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Abstract

In virtual environmentsthat usehead-mounteddisplays(HMD),
distancejudgmentsto targetsonthegroundarecompressed,at least
whenindicatedthroughvisually-directedwalking tasks.Thesame
tasksperformedin the real world yield veridical resultsover dis-
tancesrangingfrom 2m to 25m. This paperdescribesexperiments
aimedatdeterminingif mechanicalaspectsof HMDs suchasmass
andmomentsof inertiaareresponsiblefor theapparentdistortionof
distance.Our resultsindicatethatthemechanicalaspectsof HMDs
cannotexplain thefull magnitudeof distanceunderestimationseen
in HMD-basedvirtual environments,thoughthey mayaccountfor
aportionof theeffect.
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1 Intro duction

Head-mounteddisplay (HMD) systemsfacilitate fully immersive
viewing conditionsfor interactionwith virtual environments,but
do so with the addedconstraintsof wearing helmetswith �x ed
masses,reduced�eld of view, andotherinherentlimitations. Even
with theseconstraints,HMDs still canprovide a fairly robust and
meaningfulway to interactwith virtual spaces.HMDs andother
virtual displaytechnologieshave thepotentialfor largeimpactson
psychologyresearch,training,science,andeducation,but will �rst
requirethatthein�uencesthatthesedeviceshaveonperceptionand
actionin virtual environmentsis well understood.

Recentresearchon theperceptionof absolute,egocentricdistances
in HMD-basedvirtual environmentshasfound striking underesti-
mationto targetspresentedon the groundat a rangefrom 2 to 15
meters[Durgin etal.2002;Lamptonetal.1995;LoomisandKnapp
2003;Thompsonet al. in press;Witmer andSadowski 1998;Wit-
mer andKline 1998]. This is both surprisingand interestingbe-
causethesesametypesof distancejudgmentsin realworld, full-cue
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settingsareaccurate[Loomis et al. 1992]. The sourcescontribut-
ing to theunderestimationof distancejudgmentsin virtual environ-
mentsremainanopenquestion.

Thereareseveralwaysin which HMD systemmechanics,suchas
massandmomentsof inertiamightaffect thejudgmentof absolute,
egocentricdistancesin virtual environments. Recentspeculation
abouttheperceptionof distanceto targetson the�oor hasfocused
on the role of angleof declinationcoupledwith eye height [Ooi
et al. 2001]. The weight of an HMD andthe torquesit placeson
a user's headmight well biasthedeterminationof this angle.The
mostcommonexperimentalmechanismfor probingdistanceper-
ception in virtual environmentsover rangesgreaterthan 2m has
beenblind walking. In this task,subjectsview a target,closetheir
eyes,andthenattempttowalk toor towardthelocationof thetarget.
WearinganHMD couldbiasthis distanceor directionof walking,
evenif thespatiallocationof thetargetis correctlyperceived.

We exploredtheseissuesby comparingdistancejudgmentsmade
in a virtual world presentedwith a conventionalHMD to distance
judgmentsmadein therealworld wearinga mockHMD designed
to matchthe massandmomentsof inertia of the real HMD. Our
resultsshow thatpeoplewearingthemockHMD actasif thescale
of the world hasbeencompressed,thoughnot enoughto account
for the full amountof the compressionseenwhenperformingthe
sametasksusinga realHMD.

2 Background

Perceptualpsychologistshave investigated the relationshipsbe-
tweenperception,representation,andactionin termsof spatialup-
datingandlocomotionin a physicalenvironment.Speci�cally, in-
ternalrepresentationsof spacearein�uenced andupdatedby both
visual andmotoric input [Rieseret al. 1990; Thomson1983]. In
particular, this researchhasshown that visually directedactions
suchas blind walking to previously viewed targetsare good re-
sponsemeasuresfor how physical spacemapsto perceived visual
space.In thesestudies,participants�rst constructa visually-based
representationof an environment,and then walk without vision,
either in a direct path to or an indirect path toward the perceived
locationof someobject in the environment. As participantswalk
without vision, they aretold to focuson how their internal,men-
tal representationof the spaceupdatesbasedon their movement.
Figure1 illustratesthe visually directedactionsof direct and tri-
angulatedwalking. Resultsfrom thesestudies,conductedin real
world indoor andoutdoorspacesunderfull cueconditions,show
that peopleareaccurateat judging distancesto targetsrestingon
the groundout to about25 meters[Loomis et al. 1992; Philbeck
etal. 1997;Fukusimaetal. 1997;Rieseretal. 1990].

Otherresearchefforts have investigatedtheeffectivenessof differ-
entcuesnecessaryfor absolutedistanceperception.Accommoda-
tion and convergenceare absoluteegocentriccues,but individu-
ally, donothave muchdirecteffectbeyondpersonalspace(i.e. out
to about2m) [Cutting andVishton1995]. Similarly, absolutemo-
tion parallaxhasbeenfoundto beaweakcuefor absolutedistance
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Figure1: Visuallydirectedactionsinvolving directandtriangulated
walking to targets.

beyondpersonalspace[Beall andLoomis1995]. However, at dis-
tancesupto 2m,accommodationandconvergencehavebeenshown
to beimportantcuesthatin�uence spaceperceptionin virtual envi-
ronments[Ellis andMenges1997;Surdicket al. 1997].This paper
focusesspeci�cally ondistancejudgmentsin actionspace,in which
visualcuessuchasaccommodation,vergence,andmotionparallax
have little impactonabsolutedistancejudgments.

Whenvisually directedactionsareusedasresponsemeasuresfor
distanceperceptionin virtual environments,judgeddistancesare
underestimatedrelative to themodeledgeometry. Thus,peopleact
uponthe spacesasthoughthe spacesweresmallerthanintended.
Onecommonexplanationfor the underestimationis the relatively
small�eld of view in mostHMDs, but recentstudiessuggestthis is
not thecasefor blind walking to targetsin actionspace[Knappand
Loomisin press],providedthatparticipantsareableto look around
theenvironment[Creem-Regehret al. 2003]. However, small �eld
of view hasbeenshown to degradeperformancein searchandwalk-
ing tasks,but thesestudiesdid not studyabsolute,egocentricdis-
tancejudgments[Arthur 2000]. Anotherpossibleexplanationfor
the compressionof spaceis the lack of graphicsrealismusedin
previousstudies.However, graphicsquality doesnot appearto be
a majorfactorof thecompressionsinceresultsfrom blind walking
to targetspresentedwith wireframegraphics,lit andshadedgraph-
ics,andphotographicpanoramasshowednostatisticallysigni�cant
differences[Thompsonetal. in press;WillemsenandGooch2002].

Thesourceof thecompressionremainsanopenquestion.Onepos-
sibleexplanationinvestigatedin this paperis thattheunderestima-
tion of distancemay be arisingfrom statictorqueforcesresulting
from massdistributionnearthefront of theHMD. Thiscouldin�u-
encethe angleof declinationwhich would result in a shorterper-
ceived distanceto targetson the groundplane. The triangulation
taskinvolvesturningof theheadandbodywhichcouldbeaffected
by massand momentsof inertia. If thesefactorsare indeedin-
�uencing distancejudgments,it is likely thata realworld viewing
conditionusinga mockHMD with mechanicalpropertiesidentical
to therealHMD wouldbesusceptibleto thesamein�uencesfound
in thevirtual conditions.

3 Experimental Design

Theexperimenttesteddirectandtriangulatedblind walking to tar-
getson thegroundcrossedwith threeviewing conditions:a virtual

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

world conditionwith the HMD; a real world conditionusing the
mockHMD; anda realworld conditionwith unrestrictedviewing.
For the direct walking condition, targetswereplacedat 4m, 6m,
and8musing6 uniquelysizedshapesof differentlycoloredtargets.
In the triangulatedwalking conditions,targetswereplacedat 5m,
10m, and15m. Triangulatedwalking allows investigation of tar-
get distancesgreaterthan is possiblewith direct walking in most
tracked HMD spaces,andalsoremovesthe ability for subjectsto
pre-plantarget location. Thedirectandtriangulatedwalking tasks
areillustratedin Figure1. Subjectswereinstructedto view theen-
vironmentandthetarget locationuntil they felt con�dent they had
a good mental imageof the space. Then, they closedtheir eyes
and either walked directly to the perceived location of the target
andstopped(directwalking),or walkedindirectlytowardthetarget,
turningandwalking two stepstowardthetargetwheninstructedby
theexperimenter(triangulatedwalking). Targetdistanceandshape
wererandomizedfor eachsubject.Eighty-three(83) Universityof
Utahstudents(42 male,41 female)participatedin theexperiment,
eachonly experiencingone of the six possibleconditions. Each
subjectwaspresentedwith a total of 15 trials (3 practice)during
theexperiment.

The virtual viewing conditionswereconductedin our lab with an
NVIS nVisor SX HMD with a �eld of view 47 degreeshorizon-
tal by 38 degreesverticaland100%binocularoverlap.ThenVisor
hasa resolutionof 1280x1024pixels in eacheye andis drivenby
two clusteredPCs.Realworld viewing conditionswereconducted
with andwithout a mockHMD createdfrom a replicashellof the
nVisor SX HMD. We measuredthe massandmomentsof inertia
of thenVisor HMD, andcreateda mockHMD with similar mass,
momentsof inertia,and�eld of view. Thefront of thenVisor shell
wascut out andreplacedby small viewing pyramidsconstructed
from black foam coreto approximatethe �eld of view in the real
HMD. Approximately2.5cmof lateral movementin the viewing
frustumsallowed for morecloselymatchingthebinocular�eld of
view. Figure2 shows the mock HMD. Subjectsalsowore a neck
collar (shown in Figure2) in the real andvirtual conditions. The
collar was designedto block a person's view of the groundnear
their feetradiallyout to approximately1.5metersto avoid potential
problemsassociatedwith theabsenceof a virtual bodyrepresenta-
tion or the presenceof an unrealisticavatar when looking down.
The room usedfor all real world conditionswas an 18m x 11m
room. A modelof this room wascreatedfor 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 ameasureof theamountof matterin anobject,andmaybe
quanti�ed by simply weighingthe object. The massof the HMD
is important in two respects. First, the force that the usermust
exert to supportthe static weight of the HMD is proportionalto
thetotal massof theHMD. Second,themagnitudeof thedynamic
(inertial) force that the usermustexert to acceleratethe HMD is
proportionalto themassof theHMD. Themagnitudeof themass-
relatedforcesfelt by theuseris independentof thedistribution of
the mass. However, the distribution of the massin the HMD is
importantfor otherreasons,themostobviousof which is relatedto
thecenterof massof theHMD. If thecenterof massof theHMD
is notcollocatedwith thecenterof massof theuser'shead,thenthe
user'sneckmustexertatorqueto offsetthegravitationaltorquedue
to themismatch.This occurswith thepresentHMD apparatusdue
to thelocationof the(relatively) heavy opticsandcircuitry located
in front of theuser'seyes;theuserfeelstheimbalanceandexertsa
compensatingtorqueto lift thefront of theHMD.

In the generalcase,the rotationalinertia of a body is completely
describedby six quantities:themomentsof inertia(Ix; Iy; Iz), which
relatetorquesaboutthreeorthogonalaxesembeddedin the body
to motion about those sameaxes; and the productsof inertia
(Ixy; Ixz; Iyz), which relatetorquesandmotionaboutdifferentaxes.
Theimportanceof theseinertialpropertieslies in thefactthat,for a
giventorqueexertedby theuser, thepresenceof theHMD resultsin
a lowerangularacceleration.Conversely, for agivenangularaccel-
eration,theinertiaof theHMD resultsin largertorquessensedand
exertedby the user. Thesemodi�ed torque/accelerationrelation-
ships,aswell as the modi�ed mass/force/torquerelationshipsde-
scribedpreviously, mayin turn modify theway in which anHMD
userperceiveshismotionrelative to a realor virtual environment.

Parameter HMD Mock HMD Err or (%)
m(kg) 1.088 1.088 0.0
Ix (kg� m2) 0.001965 0.001710 -13.0
Iy (kg� m2) 0.009377 0.010106 7.8
Iz (kg� m2) 0.011776 0.012911 9.6

Table1: MassandMomentsof Inertia
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Figure4: Directwalking. Errorbarsrepresent� 1 SEM.Thedotted
line representsidealperformance.

The determinationof the massparametersof the real HMD and
matchingof the parametersof the mock HMD proceededas fol-
lows. The mock HMD masswas increasedto that of the HMD
through the addition of small internal weights. The location of
thecenterof masswasmatchedby relocatingtheweightsuntil the
mock HMD andHMD exhibited the samepoint of balancewhen
suspendedfrom a string. The productsof inertia Ixy and Iyz are
zerodueto the x� z planeof symmetryof the HMD, andIxz was
assumednegligible dueto the near-symmetryaboutthe othertwo
planes.Themomentsof inertia(Ix; Iy; Iz) werematchedbyadjusting
theweightlocationsuntil themockHMD andHMD exhibitedsim-
ilar periodsof oscillationwhenattachedto a pendulumandswung
aboutthe threeaxes. The resultsof the matchingprocedureare
presentedin Table1.

4 Results

Distanceswereunderestimatedwhenviewing with theHMD in the
virtual environmentcomparedto estimationswhen viewing with
themockHMD or with noviewing restrictionsin therealworld. A
3(environment)x 3(distance)ANOVA con�rmed a signi�cant dif-
ferencebetweenthe threeenvironmentconditionswith a mainef-
fect of environment(Triangulated:F(2;37) = 10:40; p < :01; Di-
rect: F(2;40) = 27:50; p < :01). Distanceestimationsincreased
with increasingintendeddistancefor all conditions(Triangulated:
F(2;74) = 240:05; p < :01; Direct: F(2;80) = 536:74; p < :01).
As shown in Figures4 and5, althoughdistanceestimationswere
moreaccuratewith themockHMD in the realworld comparedto
theHMD in thevirtual environment(p < :05 for bothTriangulated
and Direct), the mock HMD estimationswere also signi�cantly
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Figure5: Triangulatedwalking. Errorbarsrepresent� 1 SEM.The
dottedline representsidealperformance.

lower thanthosein theunrestrictedviewing condition(p < :05 for
bothTriangulatedandDirect). This patternof datais suggestive of
somecompressionresultingfrom judgingdistanceswhile wearing
themockHMD. For triangulatedwalking (Figure 5), thedatafor
theunrestrictedviewing conditionappearsto fall slightly below the
ideal performanceline, unlike our currentresultsfor direct walk-
ing and our previous �ndings ([Thompsonet al. in press]). One
subjectshowedmeanestimationsthat fell two standarddeviations
below thegroupmeanandmaybecontributing to thisapparentun-
derestimation.We kept thesubjectin thedatasetbecauseshedid
not ful�ll any a priori exclusion criteria. When the datais ana-
lyzed without this subject,the unrestrictedviewing condition for
triangulatedwalking shows accurateperformancealong the ideal
performanceline.

5 Discussion and Conclusion

The apparentcompressionof virtual spacesas revealedthrough
visually directedwalking is a puzzling problem. We examined
thepossibilitythatviewing andestimatingdistanceswhile wearing
anHMD contributesto theconsistentunderestimationeffectsseen
acrossseveral laboratories.We foundgreatercompressionin judg-
mentsmadein the HMD virtual environmentcomparedto judg-
mentsmadein the real world while wearingthe mock HMD, and
greatercompressionin judgmentsmadewhile wearingthe mock
HMD comparedto those in the unrestrictedviewing condition.
Theseresultssuggestthat theHMD itself cannotexplain all of the
compressionseenin virtual environmentsand supportthe notion
thatotherperceptualfactorsarelikely to in�uence distanceestima-
tionsin virtual environments.However, our resultsdo indicatethat
thereis a reliableeffect of underestimationwhenviewing the real
world with the mock HMD suggestingthat mechanicalaspectsof
HMDs accountfor someof thedistancecompressioneffectsfound
in virtual environmentresearch.Additional conditionsinvolving
furthermanipulationsof massandmomentsof inertia in thesame

largeroomareneededto make strongerconclusionsaboutthe im-
pactof themechanicalpropertiesof theHMD onperformance.
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