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Abstract

This paperdescribesthe useof a treadmill-basedvirtual environ-
ment (VE) to investigatethe in�uence of visual motion on loco-
motion.First,we demonstratethata computer-controlledtreadmill
coupledwith awide�eld of view computergraphicsdisplaycanbe
usedto studyinteractionsbetweenperceptionandaction.Previous
work hasdemonstratedthathumanscalibratetheirvisually-directed
actionsto changingcircumstancesin their environment. Using a
treadmillVE, we show thatcalibrationof actionis re�ected in the
realworld asaresultof manipulatingtherelationbetweenthespeed
of visual�o w, presentedusingcomputergraphics,andthespeedof
walking on a treadmill.Second,we extendthemethodologyin our
treadmillVE to investigateanopenquestioninvolving humangait
transitionsandshow thatthespeedof visualmotion in�uencesthe
speedat which the gait transitionoccurs. Theseresultsdemon-
strateboth the effectivenessof treadmill-basedVEs in simulating
theperceptual-motoreffectsof walking throughtherealworld and
thevalueof suchsystemsin addressingbasicperceptualquestions
thatwouldotherwisebedif�cult to explore.

CR Categories: I.3.7 [ComputerGraphics]:Three-Dimensional
Graphicsand Realism—Virtual reality H.5.1 [Information Sys-
tems]: Multimedia Information Systems—Arti�cial, augmented,
andvirtual realities

Keywords: treadmill virtual environments,locomotion, visual
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1 Intro duction

Treadmill virtual environments(VEs), in which treadmillwalking
is coupledto an appropriatelyupdatingvisual display, have the
potential to allow natural walking through large-scalesimulated
spaces.Theavailability of suchdevicescouldimpactabroadrange
of applications,includingeducationandtraining,designandproto-
typing,physical�tness,andrehabilitation.For someof theseappli-
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cations,naturalwalking providesa level of realismnot obtainable
if movementthroughthesimulatedworld is controlledby devices
suchasa joystick [Usohet al. 1999]. For otherapplications,real-
istic walking is a fundamentalrequirement.Theutility of treadmill
VEsfor many applicationsdependsin largepartonthepresumption
thatperception/actioncouplingin theVE operatesin amannersim-
ilar to therealworld. If this is true,thentreadmillVE systemscan
alsoserveasatool for betterunderstandingtheinteractionbetween
visionandlocomotionin humans.

Investigationsof perception/actioncoupling in treadmill VE sys-
temshavebeenrelatively limited. Oneof the�rst perceptualstudies
carriedout in a treadmill VE studieddistanceperception[Witmer
andSadowski 1998]. Subjectsperformedactionsboth in the real
world andin the treadmill VE andit wasshown that VE distance
judgmentswerecompressedmorethanin therealworld. It hasalso
beenshown that posturalsway [Warrenet al. 1996] andeven en-
trainmentof thestepcycle to thevisualdisplaycanbe inducedin
a treadmillVE [Kay andWarren2001]. More recently, mismatch-
ing the visual speedof graphicsto the walking speedof subjects
hasbeenexploredin a treadmill VE [Bantonet al. submitted]. In
thisstudyit wasobservedthatthevisualspeedof theoptic �o w ap-
pearedto betoo slow duringsimulatedlocomotionon a treadmill.
Othershave proposedthata percentageof locomotorspeedis sub-
tractedfrom thevisualspeedduring treadmill locomotion[Durgin
etal. submitted].

Thepresentwork comparesperception/actioncouplingin treadmill
VEsandtherealworldandaddressesanunansweredquestionabout
theroleof visual�o w on humangait.

2 A Treadmill-based Virtual Environment

Most previous researchinvolving treadmill VEs used exercise
treadmills coupled with either head-mounteddisplays or �x ed
video displaysof limited extent. The resultsdescribedbelow uti-
lized a systemsupportingboth morenaturalwalking andrunning
anda substantiallymorevisually immersive experience.Walking
wasdoneon the SarcosTreadport,a custombuilt computercon-
trolledtreadmillwith a8' longitudinalby 6' lateralwalkingsurface
(SeeFigure1).1 Three8' by 8' back-projectedscreenswith border-
lessmountsareused,with the orientationof the two sidescreens
120� from themainscreen.This resultsin anapproximately180�

horizontal�eld-of-view for someonestandingnearthecenterof the
belt. Theviewing distanceto eachof the threescreensis approxi-
mately2 meters.Extensive light shieldingis usedto minimize the
visibility of thetreadmillandotheritemsin thelaboratory, though
the belt andframeof the treadmill areclearly visible to someone
walking on the Treadport. For the work describedhere,a visual

1Visible in the�gure is a harnessworn by theuserandseveralmechan-
ical devicesattachedto the harness.Oneof theseattachmentsis a safety
strapwhich protectstheuserin caseof a fall. Theotherprovidesposition
sensingfor establishingthecorrectviewpoint for thegraphicsandfor situa-
tionsin which locomotionspeedis underusercontrol,andcanapplyforces
to simulatewalking up anddown hills. In thework describedhere,neither
usercontrolof speednor slopeforceswereenabled.



Figure1: SarcosTreadportvirtual environment

Figure2: Endlesshallway displayedon threescreens

modelwasusedthat simulatedan “endless”hallway in our engi-
neeringbuilding (SeeFigure2). Viewing wasbinocular. Thetrans-
lational positionof viewpoint wasbasedon sensedbody position
while eye-heightwas�x ed. Renderingframeratewas� 30 fps at
all times.

3 Calibration of Locomotion

Perceptuallyguidedactionsrequirethat theappropriatescalingbe
maintainedbetweenvisual and proprioceptive information about
bodymovements.Rieseret al. [1995] demonstratedthat this scal-
ing is adaptiveandthatrecalibrationcanoccurrapidlyasaresultof
changingcircumstancesasa personinteractswith theworld. Their
methodologyinvolveda testof subjectswalking without vision to
a previously viewed target beforeand after an adaptationperiod
with vision. Numerousstudieshave found this blind walking task
undernormalcircumstancesto revealaccuratedistanceperception
from a rangeof 2 to 20 meters[Rieseret al. 1990; Loomis et al.
1992]. Themanipulationusedin Rieseret al. [1995] involved an
adaptationphasein whichsubjectswalkedon a treadmillwhile ex-
periencingvisual �o w consistentwith either fasteror slower self
motion thanthewalking speedon the treadmill belt. (Theexperi-
mentalapparatusinvolved anexercisetreadmill towed on a trailer
behinda tractor, thusallowing controlof asubjectsmotionthrough
theworld to beindependentof walking speed.)

Rieseret al. [1995] found that subjects'performanceon a blind
walking task was in�uenced by the treadmill-tractormanipula-
tion. Subjectswho experiencedvisual �o w that wasslower than
their speedof walking overshotthe distanceto the target in the
blind walking post-test,relative to their performanceon the pre-

test. Thosewho experiencedvisual �o w asfasterthantheir speed
of walking showed an undershootin the post-testrelative to the
pretest.An accountfor this distinctionin walking performanceaf-
ter the treadmill intervention is a recalibrationof walking to vi-
sual�o w. Rieseret al. [1995] suggestedthatobserversmaintained
awarenessof thepreviously viewedtargetandits surroundingsand
dynamicallyupdatedthe representationof the target locationwith
theirown self-motion.

Durgin etal. [2002] replicatedthis recalibrationeffectusingahead
mounteddisplay (HMD). Subjectsweredivided into two groups,
oneof which did pre- andpost-testingusingblind walking to tar-
getspresentedusingtheHMD andtheotherusingverbalreportsto
targetspresentedusingtheHMD. Theadaptationphaseconsistedof
walking up anddown a hallway while wearingtheHMD, with vi-
sual�o w adjustedto beeitherdoubleor half actualwalking speed.
Verbaldistancejudgmentswerenotalteredreliablyby theVE adap-
tation,while blind walking wasaffectedin the samedirectionsas
for Rieseret al. [1995], thoughby a largermagnitude.

Our work had two goals. First, we aimedto determinewhether
a treadmill VE could producethe sameeffects asseenusing the
towed treadmill in therealworld or theHMD-displayedVE. Sec-
ond, we asked whetherthe recalibrationeffect createdin a VE
would transferto walking behavior in therealworld.

3.1 Visual-Moto r Calibration Experiment

Twenty-foursubjects(eight in eachcondition)participatedin the
experiment. All were testedto ensurethat they had normal or
corrected-to-normalvision, andtheir eye-heightwasmeasuredso
that the graphics. Eachsubjectwasgiven practicewalking with-
outvision in therealworld for � ve minutes.Thisprocedurehelped
to increasetrust betweenthesubjectandtheexperimenterandal-
lowed thesubjectto becomemorefamiliar with theexperienceof
walking naturallywithout vision. Following the training session,
subjectsperformedin pre-test,adaptation,andpost-testphasesof
theexperiment.

Thepre-testinvolvedwalking without vision to previously viewed
targetsonthe�oor in arealhallway. Thetargetswereplacedatdis-
tancesof six, eightandtenmeters,eachpresentedthreetimesfor a
total of ninetrials. Thesubjectsvieweda targeton the �oor , were
instructedto createa “good image”of thetargetandthesurround-
ing environment,andthenwalkedblindfoldedwith eyesclosedto
the target location. Theadaptationphaseinvolved walking on the
Treadportfor ten minuteswhile viewing the endlesshallway with
oneof the following conditions:visually slower (the visual speed
was0:5� thewalking speed),visually same(thevisualspeedwas
matchedto thewalking speed)or visually faster(the visual speed
was2:0� the walking speed). The walking speedwassetat 1:0
m/s. Subjectsperformedthepost-testimmediatelyafter theadap-
tation phase. They were walked back to the real world hallway
(without vision) andperformedthe sameblind walking taskasin
thepre-test.Post-testtrials werepresentedwith thesamedistances
in thesameorderasthepre-test.

3.2 Results and Discussion

Whenexposedto the visually fastercondition,subjectsundershot
the distancesin the post-testtrials by an averageof 6% relative
to thepre-test.Given thevisually slower condition,they overshot
thedistancesin the post-trialsby anaverageof 11%. In the visu-
ally samecondition,subjectsovershotby an averageof 3% (See
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Figure3: RecalibrationResults.Error barsrepresentoneSE

Figure 3.). Paired t-testscon�rmed a signi�cant differencebe-
tweenthepercentchangebetweenthepre-andpost-testsfor each
condition (visually slower: t(7) = 6:57; p < :01; visually same:
t(7) = 4:34; p < :01; visually faster: t(7) = � 4:92; p < :01). A
univariateANOVA comparingtheeffect of visualconditionon the
post-pretestdifferenceshowed that therewas a signi�cant effect
of visual condition, F(2;23) = 43:7; p < :01. Plannedcontrasts
showedthattheovershootin thevisuallyslowerconditionwasreli-
ablygreaterthantheovershootin thevisuallysamecondition(mean
difference= 7:1;SE = 1:83; p < :01)andthattheundershootin the
visually fasterconditionwasreliably lower thanthevisually same
condition(meandifference= � 10:0;SE = 1:83; p < :01).

Our resultsshow thata mismatchbetweenvisual�o w of a VE and
walking on a treadmill will recalibratevisually directedlocomo-
tion in the real world. The effectsaresimilar to thosefound us-
ing real-world visual �o w andtreadmillwalking. Theseresultsare
consistentwith theexplanationthat subjectsspatiallyupdatetheir
representationof theenvironmentasa functionof thelearnedrela-
tionshipbetweenvisual�o w andlocomotoractivity.

Therewas a larger effect for the visually slower condition com-
paredto the visually fastercondition. This asymmetryis consis-
tentwith thesmallbut signi�cant overshootfound in thevisually-
samecondition. Thereare several possibleexplanationsfor the
visually-sameeffect. It is possiblethatsubjectsperceptuallycom-
presseddistanceswhile viewing theendlesshallway in theVE. A
systematicunderestimationin distancejudgmentshasbeenfound
in numerousVE studiesusinghead-mounteddisplays[Loomisand
Knapp 2003; Thompsonet al. in press]. Although we have not
directly testeddistanceestimationsin thetreadmillVE, acompres-
sionof distancewould bepredictedto leadto anovershootin blind
walking,similarto thevisuallyslowercondition.A secondpossible
explanationis the distinctionbetweenwalking on a treadmill belt
andwalking on the real ground. On the treadmill, while the sub-
ject hasinformationfrom their motorandvisualsystemsthat they
aremoving, they havecon�icting vestibularandcognitive cuesthat
they arestayingin the sameplace[Pelahet al. 1997]. If subjects
wereto calibrateto theperceptionof reducedself-motion,thenwe
would alsoexpectto �nd error in blind walking in thedirectionof
thevisuallyslower condition.

4 Vision and the Human Gait Transition

Thehumangait transitionfrom walking to running(Walk-Run)is
madeat approximately2:1 m/sandfrom runningto walking (Run-
Walk) at approximately1:85 m/s. Scientistsfrom differentdisci-
plineshave investigatedwhy the transitionsoccurat thesespeeds.
A commonexplanationis anenergetictrigger, thata gait transition
occurswhenrunning/walking (in kcal/m)becomesmoremetabol-
ically ef�cient than walking/running[Hreljac 1993]. Diedrich &
Warren [1995, 1998] proposeda relateddynamicalaccount, in
which gait transitionsre�ect critical points in the competitionbe-
tweenpreferredstablegaits,which aredeterminedby themechan-
ics of driving the legs at different frequenciesandstride lengths.
While energeticsanddynamicsmaylargelydeterminethegait tran-
sition speed,cognitive effectsmay alsobe a factor. The speedat
which the gait transitionoccursis affectedboth by the lengthof
timeapersonexpectsto berunning[DanielsandNewell 2002]and
by non-motorcognitive load[DanielsandNewell 2003].

Our goal was to examine an unexplored questionregarding the
role of visual informationon the humangait transition. We asked
whetherthespeedof visual�o w wouldalterthespeedatwhich the
Run-Walk andWalk-Runtransitionsoccurred.Preliminaryresults
suggesteda smallbut reliableeffect [Fatuga,Kay & Warren,1996,
unpublisheddata]. Although dif�cult to study in the real world,
our treadmill-VEeasilyallowedfor themanipulationof visual�o w
duringlocomotion.

4.1 Human Gait Transition Experiment

Tensubjectsparticipatedin theexperiment.They weretrainedon
theTreadportto ensurethat they werecomfortablewith thegiven
walking and runningpaceand to make surethat they werecom-
fortablewith thesafetyharness.Thetrainingconsistedof a minute
of walking at 1:0 m/s, a minuteof runningat 2:75 m/s anda � ve
minuterampsessionin which thespeedof thebeltwasrampedlin-
earlyfrom 1:0 m/sto2:75m/sandbackdown to1:0 m/s,with anac-
celerationof 0:1 m/s2 (eachramplasted35 s). After training,each
subjecthadthree� ve minuterampsessionson theTreadportwhile
viewing the endlesshallway separatedby � ve minutesof walking
aroundin real world hallways in our engineeringbuilding. Each
rampsessionrequiredthesubjectto perform16 gait transitions(8
Walk-Runand8 Run-Walk). Theconditions(randomlyordered)for
the threesessionswerevisually slower (0:5� ), visually sameand
visually faster(2:0� ), asin therecalibrationexperimentdescribed
above. In eachof thesessionsthesubjectsperformedavisualatten-
tion task.They wereaskedto call out “left” or “right” whendouble
doorsin thehallway fully enteredtheleft or right screenin orderto
increaseimmersionin thehallwaysetting.Thisvisualattentiontask
alsoserved asa distractorfrom the rampingspeedof the belt and
possibleassociatedeffectssuchasthepulling of theharness.The
experimenterrecordedthespeedat which the transitionsoccurred
andeachsessionwasvideo-recordedasa meansof verifying the
collecteddata.

4.2 Results and Discussion

Thoughit hasbeenthoughtthatproprioceptive informationprimar-
ily drivesthechangefrom walking to running,we have discovered
thatvisualinformationcanalterthistransitionpoint. In thevisually
sameconditions,in which thevisual�o w wasmatchedto speedof
walking,theWalk-Runtransitionoccurredat2:11m/sandtheRun-
Walk transitionoccurredat 1:86 m/s. Theseresultsreplicatethe
hysteresiseffect reportedby DiedrichandWarren[1995], in which



the Walk-Runtransitiontendsto occurat a higherspeedthanthe
Run-Walk transition. More notably, we found that the speedof
transitionwasmodulatedby the visual �o w ratepresentedin the
treadmill VE. For Walk-Run, the transitionoccurredat 2:18 m/s
for the visually slower conditionandat 2:04 m/s for the visually
fastercondition.Likewise,for Run-Walk, thetransitionoccurredat
1:97m/sfor thevisuallyslowerconditionand1:78m/sfor thevisu-
ally fastercondition(SeeFigure4). A repeatedmeasuresANOVA
comparedthe visually slower, same,andfasterconditionsfor the
Run-Walk andWalk-Rungait transitionspeeds.For bothgait tran-
sitions,therewasa signi�cant effect of visual conditionon speed
of thetransition,(Walk-Run:F(2;18) = 49:03; p < :01;Run-Walk:
F(2;18) = 36:15; p < :01). For both the Walk-Runandthe Run-
Walk transitions,plannedcontrastsshowed the transitionpoint in
the visually fasterconditionwassigni�cantly slower than the vi-
sually samecondition,andin the visually slower conditionit was
signi�cantly faster(p < .01for all contrasts).
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Figure4: GaitTransitionResults.ErrorbarsrepresentoneSE

In previouswork it hasfrequentlybeenfoundthatthegaittransition
is initiated slightly beforethe energetic cross-over point [Hreljac
1993], althoughhumansswitch to a gait that is more ef�cient at
the post-transitionspeed[Minetti et al. 1994]. Thus, it is likely
that thereis sensoryinformationthat speci�eswhenthe personis
approachingthecrossover point. Wesuggestthatthevisualsystem
hascalibratedtheoptic �o w ratethat correspondsto theenergetic
crossover point (alongwith otherproprioceptive information),and
is usingit to anticipatethatpointandinitiatea transition.

5 Summary

To serve eitherasinterfacesto largescalevirtual worldsor asde-
vices for better understandinghumanperception,treadmill VEs
shouldprovide userswith an accurateand integratedvisual and
proprioceptive sensationof walking. We have demonstratedthat
it is possibleto constructa treadmillVE in whichmanipulationsof
perception/actioncouplingsin VE transferto behaviors in thereal
world, providing evidencethatperception/actioncouplingsinvolv-
ing locomotionaresimilar in the two environments.We have fur-
therdemonstratedtheutility of treadmillVE to supportcontrolled
experimentationinvolving theperceptionof self-motionandloco-
motionby showing thatvisual informationaffectsthespeedof the
humangait transition.

References

BANTON, T., STEFANUCCI , J., DURGIN, F. H., FASS, A ., AND PROFFITT,
D. submitted.Perceptionof walking speedin virtual environments.

DANIELS, G. L ., AND NEWELL , K . M. 2002.Perceived taskexpectations
andthewalk–rungait transition.In 23rd ArmyScienceConference.

DANIELS, G. L ., AND NEWELL , K . M. 2003.Attentionalfocusin�uences
thewalk-runtransitionin humanlocomotion.Biological Psychology 63,
2, 163–178.

DIEDRICH, F. J., AND WARREN, JR., W. H. 1995.Why changegaits?dy-
namicsof thewalk-runtransition.Journal of ExperimentalPsychology:
HumanPerceptionandPerformance21, 1, 183–202.

DIEDRICH, F. J., AND WARREN, J. W. H. 1998. The dynamicsof gait
transitions:Effectsof gradeandload. Journal of Motor Behavior30, 1,
60–78.

DURGIN, F. H., FOX , L . F., LEWIS, J., AND WALLEY, K . A. 2002.
Perceptuomotoradaptation:Morethanmeetstheeye. In Abstractsof the
PsychonomicSociety, vol. 7, 103–104.

DURGIN, F. H., GIGONE, K ., AND SCOTT, R. submitted.Theperception
of visualspeedwhile moving.

HRELJAC, A . 1993. Preferredand energetically optimal gait transition
speedsin humanlocomotion.Med.Sci.SportExer. 25, 1158–1162.

KAY, B. A., AND WARREN, JR., W. H. 2001. Couplingof postureand
gait: Mode locking andparametricexcitation. Biological Cybernetics
85, 89–106.

LOOMIS, J. M., AND KNAPP, J. M. 2003. Visual perceptionof egocen-
tric distancein real andvirtual environments. In Virtual and Adaptive
Environments, L. HettingerandM. Haas,Eds.Erlbaum,Hillsdale, NJ,
21–46.

LOOMIS, J. M., DA SI LVA , J. A., FUJITA , N., AND FUKUSIMA , S. S.
1992. Visual spaceperceptionandvisually directedaction. Journal of
ExperimentalPsychology: HPP 18, 906–921.

M INETTI , A . E., ARDIGO, L . P., AND SAIBENE, F. 1994. The transi-
tion betweenwalking andrunningin humans:Metabolicandmechan-
ical aspectsat differentgradients.Acta Physiologia Scandinavica150,
315–323.

PELAH, A ., DURGIN, F. H., M I LLER, C. M., WASHINGTON, T. A., AND

NELSON, M. 1997.Adaptationto runningdependsonrunner's frameof
reference.InvestigativeOphthalmology & VisualScience38, S1007.

RIESER, J. J., ASHMEAD, D. H., TALOR, C. R., AND YOUNGQUIST,
G. A. 1990. Visualperceptionandtheguidanceof locomotionwithout
vision to previously seentargets.Perception19, 675–689.

RIESER, J. J., PICK , JR., H. L ., ASHMEAD, D., AND GARING, A . 1995.
Calibrationof humanlocomotionandmodelsof perceptual-motororga-
nization.Journal of ExperimentalPsychology: HPP21, 480–497.

THOMPSON, W. B., WI LLEMSEN, P., GOOCH, A ., CREEM -REGEHR,
S. H., LOOMIS, J., AND BEALL , A . in press.Doesthequality of the
computergraphicsmatterwhenjudgingdistancesin visually immersive
environments?Presence:Teleoperators andVirtual Environments.

USOH, M., ARTHUR, K ., WHITTON, M. C., BASTOS, R., STEED, A .,
SLATER, M., AND BROOKS, JR., F. P. 1999. Walking > walking-in-
place> �ying, in virtual environments.In ACM SIGGRAPH, 359–364.

WARREN, JR., W. H., KAY, B. A., AND Y I LMAZ, E. H. 1996. Visual
controlof postureduringwalking:functionalspeci�city. Journal of Ex-
perimentalPsychology: HPP 22, 818–838.

WI TMER, B., AND SADOWSKI , JR., W. J. 1998. Nonvisually guidedlo-
comotionto a previously viewedtarget in realandvirtual environments.
HumanFactors 40, 478–488.


