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Abstract

Moving objectsoccupy arangeof positionsduringthe periodof integrationof thevisualsys-
tem. Neverthelessa uniquepositionis usuallyobsened. We investigatehow the trajectory
of a stimulusinfluencesthe position at which the objectis seen. It hasbeenshavn before
thatmoving objectsare perceved aheadof staticobjectsshavn at the sameplaceandtime.
We shaw herethatthis perceved positiondifferencebuilds up over thefirst 500msof a visi-
ble trajectory Discontinuitiesin the visualinput reducethis build-up whenthe presentation
frequeng of a stimuluswith adurationof 42msfalls belov 16 Hz. We interpretthis relative
mislocalisationin termsof a spatio-temporafiltering model. This modelfits well with the
datagiventwo assumptionFirst, the positionsignal persistseventhoughthe objectsareno
longervisible and secondly the perceved distanceis a 500msaverageof the differenceof
thesepositionsignals.

1 Introduction

Determiningthe positionof moving objectsis notaneasytask. Thereareseveralwell known

propertiesof thevisual systemthatcaninterferewith this taskin non-trivial ways. First, the
(long) integrationtime of the systemwhich givesit its sensitvity at low luminancelevels,
would leadto a blurredimageif left unchecled (Burr, 1980). How doesthe visual system
assignsa uniquepositionto suchblurred objects? A secondproblemis causedy the de-
lays presentin the visual pathways. Thesedelaysare normally expectedto leadto delayed
perceptionwe perceve the world not asit is now, but asit wassome80msago. Nijhawan
(1994)suggestedhowever, thatperceptiorusesthe predictabilityof the trajectoriesof mov-

ing objectsto correctfor thevisuallateng. This poseghe question:*At ary particularpoint
in time, which snapshobf the world is perceved?” Let us considerthesetwo problemsin

moredetail.
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The Position of Moving Objects

Fastmoving objectsoccupy a rangeof positionsduring the time over which the visual sys-
temis commonlythoughtto integrate(~ 100ms(Barlow, 1958;Burr, 1981)). Nevertheless,
often moving objectsdo not appearto be smearedut (Burr, 1980). Previous work on this
so-calledsuppressionf visible persistencéastried to find out which factorsarerelevantto
theamountof suppressionTherelevantfactorsthathave beenidentifiedarethe speedBurr,
1980;Hogben& Di Lollo, 1985),interstimulusnterval (Castet,1994),spatialseparatiorand
retinaleccentricityof the stimuli (Di Lollo & Hogben 1985;Chen Bedell,& Ogmen,1995).
Thoseauthorsmeasuredhe amountof blur asa function of the variousparametersf the
stimulus. Eventhoughthe removal of blur necessarilynvolvesthe assignmenbf a unique
positionto anobject,thefinal (de-blurredpositionwasnotmeasuredby thoseauthors.In this
paperwe considerde-blurringasoneaspeciof the more generalproceswof the localisation
of moving objectsand specificallymeasurehe perceved positionof moving objects. This
complementanapproachis madenecessarypy the obsenation that even whenthe amount
of suppressioris known, the percepthasnot uniquelybeenidentifiedyet. Onecouldimag-
ine, for instancea localisationmechanisnthatreduceslur by remaoving all activity but the
actiity arisingfrom thelastfew milliseconds Alternatively, alocalisationmechanisntould
determinethe positionby calculatingthe centroidof the currentactivity. Both mechanisms
would reducemotion blur by a large amount,but they predicta very differentperceptionof
thepositionof moving objects.

The factthathumanscancorrectfor the latenciesof their informationprocessingystemis
demonstratedby our ability to catcha fastmoving ball. This, however, only demonstrates
the correctionfor latenciesat the actionend of the perception-actiopathway. Thereis no
logical needto perceivethe ball whereit is now ratherthanwhereit was80msagoaslong
asyou stretchout your arm to the positionwherethe objectis now. Nevertheless|ateng
correctioncould operatan perceptionandthis hasbeensuggestedy Nijhawan (1994).He
investigatedhe positionof a moving objectby probingits perceved positionwith a static,
briefly flashedobject.He obsenedthat,althoughthe staticandmoving objectwerein reality
in the sameposition, the positionof the moving objectwaspercevedto be shiftedforward
alongthetrajectory Nijhawaninterpretedhis asshaving thatthe positionof a continuously
visible objectis extrapolatedalongits pathto correctfor thevisuallatengy.

We considemotion-deblurringanda possibldateng correctionor extrapolationmechanism
astwo aspectsof the more generalproblemof the localisationof moving objects. In that
view, the setupas usedby Nijhawan shaws a localisationmechanismat work on stimuli
with differenttrajectories. First, the mechanismextractsthe position of the continuously
illuminatedobjectsfrom acontinuousstreanof visualinformation. Secondlythemechanism
localisesa static stimuluswith a brief exposure. Thirdly, the differencebetweernthesetwo
positionsis determined.n our view, a non-zerodifferencein positionshavs thattrajectory
informationaffectsthe opemation of thelocalisationmedanism

The set-upasusedby Nijhawan represent®nly oneendof the spectrum:it providesinfor-
mation aboutthe differencein the perceptionof the position of static versuscontinuously
visible, moving objects. To investigatethe dynamicsof the processof localisation,we will
investigatethe differencein perceved positionof two moving objects. Oneof theseis con-
tinuouslyvisible, while the otheris seenonly intermittently By changingthe parametersf
thelatter stroboscopienotion sequencéthe durationandthe frequeng of the stations) we
candeterminethe way in which thevisibility of anobjectovertime influencests perceved
position. This allows us to answerquestionssuchas: “for how long shouldan objectbe
visible beforethe localisationmechanisnis affectedby the trajectory?” or “how frequently
shouldan objectbe visible to allow its trajectoryinformationto be usedby the localisation
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mechanism?” At the otherendof the spectrumwe alsocomparethe perceved position of
objectsthatareall continuouslyvisible. This answerghe questionwhetherary parameter
apartfrom thevisibility of thetrajectoryinfluenceghelocalisationmechanism.

In thefirst experimentwe shaw thatobjectsin stroboscopienotionarepercevedto lagbehind
objectsin continuousmotion. Secondly we argue that a lateng/-correctionmechanisnas

proposedby (Nijhawan, 1994) cannotbe held responsibldor the effect. In searchfor an

alternatve mechanismye thenprobethe dynamicsof thelocalisationprocesdy comparing
the position of stroboscopiawith that of continuousmotion. Our datashawv that the lag-

effect decreasesxponentiallywith both frequengy anddurationof the stroboscopianotion

sequencesn otherwords,the perceveddifferencein positionof moving objectscompared
to staticobjectsincreasesasa function of the amountof visible trajectory Visibility of the

trajectory however, is not the only relevantfactor In a final experimentwe comparethe

perceved positionof two continuouslyvisible objectsthat move at differentvelocities. We

find thata differencein velocity leadsto significantlag andevenleadeffects.

2 Materialsand methods

Stimuli

Following the experimentsn (Baldo & Klein, 1995)we usethe stimulusshownn in figure 1.

The stimulusconsistof onesetof threedotsrotatingabouta fixed point andtwo setsof two

dotsthatarerepetitively flashedfor brief periodsof time on eithersideof the rotatingdots.
In our setupthe outerdotsmove alongwith the inner dotswhenthey arevisible. A further
differencecomparedo (Baldo & Klein, 1995)is that, dependingon the flash-frequeny, the

outerdotscanbe flashedmultiple timesperturn. This stimulusis designedo comparethe

positionof objectsin stroboscopiavith thosein continuousmotion. From the experiments
in (Nijhawan, 1994; Baldo & Klein, 1995) we expectthe flasheddots to lag behindthe
continuouslyvisible dots: a flashlag-efect We definethe ‘lag-angle’asthe anglebetween
theinner, continuouslymoving dotsandtheouter, stroboscopicallynoving dots(seefigure 1:

theanglea).

Singledotssubtend).4 degreesof the visualfield andtheir centresareseparatedby 1.5 de-
grees.Thewholestimulusof sevendotsmeasure degreesacrossandrotatesat 25rrotations
perminute.

Theouterdotsalwayshave aluminanceof 57.8cd/n?, andthe backgrounds alwaysat0.05
cd/nt. In thefrequeny experimentthe durationof the outerdotsis fixed at 42mswhile in

thedurationexperimentthe outerdotsareflashedwith afrequeny of 1 Hz. In theluminance
experiment,the outerdots’ frequeny anddurationwerefixed at 4 Hz, 42msrespectiely.

Theinnerdotsarealwaysshavn at the screerrefresh-ratg72 Hz), their luminancewasthe
sameasthatof the outerdotsexceptin theluminanceexperimentwhereit wasvaried.

In the high-frequeng experimentsall dotsare flashedat the screenrefreshrate of 72 Hz.
The definition of thelag-angleis keptasthe anglebetweerthe innerandthe outerdots. To
testthe influenceof eccentricity an extra separatiorbetweenthe inner and outerdotsof 3
degreesis introduced.Theseexperimentsveredonein alit room.
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Figure 1. Theflash-lagillusion. Seren dotsrotaterigidly arounda commoncentre. The
threeinnerdotsareshavn continuouslywhile theouterdotsarerepetitively flashedor brief
periodsof time. Subjectgeportthatthe outerdotsappeato lag behindthe threeinnerdots.
Theunfilled dotsshaow the positionatwhich the outerdotsare“flashed”, thefilled dotsshov
thepercept.Theanglea is calledthelag-angle.Thearron denotegherotationdirection.

Apparatus

Stimuli weregeneratedn a Silicon Graphicdndigo2 systemandrenderedn amonitorwith

a 72 Hz verticalrefreshrate. Usinga monitorratherthana real-timesystemwith light emit-
ting diodes(asin (Nijhawan,1994))restrictsthe choiceof durationsof the stimuli to integer
multiplesof thedurationof a singleframe. Furthermorethe maximumflash-frequengis re-
strictedby the durationof aframe. Significanteffects,however, canbefoundin thetemporal
rangeaccessibléo this method.

Procedure

Subjectswvereseatedat a distanceof 70cmin front of the monitor. They fixatedthe central
dot of the stimuluswhich coincidedwith the centreof thescreen.

A methodof adjustmentvasusedto determinethe perceved lag-angle.Subjectscouldin-
troducean offset anglebetweenthe inner and outer dots by pressingleft and right mouse
buttons. They adjustedhis angleuntil they percevedthe innerandouterdotsto bein per
fect alignment(Seefigure 1). After confirmingthis perceptby pressingthe middle mouse
button, the offsetanglewasstored.Therewasno time pressuresubjectsverefreeto adjust
the stimuli to their satishction. The next trial wasstartedmmediatelyafterwards. The order
of presentatiorof trials wasrandomisedacrossall parametersvithin an experimentandleft
andrightwardrotationswerechoseratrandom.Moreover, to preventthe possibilityof mem-
orising the numberof mouse-clicksneededo align the dots, a randominitial offset angle
betweertheinnerandouterdotswaschoserfor eachtrial.
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Data Analysis

The storedoffsetanglesarethe anglesneededo null the lag-efect and are thereforeinter-
pretedasthe negative of therealflash-lagangles.Theangleswereaveragedvertrials. Note
thattheseanglesare anglesof orientation,not anglesof the visualfield. The figuresshov
meanvalueswith errorbarsrepresentingt1 standarcerror. A measurenf the sensitvity of
the subjectss given by the standarddeviation of the lag anglesobtainedfor one particular
stimulus.

Significanttrendsandsignificantly differentmeansweretestedwith oneway ANOVAs and
Students t-testswhereappropriate The PearsorProductMomentwasusedasa measuref
correlation.

Subjects

Subjectswerefive volunteeringresearcherandstudentsrom the departmentincludingthe
two authors). All subjectsexceptthe authorswere naive with respectto the particularhy-
pothesedeingtestedin the experimentsalthoughRK wasaware of the generalbackground
of theexperiment.

3 Reaults

To testour setup we performedsomeexperimentsanalogougo thoseof Nijhawan (1994).A

clearflashlag-efect couldbe measuredor all subjectswith stimuli generate@®n a monitor
ratherthanwith the continuouslight of LEDs. Moreover, the dependencen the angular
velocityis similarto whathasbeenshavn for continuoudight. Thatis, thelag-anglebetween
continuousand stroboscopimbjectsincreasesoughly linearly with angularvelocity. The
presencef alag-efectin our setupis notentirelya straightforwvardconsequencef the LED

experimentdn (Nijhawan, 1994). Dueto the finite refreshrate of a monitor, objectsin this

setupare never “continuouslylit”. In our experimentsthe inner three dots (seefigure 1)

areflashedtoo, albeit at the high rate of 72 Hz. Thesepreparatoryexperimentsshowv that
the effect we studyon a monitoris comparablevith thatseenin experimentalset-upsunder
continuousllumination. Thereforewe will continueto referto the dotsshovn atthescreen
refreshrateasbeingin continuouamotion.

As discussedh theintroduction,Nijhawan (1994)interpretedhelag-efectastheresultof a
lateng correctionmechanismThis hypotheticaimechanisnwould extrapolatethe position
of continuouslymoving objectsin orderto compensatéor the lateng thatthe visual signal
incurredon its way from the eye to the cortex. Suchan extrapolationwould displacecontin-
uouslyvisible objectsby anamountequalto the lateng timesthevelocity thusgiving riseto
a perceved separatiorwhencomparedo staticobjectsthat are presentedt that positionat
thesametime. A predictionof this hypothesiss thatthe lag-efect shouldincreasevhenthe
lateng of theinnerdotsincreasesWe testedthis predictionby decreasinghe luminanceof
theinnerdots. Thisis known to increasehelateng (seefor instancgRoufs,1963)).

Figure2 shaws that, in contradictionto the lateng-correctionhypothesisthe lag-efect de-
creasesvhen the inner dots have an increasedateng. This meansthat the dots are not

Perception, 1998



The Position of Moving Objects

—— BK #—HA —+—RK ——EA

Lag (deg)

i T~

100 10 . 1 0.1
Luminance (cd/m2)

Figure2: Luminanceexperiment.Contraryto the predictionof a lateng/-correctionhypoth-
esis,anincreasen thelateny dueto a decreasén luminancedecreasethelag betweerthe
innerandthe outerdots.

extrapolatedmore whenthey move more during the time whenthe signaltravels from eye

to cortex. Although this doesnot disprove the possibility of an extrapolationmechanism
for moving objects,it doesshawv thatthis mechanisntdoesnot adaptits extrapolationto the

changinglatenciesin the visual system. (For anotherinteractionbetweenluminanceand

lag-efect, see(Purushothamarkatel, Bedell,& Ogmen,1998)).

This motivatesour attemptto find anotherexplanationfor thelag-efect. As discussedn the
introductionwe believe that suchan explanationcanbe foundin a mechanisnthat extracts
andcomparegpositioninformationfrom moving objectsandis affectedby the trajectoryof
theseobjects.We pursuehishypothesidy investigatingag effectsbetweerstroboscopically
andcontinuouslymoving objects.Varyingthetemporalpropertiesof thestroboscopimotion
stimuli allows usto investigatehetemporaldynamicsof thelocalisationmechanism.

3.1 Temporal Dynamics of L ocalisation

In this sectionwe will discusgheinfluenceof theduration(figure 3) andthefrequeng (fig-
ure4) of the stroboscopiaenotion sequencesn the percevedlag with respecto continuous
motion. Threeaspectof the localisationare discussed.First, the dependencef the lag-
effect on the parameterslurationand frequeng. To stressthe similarity in the parameter
dependenciesatherthanthe absolutesizesof the effect, the datafor the varioussubjectsare
normalisedo oneatthebriefestof durationsor lowestfrequeng, respectrely. Secondlythe
lag anglesusedfor this normalisationare shovn in the bar chartsin figures3 and4. This
shows the variationamongsubjectsaswell asthe absolutesize of the effect. A third inter-
estingaspecif the localisationmechanisnis its sensitvity: how consistentlycansubjects
attribute a lag to objectswith differentdegreesof visibility? This questionis addressedby
plotting thestandardieviationsof thesubjectdag-anglesn figure5. Thefollowing describes
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theexperimentsandresultsin moredetail.

In theduration-eperimentwe determinedheinfluenceof the durationof atrajectoryon the
percevedposition. Figure3 shavs how achangean thedurationof the outerdots,whichare
flashedat afrequeng of 1 Hz, affectsthelag angleaspercevedby 5 subjects.
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Figure3: Duration-periment. The dependencef the lag angleon the durationof single
flasheswhich areshown repetitively ata frequeng of 1 Hz. The curvesarenormalisedwith
respecto thelag anglethatis foundfor the briefestduration. The axislabelsin the bottom
left figure applyto all figuresshowving individual data. The absolutesize of the lag angle(in

degreesof orientation)correspondingo anormalisedag of oneis shovn in the bottom-right
figure.

The lag angledecreasesasa function of the durationof the flashes. This effect is signifi-
cantfor all subjectyp < 0.05) andcanbe describedoy an exponential. Differencesn the
perceved position betweencontinuouslyshovn objectsand flashedobjectsonly disappear
whenthe durationof the flashedobjectsis abore 500ms.Onecanalsointerpretthesefigures

Perception, 1998



The Position of Moving Objects

asshawing thedynamicsof thelocalisationmechanismAt the onsetof a motionstimulusits
positionis the sameasthatof a staticstimulus.Whenthestimulusstartsmoving, however, its
positionis percevedslightly beyondthe positionof a staticstimulusshowvn at that position,
atthattime. This discrepang increasesvith time; the localisationmechanisnprogressiely
addsa perceveddifference.For trajectoriesof 500msa furtherincreasan durationhasno
significanteffect; the position of the stroboscopictimulusis now the sameasthat of the
continuousstimulusandmaximally differentfrom that of the staticstimulus.

As thebarchartin figure 3 shavs, thereis considerableariationamongsubjects.The abso-
lute lag anglespercevedby subjectsvary from 6 to 14 degreesof orientation.The subjects’
sensitvities arediscussedbelow, togethemwith the sensitvities in thefrequeng-experiment.

In thepreviousexperimenthefrequeng of thestroboscopienotionstimuluswasconstan{1
Hz). In the presenfrequeng-experimentwve wish to determingheeffect of bringingthe sta-
tionsof themotionsequencaeareitogethemhile durationandspeedarekeptconstantThis
providesinformation on the position-extraction mechanisns ability to extractinformation
from a discontinuoustreamof input. The presentatiorirequeny of the outerdotsis varied
while their durationis kept constant(at 42ms). Figure 4 shawvs that the lag anglefalls off
exponentiallywith the flash-frequeng. This effectis significantfor all subjects(p < 0.05).
For frequenciesabove 16 Hz the lag-efect is almostzero. The effect of frequeny showvs
thatthelocalisationmechanisnis affectedby the separatiobetweerstationsin theapparent
motion trajectory The nearerthe stationsare, the smallerthe perceved differencewith a
continuouslyvisible objectbecomesLooking forwardto the experimentin the next section,
we canseethatthelag at 16 Hz is not significantlydifferentfrom thatat 72 Hz (whereboth
innerandouterdotsarecontinuouslyisible). Thisis sofor all subject{p > 0.05) andshowvs
that,asfar asthelocalisationmechanisnis concerneda trajectorywhichis visible for 42ms
every 63ms(=16Hz)is equivalentto acontinuouslyvisible trajectory Hence themechanism
cancombineinformationfrom trajectoriessampledat 16Hz.

A secondnterestingaspecif the frequeny dependenceés thatthe lag angleis not zeroat
the high flashfrequencief 16 Hz. Moreover, two subjectsshowv a leadeffect: the outer,
flasheddots are seenaheadof the inner, continuouslymaoving dots. As thesel6Hz stimuli
arealmostcontinuouslyvisible, theseobsenationssuggesthattherecould be lag andlead
effectsbetweercontinuouslymoving objects.Thisis investigatedn section3.2.

Thethird aspecbf thelocalisationmechanisnwe wish to discusds its sensitvity. How well

cansubjectdistinguishthe positionof moving objects?We usethe standarddeviation of a
numberof repeateaneasurements,measuref thesubjectsuncertaintyasa measuref the
sensitvity. The smallerthe standarddeviation, the higherthe sensitvity. The medianof the
sensitvities averagedover all subjectsandexperimentss 2.4 degrees.More detailedinfor-

mationonthesensitvity is shovnin figure5. Therewe shav thesensitvities of eachsubject
in the durationandfrequeng experiments.To investigateheinfluenceof the sizeof thelag

effecton the sensitvity we dividedthe experimentsn two groups.Thefirst containsstimuli

with brief flashdurationsor low flash-frequencieandis calledthe ‘largelag’ group. The
secondgroup consistsof the stimuli thatleadto smalllags: the stimuli with long durations
or highflashfrequenciesAs figure 5 shawvs, subjects’sensitvities improve with smallerlag-

angles. Moreover, experiencedsubjects(BK,ML) reachsomeavhat bettersensitvities than
naive subjectyHA,OPRK).
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Figure4: Frequeng-experiment.Thedependencef thelagangleonthefrequeng of flashes
whoseindividual durationis 42 ms. Theangleis normalisedwith respecto thelag angleat
the lowestfrequeng (1 Hz). The axis labelsin the bottomleft figure apply to all figures
shaving theindividual data. The barchartshavs the absolutdag anglesat 1 Hz.

3.2 Localisation of Two Continuously Moving Objects

The resultsin the previous sectionhinted at a possibleinfluenceof parameterotherthan
thosedeterminingthevisibility of thetrajectoriesonthelag-efect. To investigatehis we set
up anexperimentin which theinneraswell asthe outerdotswereflashedat the maximum
screerrefreshrate(72 Hz). To theobsenersthislooksasif all sevendotsarecontinuousliylit
and,if continuity of obsenationis the only importantfactor onewould expecttheseobjects
to be in perfectalignment. To our surprise this high-frequeng limit of the lag-efect was
significantlydifferentfrom zerofor somesubjectgFigure6). Moreover, oneof thesubjects
shaveda significantlead-effect: the outerdotswereseenin front of theinnerdots.
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Figure5: Subjects’sensitvities. Thesensitvities of thesubjectsareshavn for thefrequengy
and durationexperiment. The ‘small lag’ group representshe sensitvities obtainedwith
long durationor high frequeny stimuli. The‘largelag’ groupconsistsof the stimuli with a
brief durationor alow frequeng. Sensitvities wererecordedn the experimentseportedn
figures3 and4.
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Figure 6: High frequeng Limit experiment. Inner and outer dots were shovn with equal
frequeng. (72 Hz; the monitor refreshrate). The filled barsrepresentalueswhich are
significantlydifferentfrom zero(p < 0.05, Student-test).

Duration,frequeng andangulavelocity of innerandouterdotsareidenticalin this stimulus,
hencethis shavs thatotherpropertieanustalsoplay arole in thelocalisationof the objects.
The only factorsthatcould be responsibldor this effect arethe higher (tangentialjvelocity
of the outerdots,or theirincreasedeccentricityon the retina. We measuredhe influenceof

theseparameter@ an experimentin which four of the six subjectsparticipated.The effect
of eccentricitywas studiedby addingan extra separatiorof 3 degreesbetweenthe inner
andthe outer dots. The measuredag-efect for threeangularvelocitiesis showvn for the
original stimulusandthe stimuluswith addedeccentricityin figure 7. A two-way ANOVA

shovedthatfor all subjectsexceptML, the effect of both angularvelocity andeccentricity
are significant(p < 0.05), but that there are no significantinteractionsbetweenthe two

parameters.
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Figure7: Tangentialvelocity andeccentricityexperiment. The effect of increasingangular
velocityandeccentricitywhenbothinnerandouterdotsareshovn atthemaximumfrequengy

(72 Hz). Solid squaresthe standardstimulusasshawn in figure 1 is used. Opensquares:
an extra separatiorbetweerthe innerthreeandouterfour dotsis introducedto increasehe

retinaleccentricityof the outerdots.

Thegeometryof our stimulusresultsin aninevitable confoundingof tangentialvelocity with
angularvelocity and eccentricity The parameterganbe chosenhowever, to createouter
dotswith differenteccentricitybut equaltangentialvelocity. Suchis the casefor the stimuli
with an extra separatiorbetweeninner andouterdots of 3 degreesandan angularvelocity
of 25rpmcomparedo the stimuli without extra separatiorandanangularvelocity of 45rpm.
The outer dotsin thesestimuli move at approximatelythe sametangentialvelocity even
thoughtheir light reacheghe retinaat differenteccentricities.If eccentricityper sewerea
determiningfactorin thelag-efect, onewould expecta differentlag-efect for thesestimuli.

Figure7 showns, however, thatthelag anglefor thesestimuli is approximatelfthesame.This

indicatesthat not the eccentricity but the tangentialvelocity is the relevant factorin this

experiment. In otherwords, the tangentialvelocity of the outerdotsaffectsthe localisation
mechanismFor low velocitiesthefastesstimuluslagssomevhatbehindthe slow stimulus,
whereador highervelocitiesthe fastmoving stimulusovertakesandleadsthe slow moving

stimulus. Note that suchan effect canonly be measuredn circular motion, whereobjects
with differentvelocitiescanmove “side by side”.

As anaside;thetangentialvelocity is not responsibldor thelag-efectasshown in figures3

and4. This canbetestedby reversingthe stimulussuchthatthe outerdotsare shovn con-
tinuously while theinnerdotsareflashed.Baldo andKlein (Baldo & Klein, 1995)shaved

thatthis leavesthe effectintact: the flasheddotsstill lag behindeventhoughtheir tangential
velocity is smallerthanthe continuouslyvisible dots.
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3.3 Vighbility Fraction and 1Sl

In this sectionwe regroupour datato find the stimulusparametershatbestaccountor the
dependenciewe found.

The experimentshave shavn the dependenciesf thelag-efecton two of thetemporalprop-

ertiesof the stimulus. To relateour resultsto that on visible persistencave combineand

replotthedatafrom thefrequeng-, duration-andhigh-frequeng limit experimentsn terms
of the parametershat have beenfound to be importantin visible persistence Specifically

both the temporalinterval (1SI) aswell asthe spatialdistance(dx) betweentwo successie

presentationsf stimuli areknown to have aninfluenceon the perceptionof (stroboscopic)
motion (Castet,1994;Di Lollo & Hogben,1985;Chenetal., 1995). In our setupthesepa-

rametersovarywith changesn durationandfrequeng. Dueto theconstanaingularvelocity

of our stimuli in the first threeexperiments the dependencen dx is identicalwith thaton

ISI.

Our datafrom the duration-,frequeng- and high-frequeng limit experimentscanalsobe
expressedn termsof thedependencenaparametewe call thevisibility fraction(VF). This
guantity denoteghe fraction of the time during which a stimulusis visible andis given by
theproductof flash-duratiorandfrequeng. Figure8 shavs thedataof thethreeexperiments
shavn in figures3,4,6pooledover all subjectsandexpressedn termsof ISI andVF.

12 12
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[oe]

Lag (deg)
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|
T

0 f
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Figure8: L eft) Lag effectasafunctionof ISI. Right) Lag effectasafunctionof thevisibility
fraction. Curvesshaw best-fittingexponentialfunctions. Filled squaregepresenthe data
from thefrequeng-experimentppensquareshoseof the duration-experiment.

This representationf the datashavs thatthe ISl is a badpredictorof thelag-efectwhereas
the visibility fraction canaccountfor mostof our data. Neverthelessdataobtainedin the
durationexperimentsgenerallylie somavhat belov the dataobtainedin the frequengy ex-
periment;especiallywhenthe VF is small. Hence thelocalisationprimarily depend®n the
fraction of time during which a stimulusis visible. This suggestshatthe (mis)-localisation
is dueto a procesghat averagesover longerperiodsof time. The differencein lag between
durationandfrequeng experimentsor smallVF canthenbeinterpretedasthe (partial)fail-
ureof this averagingmechanisnwhenit hasto averageover multiple disconnectegartsof a
trajectory Thisideais formalisedin the next section.
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3.4 Theoretical Analysis

In this sectionwe applya modelto our datathatwasdevelopedfor the descriptionof spatio-
temporalinterpolationin dynamicvernieralignment(Morgan& Watt, 1983). Thelatteris a
techniqudahathasbeenusedto studythepercevedpositionof objectsin stroboscopienotion.
This techniqueallows one to determinethe position that stroboscopicallynoving objects
“occupy” betweenthe stationsof the motion sequencéMorgan,1979). In otherwords, it
probesthe interpolationprocesshy which humanobsenrerscometo interpretstroboscopic
motionascontinuousmotion. Interpolationof motiontrajectorieds perfectfor stroboscopic
motion whosestationsare separatedy lessthan 3 minutesof arc in spaceandlessthan
30msin time (Fahle& Poggio,1981;Morgan& Watt, 1983). Suchobjectsarepercevedat
the positionthey would have beenif they werein continuousmotion. For larger spatialor
temporakeparationtheinterpolationbreaksdown andthe objectsareseeratthe positionsof
the stationsof the stroboscopianotionsequenceln (Morgan& Watt, 1983)a modelof this
interpolationprocesdasedn spatio-tempordiltersis presentedThemodelconsistsnainly
of two componentsFirst, the positionsignalis temporallylow-pasdfiltered. In otherwords,
theactivity representinghepresencef anobjectataparticularlocationleavesbehindatrace
of activity afterthe objecthasdisappearedSecondlythe perceved positionis determined
by a spatialaverageof this actiity. To be precise the temporallyfiltered signalis spatially
filteredwith aDifference-Of-Gaussiaffiiter, andthezero-crossingef this spatio-temporally
filtered signalareidentifiedwith the positionof the object.

For our purposeghis modelcanbe simplified. First, for the flasheddotsin the durationand
frequeng experiment,the spatialseparatiorbetweenstations(flashes)is so large that the
spatialfilter’'s influenceis mostlikely negligible. Secondly dueto the temporalpersistence
of the positionsignal,the zero-crossingsf the flasheddotsstayat their lastshavn position,
evenafterthedotshave beenturnedoff. Thissimplifiesmattersconsiderablyandtheposition
asgivenby the zero-crossing®llows thetrajectoryshowvn in figure9.

—» Space

—p» Time

Figure9: Zero-crossindgrajectoryof a flasheddot without spatialinteractions. The open
circlesdenotepositionandtime whena flashis turnedon. The solid linesshav the physical
trajectorieswherethedotsactuallymoved. Thesdineshaveatemporakextentthatrepresents
theparametefduration’. The dashedinesshav the modeltrajectoriesafterthedotis turned
off: thisis dueto the temporalpersistencef the actiity in the model. The lengthof these
linesequalghelFl. Theverticalline attimet = A representshe putative averagingperiod.
In this casetheaveragingincludestwo completedlashperiods(N = 2) plussomelagin the
third period.

It shouldbe notedthatthetrajectoryof figure9 is not whatsubjectseport. Theflasheddots
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arenot percevedat all betweertheir two stations.Thereis no logical reasonhowever, why
their positionsignal could not still be present.lt meansthatthe positionsignalis available
for comparisorwith otherpositionsignals but notfor directperceptiorof anobject.

Basedon the obsenationsin section3.3 we hypothesisehat subjectsadjustthe offset-angle
basednot on the instantaneoudyut ratheron an averagedag. In otherwords, we suggest
thatthe measuredag correspondso the average differencebetweerthe trajectorieghatare

predictedby the zero-crossingnodel. This hypothesiscanbe testedwith the dataat hand.

Let the parameteA denotethetime overwhichthelagis averaged.An analyticexpression
for thelag averagedover A caneasilybe derived. First, obsene thatthetotal lagin asingle

period (from flashn to flashn + 1) is %IFI2 * speed (the surfaceof oneof the triangles
in figure9). Thetotal lag in atime-periodof A canbe calculatedoy countingthe number
of flashescompletelyvisible within this period (), multiplying this by 1 TFI? x speed and

finally addingthetotallag obsenedin thelastflash-periodwhichwill besomeavhatlessthan

%IFI2 x speed, dependingn A. Thisresultsin thefollowing formulafor thelag-efect:

Lag = a* (N x IFI? x speed + (A — N/ frequency — duration)® x speed)

The parametek is introducedas an extra degreeof freedomto catchthe effectsthat are
ignoredin this simplemodel. The distancebetweerthe stationsof the stroboscopienotion
sequencefor instancejs not explicitly includedin the modeleventhoughthis parameters
not constanin the frequeng-experiment.We useda non-linearleast-squareft to the data
to determingheparameters: andA for the durationandfrequengy data.

Duration Experiments Frequency Experiments
10 4 10 A
]
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=3 o
3 s
2 2
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-2 : : -2 e —
0 0.2 0.4 0.6 1 10 100
Duration (s) Frequency (Hz)

Figure 10: Fitting the modelto the data. The solid squaregepresenthe durationandfre-
queny dataaveragedover all subjects. The lines shown the goodfit of the modelto both
experiments.

Figure 10 shovs how well the model fits the data. For the frequeng experimentr? =
0.99(p < 0.001) while for the durationexperimentr? = 0.94(p < 0.001). Thesegood
fits of the modelto the datasupportour hypothesisthat the relative position of two mov-
ing objectsis determinedy a slow averagingprocess.The best-fittingaveragingperiod A
for the durationexperimentis determinecas0.54s,while the frequeny datarequirea A of
0.27s. We interpretthe differencebetweenthesetime constantsas shawving that the locali-
sationmechanisrmaveragesover a period of 540msbut that this averagingis imperfectfor
trajectorieghatareonly intermittentlyvisible.

Perception, 1998



The Position of Moving Objects

4 Discussion and Conclusion

Our experimentssheda light on the dynamicsof the mechanisnthatlocalisesmoving ob-
jects. We comparedthe perceved position of stroboscopicallyand continuouslymoving
objectsto find out how the relative position of two moving objectschangesvhenmore of
their respectie trajectorieshecomewisible. Our datashow thatthelocalisationmechanism
is affectedby thetrajectoryoveraperiodof upto 500msandthatit cancombineinformation
from successie short(42ms)“views” aslong asthesefollow eachotherwith afrequeng not
belov 16 Hz. At frequenciedelow 16 Hz, theobjectsareincreasinglypercevedto be atthe
positionwherestaticobjectswould be perceved. The strongpredictive value of the visibil-
ity fractionsuggesthata low-level temporalaveragingmechanisntould be responsibldor
theseeffects. As a simplifiedmodelwe suggesthatthelag is theaveragedifferencebetween
thezero-crossingsf a spatio-temporallyiltered positionsignal. Thelag occursfirst because
theactiity representingheflashedobjectpersistsafterthe objectis turnedoff andsecondly
because¢hedifferencein positionis averagedover along (~ 500ms)time period. Visibility
of the trajectory however, is not the only factordeterminingthe localisationof moving ob-
jects. Thisis mostclearlyshovn by ourfinding that,dependingntheir (tangentialvelocity,
continuouslyvisible objectscanbe seento lag or leadothercontinuouslyvisible objects.

BaldoandKlein (1995)interpretedheflash-lagphenomenomsshaving agradientin atten-
tion: theflashedobjectswerehypothesisedo warranta lower degreeof attentionandwould
thereforebedelayedn theirprocessingThisbegsthequestionvhy theflashedbjectsvould
warranta lower degreeof attention.Moreover, it hasbeenshawn thatdifferent“amountsof
attentionaresourcesallocatedo theflashedobjectsfail to influencethelag effect (Khurana
& Nijhawan, 1995; Khurana,Cavanagh,& Nijhawan, 1996). Analogous,but basedon low
level propertiesof the visual system,one could hypothesisehatthe shorterdurationof the
outerdotsleadsto anincreasen theirlateng. If, however, theresultson durationdependent
latenciesobtainedin catvisual cortex (DuysensGulyas,& Maes,1991)transferto humans,
theoppositeseemso betrue.

The simplified zero-crossingnodelwe usedis relevantonly in therangewherespatialaver-
agingof positionof successie flashesplaysnorole. This is notthe casefor thelocalisation
of (almost)continuouslymoving objects. There,successie flashesare within the rangeof
effective spatio-temporahterpolation.An avenuefor futureresearchis to calculatethe zero-
crossingtrajectories(or anotherdeterminantof the position suchas the maximumin the
enepgy (Morrone & Burr, 1988)) while including spatialinteractions. This may leadto an
explanationof thelag andleadeffectsdiscussedn section3.2. Moreover, it will allow usto
includethe possiblerole of parametersuchasthe distancebetweenthe stationsin motion
sequencavithoutresortingto thead hoc parameterr.

Concluding,the percevedrelative positionof objectsis not akin to a snapshobf theretinal
image,but rathertheresultof a dynamicprocesghatcombinespositionandpossiblymotion
signalsover a periodof approximatelys00ms.
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