. If thesefactorsare indeedin-
uencing distancgudgmentsit is likely thata realworld viewing
conditionusingamockHMD with mechanicapropertiesdentical
to therealHMD would be susceptibl¢o the samen uencesfound
in thevirtual conditions.

3 Experimental Design

The experimenttesteddirectandtriangulatedblind walking to tar
getson thegroundcrossedvith threeviewing conditions:a virtual

Figure2: Mock HMD basedon NVIS nVisor SX HMD shellused
during real world viewing conditions. An neckcollar is usedto
occludetheareaaroundthefeet.

world conditionwith the HMD; a real world condition usingthe
mockHMD; andarealworld conditionwith unrestrictedsiewing.

For the direct walking condition, tamgetswere placedat 4m, 6m,

and8musing6 uniquelysizedshape®f differentlycoloredtargets.
In the triangulatedwalking conditions targetswere placedat 5m,

10m, and 15m. Triangulatedwalking allows investigation of tar-

getdistancegreaterthanis possiblewith direct walking in most
tracked HMD spacesandalsoremaovesthe ability for subjectsto

pre-plantargetlocation. The directandtriangulatedwalking tasks
areillustratedin Figurel. Subjectsvereinstructedo view theen-
vironmentandthetargetlocationuntil they felt con dent they had
a good mentalimage of the space. Then, they closedtheir eyes
and either walked directly to the perceved location of the target
andstoppeddirectwalking), or walkedindirectly towardthetamet,

turningandwalking two stepstowardthetargetwheninstructedby

the experimentel(triangulatedvalking). Tamgetdistanceandshape
wererandomizedor eachsubject.Eighty-three(83) University of

Utah studentg42 male,41 female)participatedn the experiment,
eachonly experiencingone of the six possibleconditions. Each
subjectwas presentedvith a total of 15 trials (3 practice)during

theexperiment.

The virtual viewing conditionswere conductedn our lab with an
NVIS nVisor SX HMD with a eld of view 47 degreeshorizon-
tal by 38 degreesverticaland100%binocularoverlap. The nVisor
hasa resolutionof 1280x1024pixelsin eacheye andis driven by
two clusteredPCs.Realworld viewing conditionswereconducted
with andwithout a mock HMD createdrom a replicashell of the
nVisor SX HMD. We measuredhe massand momentsof inertia
of the nVisor HMD, andcreateda mock HMD with similar mass,
momentf inertia,and eld of view. Thefront of thenVisor shell
was cut out and replacedby small viewing pyramidsconstructed
from black foam coreto approximatethe eld of view in thereal
HMD. Approximately2.5cmof lateral movementin the viewing
frustumsallowed for morecloselymatchingthe binocular eld of
view. Figure2 shaws the mock HMD. Subjectsalsowore a neck
collar (shovn in Figure2) in the real andvirtual conditions. The
collar was designedo block a persons view of the groundnear
theirfeetradially outto approximatelyl.5 metersto avoid potential
problemsassociatedavith the absenc®f a virtual bodyrepresenta-
tion or the presenceof an unrealisticavatar when looking down.
The room usedfor all real world conditionswasan 18m x 11m
room. A modelof this room was createdfor the virtual viewing
conditions andis illustratedin Figure3.
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Figure3: Real(top) andvirtual (bottom)roomconditions.

3.1 Mass and Moments of Inertia

Massis ameasuref theamountof matterin anobject,andmaybe
quanti ed by simply weighingthe object. The massof the HMD
is importantin two respects. First, the force that the usermust
exert to supportthe static weight of the HMD is proportionalto
thetotal massof the HMD. Secondthe magnitudeof the dynamic
(inertial) force that the usermustexert to acceleratehe HMD is
proportionalto the massof the HMD. The magnitudeof the mass-
relatedforcesfelt by the useris independenof the distribution of
the mass. However, the distribution of the massin the HMD is
importantfor otherreasonsthe mostobvious of whichis relatedto
the centerof massof the HMD. If the centerof massof the HMD
is notcollocatedwith the centerof massof theusers head thenthe
usersneckmustexertatorqueto offsetthegravitationaltorquedue
to the mismatch.This occurswith the presenHMD apparatusiue
to the locationof the (relatively) heary opticsandcircuitry located
in front of the users eyes;the userfeelstheimbalanceandexertsa
compensatingorqueto lift thefront of the HMD.

In the generalcase the rotationalinertia of a body is completely
describedy six quantitiesithemomentsof inertia(ly; ly; 1), which
relatetorquesaboutthree orthogonalaxes embeddedn the body
to motion about those sameaxes; and the productsof inertia
(Ixy: Ixz: lyz), which relatetorquesand motion aboutdifferentaxes.
Theimportanceof thesenertial propertiediesin thefactthat,for a
giventorqueexertedby theuser thepresencef theHMD resultsin

alowerangularaccelerationCorversely for agivenangularaccel-
eration theinertiaof the HMD resultsin largertorquessensecnd
exertedby the user Thesemodi ed torque/acceleratiorelation-
ships,aswell asthe modi ed mass/force/torqueelationshipde-
scribedpreviously, mayin turn modify theway in whichan HMD

userperceveshis motionrelative to arealor virtual environment.

Parameter | HMD Mock HMD | Error (%)
m (ko) 1.088 1.088 0.0
Ix (kg mP) | 0.001965| 0.001710 -13.0
ly (kg n?) | 0.009377] 0.010106 7.8
Iz(kg n?) | 0.011776] 0.012911 9.6

Tablel: MassandMomentsof Inertia
12r
Ideal
== Unrestricted
- = Mock HMD

10f| — HMD
E g
3
C
8
2 6+
)
e}
(3]
(o))
S 4
=]

2,

0 ‘ ‘ ‘ ‘ ‘ j

0 2 4 6 8 10 12

Intended Distance (m)

Figure4: Directwalking. Errorbarsrepresent 1 SEM. Thedotted
line represent&eal performance.

The determinationof the massparameterf the real HMD and
matchingof the parameter®f the mock HMD proceededs fol-

lows. The mock HMD masswas increasedo that of the HMD

throughthe addition of small internal weights. The location of

the centerof masswasmatchedby relocatingthe weightsuntil the
mock HMD andHMD exhibited the samepoint of balancewhen
suspendedrom a string. The productsof inertia |y, andly, are
zerodueto thex z planeof symmetryof the HMD, andly, was
assumeadgligible dueto the nearsymmetryaboutthe othertwo
planes.Themomentsfinertia(ly; ly; ;) werematchedy adjusting
theweightlocationsuntil themockHMD andHMD exhibitedsim-
ilar periodsof oscillationwhenattachedo a pendulumandswung
aboutthe threeaxes. The resultsof the matchingprocedureare
presentedh Tablel.

4 Results

Distancesvereunderestimatedhenviewing with theHMD in the
virtual ervironmentcomparedto estimationswhen viewing with
themockHMD or with noviewing restrictionsn therealworld. A
3(ervironment)x 3(distance ANOVA con rmed a signi cant dif-
ferencebetweerthe threeervironmentconditionswith a main ef-
fect of ervironment(Triangulated:F(2;37) = 10:40; p< :01; Di-
rect: F(2;40) = 27:50; p < :01). Distanceestimationsincreased
with increasingntendeddistancefor all conditions(Triangulated:
F(2;74) = 24005;p < :01; Direct: F(2;80) = 53674;p < :01).
As shawn in Figures4 and5, althoughdistanceestimationswere
moreaccuratewith the mock HMD in the realworld comparedo
theHMD in thevirtual ervironment(p < :05for both Triangulated
and Direct), the mock HMD estimationswere also signi cantly
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Figure5: Triangulatedwvalking. Error barsrepresent 1 SEM. The
dottedline represent&eal performance.

lower thanthosein the unrestrictedsziewing condition(p < :05 for
both TriangulatedandDirect). This patternof datais suggestie of
somecompressiomesultingfrom judging distancesvhile wearing
the mock HMD. For triangulatedwalking (Figure 5), the datafor
theunrestrictedrziewing conditionappearso fall slightly below the
ideal performancdine, unlike our currentresultsfor direct walk-
ing and our previous ndings ([Thompsonet al. in press]). One
subjectshaved meanestimationghatfell two standarddeviations
belav thegroupmeanandmaybe contributing to this apparentin-
derestimation We keptthe subjectin the datasetbecauseshedid
not ful ll ary a priori exclusion criteria. Whenthe datais ana-
lyzed without this subject,the unrestrictedviewing condition for
triangulatedwalking shavs accurateperformancealongthe ideal
performanceine.

5 Discussion and Conclusion

The apparentcompressiorof virtual spacesas revealedthrough
visually directedwalking is a puzzling problem. We examined
thepossibilitythatviewing andestimatingdistancesvhile wearing
anHMD contritutesto the consistentinderestimatiorffectsseen
acrossseverallaboratoriesWe found greatercompressiorin judg-
mentsmadein the HMD virtual ervironmentcomparedto judg-
mentsmadein the real world while wearingthe mock HMD, and
greatercompressiorin judgmentsmadewhile wearingthe mock
HMD comparedto thosein the unrestrictedviewing condition.
Theseresultssuggesthatthe HMD itself cannotexplain all of the
compressiorseenin virtual ernvironmentsand supportthe notion
thatotherperceptuafactorsarelikely to in uence distancesstima-
tionsin virtual ervironments.However, our resultsdo indicatethat
thereis areliable effect of underestimationvhenviewing the real
world with the mock HMD suggestinghat mechanicabspectof
HMDs accountfor someof thedistancecompressiorffectsfound
in virtual ervironmentresearch. Additional conditionsinvolving
further manipulationsof massand momentsof inertiain the same

large roomareneededo malke strongerconclusionsabouttheim-
pactof themechanicapropertief the HMD on performance.
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