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Abstract

This paperdescribeghe useof a treadmill-basedsirtual erviron-

ment (VE) to investigatethe in uence of visual motion on loco-

motion. First, we demonstrat¢hata computercontrolledtreadmill

coupledwith awide eld of view computergraphicsdisplaycanbe

usedto studyinteractionshetweerperceptiorandaction. Previous

work hasdemonstratethathumansalibratetheirvisually-directed
actionsto changingcircumstancesn their ervironment. Using a

treadmill VE, we shawv thatcalibrationof actionis re ectedin the

realworld asaresultof manipulatingherelationbetweerthespeed
of visual o w, presentedisingcomputergraphicsandthe speecf

walking on atreadmill. Secondwe extendthe methodologyin our

treadmill VE to investigatean openquestioninvolving humangait

transitionsandshav thatthe speedof visualmotionin uencesthe

speedat which the gait transition occurs. Theseresultsdemon-
strateboth the effectivenessof treadmill-based/Es in simulating
the perceptual-motoeffectsof walking throughthe realworld and

thevalueof suchsystemsdn addressindpasicperceptuabuestions
thatwould otherwisebedif cult to explore.
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1 Intro duction

Treadmill virtual environments(VES), in which treadmillwalking
is coupledto an appropriatelyupdatingvisual display have the
potentialto allow naturalwalking through large-scalesimulated
spacesTheavailability of suchdevicescouldimpactabroadrange
of applicationsincludingeducatiorandtraining,designandproto-
typing, physical tness, andrehabilitation.For someof theseappli-
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cations,naturalwalking providesa level of realismnot obtainable
if movementthroughthe simulatedworld is controlledby devices
suchasa joystick [Usoh et al. 1999]. For otherapplicationsreal-

istic walking is afundamentatequirementThe utility of treadmill

VEsfor mary applicationglependsn largepartonthepresumption
thatperception/actiocouplingin the VE operatesn amannersim-

ilar to therealworld. If thisis true,thentreadmill VE systemsan

alsosene asatool for betterunderstandingheinteractionbetween
vision andlocomotionin humans.

Investigationsof perception/actiorcouplingin treadmill VE sys-
temshave beenrelatively limited. Oneof the rst perceptuastudies
carriedout in a treadmill VE studieddistanceperceptionfWitmer

and Sadaovski 1998]. Subjectsperformedactionsbothin thereal

world andin the treadmill VE andit wasshavn that VE distance
judgmentsverecompressechorethanin therealworld. It hasalso
beenshavn that posturalsway [Warrenet al. 1996] andeven en-
trainmentof the stepcycle to the visual display canbe inducedin

atreadmill VE [Kay andWarren2001]. More recently mismatch-
ing the visual speedof graphicsto the walking speedof subjects
hasbeenexploredin a treadmill VE [Bantonet al. submitted]. In

this studyit wasobseredthatthevisualspeedf theoptic o w ap-
pearedo betoo slow duringsimulatedlocomotionon a treadmill.
Othershave proposedhata percentag®f locomotorspeeds sub-
tractedfrom the visual speedduring treadmilllocomotion[Durgin

etal. submitted].

Thepresentvork compareperception/actiogouplingin treadmill
VEsandtherealworld andaddresseanunanswereduestiorabout
therole of 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 resultsdescribedbelov uti-
lized a systemsupportingboth more naturalwalking and running
anda substantiallymorevisually immersie experience. Walking
was doneon the SarcosTreadport,a custombuilt computercon-
trolledtreadmillwith a8' longitudinalby 6' lateralwalking surface
(SeeFigurel).! Three8' by 8' back-projectedcreensvith border
lessmountsare used,with the orientationof the two side screens
120 from the mainscreen.This resultsin anapproximately180
horizontal eld-of-vie w for someonestandingnearthecenterof the
belt. The viewing distanceto eachof the threescreenss approxi-
mately2 meters.Extensve light shieldingis usedto minimize the
visibility of thetreadmillandotheritemsin the laboratory though
the belt andframe of the treadmill are clearly visible to someone
walking on the Treadport. For the work describedhere,a visual

lvisible in the gure is a harnessvorn by the userandseveralmechan-
ical devices attachedo the harness.One of theseattachmentss a safety
strapwhich protectsthe userin caseof afall. The otherprovidesposition
sensingor establishinghecorrectviewpoint for thegraphicsandfor situa-
tionsin whichlocomotionspeeds underusercontrol,andcanapplyforces
to simulatewalking up anddown hills. In thework describechere,neither
usercontrol of speechor slopeforceswereenabled.



Figurel: SarcosTreadportvirtual environment

Figure2: Endlesshallway displayedonthreescreens

modelwas usedthat simulatedan “endless”hallway in our engi-
neeringbuilding (SeeFigure?). Viewing wasbinocular Thetrans-
lational position of viewpoint was basedon sensedody position
while eye-heightwas x ed. Renderingrameratewas 30 fpsat
all times.

3 Calibration of Locomotion

Perceptuallyguidedactionsrequirethatthe appropriatescalingbe
maintainedbetweenvisual and proprioceptie information about
body movements.Rieseret al. [1995] demonstratethatthis scal-
ing is adaptve andthatrecalibrationcanoccurrapidly asaresultof

changingcircumstanceasa personinteractswith theworld. Their

methodologyinvolved a testof subjectswvalking without vision to

a previously viewed target before and after an adaptationperiod
with vision. Numerousstudieshave found this blind walking task
undernormalcircumstance$o reveal accuratedistanceperception
from arangeof 2 to 20 meters[Rieseret al. 1990; Loomis et al.

1992]. The manipulationusedin Rieseret al. [1995] involved an

adaptatiorphasan which subjectsvalked on atreadmillwhile ex-

periencingvisual o w consistentwith either fasteror slower self

motion thanthe walking speedon the treadmill belt. (The experi-

mentalapparatusnvolved an exercisetreadmill towed on a trailer

behindatractor thusallowing controlof a subjectanotionthrough
theworld to beindependendf walking speed.)

Rieseret al. [1995] found that subjects'performanceon a blind
walking task was in uenced by the treadmill-tractor manipula-
tion. Subjectswho experiencedvisual o w that was slower 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 shaved an undershootn the post-testrelative to the
pretest.An accountfor this distinctionin walking performanceaf-
ter the treadmill interventionis a recalibrationof walking to vi-
sual o w. Rieseretal. [1995] suggestedhatobserersmaintained
awarenes®f thepreviously viewedtargetandits surroundinggnd
dynamicallyupdatecthe representationf the targetlocationwith
their own self-motion.

Durgin etal. [2002] replicatecthisrecalibratioreffectusingahead
mounteddisplay (HMD). Subjectswere divided into two groups,
one of which did pre- and post-testingusingblind walking to tar
getspresentedisingthe HMD andtheotherusingverbalreportsto
targetspresentedisingtheHMD. Theadaptatiophaseconsisteaf
walking up anddown a hallway while wearingthe HMD, with vi-
sual o w adjustedo be eitherdoubleor half actualwalking speed.
Verbaldistancgudgmentsverenotalteredreliably by the VE adap-
tation, while blind walking was affectedin the samedirectionsas
for Rieseretal. [1995], thoughby alargermagnitude.

Our work hadtwo goals. First, we aimedto determinewhether
a treadmill VE could producethe sameeffects as seenusing the
towed treadmillin therealworld or the HMD-displayedVE. Sec-
ond, we asled whetherthe recalibrationeffect createdin a VE
would transferto walking behaior in therealworld.

3.1 Visual-Moto r Calibration Experiment

Twenty-four subjects(eight in eachcondition) participatedin the

experiment. All were testedto ensurethat they had normal or

corrected-to-normalision, andtheir eye-heightwas measuredo

thatthe graphics. Eachsubjectwasgiven practicewalking with-

outvisionin therealworld for ve minutes.This procedurenelped
to increasdrust betweenthe subjectandthe experimenterandal-

lowedthe subjectto becomemorefamiliar with the experienceof

walking naturally without vision. Following the training session,
subjectsperformedin pre-test,adaptationand post-testphaseof

theexperiment.

The pre-testinvolved walking without vision to previously viewed
targetsonthe oor in arealhallway. Thetargetswereplacedatdis-
tanceof six, eightandtenmeters gachpresentedhreetimesfor a
total of ninetrials. The subjectsviewed a targetonthe oor, were
instructedto createa “good image” of the targetandthe surround-
ing ernvironment,andthenwalked blindfoldedwith eyesclosedto
the tarmgetlocation. The adaptatiorphaseinvolved walking on the
Treadportfor ten minuteswhile viewing the endlesshaliway with
one of the following conditions: visually slower (the visual speed
was0:5 thewalking speed)yisually same(the visual speedwas
matchedo the walking speed)or visually faster(the visual speed
was2:0 thewalking speed). The walking speedwas setat 1.0
m/s. Subjectsperformedthe post-tesimmediatelyafter the adap-
tation phase. They were walked back to the real world hallway
(without vision) and performedthe sameblind walking taskasin
the pre-test.Post-testrials werepresentedvith the samedistances
in thesameorderasthe pre-test.

3.2 Results and Discussion

Whenexposedto the visually fastercondition, subjectsundershot
the distancesn the post-testtrials by an averageof 6% relative
to the pre-test. Given the visually slower condition,they overshot
the distancesn the post-trialsby an averageof 11%. In the visu-
ally samecondition, subjectsovershotby an averageof 3% (See
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Figure3: RecalibratiorResults.Error barsrepresenbneSE

Figure 3.). Paired t-testscon rmed a signi cant differencebe-
tweenthe percentchangebetweerthe pre- and post-testdor each
condition (visually slower: t(7) = 6:57; p < :01; visually same:
t(7) = 4:34,p < :01; visually faster:t(7) = 4:92p< :01). A

univariateANOVA comparingthe effect of visual conditionon the
post-pretestifferenceshaved that there was a signi cant effect

of visual condition, F(2;23) = 437;p < :01. Plannedcontrasts
shavedthatthe overshootin thevisually slower conditionwasreli-

ablygreatetthantheovershooin thevisually samecondition(mean
difference= 7:1; SE = 1:83, p< :01)andthattheundershooin the
visually fasterconditionwasreliably lower thanthe visually same
condition(meandifference= 10:0; SE = 1:83,p< :01).

Ourresultsshav thata mismatchbetweervisual o w of aVE and
walking on a treadmill will recalibratevisually directedlocomo-
tion in the real world. The effects are similar to thosefound us-
ing real-world visual o w andtreadmillwalking. Theseresultsare
consistentvith the explanationthat subjectsspatially updatetheir
representationf the environmentasafunctionof thelearnedrela-
tionshipbetweervisual o w andlocomotoractiity.

Therewas a larger effect for the visually slower condition com-
paredto the visually fastercondition. This asymmetryis consis-
tentwith the small but signi cant overshootfoundin the visually-

samecondition. Thereare several possibleexplanationsfor the
visually-sameeffect. It is possiblethat subjectsperceptuallycom-
pressediistanceswhile viewing the endlesshallway in the VE. A

systematiaunderestimationin distancgudgmentshasbeenfound
in numerous/E studiesusinghead-mountedisplays[Loomisand
Knapp 2003; Thompsonet al. in press]. Although we have not
directly testeddistanceestimationsn thetreadmill VE, acompres-
sionof distancewould bepredictedto leadto anovershootin blind

walking, similarto thevisually slover condition.A secongpossible
explanationis the distinction betweernwalking on a treadmill belt

andwalking on the real ground. On the treadmill, while the sub-
ject hasinformationfrom their motor andvisual systemghatthey

aremoving, they have con icting vestitular andcognitive cuesthat
they arestayingin the sameplace[Pelahet al. 1997]. If subjects
wereto calibrateto the perceptiorof reducedself-motion,thenwe

would alsoexpectto nd errorin blind walking in the directionof

thevisually slower condition.

4 Vision and the Human Gait Transition

The humangait transitionfrom walking to running (Walk-Run)is
madeat approximately2:1 m/sandfrom runningto walking (Run-
Walk) at approximatelyl:85 m/s. Scientistsfrom differentdisci-
plineshave investigatedvhy the transitionsoccurat thesespeeds.
A commonexplanationis anenegetictrigger, thata gaittransition
occurswhenrunning/valking (in kcal/m) becomesnore metabol-
ically efcient thanwalking/running[Hreljac 1993]. Diedrich &
Warren [1995, 1998] proposeda related dynamicalaccount,in
which gait transitionsre ect critical pointsin the competitionbe-
tweenpreferredstablegaits,which aredeterminedy the mechan-
ics of driving the legs at different frequenciesand stride lengths.
While enegeticsanddynamicamaylargely determinehegaittran-
sition speed cognitive effectsmay alsobe a factor The speedat
which the gait transitionoccursis affectedboth by the length of
time a personexpectsto berunning[DanielsandNewell 2002]and
by non-motorcognitive load[DanielsandNewell 2003].

Our goal was to examine an unexplored questionregarding the
role of visualinformationon the humangait transition. We asled
whetherthe speedf visual o w would alterthe speedatwhichthe
Run-Walk and Walk-Runtransitionsoccurred.Preliminaryresults
suggested smallbut reliableeffect[FatugaKay & Warren,1996,
unpublisheddata]. Although dif cult to studyin the real world,

ourtreadmill-VE easilyallowedfor themanipulatiorof visual o w

duringlocomotion.

4.1 Human Gait Transition Experiment

Tensubjectsparticipatedn the experiment. They weretrainedon
the Treadportto ensurethat they were comfortablewith the given
walking and running paceandto male surethat they were com-
fortablewith the safetyharnessThetraining consistedf a minute
of walking at 1:0 m/s, a minute of runningat 2:75 m/sanda ve
minuterampsessionn which the speedf the beltwasrampedin-
earlyfrom 1:0 m/sto 2:75m/sandbackdown to 1:0 m/s,with anac-
celerationof 0:1 m/& (eachramplasted35 s). After training,each
subjecthadthree ve minuterampsession®nthe Treadportwhile
viewing the endlesshallway separatedby ve minutesof walking
aroundin real world hallwaysin our engineeringouilding. Each
rampsessiorrequiredthe subjectto perform 16 gait transitions(8
Walk-Runand8 Run-Walk). Theconditiong(randomlyordered¥or
the threesessionsverevisually slower (0:5 ), visually sameand
visually faster(2:0 ), asin therecalibrationexperimentdescribed
above. In eachof thesessionshesubjectperformedavisualatten-
tion task. They wereasledto call out“left” or “right” whendouble
doorsin thehallway fully enteredheleft or right screerin orderto
increasémmersionin thehallway setting.Thisvisualattentiontask
alsosened asa distractorfrom the rampingspeedof the belt and
possibleassociate@ffectssuchasthe pulling of the harness.The
experimenterecordedhe speedat which the transitionsoccurred
andeachsessionwas video-recordedas a meansof verifying the
collecteddata.

4.2 Results and Discussion

Thoughit hasbeenthoughtthatproprioceptie informationprimar
ily drivesthe changefrom walking to running,we have discovered
thatvisualinformationcanalterthis transitionpoint. In thevisually
sameconditions,in which thevisual o w wasmatchedo speecdof
walking, theWalk-Runtransitionoccurredat2:11 m/sandtheRun-
Walk transitionoccurredat 1:86 m/s. Theseresultsreplicatethe
hysteresieffect reportedby DiedrichandWarren[1995],in which



the Walk-Runtransitiontendsto occurat a higher speedthanthe
Run-Walk transition. More notably we found that the speedof
transitionwas modulatedby the visual o w rate presentedn the
treadmill VE. For Walk-Run, the transitionoccurredat 2:18 m/s
for the visually slower conditionand at 2:04 m/s for the visually
fastercondition. Lik ewise, for Run-Walk, thetransitionoccurredat
1:97 m/sfor thevisually slower conditionand1:78 m/sfor thevisu-
ally fastercondition(SeeFigure4). A repeatedneasurefANOVA
comparedhe visually slower, same,andfasterconditionsfor the
Run-Walk andWalk-Rungait transitionspeedsFor bothgait tran-
sitions, therewas a 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 plannedcontrastsshaved the transitionpoint in
the visually fastercondition was signi cantly slower thanthe vi-
sually samecondition,andin the visually slower conditionit was
signi cantly faster(p < .01for all contrasts).
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Figure4: Gait TransitionResults Error barsrepresenbneSE

In previouswork it hasfrequentlybeenfoundthatthegaittransition
is initiated slightly beforethe enegetic cross-@er point [Hreljac
1993], althoughhumansswitch to a gait thatis more efcient at
the post-transitionspeed[Minetti et al. 1994]. Thus, it is likely
thatthereis sensoryinformationthat speci eswhenthe personis
approachinghe crossweer point. We suggesthatthevisualsystem
hascalibratedthe optic o w ratethat correspondso the enegetic
cross@er point (alongwith otherproprioceptie information),and
is usingit to anticipatethatpointandinitiate a transition.

5 Summary

To sene eitherasinterfacesto large scalevirtual worlds or asde-
vices for better understandindhuman perception,treadmill VEs
should provide userswith an accurateand integratedvisual and
proprioceptie sensatiorof walking. We have demonstratedhat
it is possibleto constructa treadmill VE in which manipulationof
perception/actiorouplingsin VE transferto behaiors in thereal
world, providing evidencethat perception/actiorouplingsinvolv-
ing locomotionaresimilar in the two environments.We have fur-
therdemonstratethe utility of treadmill VE to supportcontrolled
experimentatiorinvolving the perceptionof self-motionandloco-
motionby shaving thatvisualinformationaffectsthe speedof the
humangaittransition.
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