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We showthathumanobserverstronglyunderestimate linearor circulartrajectorythata luminousspot
follows in thedark.At slow speedspbserversrerelativelyaccuratebut, asthe speedncreasesthe size
of the pathis progressivelyunderestimatedyy up to 35%. The underestimationmposedlittle memory
load and doesnot requiretracking of the trajectory.Most importantly, we found that underestimation
occurredonly when successivenotion vectorschangedn direction. This suggestsa perceptuakather
thanrepresentationairigin of theillusion, relatedto vector-sumntegrationover time of motionsignals

in different directions.
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Humanobserversare extremelyprecisein judging the size of
stationaryshapesThe accuracyof comparingshapeslongoneor
two dimensionds extremelyhigh, with Weberfractionsof 2% to
6 % (Laursen& Rasmusseri975).1n the judgmentof circularity,
errorsare remarkablysmall, rangingfrom 1% to 1.4% (Regan&
Hamstra,1992). Accuracyis also very high (2-3%) for motion-
definedshapegRegan,Hajdur, & Hong, 1996).

However,judging the size of the trajectoryof a luminousspot
thatmovesin thedarkis anentirelydifferentmatter.Observersire
accuratein perceivingstraight-linetrajectoriesbut they are dras-
tically hamperedn their judgmentswhen simple manipulations
are madein the spatialand temporalarrangementsf 100 milli-
seconddrajectorysegmentgVerghese& McKee, 2002).

Inferring the size of a trajectorythat a luminous dot hasjust
completedis not easy either. To recoverthe direction and the
amplitude of the trajectory, the visual systemhasto Ofillit inO
backwardsfrom the motion signalavailableat a given instantto
thoseno longerthere.Thus,observerdiavedifficulty in localizing
either the starting or the final position of a stimulus moving in
continuousor apparentmotion. For example,when judging the
startingposition of a moving object, observeroften displacethe
judgedonsetin the directionof mation (the Frehlich illusion) and
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in the directionoppositeto the motion (onsetrepulsioneffect). In
addition, the judgedfinal positionis perceivedas shiftedin the
directionof motionand,accordingto severalauthorsthe forward
displacementoccurs because(Freyd & Finke, 1984; Hubbard,
1995)the mentalsystemis unableto stopthe cognitiverepresen-
tation of motion andthis thencontinuesafter targetoffset. This is
referredto asOrepresentationalomentum@ndis an explanation
in termsof internalizedphysicalregularities.To avoid this refer-
enceto internalizedphysics,the more neutral term Omentakx-
trapolationQs often usedto refer to the high-level processthat
underliesthe forward localizationerror (seealso Finke & Freyd,
1989).

We shall now describea motionillusion resultingfrom a light
spotmoving on a dark backgroundjn which the amplitudeof its
two-dimensionamotionis underestimated/VVe discoveredhat at
slow speedsobserversare relatively accurate.However, as the
speedincreasesthe size of the path followed by the spot is
progressivelyunderestimatedyy up to 35%, both when the tra-
jectory is circular andwhenit is straight.It is temptingto relate
this underestimatiorto the Frehlich mislocalizationillusion. In-
deed both phenomenaccurwhetherthe targetmoveson alinear
or circular trajectory (Kerzel, 2003). In addition, the size of the
Frehlich effectdepend®n stimulusparametersuchasmovement
speedand movementdirection (Kerzel, 2002; Musseler &
Aschersleben1998; Musseler,Stork, & Kerzel, 2002) and this
suggests perceptuabasisfor the Frehlich effect. The resultsof
five experimentsare in favor of a perceptualexplanationand
suggesthat the illusion arisesfrom motion interpolation.

GeneralMethod

Participants

Twenty-onesubjects,with normal or corrected-to-normavi-
sion, participated Threewerethe authorsand 18 were studentof
the University of Paduana®e as the purposef the experiments.
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Thereweresix observersn Experimentl, six in Experiment2, six
in Experiment3a, five in Experiment3b, six in Experiment4.

Apparatusand Stimuli

The stimuli were createdand the responsesollected by an
animationprogramwritten in True Basic 2.7. The stimuli were
presentedon a 31 cm (diagonal)screenof 1,024" 748 pixels
(horizontalby vertical) resolutionof an Apple PowerPC-G3/333
MHz I-Mac.

In the straighttrajectoryexperimentgExperimentsl and2), the
targetstimuluswasa 0.3 white spotmoving backandforth along
a vertical path with a speedeither constant(Experiment1) or
varying sinusoidally[y ! # (1 # sin90-z)] (Experiment2). The
subjectivelengthof the perceivedrajectorywasmatchedwith the
lengthof anadjustablestationaryline. Thespeedvasrandomlyset
to oneof threevalues(2.2,4.3,and8j/s) within ablock. Thelength
of the trajectory was either fixed at 3j (Experiment2) or was
randomlysetto one of five values(1.5, 2, 2.5, 3, 3.5j) within a
block (Experimentl).

In the circular trajectoryexperimentgExperiments3a, 3b, and
4), the targetstimuli were either one or threelight spotsmoving
clockwiseonadarkbackgroundalongcirculartrajectorieghathad
differentradii in differentexperiments.

Three angularvelocities (88, 157, 266 DegRot/s)were com-
paredwithin a block in Experiment3a, whereasone speedwas
usedin Experiment3b (198 DegRot/s)and Experiment4 (157
DegRot/s).The luminanceof the spotandthat of the background
were equalto 26.1 andto 3.07 cd/n?, respectively The environ
mentwas light to obscurepossiblepersistencef the dot on the
monitor.

Procedure

Participantsat57 cm from the screenin afloodlit experimental
room(300lux) andreceivedoralinstructions Usingthe methodof
adjustment,observershad to match the perceivedsize of the
trajectory. The targetstimuluswas presentedn the right side of
the screen,whereasthe matching stimulus was simultaneously
presentedon the left side at a center-to-centedistanceof 10j.
Observersiadto adjustthe matchingstimulus(a stationaryline or
circle) settingit to the samesize asthe trajectoryof the moving
spot. The following instructionswere given: OPleaseadjustthe
lengthof theline (the sizeof thecircle) until it lookedidenticalto
the trajectory of the moving spot(s).Use one key to gradually
increasethe size of the matchingstimulus,and the other key to
decreasét. Whenyou aresatisfiedwith the adjustmentpressthe
third key to continue.Crhe final settingswere recordedfor later
analysisoffline.

Data Analysis

Repeated-measurdgNOVAs were usedto determinehow un-
derestimatiorof the trajectoriesdependean speed stimulus,and
eye movementsPosthoc t test with Bonferroni correctionwas
usedfor pairwise comparisonsThe Greenhouse-Geissepsilon
correctionfactorwasappliedwhereappropriateto compensatéor
possibleeffectsof nonsphericityin the measurementsompared.

Experimentl: Straight-LinePaths

Observersnatchedthe perceivedengthof the linear trajectory
by adjustingthe lengthof a staticline. The adjustabldine andthe
spot trajectory were presentedsimultaneously side-by-sideand
randomlymisaligned,to avoid spatialcues.

Observersnerefree to track the targetandto movetheir eyes
betweenthe matching and target stimuli. In eachblock, every
pairing of the threespeedq2.2, 4.3, and 8j/s) andfive trajectory
lengths(1.5, 2, 2.5, 3, 3.5j) was presentednceeachin random
order. To avoid responsebias, the initial length of the stationary
line wasnot fixed but variedrandomlyon eachtrial from 0 to #
80% of line length.Eachobserverepeatedhe block threetimes.
Two stimulus conditionswere comparedwithin a block: the dot
moved up and down cyclically at constantspeed either with no
interval (Condition 1) or with 1-sinterval betweenthe two direc-
tions (Condition 2). During the interval the dot remainedvisible
and stationary.

Resultsand Discussion

In Figure 2, the datapoints, fitted by regressiorlines, indicate 2
estimatedengthasafunctionof speedandtrajectorylength.When
the direction of motion reversedwith no time interval, the length
of thelineartrajectorywasunderestimatedMeanunderestimation
was 22%. Underestimatiorinearly increasedwith speedbut de-
creasedfor longer trajectories. Repeated-measureSNOVA
showeda significant effect of line length (F(4,20)! 31.8,p $
.0001)andspeed(F(2,10)! 63.3,p $ .0001).Posthoc compar-
ison showedthat lengths 1.5, 2, and 2.5j differed significantly
from both 3 and3.5; (p $ .01) andthat all speedpairsdiffered
significantly (p $ .01). Thelength" speedinteractionwas not
significant (F(8,40) ! 1.9, p ! .051). Indeed, the difference
betweerthelowestandhighestevel of speedvassignificantatall
lengths(p $ .05) andthe slopesof the functionsdescribingthe
relationship betweenlength and speedare very similar (mean
slope! % 2.544# .57).However,with the shortestiine the best
fit is notlinear (R? ! .71) butlogarithmic(R?! .97), suggesting
thata factorintervenedo increasehe perceivedengthof theline
andreduceunderestimatiomt the highestspeedThis factor could
be visual persistencehat, with an estimateddurationof 50 milli-
secondgKerzel,2000),would increasehe perceivedengthmax-
imally for the shortestand fastestline.

On the other hand, the estimatewas generally accuratein
Condition 2, when the motion stoppedfor one secondbefore
reversingdirection. Neither main factor, length (F(4,20)! 1.6,
p & .05) nor speed(F(2,10)! 2.1,p & .05), nor the interaction
length" speedF(8,40)! .7,p & .051)wassignificant.Thefact
thatthis pausdn Condition2 cancelgheillusion, indicateghatthe
underestimatiomequiresa crucial parametepresentin Condition
1 only: reversalof motion direction with no time delay. This is
differentfrom othermislocalizatiorerrors(FinkeandFreyd,1989;
Hubbard, 1995; Kerzel, 2002, 2003; Musseler& Aschersleben,
1998;Musseleretal., 2002),whichinsteadoccurfor unidirectional
trajectoriesand rathershow overestimation.

Our results, that trajectorieswere underestimatednly when
they reversedin direction without pausing,suggesta perceptual
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integrationof the motion signalswithin arelativelyfixed temporal
window!

Experiment2: Sineand Rearranged-Sin#&otion

Thedisappearancef theillusion whenthe spotpausesgirected
our attentionto the end of the trajectory where the direction
reversesOne possibility is thatthe visual systemtakesshortcuts
in virtue of its hypothetical QintegratingimeOt; the perceived
motion of the moving spotis averagedr integratedoverthis time
t by meansof vectorsummation.Thus,a spotmoving steadilyup
or down showsno illusion, but if it abruptly reversesits final
upwardmotion andinitial downwardmotion shouldsummateand
cancelout, sothattheextremepartof its trajectoryis not perceived
and the spotOdotal path is underestimatedlf the spot pauses
longer than the integrationtime beforereversing,this underesti-
mationwill not happen.

So,to testthemodel,we arrangedhatwhenthespotreachedhe
endsof its trajectoryit wasmovingeitheratvery low speedwhich
shouldminimize the underestimationor elseat maximumspeed,
which should enhancethe underestimationWe made the spot
movebackandforth alongthe sameverticaltrajectoryatthe same
meanspeed put we usedtwo differentvelocity profiles on differ-
enttrials. In onecondition,thevelocity profile wassinusoidal The
spot moved back and forth sinusoidally, which meantthat its
velocity slowedto almostzeroat the two endsof its trajectory.In
the othercondition,we rearrangedhe partsof a sinewaveso that
the spothad maximumvelocity at the endsof its trajectory,and
minimum velocity in the middle of its path. We predicted,cor-
rectly as it turned out, that the latter case would give more
underestimationTo rule out the possibility that the highestspeed
of the spot at the end of its trajectory may introduceend point
positionuncertaintyasa new factor, we addedtwo control condi-
tions in which there was 1-secinterval, with the screendark,
betweerhalf cyclesof the sineandrearranged-singajectoriesat
the end of its motion in one direction the spot disappeareand
reappearedne secondater moving in oppositedirection.

Figure 3 showsthe positionof the moving spotasa function of
time. In Figure3athe spotmovessinusoidallyovertime; notethat
at the endsof the trajectory (top and bottom) the velocity ap-
proacheszero, like a pendulumat the extremaof its swing.
However, in a secondcondition (3b) we rearrangedthe four
quadrantsof the sinewaveto createa new waveform that was
peaky (fastest)at the endsof the trajectory and slowestin the
middle. We arguedthatthe fasterthe motion at the ends the more
the moving spotwould changeits positionduring the integrating
time t andthe greaterthe underestimates/ould be.

Method

The spot moved back and forth along a vertical trajectory
3j long, atthethreespeedsThesix conditions(3 speeds sineor
rearranged-singelocity profile) were randomlyintermingled.In
the control conditionswith 1-secinterval betweenhalf cyclesof
sine and the rearranged-sinenotion only the highestspeedwas
tested.

Observerstruckkeysto changehelengthof the staticline until
it looked identical to the trajectory drawn by the spot that was
movingup anddownon theothersideof the screenWith onekey

they graduallyincreasedhe lengthof the matchingstimulus,with

anotherkey they decreasedt. When satisfiedwith their adjust-
ment, they presseda third key to record the results for later
analysisoffline andcontinue Observersnadetenreadingsf each
of the six conditions.

Results

Figure 4 showsthe resultsof Experiment2. As predicted,the F4
underestimatesvere greaterfor the rearranged-sin¢éhan for the
sine conditions.In addition, the underestimatealwaysincreased
with stimulusspeedaswe alreadyfound in the first experiment.
Repeated-measurddNOVA revealedsignificant differencesbe-
tweensineandrearranged-sinenotion (F(1,5)! 17.86,p$ .01)
andbetweerthethreespeedevels(F(2,10)! 8.48,p$ .01).The
motion X speedinteractionwas not significant (F(2,10)! 1.07,
p & .05). Neverthelesspairwise comparisonshowed that the
difference betweenthe two conditions was significant only at
intermediatespeed p $ .005).Thelack of a significantdifference
betweenthe two low-speedconditionsis expectedAt the highest
speed,visual persistencewhich increasedperceivedduration of
about50 milliseconds(Kerzel, 2000), may haverestoreda more
accuratelength estimate,so that the final judgmentmay have
resultedfrom a balancebetweenthe underestimatioreffect, be-
causeof motion integrationover time, and the effect of retinal
persistenceln the control conditions,wherethe spotdisappeared
for one sec betweenhalf-cyclesof the trajectory, there was no
underestimatiormathera slight overestimatiowasfound (4.7%#
4 SB), in agreemenwith the representationainomentumeffect
(Hubbard, 1995). This rules out the possibility that the higher
underestimatiorwith the rearranged-sinenotion was becauseof
positionuncertaintywith very high speed.

The resultsobtainedat intermediatespeedsupportthe integrat-
ing time hypothesisThey suggesthat the perceptuaimechanism
underlyingunderestimatiorf motion operateswithin a relatively
fixed temporalwindow.

Experiment3: Circular Paths
Model Appliedto Circular Paths

Whereas lineartrajectoryreversestits end,in acircularorbit
the trajectoryis continuouslychanging,althoughto a milder de-
gree. A set of hypothetical neuronsat early stage of motion
analysis,respondingto linear motion, with their receptivefields
positionedalong the trajectory,would Oviewéhe circular motion
trajectory as made up of small segmentsalong a many sided
polygon.Individual linearmotionsegmentsouldlie insidethearc
(as the motion along a chord) or outsidethe arc (as the motion
alongthe tangent).In the first case,onewould expectunderesti-
mation, in the second case overestimation.Coren, Bradley,
Hoenig, & Girgus(1975)reporteda shrinkingcircle illusion that

1 We arehappyto acknowledgehatRick Cai (personatommunication)
has independentlydone some experimentsclosely similar to ours. He
moveda horizontalline up and down througha distanceequalto its own
horizontallength,thussweepingut a squareHowever,the motionlooked
shorterthanit really was, so the sweptarealooked not squarebut like a
wide, low rectangle.
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could possiblyberelatedto the shrinkingline illusion we showed
in Experimentsl and?2. In the following experimentsve checked
whethera circular trajectory,as well as a linear trajectory, was
misperceivecandin which direction.

Method

In independenblocks,thetargetstimuli wereeitheroneor three
spotsfollowing acircularorbit (Figurel). Thethreecircularorbits
weretangential.The radiusof the trajectorieswas 1.4;.

In oneblock, for eachof the stimuli, the angularvelocity was
88, 157, or 266 DegRot/s(! 0.24, 0.44 or 0.74 rev/s). The
tangentialspeedwasrespectively2.14,3.83,and 6.49j/s.

In each condition observerswere requiredto track the spot
trajectoryand matchthe circular path of the spot(s)by adjusting
the size of a single stationarycircle. Each observermadethree
settingsfor eachspeedandfor bothstimuli. To avoidresponsdias
theinitial radiusof the matchingcircle was1.4j # 0.3j on each
trial.

Resultsand discussion

Resultsare shownin Figure 5. Repeated-measureésSNOVA
revealedthat underestimationwas larger with three spots
(F(1,5)! 73.9,p$ .0001)andincreasedwith speed(F(2,10)!
21.4,p$ .001).Theinteractionwasnotsignificant(F(2,10)! 4.1,
p & .05).

First, we found that the size of the trajectory was underesti-
mated,sothatthe circle appearedo shrink. This replicatesCoren
and co-workers@esultsand is consistentwith a recoveryof the
trajectorysize by integratinglinear motion segmentdying inside

«
a

«
b -

Figure 1. In a (top right) only one small spotmovedclockwisealonga
circulartrajectory.In b (bottomright) threespotsmovedclockwisealong
their circular trajectories,which were tangentto eachother. On the left
were static circles whoseradii the observeradjustedto apparentlymatch
the trajectories.Dynamic demonstrationsare available online at http://
vision.psy.unipd.it/parovel.htm
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Figure2. (A) Resultsof Experimentl for onedot movingbackandforth
alonga vertical path,with no interval betweensweepsEstimatedor five
line lengths,expressedas % of physicallength, are representedrhom-
bus! 1.5j;squared 2j; triangles! 2.5j;circles! 3j; crossed 3.5j).
Equationf regressioinesareshownin thelegend Errorsbarsrepresent
standarcerrors.(B) Resultsof Experimentl for onedot moving backand
forth alonga vertical path,with 1 secinterval betweensweepsEstimated
lengthsfor five line lengths,expresseds% of physicallength,areshown
(rhombus! 1.5j; squared 2j; triangles! 2.5j; circles! 3j; crossed
3.5j). Errorsbarsrepresenstandarderrors.

thearc.Indeed,integrationalongthe tangentwould produceover-
estimation.

Secondwe foundthattrajectoriedooked5.4%smallerfor three
spotsthan for one. Possibly,the increasedunderestimatiorwith
threespotsmightarisefrom division of attentionaresourcesvhen
the moving dots were trackedattentively (Cavanagh& Alvarez,
2005). However, this is unlikely for severalreasonsFirst, our
subjectswere allowed to inspectthe display with no time limit.
Second evenassuminghat total attentionalcapacitywas shared
amongthe three spots,whetherthey were attendedconcurrently
(multiple attention)or sequentially(switchedattention),one may
expecthighermisjudgmentsf the size of the trajectorybut there
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Figure 3. The position of the moving spotasa function of time. Mean
speedwas 3j/s. In Figure 3a the spot movessinusoidallyover time, the
speedapproachingo zero at the endsof the trajectory;in Figure 3b the
four quadrantf the sinewaveare rearrangedo createa new waveform
that was peakyat the endsof the trajectoryand slowestin the middle.

is no reasonto think that the misjudgmentsshould be biased
towardsunderestimationThird, multiple tracking of three spots
could have beenmade possibleby groupingtheminto a higher
orderobject(Yantis,1992).Indeed our subjectseportedthe three
spotsto groupinto a triangularshapethat movedalonga circular
trajectory, but this would lead to no differencebetweenone and
three spots.Instead,it is interestingto speculatethat the shape
or the size of the object moving along a circular trajectory may
affectthe perceivedsize of its trajectory.

Note however that the enhancedunderestimationwith three
spotsshouldnot occurif it resultedfrom trackingeyemovements
becaus®bserversanonly track onetrajectoryat thetime (Coren
et al., 1975; Kerzel, 2002), and indeedExperiment4 showsthat
eye movementcannotbe the only explanation.

Third, wefoundthatthecirculartrajectorywasperceivederidi-
cally whenthe spotmovedslowly, andsubjectivelyshrankin size

with increasingspeed.The slopesof regressionines are similar
with oneandthreespots,suggestingsimilar effect of speedn the
two conditions.

Why doesunderestimatiordependon velocity? The classical
view is thateye movementscan alter perceivedvelocity (Aubert,
1886; Fleischl, 1882; Harris, 1994). However, eye movements
may not be causingthe underestimate¢Kerzel, 2000). Previous
work showedthat severalmislocalizationerrorsalongthe path of
motion dependupon velocity (i.e. Frehlich illusion, Kerzel and
Gegenfurtner2004;onsetrepulsioneffect(ORE), Thornton,2002;
flash-lag,Brenner& Smeets2000; representationsf centripetal
forces,Hubbard,1996)but unlike our effects,thesedo not require
any changein motion direction.

Herewe attributeour underestimatiophenomenao changesn
direction that are integratedover a shortvisual integrationtime,
ratherthanto mislocalizationerrors.

Experiment3b: Null Methodfor Circular Paths

In a cleanerdemonstratiorthat circular trajectoriesare under-
estimatedwe repeatedhe three-circlecondition, usinga nulling
methodthat requiredno matchingcircle. Threedotsarrangedn a
rigid equilateraltriangle movedalong a circular path. Observers
adjustedthe amplitudeof this pathuntil the circulartrajectoriesof
thethreedotsappearedo betangentiako oneanother As we shall
see,they underestimatethe sizesof the trajectoriesand actually
setthem so that they overlappedconsiderably.

Results

Observersviewed three overlappingblack outline circleson a
mid-grey surroundon a computerscreenwith their centerslying
at the apicesof an equilateraltriangle. Eachcircle subtendeca
visual angle of 4j, 50% larger than that usedin the previous
experiment.A white spotran clockwise aroundthe perimeterof

Sinusoidal motion
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Figure 4. Resultsof Experiment2. Estimatedtrajectory of one spot

moving sinusoidallyover time (sin: filled squares)r with a rearranged
sinewave(re-sin: unfilled squaresfitted by regressiorlines. Filled (sin)

and unfilled circles (re-sin) representestimatedtrajectoryin the control

conditionswith 1 secinterval betweenhalf cycles.Errors barsrepresent
standarderrors.
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Circular path (1 vs 3 spots)
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Figure 5. Resultsof Experiment3a. Datapointsreferringto the estima-
tion of the radius of one spot (filled symbols)and three spots (unfilled
symbols)circular trajectoriesare fitted with regressioriines. Errors bars
represenstandarderrors.

each circle at a rate of 198 DegRot/s (0.55 rev/s, tangential
speed 6.9j/s). Thethreespotswerealwayslockedin step,such
thattheyall passedsay)2 oOcloclkr 6 oOclockat the sameinstant.
All three circles could be moved bodily inwards and outwards
toward and away from eachother, without changingtheir radii,
with a single shift of the computermouse.Stateddifferently, the
threespotslay at the cornersof an unchanginguprightequilateral
triangle, and the observeradjustedthe circular trajectory of this
triangle. The observersvereinvited to adjustthe positionsof the
circlesuntil they just touchedtangentially.This taskwastrivially
easyandall settingsmadewerevirtually correct. Where100%was
the true separatiorbetweenthe centersof the circles, the mean
settingswere 98.3%# 0.2 (meanof 3 readings’ 5 Ss# 1 SB.

The backgroundwvas then changedrom mid-greyto black. This
left themoving spotsvisible but completelyhid the staticcircles. The
observersiow repeatedhe sametask,buttheywerenow obligatedto
basetheirjudgmentwon the perceivecamplitudeof thethreecircular
pathsinsteadof on the diametersof the now invisible staticcircles.
The main result was that observersgreatly underestimatedhe
amplitudesof the motion paths and set the circles too close
together,with a meanunderestimatiorof 35.8%# 4.1.In other
words,insteadof separatinghe centersby the correctdistanceof
1 diameter(! 100%)observerseparatedhemby only two thirds
of a diameter,so that whenthe circular pathswere judgedto be
tangentialthey actually overlappedconsiderably.Figure 6b is a
scaledrawing of their actualmeansetting.

Two control conditionsexaminedhe effectsof landmarksThe
three spots circled around as before, but now the background
consistedof denserandom grey-scaledots. These were either
static, providing a wealth of static textural landmarks,or else
twinkled dynamically.For the staticdots,estimate®f the circling
spotswerefairly accuratg92.2%# 4.3),andobserversacknowl-
edgedthat they Ocheated®y lining up the circling spotswith
stationarybackgrounddots or clumpsthat servedas landmarks.
However thetwinkling dotsprovidedno reliablefixed landmarks,

andonceagain,the circular trajectorieswere considerablyunder-
estimatedmeanunderestimatior31.4%# 4.4).

Discussion

Our resultsshow that trajectorieswere underestimatedver a
wide range of configurationsand psychophysicamethods.We
found earlierthat only two factorsabolishedthe underestimation:
low speedandlong pausesvhenmotionsignalschangedirection.
The absenceof landmarkswas alsonecessaryTheseresultssug-
gestthat the illusion occurswhen the visual systemis forced to
integratemotion signalsovertime within a shortintegrationtime.

Experiment4: The Role of Eye Movements

The integration of motion signalsis a relatively low level
operationthat would not require observersto track the moving
targetsThisis notwhatpreviouswork showed Corenetal. (1975)
reporteda shrinkingillusion very similar to that we describedn
Experiment3. However,they found, at the speedwe used,very
little underestimationwvhen observersfixated the centerof the
circle. On the other hand, Hubbard (1996) reportedan apparent
displacemenbf the judgedpositiontowardthe centerof the orbit,
a phenomenorthat may accountfor the shrinking illusion, and
Kerzel (2003) found that this displacementvas larger with mo-
tionlesseyesthan with ocular pursuitof the target. Becausedif-
ferentstudiesoffer conflicting evidenceon the part playedby eye
movementsn theshrinkingillusion, we shallnow furtherexamine
the role of eye movements.

Method

Using the circular trajectory paradigmof Experiment3aanda
speedof 157 DegRot/s(0.44rev/s),we askedobserversitherto
track the moving spot, or to fixate steadily on the centerof the
circular pathfor at leastthreerotationperiods.Then,they hadto
movetheir gazeto the centerof the comparisortircle and,without
movingtheir eyes,adjustits sizeby eitherincreasingr decreasing
it until satisfied. Thesetwo taskswereperformedwice, oncewith
a red fixation crossin the centerof eachof the two stimuli and
oncewithoutthefixation crossesWe addedheno-crosscondition
becausewe introspectivelyhad the impressionthat the fixation
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Figure 6. Threedots forming a rigid equilateraltriangle moved along
circular pathsat 198 DegRot/s.Observersadjustedthe path amplitude,
attemptingto setthe threecircular pathsto be tangentialto eachother,as
in a. However,they underestimatethe pathsizesandactuallysetthemas
in b (compareFigure 1). Note thatb is an accuratescaledrawing.
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Figure 7. Resultsof Experiment4 with and without eye movementsn
two conditions:with andwithout fixation crossin the centerof thecircular
trajectory.Errorsbarsrepresenstandarderrors.

crossfavoredthe strategyof judging the distancebetweentwo

symmetricalpoints of the trajectoryinsteadof its size. Indeed,
Experiment3b showed that the presenceof static landmarks
reducedthe illusion. Whenthe crosswas absent,observersvere

requiredto maintainfixation on animaginaryfixation pointin the

centerof the trajectory, and during 20 practicetrials observers
weretrainedto do this.

Eye movementsvererecordedwith of a video-baseatyemon-
itoring system(Tobii 1750, Tobii) with Clearview?2.7.0software.
Tobii 1750integrateshe cameraandinfraredlighting into a TFT
170monitor(1,024" 768resolution) Thesysterrhasanaccuracy
of 0.5j, a samplingfrequencyof 50 Hz and a reacquisitiontime
shorterthan 100 milliseconds.We continuouslyrecordedthe po-
sition of the userOgaze expressedsx andy coordinateson the
stimulusscreen We usedthe following criterion to evaluatefix-
ation: we rejectedthosetrials (lessthan 5%) in which the eyes
wanderednorethan0.7; awayfrom the fixation point during the
5 seconddeforemoving the eyesto the comparisonstimulus.

Resultsand discussion

Theeffectof eyemovementsvassignificant(F(1,5)! 12.3,p$
.02) andshowedthat fixation reducedunderestimationWhenthe
crosswaspresentunderestimatiomlecreasethut not significantly
(F(1,5)! 5.0,p$ .08). Theeyemovementx stimulusinteraction
wasalsonot significant(F(1,5)! .7,p! .4),indicatinga similar
effect of eye movementsn the two conditions.

To summarizeshrinkagewasgreaterwith smoothtrackingeye
movementsthan without, and was greaterwithout the fixation
cross,during both tracking and fixation.

Our finding that eye movementsare not necessaryto have
underestimatediffers from Kerzel (2003),who foundthatinward
subjectivedisplacements largerwith motionlesseyes.However,
the inconsistencyis only apparentbecauseboth his findings and
ours indicate that the illusory effect cannotbe becauseof eye
movements Mateeff and Mitrani (1979) also disprovedpossible
influenceof Qovertracking®n mislocalizationphenomena.

The fixation cross also reducedunderestimationperhapsby
acting as a landmarkand providing positional cues.Eye move-

mentsintroduceotherimportantdifferencesfixation lets the spot
fall onsuccessiveetinalpositionswhereadrackingholdsthe spot
on the foveaso that the visual systemhasto integratethe motion
signal availableat a given instantwith thoseno longer thereto
recover the trajectory. Therefore,during fixation, the observer
could haveadoptedthe strategyof judging the distancebetween
symmetricalpoints of the trajectory.Moreover,thereare crucial
aspect®f Corenet al.Osnethodthat may explainwhy they found
fixation to drasticallyreduce(but notto abolish)theillusion. Their
trajectorieswere muchlargerthanoursandtheretinalimagewas
moreperipheral We do notknowwhethereccentricityplaysarole
butif it does,it is notthe sameduring trackingandfixation. Even
mostimportantly, the taskwasdifferent. They askedobserverdo
estimatethe circleOsliameterandthis, togethemwith the presence
of afixation cross,could haveinduceda different strategyduring
fixation.

Conclusion

To summarizepur resultsshowthat (1) underestimatiomccurs
evenif thevisualtaskinvolveslittle memory,(2) bothstraightand
circular trajectoriesare underestimated(3) the underestimation
increasesdinearly with speed,and (4) eye movementsareimpor-
tant but not crucial to the illusion. We found only two factors
capableof drasticallyabolishingunderestimationtow speedand
long pausesvhenmotion signalschangedirection.

We have consideredthe most popular explanationof misper-
ceivedtrajectoriesA high-levelexplanatioris thattheend-pointis
displacedorwardsbecaus¢he mentalsystemis unableto stopthe
cognitive representatiorof motion and this then continuesafter
targetoffset (Freyd& Finke,1984).This cognitiverepresentation
of motionis referredto asOmentagxtrapolation®r, whenthought
to be basedon internalizedphysical regularities,as Orepresenta-
tional momentum@seealsoFinke & Freyd,1989).Thehigh-level
interpretatiorin termsof mentalextrapolationis underdebatgsee
also Bertamini, 2002) mainly becausdow-level mechanismof
eye movementsmay contribute to misperceptionerrors with
smoothstimulusmotion (Baldo, Kihara, Namba,& Klein, 2002;
Kerzel, 2000; Kerzel, 2006; Kerzel, Jordan,& Musseler,2001;
Whitney & Cavanagh2002; Whitney, Murakami, & Cavanagh,
2000).Accordingto this low-level explanationthe observerGesyes
arelikely to pursuea smoothstimulusmotion. After targetdisap-
pearancethe smoothpursuiteyemovementsvould overshoothe
final target position, such that the point of fixation would be
shifted in the direction of motion during the retentioninterval.
Thus,end-pointerrorsmay resultfrom eyemovemenbvershoots,
in combinationwith someknown distortionsof visual spacesuch
asthe persistencef the targetOnageafter targetoffset (Kerzel,
2000),anda biasto localizethetargettowardthe fovea(Kerzel et
al., 2001).

Both low-level and high-level explanationshave beenoffered
for variousmislocalization®f movingobjectstheflash-lageffect,
in which a flash adjacentto a continuously moving object is
perceivedto lag behindit (Nijhawan, 1994); the Frehlich effect
(Frehlich, 1923),in which the judgedonsetof a moving targetis
displacedin the direction of target motion; the onsetrepulsion
effect, in which the error in the judgmentof the initial target
positionis alwaysbackalongthe observedgathof motion(Thorn-
ton, 2002)Nithe oppositeof the Frehlich effect; and the inward
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displacementsvith circular trajectories(Hubbard,1995). Two of

theseeffectsare comparableto ours. Our illusion could be well

assimilatedto apparentisplacementf the judgedfinal position
inward the centerof the orbit (Hubbard,1996) that may haveits

causdn perceptuafactors(Kerzel,2003).The Frehlich effectalso
resemblesurs eventhoughthe mechanismcannotbe the same
sinceour illusion affectsthe wholetrajectorynotits startingpoint.

In all threecasesNtheFrehlich effect,HubbardOisward shift, and
our underestimatiorphenomenonNmisperceptiomcreaseswith

velocity? This speedeffect is compatiblewith both high-level
(Hubbard,1996)andlow-level (Kerzel,2003)accountf misper-
ceptionerrors.

The shrinkageillusion appliedto the trajectoryof a bright spot
movingonadarkbackgroundandit occurredonly whenthelinear
trajectory changeddirection without a pause.Whetherthe spot
movesup anddown or in a circle, the motion systemcanrecover
the trajectoryonly by integratingeachpresentposition with the
previouspositionsthatarenolongerpresentThatis, to reconstruct
the trajectory, the visual systemhasto integratelocal segments
overtime. Thetrajectorywould be unambiguouslyinderestimated
if the visual systemattemptedo reconstruct pathin which the
directionchangesn time by interpolationof local segmentsvithin
successiveshortintegrationtimes.Oneway this interpolationmay
occur for both linear and circular trajectoriesis by vector sum
(Smith,1994)andthis could leadto shrinkingof overalltrajectory
size.

For motion alonga linear trajectory,the model predictionsare
straightforward.Indeed,two motion vectorsof equal magnitude
and opposite direction cancel each other out. Of course, this
cancellationwill only occurfor thosepartsof the trajectorywhere
the directionreversesBecausehe amountof cancelledrajectory
is fixed, the perceivedestimateof the trajectory length should
decreasaslengthincreaseswhich is exactlywhatwe found. We
proposehatavectorsumappliedto circulartrajectoriexcouldalso
shrinkthe perceivedsizeof thecirculartrajectory.In Figure8a,the
trajectoryof amovingspot(blackdot) is representetdly anarc(A)
of lengthproportionalto angularvelocity of the spot(v, andv,).
The invisible ongoing trajectory can be recoveredby averaging
(vector summation)within a shorttemporalwindow, of succes-
sive straightlocal motion signalsasv, andv,, correspondingo
chordsof successivarcs. The perceivedposition of the moving
spotwill be atthe averageof its physicalpositionsduring time t,
atthe midpointof the vectorsum(p), andit is shownby the white
dot. The spacebetweenthe arc and p, hencethe amount of
underestimatiorfD), will increasewith vectorlength,thatis with
speed Indeed,as vectorlengthincreaseswith increasingspeed,
theangle' increasesEquation(a)allowsusto calculatethevalue
of D. For a unit radiush, we have:

(h-cos /2)

Becausethe length of p, thatis relatedto ' , dependson the
lengthof motionvectorstheoutcomes thatD alsodepend®nthe
lengthof motionvectors.To fit this modelto the datawe needto
adjust only one parameterWe assumean integratingtime no
longer than a fixation duration: 250 milliseconds.In Figure 8b,
linear (dark grey), sinusoidal (light grey), and rearranged-
sinusoidal(black) trajectoriesare superimposedThe dottedrect-
angle representsthe integrating time, and the horizontal lines
shows the averageposition of the spot that moves along the
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Figure 8. Thetrajectoryof a moving spot(black spot)is representetby
anarc(A) of lengthproportionalto angularvelocity of thespot(Figure8a).
The invisible ongoingtrajectoryis recoveredwithin anintegratingtime t
no longerthanfixation duration(250 milliseconds grey sector)by avector
sum(p) of successivestraightlocal motion signals(v,, v,) corresponding
to thechordof A. Thelengthof p increasesvith ' . The perceivedosition
of the moving spotwill be at the averageof its physicalpositionsduring
time t, andis shownby the white dot. In figure 8b, linear (dark grey),
sinusoidal(light grey) andrearranged-sinusoidéblack) trajectoriesof
aline (3j long) moving at 4j/s are superimposedThe horizontallines
showthe averagepositionof the spotthat movesalongthe trajectories:
linear (66.6%),sinusoidal(86.6%)andrearranged-sinusoid&#8%) of
maximum.

trajectories:linear (66.6%), sinusoidal (86.6%), and rearranged
sinusoidal(48%) of maximum.The blackline is muchlower than
the light-grey line becausehe black curve falls off much more
sharplyfrom the peak.To be moreaccurateat a speedof 4i/s, the
averageposition of the light grey lies about halfway between

2 Kerzel and Gegenfurtner(2004) were able to explain also the onset
repulsioneffect on the basesof this model, assumingthat the constant
spatialdistortionwas negative.

% Note that evenif v1 andv2 weretangentto their respectivearcs, the
vectorsumwould still correspondo a chord.
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86.6% and 100%, namely at 93.3%, the averageposition of the
black spotlies abouthalfway between4d8% and 100%, namelyat
76%, whereasthe averageposition of the dark grey spot lies
halfway between66.6% and 100% namely 87%. The ratios be-
tween both sinusoidal and linear trajectoriesand between
rearranged-sinusoidand linear trajectoriesas predictedby the
model (black symbols) are compared,in Figure 9a, with the
correspondingatios(grey symbols)obtainedby two subjectCC

andEG). Individual datareflectthetwo importantpredictionsfrom

the model: (1) ratios larger and smallerthan 1 are found with

sinusoidalandrearranged-sinusoidatspectivelyIn otherwords,
a sinusoidgives less shrinkagethan a linear motion, whereasa
rearranged-sinusoigives more, (2) theseincreasewith speed.

125
+ sin:model ratio
sin:EG ratio
. b 4 sin: CC ratio
© re-sin: model ratio
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Figure 9. Figure9ashowsthe ratiosbetweenboth sinusoidalandlinear
trajectories(filled symbols)andbetweenrearranged-sinusoidaind linear
trajectories(unfilled symbols)resultingfrom the model (black) and from
individual data (CC, grey triangles,and EG, grey squares).Figure 9b
showsestimationasa function of speedas predictedby the model(lines)
and meanexperimentaldata points in threeline length conditions: 1.5j
(continuous,triangles), 2.5; (broken, squares)3.5; (dotted, rhombus).
Figure 9c comparesfor the caseof circular trajectories,the estimated
trajectoryasa function of speedpredictedby the model(continuoudines)
andthat resultingfrom averageexperimentadata(black circles).

Figure 9b showsthe mean estimatesmade as a function of
speed,togetherwith the lines predictedby the model, for 1.5j
(dotted), 2.5i (broken),and 3.5 (continuous)trajectories.In all
three casesthe fit is good becausaunderestimatiorincreasesas
length decreasesHowever,the modelalso predictsthat underes-
timation shouldincreasewith speed,more for the shortestlines.
The datado not indicatethis relationship.We havediscussedn
Experimentl, which with the shortestine the bestfit is notlinear
but logarithmic, suggestinghat a factor intervenes probably vi-
sualpersistenceto reduceunderestimationThereis evidencefor
therole of visual persistencéKerzel,2000)thatwould accountfor
reducedunderestimatioparticularlywith the shortestine moving
at the highestspeed.

Finally, Figure 9c compareshe estimatedrajectoryasa func-
tion of speedor circulartrajectoriesgitherpredictedby themodel
(continuousline) or resulting from averageexperimentaldata.
When the trajectory is circular, and the angular speedis 266
DegRot/secthetime requiredfor theentiretrajectory(360;)is 1.3
secondsWithin the 250 millisecond temporalwindow, the dot
rotatesthrough70j. The valueof ' decrease$o 39 and 22 as
speeddecreaseto 156 and 88 DegRot/secTheline in Figure9c
representghesepredictedvalues.Again, the fit with the datais
very good. Thus,overall, the modelprovidesa goodfit of exper-
imental data.

We predictthatvisual persistenc@laysarole alsowith circular
trajectories.We might speculatethat the perceivedsize of the
trajectorywould continueto shrinkwith speedput at somehigher
speedsthe trajectorieswould startto look like circles and their
perceivedsize would startto rise again.

In conclusion,it is interestingto speculatehow generalthis
mechanisnis. Whereast doesnot explainthe Frehlich effectand
other mislocalizationerrors, sincethe trajectorydoesnot change
direction, it seemscompatiblewith the well-known phenomenon
of displacementf the judgedfinal positioninward the centerof
theorbit (Hubbard,1996).Indeed the phenomenaleportsof some
of our subjectswere spectacularupon increasingthe speed the
pathbecomesan apparenspiral, directedtowardthe centerof the
orbit, andthis is well predictedby vector summodel.
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