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Relearning of metricrelationsin afamiliar environ-

ment

RainerRothlegel, HanspeterA. Mallot, & Heinrich H. Bulthof

Abstract. Theability of spatialmemoryto adaptto changesn anenvironmentwasinvestigatedn anexperiment,
whereparticipantsnavigatedin a virtual reality reconstructiorof a city they werefamiliar with. In the learning
phase participantsuseda specialbike to pedalthrougha reconstructiorof the inner city of Tlbingen,Germary.
Their taskwasto memorizethe locationsof the buildingsin the city. In the experimentalconditions,the city
was scalednonuniformly comparedo the actualcity, thatis the north-southaxis was strechedor compressed
relative to the east-wesiaxis. In the control condition, the proportionsof the virtual city were not distorted.
In the test phaseparticipantswere asled to judge distancesetweenbuildings from memory by both, verbal
magnitudeestimationand navigation. They hadto estimateall possibledistancesbetween8 pairs of houses.
Distanceestimatediffered betweenscalingconditions,but they reflectedthe scalingof the virtual ervironment
only in onecondition. Therefore,it could be shavn, that modificationsof a familiar ervironmenton a purely
metrical level affect spatialrepresentationgyut thereis only weak evidencethat distanceestimategmirror the

distortionsof thevirtual ernvironments.

1 Introduction

In spatialcognitionresearchthereis a long tradition
of theorizingandexperimentingon the subjectof how
spatialervironmentsarerepresentedandconsiderable
effort hasbeenput into this line of research.On the
other hand,little attentionhasbeengivento the fact
that the ervironmentwe live in changescontinually
Fromtimeto time, new streetsandhousearebuilt, and
otherhouseswhich may have senedaslandmarksn
our cognitive maps,ceaseto exist. Treesgrow, new
shopsreplacethe oneswe areusedto, andsometimes,
even a whole district changests faceasa resultof a
new urbandevelopmentplan. In all thesecasesour
spatialrepresentationkave to changeaccordingly if
we still wantto be able to navigate and plan routes
successfully

Thequestionof how spatialmemoryadaptgo these
changess largely unresoled. One notableexception
is the topic of how placecellsin the hippocampu®f
rats adaptto changesn an ervironment. Muller &
Kubie (1987)found that expansionof a circular area
enlaged someplacefields but their shapeand orien-
tation remainedconstant. On the other hand, alter
ing the shapeof the ervironmentcauseda complete
changeof thefiring patternf theplacecells. O’K eefe
and Burgess(1996) found that changinga rectangu-
lar ervironmentin onedimensioriedto corresponding
changesn thehippocampaplacefields’ shapeandlo-
cus.

Other results of animal psychology provide evi-
dencethat changesn an ervironmentdo not leadto
theformationof new spatialrepresentationgut exist-
ing representationadaptto the changesFor example,
alreadyTolman (1948) shaved in a labyrinth experi-
mentwith ratsthat whena familiar pathto the loca-
tion of food wasblocked,but new pathswereprovided
instead,ratstendedto selectthe pathwhich led in a
straightline to the goal. This shows thatratsareable
to usetheir previous spatialknowledgefor navigation
evenwhenthe envronmenthaschanged.

In our study we were interestedin how spatial
knowledge changesas a result of modificationsin a
familiar environmenton a purely metric level. Peo-
ple who knew the inner city of Tubingenfor at least
oneyearrelearnedhe spatialrelationsin thecity in a
virtual reconstructionwhich was distortedcompared
to the original. The distortionswere introducedby
unisotropicscalingof theactualcoordinatesthatis the
virtual city wasstrechtedalongoneaxis.

Moreover, it hasbeenargued,that metric relations
arenotlearnedatall (McNamara,1991).If thisis true,
thenmodificationsof anervironmenton a purelymet-
rical level shouldhave no effect on distanceestimates
from memory

A third point of interestwasthe question,whether
spatial knowledge gained by real world experience
canbe modified by trainingin a virtual ervironment.
While virtual environmentsffer someinterestingpos-



siblitiesto studyhumanbehaior (seeBilthoff, Foese-
Mallot, & Mallot, 1997, Bilthoff & vanVeen2001),
the experienceof navigating throughvirtual environ-

ments differs from real world experiencein mary

ways. Spatialknowledgeacquiredby walking around
in a city is not the resultof a purely visual input, but
othermodalities thatis vestilular, proprioceptve,au-
ditive, and olfactory inputs, contribute to this expe-
rienceaswell. Virtual ervironments,however, usu-
ally focusprimarily on the visual modality. Informa-
tion stemmingfrom othermodalitiesis usually either
missing or only roughly simulated. Experimentsin

our laboratoryhave shawn, that not only route based
knowledgebut alsoconfigurationaknowledgecanbe
acquiredin virtual ervironments(Gillner & Mallot,

1998; Mallot, Gillner, Van Veen, & Bilthoff, 1998),
and that spatial knowledge stemmingfrom real en-
vironmentscan be transferedo virtual environments
(Sellen,Van Veen,& Bilthoff, 1998). However, it is

still anopenquestionwhethertrainingin virtual ervi-

ronmenscanmodify realworld experience.

A fourth point of interestwasthe questionwhether
differentmethodsof estimatingdistancesvould lead
to differentresults.Virtual ervironmentsprovidesome
intriguing possibilitiesfor estimatingspatialrelations
from memory Apart from the standardorocedureof
verbalmagnitudeestimationdistancesn virtual ervi-
ronmentscanbe judgedby interactive naviation. Be-
causeit is easyto remove ary visual cuesfor the po-
sition of a goal, peoplecanbetold to estimatespatial
relationsby actuallynavigatingto a goalwhich is not
visible anymore.While it mightbearguedthatthisis a
morenaturalmethodof obtainingdistanceestimatesit
is unclear whethernavigation baseddistanceestima-
tion leadsto comparablendmaybeavenmorereliable
resultsthanverbaldistanceestimation.

2 Method

The experimentwasconductedn the Virtual Erviron-

mentslaboratoryat the Max-Planck-Institutefor Bio-

logical CyberneticsTubingen. The experimentalses-
sionslastedaboutl.5 hours.

2.1 Participants

45 people,mostof themstudentsat the University of
Tlbingen,participatedin the experiment. All of the
participantdivedin Tubingenor in the surroundings,
andwerefamiliar with the inner city of Tubingenfor
atleastoneyear They werepaid 15 DM perhour.
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Figure 1. Map of Tubingens historic inner city (with the
marlet placesouthto the center)thatshavs the areausedin
the experiment.Thelettersmarkthe locationsof the houses
usedin thelearningcheckanddistanceestimationphaseof
theexperiment.

2.2 Material

The spatialsetupusedfor theexperimentwasa virtual

reconstructiorof a part of Tubingens inner city (see
Figurel). This modelist partof Virtual Tibingen an
ongoingeffort to reconstructheinnercity of Tibingen
for behavioral experimentslt consistof ahighly real-
istic modelof thestreetsplacesandhousesn thispart
of thecity. In orderto preventparticipantsrom navi-

gatingoutsidetheexperimentahreaall streetdeading
out of this areawereblocked by walls. The positions
of the houseswererealisticwith respecto their coor

dinateson the east-westand north-southaxis, but not
with respecto theirelevationdifferencesin themodel
usedin the experiment,all houseswere put on a flat

surface,because moredetailedmodelwith elevation
differencesvasstill underconstructiorat thetime the
experimentwasconducted.

The modelwasdisplayedon a large curved projec-
tion screenin form of a half-cylinder with a diameter
of 7 mandaheightof 3.15m. Themodelwasrendered
in realtime by a Silicon Graphicdnc. ONYX Infinite-
Reality supercomputeand projectedon the screen
by 3 video projectorsproviding a total resolutionof
3200 x 1000 pixels(seeFigure?2).

Participantscould navigatethroughthis modelwith
a VRbile, a bicycle simulatorwhich wasplacedin the
centerof the projectionscreen(seeFigure2). TheVR-
bike is a modified exercisebicycle which allowesto



steerandpedalactively throughthe city. Pedalresis-
tanceis computercontrolledusinga physicalmodelof
theinertial forces.On eachof the bike's steeringhan-
dlesthereare threebuttonswhich canbe freely pro-
grammed. In the presentexperiment,one button on
the right handsidewasusedasbrake, andone button
on the left handside was usedto switch betweenthe
phasesandtrials of the experiment. A moredetailled
descriptionof the experimentalsetupis givenin Van
Veen,Distler, Braun,andBdlthoff (1998).

2.3 Design

The scaling of the virtual city was variied between
subjects.Participantsin the “Unscaled”conditionex-
ploredaversionof thecity wheretheproportionsvere
correctwith respecto therealcity. In condition“NS-
Larger”thenorth-souttaxiswasscaledviggerthanthe
east-weshxis by a factorof 1.5. In condition“EW-
Larger” the north-southaxis was scaledsmallerthan
the east-westaxis by a factor of 2/3. With respect
to the unscalecervironment scalingswere /3/2 and
\/m, leaving theareaunchangedTheothermainex-
perimentafactor, “objects”,i.e. thespatialrelationsto
be judgedin the distanceestimationtask,wasvariied
within subjects Eachsubjecthadto judgeall distances
betweers differentlocations resultingin atotal of 28
estimationtrials. The orderof distanceestimationtri-
alswasdeterminedandomlyfor every subject.All of
thesadistancesverejudgedtwice,onceby navigation,
andsecondlyby verbalmagnitudesstimation.

2.4 Procedure

Theexperimentaprocedureconsistedf threephases,
exploration phase learningcheck, and distanceesti-
mation. For eachof thesephasesjnstructionswere
givenon paper During thewhole experiment the ex-
perimentemwassitting behindthe participant.

Exploration phase Participantswere instructedto
explorethevirtual city by driving alongthestreetswvith
the VRbile. Theirtaskwasto remembethelocations
of the houses.They weretold they hadto judgedis-
tancesfrom memoryin alaterstageof theexperiment.
Participantswere free to chooseary routeto explore
the city andthey could stayin the exploration phase
aslong asthey wanted,with a minimum of 10 min-
utes. They were instructedto pressa button on the
bike, when they felt familiar with the city and were
readyfor the learningcheck. Upon pressingthe but-
ton, participantsverepromptedo readtheinstruction
for thelearningcheck.

Learningched. In eachtrial of thelearningcheck.a
512 x 400 pixelspictureof oneof thecritical houses’

front facadeqseeFigure 3) wasdisplayedin the top
right cornerof the projectionscreens centerpart. Par
ticipantshad the task to cycle to the location of the
housedisplayedin the picture from their currentlo-
cation on the shortestpossibleroute. The target pic-
tureswerevisible for thewholedurationof thetrial. If
participantsdid not remembethelocationof a house,
they hadto searchor it. Whenthey reachedhe front
of the displayedhouse,they could pressa button on
the bike to proceedo the next trial. Pressinghe but-
toninitiatedthe next trial only whenparticipantsvere
at maximum?7 metersaway from the centerof thefa-
cade. The startingposition of the first trial wasnear
location C' (seeFigure 1) looking southvardsfacing
the market place. On eachsubsequentrial the start-
ing positionof thetrial wasat the goal of thetrial be-
fore, i.e., in the learningcheck, participantstravelled
alongasingleroutewithout ary interrupts.The house
picturesdisplayedin the learningcheckconsistedof
thecritical locationsof thesubsequerdistanceestima-
tion task. Eachof the critical locationswaspresented
twice, in randomorder Presentatiororder was also
randomizedetweersubjectswith therestrictionthat
no housewas presentedor the secondtime until all
of thehouseshadbeenpresentednce.After reaching
thelocationof the 16thhouseandpressinghe button,
participantswere askedto readthe instructionfor the
distanceestimationphase.

Distanceestimation.In eachtrial of thedistancees-
timation phase participantswvere placedon a flat sur
facewith a groundtextureidenticalto the groundtex-
turein Virtual Tubingen.They werefacingthe center
of thefront facadeof a singlehousewhichwasplaced
8 metersaheadof them. Now otherhouseswverevisi-
ble in this phaseof the experiment. The visible house
sened asreferencdocationsfor the distanceestima-
tions. Targetlocationswere displayedas picturesin
the sameway asin the learningcheck. Participants’
taskwasto drive to the placewherethe target loca-
tion would have been,relatve to the referenceoca-
tion. They could go thereon ary routethey wanted,
andthey wereallowedto turn aroundandlook at the
referencdocationin orderto judge,whetherthey had
arrived at the correctspot. Whenthey felt they were
atthe correctposition,they wereasledto pressa but-
ton on the bicycle. If, by accident,they pressedhe
buttontoo early, they were allowedto repeatthe trial
from the startingposition. After eachtrial, the screen
wasblanked,andtheinstructionappearedhatthey had
to pressthe left button on the bike to proceedto the
next trial. Beforestartingthe subsequeririal, partic-
ipantswere asled to judge the straightline distance
betweenthe housesverbally in meters. Verbal dis-
tancejudgmentswere recordedby the experimenter



Figure2: Experimentaketup. On the curved projectionscreena part of Mirtual Tibingenis displayed.In the centerof the
projectionscreenthe VRbile is visible. Ontheceiling, thethreevideoprojectorscanbe seen.

Figure 3: Tamgetstimuli displayedin the learningcheck. The orderof thesepicturescorrespondso the alphabeticabrderof
thelocationmarlkersin Figurel (top row: locationsA-D, bottomrow: locationsE-H).

After 28trialsthe experimentended At theendof the
experiment, participantswere questionednformally,
whetherthey hadnoticedary differencesn thevirtual
city comparedo real Tiibingen.

3 Reaults

The interview at the end of the experimentalsession
revealedthat mostparticipantsnoticedthe missingel-
evation differencedn the model, but noneof the par

ticipantsnoticedthe nonuniformscaling,eventhough
they wereasledspecificallyaboutdistortions.

In order to examine, whether distanceestimates
were affected by the scaling of the city, an 3 x 28
anosawascomputedwith “scaling” asa betweersub-
jects factor and “objects” as a within subjectfactor
For navigationestimateshe maineffectof objectswas
significant,F'(27,1053) = 57.41,p < .001, while the
main effect of scalingwasnot significant,F'(2,39) =
1.81,p < .18. Theinteractionof objectsandscaling



wasmauginally significant, F(54,1053) = 1.31,p <
.07.

For verbal estimatesthere was a significant main
effect of objects, F(27,1053) = 20.83,p < .001,
but no significantmain effect of scaling, F'(2,39) =
0.35,p < .71. Theinteractionbetweenthosefactors
wassignificant,F'(54,1053) = 1.34, p < .052.

While the analysesof variance can only shaw,
whetherdistancesre estimatedifferently depending
on scaling condition, much more precisepredictions
canbe made,if one assumesthat distanceestimates
in a distortedervironmentdiffer only from the esti-
matesin theundistortedervironmentby a constanta-
tio, which is dependenbnly on the overall scalingra-
tio andthe orientationof the pathto bejudged.In this
casetheratio shouldbe maximalif the distanceto be
judgedgoesalongthe axiswhichis scaledbigger, and
it shouldbe minimal, if the distancegoesalongthe
axis,which is scaledsmaller More precisely thethe-
oreticalratio betweendistanceestimatesn an undis-
torted ervironment and distanceestimatesin a dis-
tortedervironmentasa function of orientationshould
besinusoidialasshavn by the curvesin Figures4 and
5.

Figure4 shavs the empirical ratiosfor the naviga-
tion estimates.For a statisticaltestof the correspon-
dencebetweenthe empirical dataand the predicted
sinusoidialcurves, differencesbetweenpredictedra-
tios in condition“NS-Larger” versuscondition“EW-
Larger” werecorrelatedvith thecorrespondingliffer-
encedetweertheempiricallyobtaineddistanceatios.
In otherwords, the signeddistancesetweenall pairs
of empiricalmeasuremenointsin the plot werecor
relatedwith the signeddistancesbetweenthe corre-
spondingpoints on the theoreticalcurvesin orderto
measurethe overall goodness-of-fif the empirical
datato the predictedvalues. The correlationcoefi-
cientwas0.77,t(26) = 6.21,p < .001.

To testthe fit of the dataseperatelyfor eachscal-
ing condition,empiricaldistanceatioswerecorrelated
with predicteddistanceratios for eachscaling con-
dition. Thesecorrelationswerer = 0.82,t(26) =
7.43,p < .001, for condition“EW-Larger” andr =
—.08,t(26) = —0.42,p = 0.68, for condition “NS-
Larger”.

Ratiosfor verbalestimatesare shovn in Figure 5.
The correlationof differencesbetweenpredictedra-
tios andempiricalratioswas0.51,¢(26) = 3.06,p =
.005. Individual correlationswerer = 0.75,t(26) =
5.85,p < .001, for condition“EW-Larger” andr =
—.54,t(26) = 4.26,p < .001, for condition “NS-
Larger”.

In orderto examine,how subjectie spacewasin-
fluencedby the scaling of the virtual environments,
the distanceestimatesvere subjectedo metric multi-
dimensionalscalingusing Young’s (1997) stressfor-
mula 1 as a goodness-of-fiimeasure. A Euclidean
metric was usedto derive subjectve coordinatesin
two-dimensionaspaceor both,verbalandnavigation
baseddistanceestimatesof every individual subject.
Sincestresss invariantagainstranslationsrotations,
and (uniform) scaling,the coordinatexcanbe brought
into correspondenct® the stimulusconfigurationby a
Procrustesransformatior{seeBorg & Groenen1997)
withoutalteringtheresultin ameaningfulway. Figure
6 shaws the resultingconfigurationsfor multidimen-
sional scalingsbasedon meanestimatesn the three
scalingconditions. Unfilled circles shav the subjec-
tive locationswhereagointsindicatethe actualloca-
tionsin theunscaledstimulusconfiguration.

To examine the effects of scalingin the learning
phase, the individual scaling solutions were trans-
formedbackto the unscaledstimuluscoordinatesis-
ing oneadditionalfreeparameterNonuniformscaling
wasachievedin the remappingproceduredy allowing
differentscalingparametergor the x-axis andthe y-
axis. Remappingof subjectve coordinatesvasdone
by a parameteestimationalgorithmwhich minimized
thesumof squaredlistancedbetweerstimuluscoordi-
natesandcorrespondingoordinatesn theMDS plots.
If the scalingof the virtual environmentsaffecteddis-
tanceestimatesthe ratio of the scalingfactorsfor the
N-S axisund E-W axis shouldreflectthis scaling.

As canbe seenin Figure 7, the scalingratios for
the verbaljudgmentsreflectthe scalingof the virtual
ervironments. The scalingratio for the unscaleden-
vironmentis closeto 1 while the scalingratio for the
“NS-Larger” conditionis biggerthanl, andthescaling
ratio for the “EW-Larger” conditionis smallerthan1.
However, the effect of scalingon ratiosfor verbalesti-
mateswasnot significant,7(2, 38) = 2.00,p < .15.

For navigationbasecestimateshescalingratiosdid
not reflectthe scalingof the virtual ernvironmentsand
the differencewas also not significant, F'(2,38) =
0.34,p = .71. A combined ANOVA vyielded no
main effect of scaling,F(2,38) = 1.20,p = .30, no
main effect of type of judgment(verbalvs. navigation
based),F'(1,38) = 0.75,p = .39, andno interaction
betweerthesefactors,F(2,38) = 1.37,p = .27.

4 Discussion

Distanceestimatesvereanalyzedisingthreedifferent
methods. First, analysef variancewere employed
to test,whetherscalinghadary effect on the distance
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estimatest all. Theseanovsa’s yieldedan interaction
betweenobject pairsto be judgedand scalingcondi-
tion, which was significantfor verbal estimatesand
mauginally significantfor navigation estimates. This

supportghe notionthatdistancgudgmentsollow the
scalingof the virtual ervironment,sincein this case,
distancedetweerobjectswould bejudgeddifferently,

dependingon the scalingconditionandthe anglebe-
tweenthe path to be estimatedand the axis of scal-
ing. However, it doesnottestary specificpredictions.
Thereforetwo moreanalysesvereconducted.

To analyze,whetherdistanceestimateseflect the
scalingof thevirtual ernvironmentsratiosbetweerdis-
tanceestimatesn the distortedervironmentsand es-
timatesin the undistortedervironmentwere plotted
againstthe angleof the pathto be judged,and com-
paredto thecorrespondingatio of distancesn thevir-
tual environments.Therewasa significantlinear cor-
relation betweenthe differencesof the obsened dis-
tanceratiosin the scaling conditionsand the corre-
spondingdifferencesin the predictedratios for both
types of estimates. This result supportsthe notion

thatdistanceestimatesveredistortedin away resem-
bling thedistortionsof thevirtual city, andleadsto the
conclusionthatthe purely metric manipulationsntro-

ducedin the scalingconditionshad correspondinggf-

fectson thedistanceestimates.

However, inspectionof Figures4 and5 reveals,that
this effect can only be obsened for one of the two
scalingconditions. While in condition “EW-Larger”
thereis someresemblancéo the predictedcurve, for
the“NS-Larger” conditionno suchtendeng is appar
ent. Seperateorrelationsof distanceratiosin condi-
tions “NS-Larger’ and “EW-Larger” confirm this im-
pression.Significant,positive, linearrelationshipse-
tween empirical and theoreticaldistanceratios exist
for condition“EW-Larger” but not for condition“NS-
Larger”. Therefore thereis partial evidencethat dis-
tanceestimatesverescaledaccordingo thescalingof
the virtual ervironments but it remainsunclear why
stretchingthe virtual city alongthe east-westxis re-
vealsthis patternwhile strechingit along the north-
southaxisdoesnot.

Multidimensionalscalingof distanceestimatesvas
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usedto reconstructhe subjectve spacedrom the dis-
tanceestimates. If the distanceestimateswere dis-
torted accordingto the distortionsin the virtual en-
vironment,a generalizedProcrusteprocedurewhich
allows for axesspecificscalingcoeficients,shouldre-
veal a biggerratio betweenthe NS-axisandthe EW-
axis, in condition“NS-Larger”, anda smallerratio in
condition “EW-Larger”, with the “Unscaled” condi-
tion lying in between. On a descriptve level, verbal
distancesstimatedollowedthis pattern while naviga-
tion estimatesdid not. But none of the analysesof
varianceproducedsignificantresults.

In summary the resultsindicatethat distanceesti-
mateswereaffectedby the scalingof thevirtual ervi-
ronment,but thereis only partial supportfor the hy-
pothesisthat the effectsreflectthe actualdistortions.
Comingbackto the questiongaisedin the introduc-
tion, we couldshow thatchangesn anervironmenton
a purely metric level affect the cognitive maps. How-
ever, it could not be shown that distancejudgments
weresimply scaledaccordingto the scalingof the en-
vironment.

With regardto the questionof whetherspatialrep-
resentationgormed by real world experiencecan be

changedy virtual ernvironmentstheresultsonly indi-

catethatsomechange®ccur, but amoredetailedanal-
ysis would require a pretestof the participants’pre-
experimentalknowledge beforethe expositionto the
virtual city. In this way, onewould be ableto answer
the questionof how preexperimentaknowledgeis af-

fected.

Comparing the results of verbal and navigation
basedlistanceestimatesthe ANOVASs revealthatver
baljudgmentsadahighereffect-noiseratiothannavi-
gationbasedestimatesA possibleexplanationis, that
the reducedvirtual ervironmentwe usedin the dis-
tanceestimationtask(consistingof onehouseandthe
groundtexture) did not provide enoughdistancecues
to form reliableestimates.
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