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Koreferent: PD.K. R. Gegenfurtner, Ph.D.

TagdermündlichenPrüfung: 12.7.2000



Abstract

Neuropsychological studiespromptedthehypothesisthatvisualinformationis processed

in two anatomicaland functionaldistinct streamsin the primatebrain. The perception

versusactionhypothesisstatesthat the dorsalstreamtransformsvisual informationfor

the guidanceof motor actionswhile the ventralstreamusesvisual information for ob-

ject recognitionandconsciousperception(Goodale& Milner, 1992;Milner & Goodale,

1995).

Critical evidencein healthyobserverswasreportedby Aglioti, DeSouza,andGoodale

(1995).They foundthatgraspingis not,or only little affectedby visualillusions.In their

study, theEbbinghausIllusion deceivedperceptualjudgmentsof size,but only marginally

influencedthesizeestimatesusedin graspingthesameobjects.Thisdissociationbetween

perceiving thesizeof anobjectandgraspingit wasinterpretedasstrongevidencefor the

perceptionversusactionhypothesisbecauseit assumesthatmainly theventralstreamis

affectedby visualillusions,but not thedorsalstream.

In the presentstudy this claim is testedextensively. A mathematical model is for-

mulatedthat explicitly statesthe assumptions that areneededto comparethe effectsof

visualillusionsonperceptionandongrasping.Experimentsshow thattheEbbinghausIl-

lusion,theMüller–LyerIllusion,andtheParallel–LinesIllusionaffectmaximumpreshape

aperturein grasping.In theEbbinghausIllusion thereis a very goodmatchbetweenthe

perceptualeffect andthegraspingeffect. In theMüller–Lyer Illusion thegraspingeffect

is largerthantheperceptualeffect andin theParallel–LinesIllusion it is smaller. Further

experimentsshow that thesedifferencescanbe attributedto problemsin matchingthe

perceptualtaskandthegraspingtask.Furthermore,it is shown that thelargerperceptual

effect thatwasfoundin previousstudiesfor theEbbinghausIllusion (e.g.,Aglioti et al.,

1995)wasmostlikely causedby anon–additiveeffect thatselectively increasedtheeffect

of theillusion onperception.

Theliteratureon theeffectsof visual illusionson graspingis reviewedandit is con-

cludedthatgraspingreliably is affectedby visual illusions. In particular, thereis no ev-

idencethatgraspingis lessdeceivedby visual illusion thanperception.This contradicts

thepredictionsof theperceptionversusactionhypothesisandis compatiblewith themore

parsimoniousaccountthatthesamevisualsignalsthatareusedfor objectrecognitionand

consciousperceptionarealsousedto guidemotor actions.
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Chapte r 1

Intr oducti on

Recentdevelopmentsin neuroscienceled to thehypothesisthatvisualinformation is pro-

cessedvery differentlyif it is usedto guidemotoractsthanif it is usedfor objectrecog-

nition andvisual perception(Goodale& Milner, 1992;Mil ner & Goodale,1995). The

perceptionversusactionhypothesisstatesthat this division of labor in theprimatebrain

is fundamentalandcanbeobservedin normal,healthyhumans.Surprisingly, themotor

systemmight not — or only little — be deceived by visual illusions which affect our

consciousperception.For example, Aglioti, DeSouza,andGoodale(1995)reportedthat

the effect of the EbbinghausIllusion waslargely diminishedif observersdid not judge

thesizeof anobject,but graspedit. This resultis consistentwith thenotionthatthemo-

tor system“sees”somethingdifferentthanthe perceptualsystemandhasbeencounted

asstrongevidencefor the perceptionversusactionhypothesis. Basedon the evidence

presentedin this study, I will argueagainsttheexistenceof sucha dissociationbetween

perceiving thesizeof anobjectandgraspingit.

In chapter2 the perceptionversusactionhypothesis andprecedinghypotheseswill

be described.The perceptionversusactionhypothesisassumesthat visual information

is processedin two anatomically andfunctionally distinct streams.Onestream,thedor-

salstream,is assumedto bespecializedfor transformationsthatareusedto guidemotor

behavior. Theotherstream,theventralstream,is assumedto bespecializedfor compu-

tationsthatareneededfor objectrecognitionandvisualperception.GoodaleandMilner

assumethattheway in whichvisualinformationis processedin thedorsalstreammakes

it resistantto visualillusions,while theventralstreamis affectedby visualillusions.

Chapter3 will focusonthemethodologicalquestionhow it is possible to comparethe
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2 CHAPTER 1. INTRODUCTION

effectsof visual illusionson graspingandon perception.To do so,onehasto compare

two differentdependentvariables,onebeinga measurefor the motor effect of the illu-

sion andthe otherbeinga measurefor the perceptualeffect. This is differentfrom the

“standard”experimentaldesignemployed in psychological research.In this “standard”

designtheeffectsof differentexperimentalconditionson thesamedependentvariableare

compared.For example,the long traditionof researchon reactiontimes(e.g.,Donders,

1862)hasfollowed this rationale:The experimentalconditionswerevariedandthe ef-

fectsononesingledependentvariablewereobserved.Hereit is shown thattwo different

dependentvariablescanbe comparedgiven that somepreconditionsaremet. A model

will beformulated,theCommonRepresentationModel, thatallows thiscomparison.

In thechapters4,5,and6,experimentswill bedescribedthatwereperformedto inves-

tigatetheEbbinghausIllusion, theMüller–Lyer Illusion andtheParallel–LinesIllusion.

In chapter7 thefindingswill bediscussedin thelight of otherstudiesandconsequences

for theperceptionversusactionhypothesis will bederived.

The main result of this study is that graspingis affectedby visual illusions. This

wasfound for the EbbinghausIllusion, the Müller–Lyer Illusion andthe Parallel–Lines

Illusion. The motor effectsof the illusionswereequalto the perceptualeffects in the

EbbinghausIllusion, larger in theMüller–Lyer Illusion andsmallerin theParallel–Lines

Illusion. Furtherexperimentsshow that thesedifferencescanbe attributedto problems

in matchingthe perceptualtaskandthe graspingtask. Also, it is shown that the larger

perceptualeffect that was reportedby other studiesfor the EbbinghausIllusion (e.g.,

Aglioti et al., 1995)canbe attributedto an incompletematchbetweenperceptualtask

andmotor task. An overview of the literatureshows that (a) themotorsystemclearly is

affectedby visual illusionsand(b) currentlythereis no convincing evidencethatvisual

illusionsaffectthemotor systemlessthantheperceptualsystem. Thisoutcomechallenges

theperceptionversusactionhypothesisandrejectsonecritical pieceof evidencethat is

usuallycountedin favor of this hypothesis(e.g.,Milner & Goodale,1995; Jackson&

Husain,1997).



Chapte r 2

Two visual systems in the primate
brain

Thereis alongtraditionof theoriesassumingafunctionalsubdivisionof thevisualsystem

in theprimatebrain. Early theories(e.g.,Trevarthen,1968;Schneider, 1969)focusedon

a distinctionbetweenthephylogeneticallyolderpathway from theretinato thesuperior

colliculusandthemorerecentlyevolved geniculostriatesystemwhichproceedsfrom the

retinavia thelateralgeniculatenucleusto thestriatecortex (cf. Figure2.1).For example,

Schneider(1969)suggestedthattheretinalprojectionsto thesuperiorcolliculus areused

for localizationof stimuli (“where”) while the geniculostriate systemis usedfor identi-

fication (“what”). Later theorizinghasquestionedsucha prominent role of thesuperior

colliculusandhasfocusedmoreon a dichotomy that takesplacein thecortex, while the

superiorcolliculus pathway playsonly a subsidiaryrole. The mostprominentof those

latertheoriesis theaccountof UngerleiderandMishkin (1982).

2.1 Ungerleid er & Mishkin: “What” versus “where”

UngerleiderandMishkin (1982)reviewed a large body of evidencefrom neuropsycho-

logical, behavioral, electrophysiological, andanatomicalstudiesmainly performedwith

rhesusmonkeys (Macacamulatta). They deriveda theorythat locatesboth, localization

of stimuli (“where”) andidentification(“what”) in cortical areas.They distinguisheda

dorsalstreamthatcomputesthespatialaspectsof visualstimuli andaventralstreamthat

3



4 CHAPTER 2. TWO VISUAL SYSTEMS

Figure 2.1: Overview of the macaquevisual system. In the upper left is a lateral anda medial

view of theright hemisphere.Thelargepictureis anunfoldedrepresentation of thecerebral cortex

and major subcortical visual centers. LGN, lateral geniculate nucleus; SC superior colliculus.

Reprintedfrom VanEssen,Anderson,& Felleman(1992).

servesobjectrecognition.The dorsalstreamconnectsthe primary visual cortex (striate

cortex, or V1) with the posteriorparietalcortex, while the ventralstreamconnectsthe

primary visual cortex with the inferior temporalcortex (Figure2.2). The mainfindings

they usedfor their theorywill besketchedin thefollowing.

Electrophysiological experimentsusing single cell recordingshad shown that neu-

ronsin the inferior temporalcortex respondto visualstimuli (Gross,Rocha-Miranda,&

Bender, 1972)— just like neuronsin the striateandprestriatecortex (Hubel & Wiesel,

1968,1970). However, the optimal trigger featuresof neuronsin the inferior temporal
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Figure 2.2: Lateralview of the left hemisphereof a rhesus monkey. Arrows indicatethe dorsal

andtheventral stream,asproposedby Ungerleider& Mishkin, 1982. Thestreamsoriginatein the

striatecortex (areaOC)anddivergein theprestriatecortex (areasOB andOA). Theventral stream

proceedsto theinferior temporal cortex (areasTEOandTE),while thedorsalstreamterminatesin

theposterior parietal cortex (areaPG).Reprintedfrom Mishkin, Ungerleider, & Macko (1983).

cortex, aremuchmorecomplex andthe receptive fields of theseneuronsarevery large

comparedto neuronsin striateandprestriatecortex. Also, studiesthatcombinedablation

of thestriatecortex with single–cellrecordingsshowedthatvisualresponsiveneuronsin

the inferior temporalcortex areexclusively dependenton input from the striatecortex.

Thepathway from theretinavia thesuperiorcolliculusto thecortex turnedout to beless

importantfor theseneurons(Rocha-Miranda,Bender, Gross,& Mishkin, 1975).

It hasbeenknown sinceearlyreportsof Brown andScḧafer(1888)andof Kl üverand

Bucy (1939)that lesionsto thetemporalcortex of monkeys causeimpairmentsin object

recognition. Later researchshowed that damagerestrictedto inferotemporalcortex is

sufficient to causeapatternof deficit thatis similar to whatis known in humansasvisual

agnosia:An inability to recognizeor discriminateobjectsdespiteof largelyspared“low–

level” visualabilitiesasflicker detection,visualacuity, visualfield, andlight thresholds

(for review seeGross,1973).

GrossandMishkin (1977)arguedthat the very large receptive fields in the inferior

temporalcortex might be the neuronalbasisfor a “stimulus equivalence”mechanism.

This mechanismwould provide the ability to recognizean objectasthe same— inde-

pendentof its retinal position or (more general)its position in space. Of course,the

drawbackof sucha mechanismwouldbea lossof information aboutthespatiallocation

of theobject. A secondmechanismwould beneededthatextractedthespatiallocations

of the objectsfrom the visual input. UngerleiderandMishkin (1982)proposedthat the

posteriorparietalcortex fulfills this function.



6 CHAPTER 2. TWO VISUAL SYSTEMS

This hypothesishasbeenderived from a seriesof lesion studies on monkeys that

showeda dissociation of visualdeficitsafter inferior temporalandposteriorparietalle-

sions.In aninitial study, Pohl(1973)investigatedrhesusmonkeysafterposteriorparietal,

inferior temporalandfrontal lesions(the frontal lesionsarenot of interesthere). After

applyingthelesions,hetestedthemonkeysin anobjectdiscrimination taskandin a land-

markdiscrimination task. In theobjectdiscriminationtask,themonkeys wererewarded

for choosingoneobjectout of two objects(a redcylinder with verticalwhite stripesand

a silver cube)which wereplacedrandomlyleft or right. After they met a learningcri-

terion, the otherobjectwasrewardedandthey hadto relearnthe reward contingencies.

In thelandmarkdiscriminationtask,themonkeys wereconfrontedwith two plaquesand

had to choosethe plaquethat wascloserto a landmark(the red cylinder with vertical

whitestripes).Again,afterthey metthelearningcriteriontherewardcontingencieswere

reversedand they had to choosethe plaquethat was further away from the landmark.

In both tasks,reward contingencieswere reversedseven times. The monkeys with in-

ferior temporallesionsshowed severeimpairment in the objectdiscrimination taskand

performedmuchworsethanthemonkeys with posteriorparietallesions.In contrast,the

monkeys with posteriorparietallesionsperformed(on average)worsein the landmark

discrimination task than the monkeys with inferior temporallesions. (Note, however,

that the monkeys with temporallesionswereasimpairedasthosewith parietallesions

in the initial learningof the landmarkdiscriminationtask. The differencebetweenthe

two groupsappearedonly after thesecondreversalof therewardcontingencies).While

in thesetasksinitial learningwastested,Pohlalsotestedre–learningafter the lesion. A

differentgroupof monkeys hadalreadylearneda moredifficult landmarkdiscrimination

taskin whichthelandmarkhadbeenmovedmoreandmoreto thecenterbetweenthetwo

plaques.After the lesion,the monkeys were testedin re–learningthe task. Again, the

parietallesionedmonkeys mademuchmoreerrorsthanthetemporallesionedmonkeys.

Theresultsof thisandaseriesof similar studieswereinterpretedasevidencethatthe

inferior temporalcortex is mainlyinvolvedin rememberingandevaluatingthequalitiesof

anobject— independentof its positionin space.In contrast,theposteriorparietalcortex

wasseento beinvolved in theperceptionof thespatialrelationsamongobjectsandnot in

their intrinsic properties(cf. Figure2.3,Mishkin, 1972).

The deficits causedby lesionsto the posteriorparietalcortex are not restrictedto

deficitsin visualspatialorientation. Theclassicalsymptoms aremisreaching,contralat-

eral neglect of auditory, tactile and visual stimuli and impairmentsof tactile discrimi-

nation. This led to the hypothesisthat the function of the posteriorparietalcortex is

to constructsupramodalspatial information out of converging inputs from all sensory
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Figure 2.3: Schematic diagram of behavioral tasksthat were summarized by Ungerleider &

Mishkin (1982) to be sensitive to lesions to the inferior temporal cortex (A) and the posterior

parietal cortex (B) in monkeys. A. Objectdiscrimination task. The monkey is first familiarized

with oneobject in a central position andthenhasto choosethe non–matching object in the test

phase. Only the testphase is shown. B. Landmarkdiscrimination. The monkey is rewarded for

choosing theplaquecloserto the landmark(thecylinder). Reprintedfrom Mishkin, Ungerleider,

& Macko (1983).

modalities— with asignificantcontributionof vision(Ungerleider& Mishkin, 1982).

The resultsfrom lesion studies on rhesusmonkeys are similar to the impairments

found in humanswith lesionsto temporalor parietalcortex. Patientswith lesionsto

parietalcortex oftenshow hemifieldneglectandadisruption of visuomotorabilities,gen-

erally calledopticataxia(Bálint, 1909;Holmes,1919).Patientswith lesionsto temporal

regionsfrequentlyshow difficultiesin form discrimination,objectrecognitionandprob-

lemswith visualmemory— apatternof deficitsthatis usuallycalledvisualagnosia.An

earlyaccountof thephenomenondistinguishedbetweenanapperceptive agnosiaandan

associativeagnosia(Lissauer, 1890).Patientswith associativeagnosiawerethoughtto be

ableto achieveaperceptof anobject(e.g.,by copying adrawing), howeverareunableto

recognizetheobject.While patientswith apperceptiveagnosiawerethoughtto beunable

to achieve evena coherentperceptof theobject. Giventhesimilaritiesbetweenthepat-

ternof deficitsin monkeysandin humansit seemedparsimoniousto integratethehuman

datainto theframework of theUngerleiderandMishkin account(e.g.,Grüsser& Landis,

1991).

Anotheraspectof theUngerleiderandMishkin (1982)hypothesisis thattheinforma-

tion aboutobjectidentity (“what”) andobjectlocation(“where”) hasto bereintegratedat

somepoint. Mishkin etal. (1983)stressedthis factandleft thequestion wherethismight

happento future research(speculatingthat possible candidatesare the frontal lobe and

thelimbic system).
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Figure2.4: Summarydiagramof thevisual corticalhierarchy, asproposedby Distler, Boussaoud,

Desimone, & Ungerleider, 1993. Solidlinesindicateconnectionsoriginating from bothcentral and

peripheralvisual field representations, while dottedlines indicateconnectionsrestrictedto periph-

eral field representations. Solid arrowheads indicate feedforward connections, openarrowhead

feedbackconnections andreciprocalsolid arrowheadsintermediatetypeconnections. Distler and

coworkers proposedthat the dorsal stream terminatesin posterior parietal cortex (PG), and the

ventral stream in the inferior temporal cortex (TE). They suggestedthat the rostral superior tem-

poral sulcus (STS)might be a possible site for interactions betweenthe two streams. Reprinted

from Distler, Boussaoud,Desimone, & Ungerleider (1993).

In summary, UngerleiderandMishkin (1982)arguedthatthecomputationalreasonfor

theevolutionof two functionallydistinctstreamsis thatbothstreamsneedto fulfill differ-

entcomputationalrequirements.Theventralstreamis assumedto performcomputations
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that are neededfor object recognition. Object recognitionmustbe invariant to retinal

translationsin orderto recognizeastimulus asthesameregardlessof its spatialposition.

Thereforethecomputationsin theventralstreamshouldabstractfrom spatialinformation.

The complementarycomputation of spatiallocationsis assumedto be performedin the

dorsalstream.

Thehypothesisof UngerleiderandMishkin hasbeenvery influentialin neuroscience.

And, it hasbeenadvancedandrefined.For example,theversionshown in Figure2.4is al-

readyanelaboratedversionof thehypothesis,proposedby Distleretal. (1993).It should

be noted,however, that the behavioral observationsare not as equivocal as onemight

suspectfrom theprominenceof the theory. Studiesthatcomparedparietalandtemporal

lesionsin monkeys did not replicatethe effects found by Pohl. UngerleiderandBrody

(1977) testedacquisition of the landmarktask after parietaland temporallesionsand

found,contraryto Pohl (1973),a greaterimpairmentin monkeys with temporallesions.

Othergroupsdid not find a deficit in the landmarktaskafter posteriorparietallesions

(Petrides& Iversen,1979; Ridley & Ettlinger, 1975). The discrepantresultsmight be

explainedby differencesin thetestingmethods,or in thepreciselocationof the lesions.

Nevertheless,they indicatesomeuncertaintyin the behavioral observations(for review

seeMerigan& Maunsell,1993).

In anambitiousaccount,thehypothesisof UngerleiderandMishkinhasbeenextended

even further. LivingstoneandHubel (1988)proposedthat the dichotomybetweenthe

dorsalandtheventralstreamcanbe tracedall theway backto the retinaandthe LGN,

the lateralgeniculatenucleus,which is themainrelaystationbetweentheretinaandthe

primaryvisualcortex.

2.2 Livingstone & Hubel: Magno– versus parvo–syste m

LivingstoneandHubel (1988)proposedthat thereexist at leasttwo distinct systems in

the primatebrain, a magno–system and a parvo–systemwhich separatealreadyat the

level of theretina.Thesystemswereassumedto beoptimizedfor differenttasks,which

canberoughlymappedto the“where” (magno)and“what” (parvo) distinction proposed

by Ungerleiderand Mishkin (1982). To appreciatethis proposal,a descriptionof the

physiological propertiesof thegeniculostriatesystemis needed.

The main input to the primary visual cortex (or striatecortex) stemsfrom the LGN

(lateralgeniculatenucleus)which receivesits input from theretinalganglion cells. This

geniculostriatepathway is dividedinto distinctsubsystems.Alreadytheretinalganglion
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Figure 2.5: Schematic diagram of the functional segregation of the primate visual system as

proposedby Livingstone& Hubel (1988). The stripesin V2 are (starting at the bottom): thin,

inter, and thick stripes. LGN, lateral geniculatenucleus; MT middle temporallobe. Reprinted

from Livingstone& Hubel(1988).

cellsconsistof two majorclassesof cells: M–cellsandP–cells(Shapley & Perry, 1986).

Thesecells projectto the two magnocellularlayersandthe four parvocellular layersof

theLGN, respectively. Themagnocellular (large–cell)andparvocellular(small–cell)lay-

ersof the LGN projectseparatelyto the layers4C� and4C
�

of the striatecortex (cf.

Figure2.5). Therearealsootherprojectionsof the magno–andparvocellularlayersof

theLGN to thelayer6 (Hubel& Wiesel,1972),which areevenreciprocal(Lund,Lund,

Hendrickson,Bunt, & Fuchs,1975),however do not play a prominentrole in themodel

proposedby LivingstoneandHubel.

Recently, a furtherpathway(besidesthemagnocellularandtheparvocellular)wasde-

scribedin the macaque,the koniocellular pathway which projectsfrom the LGN to the

layers2 and3 of theprimaryvisualcortex (Hendry& Yoshioka,1994).Thekoniocellular

neuronsoccupy regionsventralto eachof themagnocellular andparvocellularlayerssuch
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thatsix regionsof koniocellularneuronsexist in theLGN of macaques.Thekoniocellular

neuronshave generallyvery smallsomataandthey seemto receive input from thesupe-

rior colliculusandthe retina(cf. Hendry& Calkins,1998;vanEssen& DeYoe,1995).

The function of the koniocellular pathway is not yet well understood.However, some

informationaboutthis pathway is available andit will be describedwhereappropriate.

Note,thatthispathwaywasnotknown to LivingstoneandHubelandthereforeis notpart

of theirmodel.

Themagno–cellsaswell astheparvo–cellsof theLGN haveroughlycircularreceptive

fieldsandshow center–surroundopponency. Thatis, they areexcited(or inhibited)by the

adequateillumination of a small retinal region and inhibited (or excited) by adequate

illuminationof a largersurroundingregion. They differ in their responsepropertiesin the

following ways(cf. Livingstone& Hubel,1988).

Mostof theparvo–cells(whichcompriseabout80%of thecellsin thegeniculostriate

system)aresensitive to color. Also, the koniocellular neurons(about10% of the cells)

arebelieved to be sensitive to color (Hendry& Calkins,1998),while the magno–cells

(about10%of thecells)generallyshow littl e sensitivity to color. For example,a parvo–

cell might be excited by red light in its center, while it is inhibited by greenlight in its

surround(single–opponentneuron).In contrast,a magno–cellmight beexcitedby light

of any wavelengthin its centerandinhibited by light of any wavelengthin its surround

(broadbandneuron).Thisbehavior originsin thedifferentwaysin whichthesignalsfrom

the retinal conesarecombined. In humansandold world anthropoidsas the macaque

monkeys thereexist threedifferenttypesof cones,S, M, andL cones.Theseconesare

mostresponsive to short,mediumandlongwavelengths,respectively. Oftenthey arealso

called“blue”, “green”,and“red” cones.However, this is slightly misleadingbecausethe

wavelengthsat which the conesaremostresponsive do not exactly matchthe common

expectationfor thesecolors. For parvo–cellsthe conesare typically combinedin such

a way that they arered–greenopponentor blue–yellow opponent(yellow is achievedby

summing the input of M andL-cones). The magno–cellstypically receive a weighted

sumof theinputof all threeconetypesandthereforerespondto overall changesin inten-

sity. Thekoniocellular neuronsarebelievedto bemainly blue–yellow opponent(Martin,

White,Goodchild, Wilder, & Sefton,1997;Silveiraet al., 1999).

Furtherdifferencesarisefrom the fact that parvo–cellshave smaller receptive fields

thanmagno–cells (by a factorof 2–3),providing highervisualacuity thanmagno–cells.

Also, they respondslower andmoresustainedthanmagno–cellsandarelesssensitive to

low–contraststimuli.

In the early 1980smost of this was alreadywell known. However, considerable
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progresswasachieved in knowledgeaboutthe physiology of the visual cortex. Stain-

ing for themitochondrialenzymecytochrome oxidasehadshown blob–like structuresin

the primary visual cortex of primates(Horton & Hubel, 1981). The “blobs” are most

prominentin the upperlayers(layers2 and3), but canalsobe seenin the lower layers

(layers4B,5 and6). Electrophysiologicalrecordingsshowedthattheneuronsin theblobs

did mainly respondto color andhadcircular receptive fields,while theneuronsbetween

theblobsshowedthealreadyknown orientationselectivity. Thesefindingssuggestedthat

the blobsprovide a separatecolor systemin the primatecortex (Livingstone& Hubel,

1984,but seeLeventhal,Thompson,Liu, Zhou,& Ault, 1995).

Note, that theneuronsin theblobsonly receive indirect input from themagno–cells

andparvo–cellsof theLGN (cf. Figure2.5). In contrast,thekoniocellularneuronsseem

to provideadirectroutefrom theretinato theblobsof V1 (Hendry& Yoshioka,1994).

Similar to theprimaryvisualcortex (or V1) thereis alsoacharacteristicpatternin the

adjacentvisualarea(V2) if stainedfor cytochromeoxidase.Thepatternconsistsof alter-

natingthick andthin stripes,separatedby interstripe regionsandrunningperpendicular

to the V1–V2 border(Livingstone& Hubel, 1983). LivingstoneandHubel established

theconnectionsbetweenthetwo areasby injectinghorseradishperoxidase(which travels

alongtheaxonsof neuronsin both,anterogradeandretrogradedirection).Theseinvesti-

gationsshowedthattheinterblob regionsof V1 mainly connectto theinterstriperegions

of V2, theblobsof V1 to thethin stripesof V2, andlayer4B of V1 to thethick stripesof

V2 (Livingstone& Hubel,1984,1987a).

LivingstoneandHubelcombinedtheirfindingswith furtheranatomicalandfunctional

findingsandthe “where” versus“what” distinction of UngerleiderandMishkin. They

suggestedthat theseparationof magno–andparvocellularpathwaysproceedsto higher

visualareas,namelytheareasV4 andthemiddle temporalarea,generallycalledMT or

V5 (Livingstone& Hubel,1987b,1988).Theseareashadbeeninvestigatedby Zeki and

colleaguesusingsingle cell recordings. They had proposedthat V4 mainly processes

color (Zeki, 1978),while MT mainly processesmotion andbinoculardisparity(Dubner

& Zeki, 1971;Zeki, 1973).

In short,LivingstoneandHubel (1988)suggestedthat the primatevisual systemis

segregated into a magno–systemanda parvo–system. The magno–system wasseento

mainly processmotion and binoculardisparity (i.e., depth information). The parvo–

systemwasseento be divided in two subsystems,one processingcolor and the other

processingform andshapeinformation. In thehighervisualareas,theparvo–systemwas

seento correspondto theventral“what” streamof UngerleiderandMishkin (1982),and

themagno–systemto thedorsal“where” stream.
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Theappealof this proposalwasthat it fitted very well with thepsychophysicaldata

know at that time. It seemedthat the responsepropertiesof themagno–cellsandof the

parvo–cellsdirectly determinetheway we perceive theworld — mainly in thedomains

of colorperception,motion perceptionandperceptionof stereoscopicdepth.Livingstone

andHubel(1987b)compiledalargenumberof psychophysicaldemonstrationsin favor of

their proposal.Most of theevidencewasbasedon thefactthatsomeperceptualfunction

thatwasattributedto themagno–systemwascomprisedatequiluminance.

Two stimuli areequiluminant if they show only a differencein color, but not in lu-

minance(note that both, color aswell as luminancearepsychophysical quantities that

describea relationship betweenphysicalpropertiesof thestimulusandtheexperienceof

anobserver). Equiluminancecanbedeterminedby heterochromaticflicker photometry:

In a simpledesign,two light sourcesof differentcolor arealternatelydisplayedat a rate

of 20 Hz or above. Theparticipantadjuststhe intensity of the lights until theperception

of flicker disappearsor is minimized(e.g.,Wyszecki& Stiles,1982).Clearly, many dif-

ferentwavelengthdistributions canleadto the sameluminance.Most of these(but not

all) will be perceived asdifferent in color. If flicker photometry is performedwith one

of thestimuli beingwhite (containingall wavelengthsof thevisible spectrumat thesame

intensity) andtheotherstimulusbeingmonochromatic light (containingonly onewave-

length),it is possibleto determinetherelative efficiency of eachwavelengthin eliciting

luminance.Theresultingcurve, thespectralluminosity ������� , is thebasisfor a standard

definedby the Commission Internationalde l’Eclairage(C.I.E.) in 1924. Note, that the

spectralluminosity is solelydefinedvia perception— independentof any physiological

correlateof luminance.Themoreit is interestingthat thespectralluminosity curve cor-

respondsquitewell to thesumof thespectralsensitivities of theM andL cones,if theL

conesareweightedby a factorof two (Figure2.6). This summationis similar to theway

in which the retinal M–ganglion cells (belongingto the magno–system) sumtheir cone

inputs(Smith& Pokorny, 1975).

Basedon findings like this, Livingstoneand Hubel assumedthe magno–systemto

beonly sensitive to differencesin luminanceandnot to differencesin color (broadband

neurons).Therefore,they predictedthat functionsof themagno–systemshould becom-

prisedat equiluminance.LivingstoneandHubel reportedthatmotion perception,depth

perceptionfrom stereopsis, depthperceptionfrom motion parallax,depthperceptionfrom

perspective,andvisualillusions1 areseverelyimpairedat equiluminance.

1LivingstoneandHubel interpretedvisual illusions,asfor example theMüller–Lyer Illusion, asa de-

ceptionof thesizeconstancy mechanismwhich is intimatelylinkedwith depthperception (Gregory, 1963).

Therefore, they locatedthesourceof visual illusions in thedorsal “where” stream.It might beconfusing
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VLM

Figure 2.6: Humanluminousefficiency 	�
��� andconespectral sensitivities asfunctionsof the

wavelength 
��� of light. 	�
��� is the relative luminous efficiency asdefinedby the Commission

Internationalede l’Eclairage(C.I.E.) in 1924for a smallfield ( �� ) observer. TheL andM curves

show therelative conespectral sensitivities for theL andtheM cones. They arescaledat anL:M

ratio of 2:1, so that their sumclosely approximatesthe 	�
��� curve. Adaptedfrom Gegenfurtner

& Hawken(1996).

For example,RamachandranandGregory (1978)found a decreasein apparentmo-

tion atequiluminance.They alternatelypresentedtwo randomlytexturedpatterns(Julesz,

1971).Thepatternsconsistedof redandgreenareasandwereidentical,exceptthatin one

patternasquaredregionwasoffsetto theright. With stimulusdurationsof 100msandan

inter stimulus interval of 50 ms,observersperceive thesquareoscillatingbackandforth

horizontally. As thegreenluminancewasgraduallyreducedto equiluminancethepercep-

tion of apparentmotiondisappeareddespitethe individual elementsof thepatternwere

still clearly visible. RamachandranandGregory concluded— asdid later Livingstone

andHubel— thatcolorandmotionarehandledseparatelyby thehumanvisualsystem.

that Milner andGoodale (1995) assumedthe sameillusions to be generatedin the ventralstream(sec-

tion 2.5.3). This is dueto thefactthatMilner andGoodaledistinguishedbetweenallocentric andegocentric

coding of distanceinformationandassumedthatvisualillusionsaregeneratedby adeception of allocentric

coding — whichthey locatedin theventral stream.Seesection2.3for details.
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The hypothesisof Livingstoneand Hubel gainedwide acceptanceand was highly

influential. However, it seemsclear today that the proposalin its strongoriginal form

cannotbe held up (for reviews seeSchiller & Logothetis, 1990,Merigan& Maunsell,

1993,andGegenfurtner& Hawken,1996).Thereasonswill besketchedin thefollowing.

Different researchergroupsinvestigatedthe effectsof discretelesionsto the LGN.

Small injectionsof, for examplelidocaineor GABA canselectively block transmission

throughthe magnocellular or parvocellular layersof the LGN. Maunsell,Nealey, and

DePriest(1990)foundin singlecell recordingsthatresponsesin areaMT werealmostal-

waysgreatlyreducedby blocksof themagnocellular layers,while few MT neuronswere

affectedby parvocellularblocks.While this resultconformsto thepredictionsof Living-

stoneandHubel, this is not true for the areaV4. Ferrera, Nealey, andMaunsell(1994)

found thatblocksto parvocellularaswell asto magnocellularlayersaffectedresponses

in areaV4 in a similar way. Theresultssuggestthatat leasttheventralpathway receives

input from both,parvocellularaswell asmagnocellularlayersof theLGN.

Schiller, Logothetis,andCharles(1990)alsoappliedchemical–lesionsto theLGN of

rhesusmonkeys. In behavioral teststhey found thatsomeresultsconformedto thepre-

dictionsof thehypothesis(e.g.,colorperceptionwasimpairedafterparvocellularlesions

andmotionperceptionaftermagnocellularlesions).However, theresultsregardingstereo

perceptiondid notconformto thehypothesis: Magnocellularlesionsdid notproduceany

deficit, while parvocellular lesionsproduceda deficit with high spatialfrequencies,but

notwith low spatialfrequencies.

Electrophysiological studiesin theintactvisualsystemof monkeysshowedthatthere

is muchmoreconvergenceasearlyasin V1 andV2 thanhasbeenoriginally thought. For

example,Leventhal et al. (1995)investigatedthereceptive field propertiesof neuronsin

the layers2, 3, and4 of anesthetizedrhesusmonkeys. Different from Livingstoneand

Hubel(1984)they did notfind arelationshipbetweenthedegreeof orientation sensitivity

andthedegreeof colorsensitivity. Also, colorsensitiveneuronswerenotrestrictedto the

blob regionsandorientationsensitivecellswerenot restrictedto theinterblobregions.

Gegenfurtner, Kiper, andFenstemaker (1996) investigatedin anesthetizedmonkeys

(Macacafascicularis) the selectivity of cells in V2 to direction,orientation,color, and

size. They found that neuronsgenerallyrespondto more than one stimulus attribute

andthat it is not possibleto classifycellsasbeingsolely tunedto oneof the attributes.

Also, despitetherewasa tendency for morecolor sensitive cells in thethin stripes,they

did not find a clearsegregation in responsivenessbetweenthe different regions. In all

threeregionstherewerecolor sensitive cells. Similar resultswerereportedby Peterhans

andHeydt (1993)for awake rhesusmonkeys (however, this studydid not investigatethe
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chromaticpropertiesof thecells).

In asimilarstudy, Gegenfurtneretal. (1994)reportedresultsfor areaMT whichwere

in muchbetteragreementwith the hypothesisof LivingstoneandHubel. Gegenfurtner

et al. investigatedthe responsivenessof neuronsin areaMT to moving gratings. The

gratingswere either modulatedin luminance,in chromaticcontrast,or in both. They

found that responsesof singleneuronsin areaMT werealmostcompletelydetermined

by the luminancemodulation. Interestingly, mostneuronsin MT wereunresponsive to

gratingsnearequiluminance,despiteof colorcontrast.Becausetheseplanesof the“null”

responsesvariedslightly, theaveragedpopulationresponsedid show aresidualsensitivity

to color contrast.Also very few cellsshowedsignsof color–opponentinput.

In conclusion, anatomicalandphysiologicalstudiesprovidedevidencethat: (a) there

is a stronginterconnectivity at very early cortical stages,asearly as the areasV1 and

V2; (b) the areaV4 which is seento belongto the ventral streamreceives input from

both,parvo–aswell asmagno–cells in theLGN; (c) input to areaMT seemsto originate

mainly in themagnocellular layerof LGN. Residualsensitivity to color might becaused

by slight variationsin the equiluminanceplanesof magno–cells,aswell asby (minor)

inputof parvo–cells.

What aboutthe psychophysical datathat suggestedthat perceptionof (mainly) mo-

tion is comprisedat equiluminance?Contraryto the original belief, a numberof stud-

ies showed that equiluminant stimuli canaffect motion perception.For example,equi-

luminant stimuli can inducea motion after–effect on luminancestimuli (Cavanagh&

Favreau,1985;Derrington& Badcock,1985;Mullen & Baker, 1985). Also, equilumi-

nantstimuli cancancelthemotionof luminancestimuli drifting in theopposite direction

(Chichilnisky, Heeger, & Wandell,1993).

Oneproblemwith someof theearlystudieswasthattheconecontrastsof luminance

stimuli werenot matchedto the conecontrastsof equiluminant stimuli (cf. Gegenfurt-

ner & Hawken,1996). The conecontrastof a stimulus is definedvia the differencethe

stimulus causesin coneexcitation ( ��� , ��� , ��� ) relative to thecurrentadaptivestateof

the cones( � , � , � ). The ratios ������� , ������� , and ��� �!� definea point in a (local)

three–dimensional space,the conecontrastspace. The conecontrastof two stimuli is

theeuclidiandistancebetweenthe two correspondingpoints in theconecontrastspace.

For motion perceptionthe S conescanbe neglectedbecausetheir contribution to mo-

tion perceptionis relatively small. Therefore,conecontrastspacecanbe reducedto a

two–dimensionalspacethat takesonly theM andL conesinto account.Chromaticcone

contrastis limited to a smallerrangethanluminanceconecontrastbecausethe absorp-

tion spectraof the M andL conesoverlap. This problemis even morepronouncedon
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a standardCRT monitorwhich is limited in therangeof wavelengthdistributions it can

generate.

Studiesinvestigatingstimuli thatwerematchedfor conecontrastsuggestedto makea

distinctionbetweenslow movingandfastmovingstimuli. A slow moving stimuluscould,

for example,be a sinewave gratingthat moves at a speedof 1 cycle per second,while

a fastmoving gratingwould move at a speedof 8 cycle per second.Hawken, Gegen-

furtner, andTang(1994) found that the perceived speedof slow equiluminant gratings

wasstronglydependenton conecontrast.Speedwasstronglyunderestimatedwith low

contrast. The perceived speedof slow luminancegratingsalsodependedon conecon-

trastbut to a muchlowerdegree.In contrast,theperceivedspeedof fastmoving gratings

wascloseto veridical. It did neitherdependon conecontrastnor wastherea difference

betweenequiluminantstimuli andluminancestimuli.

Experiments thatdeterminedpsychophysicalthresholdsalsoshoweda differencebe-

tweenslow moving andfastmoving stimuli. For fastequiluminantgratingstherewasa

lower sensitivity thanfor fastluminancegratings,bothin detectingmotionandidentify-

ing its direction.For slow equiluminantgratings,however, thesensitivity washigherthan

for slow luminancegratingsespeciallyin detectingthemotion(Gegenfurtner& Hawken,

1995).

FromtheseandsimilarfindingsGegenfurtnerandHawkenconcludedthatfastmoving

stimuli aswell asslow moving luminancestimuli areprocessedtogether. Thiscouldhap-

penin a mostly magnocellular pathway, including areaMT. Additionally, they assumed

thatslow moving equiluminantstimuli areprocessedby a differentmechanismwhich is

color opponentandis sensitive to the directionof motion but is impairedin processing

thespeedof motion.

In summary, the proposalof Livingstoneand Hubel hasbeenvery influential and

still providesa framework for ongoingresearch.However, it seemscleartodaythat the

functionsin thevisualcortex arenotasneatlysegregatedashasbeenoriginally thought.

AreaV4 clearlyreceivesinput from magno–aswell asfrom parvo–cellularlayersof the

LGN andareaMT showssomesensitivity to color, thoughits inputseemsto bedominated

by the magnocellular pathway. Also, thereseemsto exist an additional color–opponent

processwhichreactstomotion. Finally, it shouldbenotedthatif thestrongpredictionsare

removed from the LivingstoneandHubelmodel,the differencesbetweenthis approach

andthemodelof UngerleiderandMishkin areattenuatedandtheapproachmightbeseen

asjustavariantof theUngerleiderandMishkin model.
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2.3 Goodale & Milner: Perception versus action

GoodaleandMilner criticized the UngerleiderandMishkin modelon empiricalandon

theoreticalgrounds(Goodale& Milner, 1992;Milner & Goodale,1995). They argued

that the Ungerleiderand Mishkin model, despiteassumingparallel streams,would be

still in a traditionof thinkingthatseestheconstructionof oneuniformperceptasthefinal

goalof theprocessingof visualinformation. They arguedthat,for example,thereis ample

evidencein vertebratesfor theexistenceof highly specializedanddistinctvisuomotorsys-

temsthattransformvisual information for thepurposesof certainmotoractions.In their

view this contradictsthe notion that thereexistsonecentralrepresentationof the world

thatcanbeusedto guidejustany motoract.Milner andGoodaleseethisview asa theo-

reticalprejudicethathasledvisionresearchto focussolelyontheinput–characteristicsof

visualstimuli. For example, in a typical discriminationtaskananimalor humanis asked

to discriminatedifferentvisualstimuli andto respondwith differentactionsto them.Mil-

ner andGoodalearguedthat in thesetasksit is generallyabstractedfrom the natureof

the response,be it picking up anobject,pressinga lever, jumping from oneplatformto

another— or whatever responsesareemployedin thesetasks.To thecontrary, they sug-

gestedto explicitly investigatetherelationshipbetweenmotor outputs andvisual inputs

— assuming that thereexist specializedvisual systemsthat areexclusively designedto

guidecertainmotor acts. Thesemotor actsmight, for example,be the guidanceof eye

movements,theguidanceof grasping,or visualperception2.

Milner andGoodaleproposedthatthefunctionof thedorsalstreamis thedirectguid-

anceof motoractions,while theventralstreamis only indirectly linkedto actionvia cog-

nitive processes,asobjectrecognitionand(moregenerally)consciousperception(Fig-

ure2.7).They arguedthatthestreamsareoptimizedto fulfill contradictoryrequirements:

To guideactionscomputationshave to be fast,they only needa shorttermmemorybe-

causetheposition of theobjectcanchangequickly andthey have to codetheposition of

theobjectrelative to theeffector (egocentriccoding). In contrast,they arguedthatcom-

putationsfor objectrecognitiondonotneedto beasfast(but seeThorpe,Fize,& Marlot,

1996)andshouldprovide a long term memoryto allow, for example,objectconstancy.

Also, for objectrecognitionit is not asimportantto codeanobjectrelative to aneffector

2Milner andGoodale(1995) distinguished betweentwo usesof the term “perception”: Onerefersto

any processingof sensoryinput. Theotheris morerestrictedandrefersto “a processwhich allows oneto

assignmeaningandsignificance to external objectsandevents” (page 2). This useof theword “tendsto

be identifiedwith one’s phenomenological experienceof theworld” (page2). It is this secondusethat is

meantwhenMilner andGoodalespeakaboutperception.
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Figure 2.7: Schematicdiagramof the visual cortical hierarchy, asproposedby Goodale(1993).

Magno– andparvo–pathways areheavily intermingled after they reachV1. Also, even though

two mainstreamsof processingcanbe identified, they arebelievedto beheavily interconnected.

AIT, anterior inferotemporal cortex; CIT, central inferotemporal cortex; LIP, lateral intraparietal

sulcus; PIT, posterior inferotemporal cortex; VIP, ventral intraparietal sulcus. Reprinted from

Goodale (1993).

but theobjectshouldbecodedrelative to otherobjects(allocentriccoding).

Themostprominentevidencefor this theoryis a doubledissociation betweenvisual

perceptionandvisualguidedmotorbehavior thatwasfoundin thepatientsD.F. andR.V..
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2.4 The patients D.F. and R.V. — a doub le dissoci ation be-

tween perception and action.

Goodale,Milner, Jakobson,andCarey (1991)describeda dissociationin thepatientD.F.

betweenperceiving objectsand graspingthem. D.F. was then a 35–year–old woman

who hadsuffered from a carbonmonoxide poisoning asa result of a faulty gaswater

heater(15 monthbeforethe testing).Sheshoweda profoundvisual form agnosia:poor

perceptionof shapeandorientation,while having relatively intact basicvisual abilities

(Milner etal., 1991).Despitethisdeficit sheperformedquitenormalif shewasaskedfor

actionsthatrequiredto take into accounttheshapeor orientation of objects.

Goodaleet al. (1991) testedD.F.’s ability to report the orientation of a slot of

12.5x 3.8 cm which wascut in a disc. They found that shewasnot ableto report the

orientationof theslot neitherverballynor by manuallyorientinga cardto matchthedi-

rectionof theslot (cf. Milner et al., 1991). However, if shewasasked to reachout and

placeherhand(or ahand–heldcard)in theslotsheperformedquitewell.

In anothertest,shewasconfrontedwith asetof Efron rectangles(Efron,1969),solid

plaquesthat all have the samesurfacearea,however, differ in the ratio of their length

andwidth. In discriminating therectanglessheperformedon chancelevel. Also, if she

wasasked to indicatemanuallythe front–to–back extent of the objects,sheperformed

poorly. However, if shewasasked to reachout andpick up the objects,her graspwas

appropriatelyscaledto thesizeof theobjects(morespecifically, hermaximumpreshape

aperturewasscaledto thesizeof theobject,cf. section2.5.3).

In a later study, Goodaleet al. (1994)presentedspeciallyformedshapesto D.F. re-

quiring a preciseplacementof thumbandindex finger in grasping(theshapeshadbeen

designedto investigatealgorithms for the control of graspingin two–fingeredrobots,

Blake, 1992). D.F. wasnot ableto discriminatetheshapesin a same/ differenttask—

neverthelesssheperformednormalin graspingtheshapes.

In summary, D.F. showed no difficulty in using information aboutshapeor size to

guidehermovementsin grasping.However, shehada severevisualform agnosiawhich

madeit impossiblefor herto usethesameinformationto distinguishoneobjectfrom the

other, or to indicatethe object’s shapeor sizeperceptually. This dissociation between

beingableto usevisual informationfor the guidanceof actionandbeingunableto use

it for perceptionfits perfectlyto thefunctionaldistinction betweenthedorsalstreamand

the ventralstreamproposedby Milner andGoodale.Consequently, the damagecaused

by the anoxiashouldbe in early partsof the humanhomologueof the ventral stream.

Of course,asMilner andGoodalestress,only tentativeconclusionsarepossible because
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brain damagecausedby anoxiais not clearly localized. Given this caveats,they report

that MRI scanssupporttheir interpretationbecausethe major focusof cortical damage

seemsto be in theventrolateralregion of theoccipitalcortex, anareathat is assumedto

be the humanhomologueof the ventralstream.Also, the primary visual cortex, which

providesinput for boththedorsalandtheventralstream,seemsto belargely intact.This

indicatesthatthedorsalstreamstill canreceivecorticalvisualinput.

For a doubledissociation it is necessaryto find deficitsthatreversethedeficitsfound

in D.F.. That is, to find patientsin whomthe humanhomologue of thedorsalstreamis

impairedwhile the ventral streamis intact. Sucha patternof deficitscanbe found in

patientswith bilateral lesionsof the posteriorparietalcortex (e.g.,Perenin& Vighetto,

1988;Jakobson,Archibald,Carey, & Goodale,1991).Thesepatientsoftenshow anoptic

ataxia:They areunableto graspobjectsappropriatelyor to orienttheirhandwhenreach-

ing for theobjects.Nevertheless,they areusuallywell ableto usethesizeor orientation

of theobjectsin aperceptualtask.

Goodaleet al. (1994)directly comparedthe behavior of an ataxicpatientwith that

of D.F.. The patientR.V. wasthena 55–yearold womanwho hadan optic ataxiaafter

strokesthatcausedlargebilaterallesionsof theoccipitoparietalcortex — lesionsthatcan

beattributedto thedorsalstream.Sheshowedclearvisuomotordeficitsin graspingandin

pointingto objectswhile hervisualacuitywasin anormalrangeandshewasnotapraxic

(i.e., shecould show how shewould perform certainmovements,for exampleeating

with a spoon). Shehadnormalhandstrengthandfinger–tappingabilities. WhenR.V.

wasaskedto discriminatetheshapesof Blake (1992),sheshowedonly littl e impairment

comparedto a control participant. However, if R.V. wasasked to graspthe shapesin

a precisiongrip (using only thumb and index finger), sheperformedpoorly choosing

unstablegrasppoints. Only after having madecontactwith the objectsand receiving

hapticfeedbackof theobjecthermanipulationappearedessentiallynormal.

The disabilities of R.V. have an oppositepatternto the disabilities found for D.F.,

showing a doubledissociationbetweenperceiving theshapeof anobjectandusingthis

informationto guidethefingersin grasping.A doubledissociationbetweentwo functions

is usuallyinterpretedasevidencein favor of two separateneuronalsystems that canbe

impairedindependently. In fact,this is whatMilner andGoodaleinferred:Theexistence

of two independentsystemsthatusevisualinformation in quitedifferentways.Theven-

tral streamto enablevisual perceptionand the dorsalstreamto enablevisually guided

motorbehavior.

Of course,therearecaveatsto thisconclusion.As mentionedabove,thediffusenature

of thebraindamageof D.F. requiressomecautionin drawing strongconclusions. Also,
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plasticity and learningmight have changedthe patternof deficitssuchthat straightfor-

ward interpretationscanbe problematic. Finally, it is clear that a dissociationbetween

perceptionandactionis not theonly possible causefor thepatternof deficitsin D.F. and

R.V.. Thedeficitscould,for example,aswell becausedby adamageto oneof two output

systemsthatbothorigin in onesinglerepresentationof objectsize(cf. Smeets& Brenner,

1995).

It would provide strongsupportfor the theory if one found a dissociationbetween

perceptionandactionin thehealthyvisualsystem.In fact, this is a necessarycondition

becauseMilner andGoodaleassumethatthetwo streamscreatedifferentrepresentations

of an objectdue to differentoutputrequirementsfor motor actsandvisual perception.

If the outputbehavior doesnot reflect a differencein the representations,then the as-

sumedcausefor theexistenceof thetwo systemsis in doubt.In consequence,Milner and

Goodalediscusseda numberof psychophysicalstudieson healthyparticipantsthat they

countedasevidencefor their interpretation.

2.5 Psyc hoph ysi cal evidence for a dissoc iation between per-

ception and action in health y par ticipa nts

Milner and Goodale(1995) compiled evidencefrom psychophysical experiments on

healthyparticipantsthatsupporttheir hypothesis. Themostimportantlinesof evidence

will be describedandoneof the most striking psychophysical findings,a dissociation

betweenperceiving a visual illusion andgraspingit, will be put to empiricaltestin the

remainingchapters.

2.5.1 Pointing and not–per ceive d chang es in position

Goodale,Pélisson,andPrablanc(1986)showedthatdisplacinganobjectduringasaccade

caninfluenceanongoing pointingmovement.Participantswereaskedto point to a target

that appearedsuddenlyin their peripheralvisual field. In half of the trials, the target

wasshiftedevenfurtherduringthefirst saccadethatwasmadetowardsthetarget. In the

otherhalf of thetrials, thetargetremainedstationary. Participantswereableto smoothly

incorporatethe shift of the target in their pointing movementaswell asin their second

saccade(the“correctionsaccade”whichusuallyoccursif onedoeslook at a new target).

Pointingto theshiftedtargetwasasaccurateasto astationarytargetandthetimeneeded

for the pointing movementwasnot increasedmorethancanbe expectedby the larger
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amplitude of the movement. Goodaleand colleaguesinterpretedthis in the way that

the motor systemalways doesa fine–tuningafter the first saccade.They arguedthat

this fine tuning determinesthe amplitudeof the correctionsaccadeaswell as the final

amplitude of the pointing movement. This fine–tuningis sufficient to incorporatethe

deviation introducedby theshift of thetarget,aslongastheshift is not too large.

Despitethishighsensitivity of thevisuomotor systemtoachangein location,Goodale

andcoworkersreportedthat noneof the four participantsrealizedthat the target some-

times jumpedto a new location. Testingthis in additionalforced–choiceexperiments,

they foundthattheparticipantswereunableto detecttheshift of thetarget.

A similar resultwasobtainedin earlierwork of Bridgemanandcoworkers(Bridge-

man,Lewis, Heit, & Nagle,1979).They reportedthatparticipantswerenotableto detect

thedisplacementof a targetif it occurrednearthetimeof asaccadiceyemovement.Nev-

ertheless,participantswerestill ableto accuratelypoint to thenew position of thetarget

(to avoid that participantsusedsimplevisual feedbackwhile moving the handtowards

thetarget,eitherthepointing deviceor thetargetweremadeinvisibleduringthepointing

task:thepointingmovementwasperformed“open–loop”).

In anotherstudy, Bridgeman,Kirch, andSperling(1981)usedinducedmotion to fur-

therinvestigatethisphenomenon(seealsoWong& Mack,1981).A framesurrounding a

fixedtargetwasdisplaced,creatingtheillusion thatthetargethadjumpedin theopposite

direction. Target andframewerethenextinguished,andthe participantspointed open–

loop to the last position of the target. Similar to the previous studies,pointing wasnot

influencedby theinducedmotion.In anothercondition, theinducedmotionwascanceled

out by a corrective displacementof thetarget,suchthatnow the targetwasperceivedas

beingstationarydespiteit wasmoving. Pointing,again,wasnotdeceivedby theillusion

andreflectedtheveridical position of thetarget.

All theseresultscanbeinterpretedasstrongevidencefor adissociationbetweenper-

ceptionandaction(Bridgemanet al., 1981;Goodale& Milner, 1992;Milner & Goodale,

1995). They fit well with the framework of the perceptionversusactionhypothesisbe-

causethey do not only show a differentbehavior of the perceptualmeasureandof the

motor measure,but alsodo conformwith the notion that the motor systemoperatesin

egocentriccoordinates(beingmainly concernedwith the position of an object relative

to the effector), while the perceptualsystemoperatesin allocentriccoordinates(being

mainlyconcernedwith thepositionof anobjectrelative to otherobjects).

However, therealsohasbeencritique. SmeetsandBrenner(1995)arguedthat in the

perceptualtasksof thestudiesperformedby Bridgemanandcoworkersparticipantshadto

detecta change in position (i.e.,a velocity)of thetargetobject.In themotortask,on the
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otherside,participantshadto indicateonly thepositionof thetarget.SmeetsandBrenner

arguedthat thedifferentresultsin thesetasksmight simply indicatedifferentprocessing

of velocity information andof position information, independentof thequestion whether

a perceptualresponseor a motor responsewas required. In consequenceit shouldbe

possible to find thesamedifferencethatwasfoundby Bridgemanandcoworkersbetween

theperceptualtaskandthemotortaskin purelyperceptualtasksor in purelymotortasks.

SmeetsandBrenner(1995)testedthis ideaby presentingrunningspiders(sic!) on a

computermonitor. The targetspidersmovedfor a shorttime acrossthescreenandthen

disappeared.In theperceptualtask,participantswereaskedto matcheitherthevelocityor

thepositionof a comparisonspiderwith thatof thetargetspider. Thecomparisonspider

appeared500msafterthetargetspiderhaddisappeared.Varyingthevelocityof theback-

ground,SmeetsandBrennerfoundthattheinducedmotionthatwascausedby themoving

backgrounddid only influencethevelocity judgment,but not theposition judgment. In

themotor taskparticipantshit therunningspidersin orderto “squash”(sic!) them. The

position at which participantshit thespiderswasnot influencedby thebackgroundmo-

tion. Nevertheless,reactiontime, movement time andthe velocity profilesof the hand

showedeffectsof themoving background.Theresultsindicatethat(a)aperceptualjudg-

mentof position is unaffectedby a moving background,(b) a perceptualjudgmentof

velocity is affectedby a moving background,(c) theposition at which participantshit a

moving target is unaffectedby a moving background,and(d) othercomponentsof the

motor responseareaffectedby a moving background.Theseresultsfits well with the

notion that the taskdemands(i.e., whethervelocity information or position information

is requiredto fulfill thetask)areresponsible for thedifferenteffectsfoundby Bridgeman

et al. (1981)— andnot the natureof the response(i.e., whetherit is a perceptualor a

motorresponse).

Similar resultswereobtainedin an earlierstudy: AbramsandLandgraf(1990)pre-

senteda target thatunderwenta combinationof realmovementandinducedmotion. As

in thestudiesof Bridgemanet al. (1981)andof SmeetsandBrenner(1995),open–loop

reachingto thefinal locationof thetargetwaslitt le influencedby inducedmotion. How-

ever, inducedmotion did influenceopen–looparm movementsthat wereperformedto

reflecttheextentof thetargetmovement.

2.5.2 Pointing and visual illusions

Themaincritiqueagainstthestudiesdescribedin theprevioussectionis that in theper-

ceptualtaskparticipantsjudgedtarget velocity, while in the motor taskthey reactedto
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target position(Smeets& Brenner, 1995). A seriesof studiesavoidedthis problemby

presentingstationarystimuli thatformedavisualillusion.

Mack, Heuer, Villardi, andChambers(1985)andGentilucci,Chieffi, Daprati,Saetti,

andToni (1996)asked participantsto point to the verticesof the Müller–Lyer Illusion

(Figure2.8a)andalsoto performperceptualjudgments of the lengthof theshaftof the

figure.Despiteastrongperceptualillusion, Mackandcolleaguesdid notfind aneffectof

the illusion on pointing if full vision of the illusion duringthepointingresponsewasal-

lowed.Similarly, Gentilucciandcolleaguesdid find only asmalleffectof theillusionon

pointingin thefull vision condition.In bothstudiestheeffect of theillusion on pointing

increasedif eitherthe illusion configurationwasonly flashedfor a short time (183 ms,

Mack et al.) or if first, vision of the handwassuppressedandsecond,a delaywasin-

troducedbetweenvision of the illusion–configurationandperformanceof the pointing

response(5 sec,Gentiluccietal.).

A similar resultwasobtainedby Bridgeman,Peery, andAnand(1997).They investi-

gatedtheRoelofseffect: A target inside anoff–centerframeappearsbiasedoppositethe

directionof theframe(Figure2.8b).In theperceptualtaskparticipantjudgedtheposition

of the target (e.g.,by classifyingthe target to be in oneout of five possiblepositions).

In themotor taskthey pointedto the target with anunseenpointer. Consistentwith the

previousstudies,Bridgemanet al. foundthatall participantsweresignificantlydeceived

in the perceptualtask( " #%$'& ), but only half of the participantsin the motor task. If

a delaywasintroducedbetweenstimulus offsetandthe response( ( sec),the difference

betweenthetaskswasdiminished.

Again,theresultswerecountedasstrongevidencefor adissociationbetweenpercep-

tion andaction(Bridgemanetal., 1997;Goodale& Haffenden,1998).Theinterpretation

is straightforward: Pointingwasnot affectedby theillusions becausefor pointing visual

informationis processedin egocentriccoordinatesandbecausetheillusionswerecreated

by specialarrangementsof objects.Thisshould notaffectegocentriccoordinates.In con-

trast,the perceptualsystemis assumedto work in allocentriccoordinatesandtherefore

shouldbe deceived by the illusions. An interestingadditional effect is the observation

that the influenceof the visual illusions on pointing did increasewith prolongeddelay

betweenpresentationof the stimulus configurationand performanceof the task. This

wasinterpretedasreflectingthefastdecayof theegocentricrepresentation.Theegocen-

tric information is no longeravailableandthemotorsystemhasto usethelessadequate

perceptualinformationof theventralstreamto guideaction.

However, this interpretationhasalsobeencriticized. PostandWelch(1996)argued:

(a) Only open–loopconditionsshould be consideredas valid testsfor the perception
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Figure 2.8: Visual illusions thatwereemployed by thestudiesdescribedin the text. a. Müller–

Lyer Illusion (Müller–Lyer, 1889). Theshaftshavethesamelength, but theshaft with theoutward

pointing fins appears larger. b. Roelofseffect (Roelofs, 1935). Thecrosses arevertically aligned,

but the frameoffset to the left makesthecross appear farther to theright. c. JuddIllusion (Judd,

1899). Both marksbisect the shafts, but appear displacedrelative to the shaftin the direction in

which thearrows point. d. Horizontal–Vertical Illusion (Fick, 1851). Thehorizontal line andthe

vertical line have thesamelength, but the vertical line appears longer. e. Parallel–LinesIllusion

(Wundt, 1898). Thecentral lineshave thesamelength, but theline betweenthelong linesappears

longer thantheline between theshort lines(assimilation effect). With a largerseparationbetween

the central lines andthe context lines this effect canalsobe reversed, such that the line between

the long lines appears shorter than the line between the short lines (contrast effect, cf. Jordan

& Schiano, 1986) f. EbbinghausIllusion (Ebbinghaus, 1902). Thecentral circleshave thesame

diameter, but the central circle surroundedby large context circles appearssmaller. g. Ponzo

Illusion (Titchener, 1901). Thecircleshavethesamediameter, but thecirclewhich is closer to the

(theoretical) apex appearslarger.

versusactionhypothesisbecausein full–vision conditions theparticipantscouldsimply

matchthevisualimageof thelimb with theimageof thetarget. In consequencethecon-

ditionswith thesmallestillusion effect in thestudyof Gentilucci et al. (1996)cannotbe

countedin favor of theperceptionversusactionhypothesis. (b) Theperceptualtasksin

the studiesof Mack et al. andGentilucci et al. requiredto computean extent (i.e., the
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lengthof theMüller–Lyershaft),while themotortaskrequiredto computealocation(i.e.,

the verticesof the Müller–Lyer figure). PostandWelch suggestedthat the dissociation

is not betweenperceptionandaction,but betweenestimatingextentandlocation. They

demonstratedthis in two motor taskson the Juddillusion (Figure2.8c). In both tasks

participantswereaskedto indicatethemidpoint of theshaftof theJuddfigureby pointing

open–loopto it. In theextent–estimationtasktherewasnomarkpresentin themiddleof

theshaftwhile in the location–estimationtaskthemarkwaspresent.This manipulation

sufficed to differentially influencepointing: Pointingwasaffectedby the illusion in the

extent–estimationtask,while it wasunaffectedin thelocation–estimationtask.

2.5.3 Grasping and visual illusions

In the light of the psychophysical studiesdescribedso far the statusof the perception

versusactionhypothesis is ambiguous. Thereis a wealthof empiricalfindingsthat are

countedin favor of the theorybut thereis alsoseriouscriticism on thevalidity of these

conclusions.In thissituationafindingof Aglioti etal. (1995)employing avisualillusion

hasdrawn considerableinterestbecauseit seemedto supporttheperceptionversusaction

hypothesisin anidealway.

Visualsizeillusionsareofteninducedby aspecialarrangementof objects.For exam-

ple,theEbbinghaus(or Titchener)Illusion consistsof onecentralcirclethatis surrounded

by a numberof context circles. If thecontext circlesarelargerasthecentralcircle then

thecentralcircle is perceivedsmallerthanwithoutcontext circles.Conversely, if thecon-

text circlesaresmaller thenthe centralcircle is perceived enlarged(Figure2.8f). The

EbbinghausIllusion is a typical size–contrastillusion: The sizedifferencebetweenthe

centralcircleandthecontext circlesis amplified.Sizedifferencescanalsobeattenuated,

a processwhich is oftencalledassimilation(cf. Coren& Girgus,1978).An examplefor

assimilation is theParallel–LinesIllusion (Figure2.8e).In thisillusion,thelongercontext

linescausethecentralline to beperceivedasbeinglonger, while theshortercontext lines

causethecentralline to beperceivedasbeingshorter.

Thequestionwhich mechanismsareinvolved in visual illusions hasbeensubjectto

considerabledebate(e.g. Gregory, 1963;Day, 1972;Coren& Girgus,1973). It seems

cleartodaythata size–constancy mechanismis involved. Themechanismnormallyen-

ablesusto compensatefor differencesin retinalimagesizewhicharecausedif anobject

is viewedatdifferentdistances(e.g.,Holway& Boring,1941).Themechanismhasto in-

tegrateanumberof differentdepthcuesandcanbedeceivedby misleadingcuesprovided

by visualillusions.However, is alsoseemscleartoday, thatsize–constancy cannotbethe
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only mechanismresponsiblefor visual illusions. For example,lateral inhibition might

play an importantrole, independentof size–constancy (for review seeCoren& Girgus,

1978).

With respectto theperceptionversusactionhypothesisthe interestingfact is that in

theEbbinghausIllusion thecontext elementsexert an influenceon thecentralcircle. In

theframework of theperceptionversusactionhypothesis,this influencecouldbecreated

in the ventralstreambecausethis streamoperatesin allocentriccoordinates(an object

is codedrelative to otherobjectsin the field). In contrast,the dorsalstreamis believed

to operatein egocentriccoordinatesandconsequentlycould be unaffectedby the illu-

sion. Therefore,it seemedlikely thatmotoractionsdirectedat thecentralelementof the

EbbinghausIllusion areunaffectedby theillusion.

Aglioti et al. (1995)testedthis ideaby presentingtheEbbinghausIllusion with a thin

disc (“poker–chip”, 3 mm thick) insteadof the centralcircle. This wasdoneto enable

the participantsto graspthe discs. While reachingto graspan object the index finger

and thumbopento a maximumaperturethat is alreadylinearly relatedto the object’s

size(Figure2.9, cf. Jeannerod,1981,1984). This maximumpreshapeaperture(MPA)

is formedwell beforethehandhasany contactwith theobject. Therefore,it reflectsan

early size estimate that is usedby the motor system. If no other thanvisual cuesare

availablethenthis estimatemusthave beencomputedfrom thevisual input. Dueto the

linearrelationshipbetweentheMPA andthesizeof theobjectit is possibleto determine

whethertheillusion affectedthissizeestimatethatis usedby themotor system.

Of course,someprecautionshave to be taken that no othersourcesof information

aboutthe truesizeof theobjectareavailablefor theparticipant.For example,Postand

Welch(1996)suggestedthat reachingandgraspingshouldbeperformedwithout seeing

thehand(open–loop)to avoid onlineadjustmentsduringthemovement.

In order to test whethergraspingis affected by the EbbinghausIllusion, Aglioti

andcoworkersuseda “titration” paradigm. The main ideaof this procedureis to find

(“titrate”) apairof discsthatis perceivedasbeingequalin sizeif presentedin theillusion

(Figure2.10). If graspingis affectedto the sameamountby the illusion asperception,

thenthe MPA while graspingthe discsshouldbe equal(seeAppendixB.2 for a formal

deductionof thisprediction).If, on theotherside,graspingis notaffectedby theillusion

thentheMPA shouldreflect thephysical sizedifferencebetweenthetwo discs.

To implementthis idea,Aglioti andcoworkersselectedin a pre–testfor eachpartici-

panta pair of discswhich appearedto theparticipantasbeingequalin sizeif presented

in theEbbinghausIllusion. For mostparticipantsthis requireda sizedifferenceof 2 mm

(e.g.,diametersof 28mmand30mm). For easeof presentationthesediscswill becalled
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Figure 2.9: Maximumpreshapeaperture (MPA). a. Typical time course of theaperturebetween

index finger andthumbduring the transport component of a prehension movement.After about

70%of movementtime a maximumis reached, themaximumpreshapeaperture. b. For interme-

diateobject sizes(app.2 cmto 6 cm) theMPA is linearly related to thephysical sizeof theobject.

This allows to predict theeffect thata visual illusionshould exert on MPA— giventhatgrasping

andperceptionsharethesameinternal representation of object size.

S (small)andL (large)discin thefollowing.

During testing,the S and L discswere presentedinside the Ebbinghausfiguresin

variouscombinations.Aglioti andcoworkersdistinguishedbetweentwo trial types(see

Appendix C for a detaileddescriptionand discussion of the trial types). In “percep-

tually different” trials, either two S discsor two L discswere presented(top panelof

Figure2.10).In “perceptuallysame”trials, theS discwaspresentedwithin smallcontext

circlesandtheL discwithin largecontext circles,just ashadbeendoneduringthepre–

test(lower panelof Figure2.10). Thewholedisplaycouldberotatedsuchthat for each

participantin half of thetrials thelargecontext circleswereon theleft andin half of the

trials they wereon theright.

Eachtrial waspreparedby theexperimenterin thedark. Thenthe light wenton for

3 sec. Half of the participantshadreceived the instruction: “if you think the two discs

arethesamesize,pick up theoneon theleft; if you think they aredifferentin size,pick

up theoneon theright” (Aglioti et al., 1995,p. 681). Theotherhalf of theparticipants

received instructions with the left–right assignmentsbeing reversed. The participants

graspedwhile thelight wason,thenthelight wentoff, andtheexperimenterpreparedthe

next trial.

Thecritical conditionwasthe “perceptuallysame”conditionin which the two discs
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Figure 2.10: The two major classes of trial typesin the Aglioti paradigm (Aglioti et al. 1995).

In the top figure the two central circlesareof the samephysical size,but appeardifferent; in the

bottom figure the circle surrounded by large context circle is slightly larger in order to appear

approximately equal in size to the other central circle. In the actual experiment of Aglioti et

al. (1995), the central circle wasreplacedby a plastic disc that wasgrasped by the participants.

Reprintedfrom Milner & Goodale (1995).

were perceived as being equal in size thoughthey were physically different. Results

showed that,despitebeingperceivedasequalin size,theMPA in graspingdifferedbe-

tweenthe two discs. Clearly, this seemedto show that graspingis not (or only little)

affectedby visualillusions.

Thestudywasreplicatedby Marotta,DeSouza,Haffenden,andGoodale(1998)using

thesamedesign(which will becalledin thefollowing Aglioti paradigm).Marottaet al.

(1998)alsofound that the MPA in graspingwasdifferentbetweentwo discsthat were

perceived asbeingequalin size(however, this wasonly true if the participantsviewed

the objectsbinocularly, with monocularviewing therewasno significantdifferencein

graspingbetweenthetwo discs).

A secondreplication,againusingtheAglioti paradigm,wasperformedby Haffenden

andGoodale(1998).Again,theMPA wasdifferentbetweentwo discsthatwereperceived

asbeingequalin size. In this study, graspingwasperformed“open–loop” (participants

couldnotseetheirhandduringgrasping),eliminating critiquethatcouldberaisedagainst

the studyof Aglioti et al. andof Marottaet al. (e.g.,Post& Welch,1996). Haffenden

and Goodale(1998) did also add a secondtask to the Aglioti paradigm. In this task,

participantsdid exactly thesameasin thegraspingtask,but insteadof graspingoneof

thediscsthey indicatedthesizeof thediscby openingindex fingerandthumb(without

seeinghandor stimulus). After this, they graspedthedisc(this wasdoneto provide the
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sameamountof hapticfeedbackasin thegraspingtask). HaffendenandGoodaleinter-

pretedthis “manualestimation” taskasbeingperceptualin natureandthereforetapping

theventralstream.They assumedthatthistaskrequirestotally differentcontrolstructures

asgraspingandthat participantsdo a kind of manual“read–out”of what they perceive

(Haffenden& Goodale,1998,p. 125).Thisview wassupportedby thefindingof Goodale

et al. (1991)thatthepatientD.F. scaledMPA normally to thesizeof objects(interpreted

asreflectingtheintactdorsalstream),while shewasnotableto indicatethesizeof theob-

jectsusingindex fingerandthumb(interpretedasreflectingtheimpairedventralstream).

Theadvantageof usingthemanualestimation taskwas,of course,thatnow thewholepro-

cedurewasassimilar aspossible betweenthe motor task(grasping)andthe perceptual

task(manualestimation). The resultsof the manualestimationtaskseemedto support

the original finding of Aglioti et al. (1995) in an ideal way: While graspingshowed a

differencebetweentwo discsthatwereperceivedasbeingequal,manualestimationdid

not.

Takentogether, theresultsof all threestudiesseemedto suggesteda straightforward

interpretation:“Size–contrastillusionsdeceive the eye but not thehand” (Aglioti et al.,

1995,title of thestudy).It seemedthatvisualillusionsprovideanelegantwayto show the

differentprocessingcharacteristicsof thedorsalandtheventralstreamin healthyhumans.

Nevertheless,thereremainedsomequestionsopen. The titration procedureallows

only a binary interpretationof the results. Either, onecanconcludethat graspingis af-

fectedby the illusion (if in the “perceptuallysame”condition thereis no differencebe-

tweenthetwo discsin grasping),or onecanconcludethatgraspingis notaffectedby the

illusion (if thereis adifferencein grasping).However, it couldverywell bethatgrasping

is lessaffectedby visual illusions thanperception.For example,DapratiandGentilucci

(1997)suggestedthis possibility. To solve questionslike this, oneneedsto estimatethe

sizeof theeffectsthe illusionexertson graspingandon perception.Clearly, this is pos-

sible. Onesimply hasto computethedifferencebetweenonediscbeinggraspedif it is

surroundedby largecontext circlesversusthesamediscbeinggraspedif it is surrounded

by smallcontext circles.

This computationis alsopossible in theAglioti paradigm(seeAppendixC for a de-

tailed description). Aglioti et al. (1995) reportedtheseresults,but not Haffendenand

Goodale(1998)andMarottaet al. (1998). Aglioti et al. (1995)found (a) a cleareffect

of the illusion on graspingand(b) the absolutesizeof the effect (in mm) wassignifi-

cantlysmallerthantheeffect on perception(cf. Figure4.4bon page46). A. Haffenden

computedthecorrespondingvaluesfor her study(cf. Figure4.4c),andthevalueswere

similar to theresultsof Aglioti et al., but thegraspingeffectwasnotsignificant(personal
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communication,August, 1998).

Thisaspectof thedatadoesnotfit to thenotionthatgraspingis notaffectedby visual

illusion. However, becausethe graspingeffect wassmallerthan the perceptualeffect,

Aglioti et al. arguedthat the graspingeffect might be due to a residualinfluenceof

the ventral streamand thereforereconciledthe datawith the perceptionversusaction

hypothesis.

In thefollowing yearsfurtherstudieswereperformedthatemployedothervisualillu-

sions(Brenner& Smeets,1996;Daprati& Gentilucci,1997).All of thesestudiesreported

estimatesfor thegraspingillusion andfor theperceptualillusion. And in all of thesestud-

ies,thegraspingeffect seemedto besmallerthantheperceptualeffect. Theseresultsdid

notonly stronglysupporttheperceptionversusactionhypothesisbut alsoinfluencedthe-

orizing in suchdifferentfieldsof neuroscienceas,for example,visualawareness(Koch

& Braun,1996),cognitiverepresentationof space(Jackson& Husain,1997),earlyvisual

processing(Marendaz,1998), memory(Creem & Proffitt, 1998), and neuropathology

(Milner, 1997).

Becauseof thistheoreticalimportance,thefindingsof Aglioti etal. (1995)weretested

extensively in thepresentstudy. Beforedescribingtheexperiments, however, a method-

ologicalissueneedsto beaddressed.This is relatedto thequestion, whetherit is possible

at all to validly comparetheillusioneffectsongraspingandonperception.



Chapte r 3

Separate Representation Model
versus Common Representation
Model

Currently, threepossibilitiesarediscussedhow visualillusionsmight influencegrasping.

The first is that graspingis not at all influencedby visual illusions. This is the strong

versionof the perceptionversusaction hypothesis (Milner & Goodale,1995). In the

following this modelwill be called the strongSeparateRepresentationModel because

it assumestwo different representationsof objectsize, one for perceptionandone for

action. It is easyto testthis model. Onejust hasto probewhetherMPA is affectedby

visualillusions.

Thesecondmodelallowsfor somecrosstalkbetweenthetwo representations(Aglioti

et al., 1995;Milner & Goodale,1995;Daprati& Gentilucci,1997).This crosstalkleads

to the weakversionof the SeparateRepresentationModel. Specifically, it is assumed

that two separaterepresentationsof objectsizeexist for the purposesof perceptionand

action,respectively, andthat thereis somesmall effect of the perceptualrepresentation

on the motor representation.The model predictsthat the motor illusion is decreased,

comparedto thecasewhereonerepresentationof objectsizeexists.Naturally, this leaves

theproblemof predictingthesizeof thefull motorillusion for a commonrepresentation

of objectsize.

Most of thepreviousstudieshave solvedthis problemby predictingthatthefull mo-

tor illusion shouldhave thesamenumericalmagnitudeastheperceptualillusion (e.g.,if

33
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Figure 3.1: An explicit version of the CommonRepresentation Model. Seethe text and the

Appendix B for moredetails on this model.

perceptionweredeceivedby $ mm thefull motor illusion would bepredictedto bealso

$ mm). While this predictionis valid in theend,it is not at all obvious. To justify it one

needssome(plausible)assumptionsandthefactthatMPA is averywell–behaveddepen-

dentvariable.In thefollowing theseassumptionsshallbemadeasexplicit aspossible.

TheCommonRepresentationModelassumesthatonly a singlerepresentationof ob-

ject size exists. This representationis influencedby the visual illusion and is usedto

generatetheperceptof sizeaswell asto guidegrasping.Giventhatboth,MPA aswell as

perceivedsizedependlinearly on physical sizeit is possible to usea linearmodelwhich

canbe testedeasily(Figure3.1). In this modelthe visual information is assumedto be

transformedlinearly into an internal representationof objectsize. This internal repre-

sentationis influencedby the illusion. This influenceis modelledby shifting the linear

function that relatesphysical sizeto the internalrepresentationby a fixed amount.The

internalrepresentationis thentransformedlinearly eitherto theperceptionof objectsize

(i.e., to theresponsein theperceptualtask)or to MPA (theresponsein thegraspingtask).

Giventhis very simplemodel,it is possible to calculatetheinfluencethatthevisual illu-

sionhasonMPA from theinfluenceit hasontheperceptualmeasure(seeAppendixB.1):

��XY#
Z XZ\[^]_� [ (3.1)
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(Where �`X standsfor the graspingillusion, � [ for the perceptualillusion,
Z X for the

slopewith which thegrasp–measuredependson physicalsizeand
Z'[

for theslopewith

which the perceptualmeasuredependson physical size). This relationcanbeeven fur-

ther simplified becausethe slopes
Z X and

Za[
areusuallysimilar — at leastfor standard

perceptualmeasures(cf. theExperiments1, 5, and8). Thissimplifiestheformulato:

��XY#b� [ (3.2)

This meansthat theexplicit versionof theCommonRepresentationModel comesto the

samepredictionas was usedin most previous studies(i.e., the motor illusion should

equal the perceptualillusion). However, the predictiondependson the condition that

theperceptualmeasureaswell asMPA arelinearly relatedto physical sizewith thesame

slopes.Therefore,it is necessaryto testthisconditionby varyingthephysicalsizeof the

objects— especiallyif unusual(perceptual)measuresareused.

Anotherfact thatcanbeexploitedto distinguishbetweenthedifferentmodelsis that

participantsshow inter–individual differencesin the strengthof the perceptualillusion

andof the motor illusion. The questionariseswhetherthesedifferencesarecorrelated

acrossparticipants,for examplewhethera participantshowing a large perceptualeffect

alsoshowsa largemotoreffect. Thestrongversionof theSeparateRepresentationModel

predictsthatthereis nocorrelationbetweentheperceptualillusionandthemotor illusion

acrossparticipants— becausethemodeldoesnot predictany motor illusion at all. The

CommonRepresentationModel,ontheotherhand,clearlypredictsanacross-participants

correlationbetweenthemotor illusion andtheperceptualillusion. But, how big should

this correlationbe? This question is important for the interpretationof small andnon–

significantcorrelations.Are thesecorrelationsnot significant becauseof a lack of sta-

tistical power — or canthey be taken asevidenceagainstthe CommonRepresentation

Model?Theproblemhereis that theinter–individual differencescanbesmallcompared

to theoverall noise–level.

Fortunately, it is possible to derive anupperboundfor theexpectedvalueof thecor-

relation. The idea is as follows. Assumethat the perceptualmeasurewould measure

theinternalrepresentationwithoutany noise.In this case,theperceptualmeasurewould

perfectlyreflect the inter–individual differencesbetweenparticipants.The MPA would

suffer from somenoisethat is addedbetweeninternalrepresentationandgrasping(this

assumption is necessaryto accountfor thelargervarianceof themotordata).Given this

model,theexpectedcorrelationbetweenperceptualillusion andmotorillusionequalsthe

ratioof their standarddeviations(seeAppendixB.3):

cMd�e�f d�g #ih d�e
h d�g

(3.3)
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Table 3.1: Optimalsamplesizesfor product momentcorrelations.

Correlation
� #kjml�& � #kjn&Mo

jnp5& q5r $�$'q
js(M& pMt q�p
jmo�& l5l p�u
jnq5& $vo l�o

Note. Givenaretheoptimalsamplesizesfor aone–tailedtestwith asignificancelevel of wyx{z}|v~ .�
is the Type II error. The power equals ��� � . For example, assumethe expectedvalue (the

“true” value) of anacross–participants correlationin thepopulation was ��x�z��v| . Usinga sample

of ��x��v� participants, the probability to obtain a significant outcomein a statistical testwith�J�U� �`��| and
����� ����| would be ��� � x�zs��| . That is, (only) � out of ~ studieswould come

to thecorrectconclusion thatthereexistsacorrelationin thepopulation. To improve this ratio, the

samplesizehadto beincreasedevenfurther. Dataarefrom Cohen(1988).

Of course,thisisanidealizedmodel.Mostimportantly it isassumedthatnonoiseisadded

in thetransformationfrom theinternalrepresentationto theperceptualmeasure.Any such

noisewill reducetheexpectedvalueof thecorrelation.Therefore,thevaluewill becalled

the IdealizedExpectedCorrelationin the following. Note, that the IdealizedExpected

Correlationis — statistically speaking— a populationparameter. That is, themeasured

valuesin a samplewill fluctuatearoundthe IdealizedExpectedCorrelationandcan—

accordingto the laws of probability — very well be larger thanthe IdealizedExpected

Correlation.

The IdealizedExpectedCorrelationgives a rough idea of the correlationsize that

canbeexpectedandwhatsamplesizesarerequiredto provide enoughstatistical power

to reliably detectthis correlation. For example, in the experimenton the Ebbinghaus

Illusion (Experiment1), therewasan IdealizedExpectedCorrelationof c #%jnpMl while

theempiricalcorrelationwas c #�jnp�( . Expectingasimilar relationshipin futureresearch,

onecancalculatetheoptimalsamplesizesto reliablydetectsuchaneffect. Cohen(1988)

givesan optimalsamplesizeof " #�q5r for an expectedcorrelationof c #�jnp5& andof

" #�pMt for c #�jn(M& (one–tailedtest, � #�jm&5o , � #�j�l!& ). This shows that, in general,

large sample–sizesare needed— at leastto show that thereis no correlationbetween

perceptualeffectandgraspingeffect (typically, studiesusedsmallersamplesizesof eight

to eighteenparticipants,cf. Table7.1 on page86). Table3.1 givesan overview of the

optimalsamplesizes.
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Table3.2: Predictionsof thecompeting models.

Model Illusion effects Across–participants

correlation

strongSeparateRepresentationModel ��XY#b& cMd�e�f d�g #�&
weakSeparateRepresentationModel &� ���X¡ �� [ &`  cMd�e�f d�gy¢ £a¤ e£ ¤ g
CommonRepresentationModel ��XY#b� [ &`  cMd�e�f d�gY¥ £ ¤ e£ ¤ g

Note. The predictions reston specific assumptions that aredescribed in the text andin the Ap-

pendix B. ¦ X standsfor thegrasping illusion, ¦ [ for theperceptual illusion. £ ¤ e£a¤ g is theIdealized

ExpectedCorrelation.

SincetheIdealizedExpectedCorrelationisonlyanupperboundfor theexpectedvalue

of the correlation,the measuredcorrelationcanhardlybe usedto discriminatebetween

theweakSeparateRepresentationModel andtheCommonRepresentationModel. Both

modelspredicta smallercorrelationthantheIdealizedExpectedCorrelation.TheCom-

monRepresentationModel doessobecausetherewill benoisein theperceptualsystem

andtheSeparateRepresentationModel becauseof theincompletecrosstalkbetweenthe

perceptualrepresentationandthemotorrepresentation.Nevertheless, thecorrelationcan

be usedto discriminatebetweenthe strongSeparateRepresentationModel on oneside

andtheweakSeparateRepresentationModelandtheCommonRepresentationModelon

theotherside.

In summary, two relationshipsweredescribedthatcanbeusedto distinguishbetween

the models(seeTable 3.2): (a) The sizesof the perceptualillusion and of the motor

illusion discriminatebetweenthestrongSeparateRepresentationModel, theweakSepa-

rateRepresentationModel,andtheCommonRepresentationModel. ThestrongSeparate

RepresentationModel predictsthat thereis no motor illusion at all. TheCommonRep-

resentationModel predictsthat themotor illusion equalstheperceptualillusion andthe

weakSeparateRepresentationModel predictsthat themotor illusion is smallerthanthe

perceptualillusion. (b) The across–participantscorrelationbetweenthe perceptualillu-

sionandthemotorillusion cangivesomeinsightsaboutthevalidity of thestrongSeparate

RepresentationModel versustheweakSeparateRepresentationModelandtheCommon

RepresentationModel. The strongSeparateRepresentationModel predictsno correla-

tion betweentheperceptualillusion andthemotor illusion (becauseit predictsno motor

illusion at all). TheweakSeparateRepresentationModelaswell astheCommonRepre-
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sentationModelbothpredictapositivecorrelation.For thesemodelsit is possible to give

anupperboundfor thecorrelation,theIdealizedExpectedCorrelation.

In thefollowing thesetwo relationshipsbetweenperceptionandgraspingwill beused

to evaluatetheEbbinghausIllusion, theMüller–Lyer Illusion andtheParallel–LinesIllu-

sion.Also, controlexperimentswill bereportedensuringthattheperceptualtaskandthe

motortaskwereadequatelymatched.



Chapte r 4

Ebbinghau s Illusi on

Thefirst andmostinfluentialstudyinvestigatingtheexistenceof a dissociation between

perceptionandgraspingin visualillusionswasperformedby Aglioti etal. (1995)andwas

replicatedby HaffendenandGoodale(1998)1. Theseoriginal studiesusedthe Ebbing-

haus(or Titchener)Illusion: a centralcircle surroundedby largecirclesappearssmaller

thanwhensurroundedby smallcircles(cf. Figure2.8f onpage26). To determinethein-

fluenceongrasping,thecentralcirclewasreplacedwith adiscwhichwasgraspedby the

participants.Resultsshowed a larger effect of the illusion on perceptionthanon MPA.

This was interpretedasstrongevidencefor the perceptionversusactionhypothesisof

Milner andGoodale(1995).

Severalproblemsin theoriginal studiesencourageda replicationusingan improved

andsimplified design.First,eventhoughtheeffect onperceptionwaslarger, theoriginal

studiesalso found influenceson grasping— as did other investigators(cf. Table 7.1

on page86). It is difficult to draw clearconclusionsfrom thesestudies,becausesome

reporteda statistically significantmotor illusion while in otherstheeffect of the illusion

on graspingfailedto reachsignificance.To resolve this apparentconflict a largersample

sizewasusedin thepresentexperiment.

Second,theoriginal studiescomparedthe influenceof the illusion on theperceptual

measuresdirectly with the influenceon MPA. For example,Aglioti et al. (1995)found

an influenceof 2.5 mm on perceptionandof 1.6 mm on grasping(cf. Figure4.4b on

page46). Due to the statistically significantdifferencebetweenthesevalues(§� ¨jn&Ml ,
1Thestudyof Marottaetal. (1998) is notdiscussedhere,becausenoestimatesfor theillusion effects in

this studyareavailable;cf. section2.5.3.

39
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" # $�( ), they concludedthat the influenceof the illusion on the motor systemwas

dissociatedfrom theinfluenceonperception.However, thisconclusionis only valid if the

functionsrelatingMPA to physical sizeandrelatingperceivedsizeto physicalsizehave

thesameslopes.If this is not thecase,thenonehasto correctfor thedifferencein slopes

— aswasarguedin chapter3 andis shown in equation3.1onpage34. To obtaina good

estimateof theseslopes,a wider rangeof discsizeswasusedin thepresentstudy.

Third, in orderto maketheperceptualandmotortasksassimilar aspossible,only one

Ebbinghausfigurewaspresentedat a time: A centraldiscwassurroundedby eitherlarge

or small context circles (single–context versions, Figure 4.1a). In the perceptualtask,

participantsindicatedthe sizeof the centraldisc by adjustingthe radiusof an isolated

circle which wasdisplayedon a monitor (Coren& Girgus,1972b;Pressey, 1977).In the

graspingtask,participantsgraspedthe centraldisc. This is different from the original

studiesin the following way. Thesestudiesusedthe composite version of the illusion

(Figure4.1b): Two Ebbinghausfigures,having differentcontext circles,werepresented

simultaneously. In the perceptualtask, participantsdirectly comparedthe two central

discs. In thegraspingtask,however, participantsgraspedonly oneof thediscson each

trial. The overall effect of the illusion on graspingwasthendeterminedby addingthe

effectseachcontext hadongrasping.Notetheasymmetryin thisprocedure.In grasping,

participantsoperatedononly oneEbbinghausfigureatatime,while in theperceptualtask

they operatedonbothfiguressimultaneously. A perceptualtaskthatis moresimilar to the

graspingtaskof theoriginal studiesis shown in Figure4.1c: On eachtrial, participants

compareanisolatedcircle to oneof thecentraldiscsandtheoverall effect of theillusion

on perceptionis thendeterminedby addingtheeffectsof the two separatecomparisons.

In usingthedirectcomparisoninstead,theoriginalstudiesimplicitly rely onanadditivity

assumption: It is assumedthattheperceptualeffectsof thetwo Ebbinghausfiguressimply

addup to yield the effect obtainedby the direct comparison.The Experiments3 and4

will show that this is not thecase.A directcomparisonbetweentwo Ebbinghausfigures

(Figure4.1b)yieldsa largereffect thanif theperceptualeffectsaredeterminedfor each

figureseparatelyandthenadded(Figure4.1c).

Using the describedsimplified and improved design, Experiment1 investigated

whethergraspingis affectedby theEbbinghausIllusion.



4.1 EXPERIMENT 1: GRASPING THE ILLUSION 41

©�ª «9¬29® ¯9°©�ª «±¬29® ¯9°

©�ª «±¬N±® ¯9°©�ª «9¬29® ¯9°

² ³´µ³¶
·¸ ¹º

»�ª ® °9® ¯9«9¼2¬2½ ¾9¿±® À9¬�Á

Â ® ª À9Ã2½9Ã2Ä9Å�9«Æª ® ¬2Ä9¯ ÇEÀ99«Eª «±½ À'Ã2Ä9Å�9«Æª ® ¬2Ä9¯9¬
c.

b.

È ´ÉÊ¶
¸ ºË

a. ÇE® ¯9°9¼ À'Ã2Ä±¯9½ À9Ì2½9Í2ÀEª ¬2® Ä9¯±¬Î Ì29ÀÆª ® Å'À9¯±½ÆÏ9Á Ð Ä±Å'±Ä9¬2® ½ À'Í2ÀÆª ¬2® Ä9¯

Figure4.1: Stimuli usedin thepresentexperimentsandin theoriginalstudies.a. In Experiment 1

participants operatedon only oneEbbinghausfigureat a time (single–context versions). b. In the

original studiesof Aglioti etal. (1995) andof Haffenden& Goodale (1998) asymmetricmeasures

wereused: To perform thegrasping task,participants hadto calculateonly thesizeof oneof the

central discs. In the perceptual task,participants had to comparethe two central discsdirectly,

both beingsubjectedto the illusionat thesametime. c. A perceptual taskthat is moresimilar to

thegrasping taskof theoriginal studies.

4.1 Experiment 1: Grasping the Illusi on

In this experimenttheeffectsof theEbbinghausIllusion on graspingandon perception

were investigatedandcompared.The geometryof the Ebbinghausfigureswassimilar
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to the geometryusedin the original studiesof Aglioti et al., 1995 and Haffenden&

Goodale,1998.However, in anattemptto matchperceptualtaskandmotortaskasmuch

aspossible,only oneEbbinghausfigurewaspresentedat a time (singlecontext versions,

cf. Figure4.1a)

4.1.1 Method

Participants Studentsof theUniversityof Tübingen(andsomepupils)participatedin

all experiments. In returnfor their participation,they receiveda paymentof 13 DM per

hour. Participantsin all experimentshadnormalor corrected–to–normalvision(Snellen–

equivalentof l!&M�5l5o or better;Ferris,Kassoff, Bresnick,& Bailey, 1982). They hadnor-

malstereopsisof 60secondsof arcor better(Stereotest–circles,StereoOptical,Chicago).

The participantsof the graspingexperiments(Experiments1, 5, and8) wereall right–

handed(Oldfield, 1971). Twenty six people(14 femalesand12 males)participatedin

Experiment1, rangingin agefrom 18 to 35years(mean:24.7years).

Apparatus & Stimuli Theapparatusof Experiment1 is shown in Figure4.2a.Partic-

ipantssaton a stool in front of a monitor. Usinga chin resttheposition of theheadwas

heldconstantthroughouttheexperiment.At a distanceof approximately 65 cm from the

eyes,a 21 inch monitor (effective screendiagonalof 48.5 cm) waspositioned. It was

slightly tiltedto orient its surfaceperpendicularto gazedirection.Themonitor wasused

to presentthe comparisonstimulus (an isolatedcircle) in the perceptualtask. Also, it

served asa tablefor the presentationof the target stimuli. For this purposeoneof two

boardswasplacedby theexperimenteron top of themonitor. Thecontext circlesof the

EbbinghausIllusion weredrawn on theseboards(blackoutlinesona whitebackground).

Aluminum discs(thetargets)wereplacedin themiddle of thecontext circles.On top of

eachdisca blackcircle on a white backgroundwaspainted.Thesidesof thediscswere

paintedblack(cf. Figure4.2b).

Attempting to generatelargeeffectsof the illusion thefigural similarity betweenthe

three–dimensional centraldiscandthe two–dimensionalcontext circleswasmaximized

(cf. Coren& Miller, 1974). This wasachievedby minimizing shadows andhaving par-

ticipantsview thediscfrom above.

In all experimentsconcerningtheEbbinghausIllusion, stimuli werechosento besim-

ilar to the onesusedin the original studiesof Aglioti et al. (1995)andHaffendenand

Goodale(1998).Thelarge(small)context elementswere5 (12)circles,58mm (10mm)

in diameter, andthecentersof thecircleswere118mm (60mm) apart.In Experiment1,
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Figure 4.2: a. Apparatususedin Experiment1. Participantsvieweda boardwith eitherlarge or

smallcontext circlesdrawn on it. In thecenter of thecontext circlesanaluminum discwasposi-

tioned. In thegrasping task,participants graspedthedisc. In theperceptual task,they adjusteda

comparisoncircle displayedon themonitor to matchthesizeof thealuminumdisc. b. A partici-

pantgrasping thealuminum disc. Note thethree infraredlight emittingdiodesattachedto thumb

andindex finger.

theisolatedcirclehadadistanceof 155mmfrom thecentraldisc.Thecentraldiscswere

28,31,34or 37mmin diameterand5 mmin height.

Procedure Participantswore liquid-crystal shutterglasses(Milgram, 1987)that were

opaquewhile thestimuli for eachtrial weresetup by the experimenter. Thereafter, the

glassesbecametransparentandtherequiredtaskwasperformedby theparticipant.

In the graspingtask,participantsgraspedthe centraldisc with their right hand. As

soonasthey startedto movetheirhandawayfrom thestartingposition theglassesbecame

opaqueagain.Thus,theparticipantscouldneitherseetheir handnor thestimulus during

grasping(openloop condition; Haffenden& Goodale,1998; Jeannerod,1981; Post&

Welch,1996).Theparticipantsgraspedthecentraldisc,movedit to theside,andreplaced

their handin the startingposition. Thenthe experimenterpreparedthe next trial. The

grasptrajectorywasrecordedusinganOptotrakØ.Ù system:Threeinfraredlight emitting

diodeswereattachedto thumb andindex finger(Figure4.2b)allowing preciserecording

of orientationandposition. The samplingratewas100 Hz. For eachgraspthe MPA

betweenthetips of index fingerandthumbwascalculated.For a detaileddescriptionof

thissystemseeAppendixD.

In theperceptualtask,participantsadjustedthecomparisoncircle to matchthesizeof

thecentraldisc. Theadjustmentwasdoneby pressingthebuttonsof a computermouse.

After theparticipantsfinishedtheir adjustment,theglassesbecameopaqueagainandthe
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experimenterpreparedthenext trial.

The graspingtaskandthe perceptualtaskwererun in separateblocks,with the or-

der of the tasksbeingcounterbalancedacrossparticipants. Beforethe beginning of the

graspingtask,tenpracticetrialswereperformed.In theperceptualtaskfivepracticetrials

wereperformed.Subsequently, eachparticipantperformed72graspsand24adjustments.

Giveneightdifferenttrial types(four sizesof thecentraldiscx two contexts),participants

performedninegraspspertrial typeandthreeadjustmentspertrial type.

Data analysis In all experimentsa significancelevel of � # jm&5o was usedfor the

statistical analyses.If not statedotherwise,repeatedmeasuresANOVAs wereperformed

usingtheGreenhouse–Geissercorrectionif a factorhadmorethantwo levels. This cor-

rectsfor possibleviolations of thesphericityassumption in repeatedmeasuresdata(the

sphericityassumption canonly beviolatedif a factorhasmorethantwo levels). For the

Greenhouse–Geissercorrection,the parameterÚ is estimated( &Û iÚ;ÜÞÝmß ¥ Ú ¥ $ ), and

is usedto adjustthe degreesof freedomof the F–distribution. If Ú�#%$ no violation of

sphericitywasdetectedandthe Greenhouse–Geissercorrectionhasno effect. If Úy ¨$
the resultingtestis moreconservative thanif no correctionwasperformed(Greenhouse

& Geisser, 1959;Vasey & Thayer, 1987;Jennings,1987).

4.1.2 Results

Illusion effects Figure4.3 shows themeanadjustedsizeof thecomparisoncircle and

the meanMPA asfunctionsof the sizeof the centraldisc andof the illusion–inducing

context. In theperceptualtask,themaineffectsof illusion–inducingcontext ( à��Æ$5á\l5o5� =

144, §b âjm&�&�$ ) andof sizeof centraldisc ( à��ãp�áat5o5� = 2785, Ú�#äjnrMo , §å �jn&5&�$ ) were

highly significant.Theinteractionbetweenthetwo factorswasalsosignificant( à��/p�á\t5o5�
= 7.0, Ú�#�jmrMt , §æ#�jm&5&ç$ ). Similarly, in the graspingtaskthe main effectsof illusion–

inducingcontext ( à��Æ$5á\l5o5� = 15, §^#¨jn&5&�$ ) andof sizeof centraldisc ( à��/pçáat5o5� = 175,

Ú�#èjnq5r , §é �jm&5&ç$ ) werehighly significant.Theinteractionwasnot significant( à��ãp�áat5o5�
= 0.6, Ú�#�jmt5o , §�#kjnq5& ).

Theslopesfor perception( ê�#k$5j2$'&�ë�&�jn&�$ ) andfor grasping( ê�#�$5jN$'l�ë�&çjm&5q ) were

similar ( ìí�/l5o5� = 0.35, §é#�j�t�p ). As reasonedin chapter3, this finding allows a compar-

ison of the illusion effects. For this purpose,overall illusion effectswerecalculatedby

averagingtheillusioneffectsacrossall sizesof thecentraldisc.
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Figure 4.3: Effects of the EbbinghausIllusion on size perception and on maximumpreshape

aperture (MPA) for eachdiameterof thecentral disc in Experiment 1. Solid lines representdata

for smallcontext circles,dashedlinesfor largecontext circles. Errorbarsdepict îðï standarderror

of the mean. Dataarenormalized to account for absolute differencesin aperture sizes between

participants. SeeAppendix A for a description of thenormalization.

Comparing motor illusion with perceptual illusion Theoverall illusion effectsaver-

agedacrossall sizesof thecentraldiscareshown in Figure4.4a. Theoverall effectsof

theillusion on graspingandon perceptionwereequal( ñíò�ó�ô5õ = 0.07, öø÷èùnu�ú ). Theover-

all illusion effectscalculatedfor eachparticipantindividually areshown in Figure4.5a

on page47. The individual graspingillusion waspredictedby the individualperceptual

illusion with a slopeof ûJ÷Òü5ù2ü . Thecorrespondingcorrelationwassignificant( ý�÷Òùnþ�ú ,
ñíò�ó!úMõ = 1.76, öÿ÷ ù � ú ô , one–tailed).TheIdealizedExpectedCorrelation(cf. description

in chapter3) was ý���� �Y÷ �	��
�	��� ÷��� ���� � ��� ÷�ùnþMó .

Developmentof the illusion over time In orderto testwhethertherepeatedpresenta-

tion of theEbbinghausfigure causeda decrementof illusion strength(for discussion of

this topic see:Day, 1962;Coren& Girgus,1972a;Schiano& Jordan,1990;Predebon,

1998),theillusion effectswerecalculatedseparatelyfor eachtrial. This wasdonein the

framework of a multiple regressionanalysis:Thevaluesof eachtrial werecorrectedfor
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Figure 4.4: Overall effects of the EbbinghausIllusion on sizeperception andon maximumpre-

shape aperture (MPA) in Experiment1 andin the original studies. Conditions in which a direct

comparisonbetweentwo Ebbinghausfigureswasrequiredarefilled. a. In Experiment 1, theillu-

sionaffected grasping just asmuchasperception. b. In theAglioti et al. (1995) study, theillusion

affectedgraspingsignificantly lessthan perception. c. Haffenden& Goodale (1998) replicatedthe

findings of Aglioti et al. (1995). (A. Haffenden, personal communication, August 1998). Error

barsdepict îðï standarderrorof themean.

the effectsof the factorparticipantandof the factordiameterof the centraldisc. The

illusion effect wasthencalculatedasthedifferencebetweenthevaluesfor thelargecon-

text circlesandthevaluesfor thesmallcontext circles.Resultsareshown in Figure4.5b.

Thelinearregressionof illusioneffectasafunctionof trial–numbershowedneitherin the

perceptualtasknor in thegraspingtaska decrementof theillusioneffectover time:

Perception: ����÷�� � ù ��� ó����� !�ü5ùmô � [mm]; ñíò�ó5ó5õ = -0.2, ö ÷ ùmr5þ
Grasping: ����÷"! � ù ��� ú#�$�� %!�ü5ùnþMô [mm]; ñíò�t � õ = 0.3, ö�÷kùmt'&

(IE standsfor illusion effect andTN for trial–number. Thet–valueteststheslopeof the

regression).

Duration of stimulus presentation In theperceptualtask,thestimuluswaspresented

for aslongastheparticipantsneededto performtheadjustment. In thegraspingtask,vis-
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Figure 4.5: Further analysesof theresults of Experiment1. a. Overall illusion effects calculated

separatelyfor eachparticipant andcorrelatedacrossparticipants. Eachdatapointdepictsthemotor

illusion andtheperceptual illusion of oneparticipant. Thesolid line is the linear regressionover

all datapoints. Thedashedline bisects thefirst quadrant. b. Illusion effects calculated separately

for eachtrial. Thesolid line is thelinear regressionover all datapoints. Seetext for details.

ibility wassuppressedby closingtheglassesassoonastheparticipantsstartedto move

their hand.Theaveragetime until movementonsetand(consequently)theaveragestim-

ulus presentationtime in the graspingtaskwas825 msec. In an ANOVA it wastested

whethertheonsetof themovement wasaffectedby theexperimentalconditions.There

wereno statistically reliableeffectsof sizeof centraldisc,of illusion–inducingcontext,

norof theinteractionbetweenthesetwo factors(all ö)(bùnþ5þ ).

4.1.3 Discussion

Therewereclearandhighly significanteffectsof theEbbinghausIllusion on graspingas

well ason perception.The magnitudesof the illusion effectswerein a rangetypically

foundfor theEbbinghausIllusion (Coren& Girgus,1972b;Coren& Miller, 1974).Also,

the graspingeffect andthe perceptualeffect werealmostperfectlyequal. Finally, there

wasasignificantacross–participantscorrelationbetweenperceptualillusionandmotoril-

lusion.Thecorrelationwasof aboutthesizethatwaspredictedby theIdealizedExpected
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Correlation(cf. chapter3). Theseresultsclearlycontradictthenotion that theeffectsof

theEbbinghausIllusion aredissociatedbetweenactionandperception.

In theperceptualtaskof Experiment1, theadjustedsizeof thecomparisoncirclewas

alwayssmallerthanthephysicalsizeof thecentraldisc (cf. Figure4.3). This might be

interpretedasindicatingthatthenormalperceptualEbbinghausIllusion wasnot induced

in thisexperiment, sincethesmallcontext circlesshouldleadto anoverestimation.How-

ever, it is very commonin illusion studiesto find sucha biasrelative to theabsolute size

of the target (e.g.,Coren& Girgus,1972a;Girgus,Coren,& Agdern,1972;Massaro&

Anderson,1971). Thesestudiesinterpretsuchbiasesasconstanterrorsbeingcausedby

differencesin stimulus presentationbetweentarget andcomparison.The constanterror

posesa problemonly if onewantsto comparethe differentialcontributionsof the two

illusionconfigurations.In thiscase,onehasto introducea neutralconditionin which the

targetis not influencedby theillusion.However, sincethiswasnot intendedin thisstudy,

suchaconstanterrordoesnotposeaproblemontheinterpretationof theillusion effects.

Thefollowing experiments will follow two linesof investigation.First,Experiment2

will testfor onepossibleconfoundin thepresentexperiment— thefactthatpresentation

timeswerenot thesamein theperceptualtaskandin thegraspingtask.Second,it will be

investigatedwhy theoriginal studiesof Aglioti et al. (1995)andHaffendenandGoodale

(1998)did find a differencebetweenactionandperception. A comparisonshows that

thegraspingeffectsweresimilar in Experiment1 andin theoriginalstudies(Figure4.4).

Only theperceptualeffectswerelarger in theoriginal studies.TheExperiments 3 and4

will testwhetherthisenhancementis dueto thedirectcomparisonin theperceptualtasks

of theoriginalstudies(requiringtheadditivity assumption, cf. Figure4.1onpage41).

4.2 Experiment 2: Effects of presentatio n time?

In theperceptualtaskof Experiment1, participantshadunlimitedtimeto adjustthecom-

parisoncircle. In contrast,presentationtime waslimitedin thegraspingtask.As soonas

thereachstarted,visionwassuppressedby closingtheshutter–glassesin orderto havethe

graspsbeingperformedopenloop. Theaveragepresentationtime in thegraspingtaskof

Experiment1 was825msec.In Experiment2 it wastestedwhethertheperceptualeffect

of theillusionchangesfor shorterpresentationtimes2.

2The mismatchin presentation time betweenperceptual taskandgrasping taskhaspracticalreasons.

Becausealuminum discsand two boards (with the context drawn on them)wereusedasstimuli in Ex-

periment 1 eachtrial hadto besetup manuallyby theexperimenter. In orderto keeptheduration of the
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4.2.1 Method

Eight people(5 femalesand3 males)participatedin Experiment2, rangingin agefrom

20 to 36 years(mean: 28.3years). Participantssaton a chair at a viewing distanceof

approximately65cm to astandardcomputermonitor (21 inches).

All stimuli werenow presentedon themonitor. That is, in contrastto Experiment1

no realobjectswerepresented.While in Experiment1 thestimuli werepresentedon the

table–like monitor andthe axis betweenthe comparisoncircle andthe centraldisc was

orientedalongthesagittal planeof theobserver, now stimuli werepresentedonanormal,

upright monitor and the axis betweenthe comparisoncircle and the centralcircle was

horizontal. The isolatedcircle hada distanceof 140 mm from the centralcircle. In all

otherrespects,stimuli wereidenticalto thestimuli of Experiment1.

In the long inspectiontask,participantsadjustedthe comparisoncircle to matchthe

sizeof the centralcircle. After they finishedtheir adjustment, the stimuli disappeared

from thescreen.This procedureis similar to theperceptualtaskof Experiment1. Each

participantperformedfive practicetrials first — andthentwo blocksof 24 trials each.

Giveneightdifferenttrial types(four sizesof the centralcircle x two contexts), partici-

pantsperformedsix adjustmentspertrial type.

In theshortinspectiontaskthestimuli weredisplayedonly for adurationof 800msec.

Participantshadto decidewhetherthe diameterof the comparisoncirlce was larger or

smallerthanthediameterof thecentralcircle(two–alternativeforcedchoicetask,2AFC).

Eachparticipantperformed15 practicetrials first — andthensix blocksof 80 trials

each.Giveneightdifferenttrial types,participantsperformed60 judgmentspertrial type.

Thesizeof thecomparisoncirclewasdeterminedvia anadaptiveup-down procedure:For

eachblock andeachtrial type separatestaircaseswereusedwith the comparisoncircle

initially beingeither5 mm largeror 5 mm smallerthanthe target. If theparticipantre-

sponded“larger” (“smaller”) thecomparisoncircle waspresented1 mm smaller (larger)

thenext time this trial typewasdisplayed.For dataanalysis,cumulative gaussianswere

fitted to the dataand the point of subjective equality (PSE)wasdetermined.The suc-

cessionof the long inspectiontaskandof theshortinspection taskwascounterbalanced

experiment in a reasonablerangeit wasimportant to keepthenumberof trials perparticipant low. Using

anadjustment procedurefor theperceptual taskallowedto measure theperceptualeffectwith only 24trials

per participant. The drawbackis that in an adjustment procedurea trial takes longer thanthe 825 msec

that werethe presentation time in the grasping task. However, usinga constant stimuli procedurewhich

allows shorterpresentationtimeswould have strongly increasedthe number of trials needed (e.g., in the

Experiment2 therewere480trials neededperparticipant to measuretheperceptualeffect with a constant

stimuli procedure).
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Figure 4.6: a Effects of the Ebbinghaus Illusion on size perception for each diameter of the

central discin Experiment2. In theshort inspectioncondition themeanPSEs(pointsof subjective

equality) areshown asfunctions of the diameter of the central disc andof the illusion–inducing

context. In the long inspection condition the meanadjusted sizesof the comparison circle are

shown. Solid lines representdatafor small context circles,dashedlines for largecontext circles.

b Illusion effects pooled acrossall sizesof thecentral disc. Error barsdepict îðï standarderror of

themean.

betweenparticipants.

4.2.2 Results and Discussion

Figure4.6ashows themeanadjustedsizeof thecomparisoncircle in thelong inspection

taskandthemeanPSEs(pointsof subjectiveequality)in theshortinspectiontaskasfunc-

tionsof thediameterof thecentraldiscandof theillusion–inducingcontext. Figure4.6b

showstheillusioneffectspooledacrossall sizesof thecentraldisc.

An ANOVA for the illusion effect with the factorsdiameterof the centraldisc and

taskwasperformed.The illusion effect washighly significant( *�òÆü'+at5õ = 65, ö-,Òù ��� ü ).
Thiseffect dependedsignificantlyon thesizeof thecentraldisc( *�ò/þ.+aóAüvõ = 4.0, /_÷kùnr � ,
ö ÷ ù � þ ). The effect of the sizeof the centraldisc wassignificantlydifferent for the

differenttasks( *�ò/þ�+aóçüvõ = 4.0, / ÷Òù�t0& , öY÷Òù � ú ). Figure4.6ashows that this interaction

wasnot very largeandthereforedoesnotseemto poseproblemsfor theinterpretationof
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thefactthattherewasnosignificantmaineffectof thetaskon theillusioneffect ( *�òEü�+	15õ
= 0.1, ö�÷kù21�1 ) — ascanalsobeseenin Figure4.6b.

Theresultsof Experiment2 show thattheillusioneffect wasalmostthesamefor the

short inspection taskandfor the long inspection task. This indicatesthat differencesin

presentationtimebetweenperceptualtaskandgraspingtasklikely did notbiastheresults

in Experiment1.

4.3 Experiment 3: Test for additivity

The very goodmatchbetweenthe perceptualeffect of the EbbinghausIllusion andthe

motoreffect thatwasfoundin Experiment1 standsin contrastto thedifferencesreported

by Aglioti etal. (1995)andHaffendenandGoodale(1998).Becausethegeometriesof the

Ebbinghausfigureswerealmostthesamebetweenthestudies,it ispossibletocomparethe

illusion effects(Figure4.4 on page46). Thecomparisonshows that thegraspingeffects

weresimilar in Experiment1 andin theoriginalstudies.Only theperceptualeffectswere

largerin theoriginalstudies.TheExperiments3 and4 will testwhetherthisenhancement

is dueto the direct comparisonin the perceptualtasksof the original studies(requiring

theadditivity assumption, cf. Figure4.1onpage41).

In Experiment3, the perceptualeffects were measuredfor the two single–context

versions(asin Experiment1, Figure4.1aon page41), for a directcomparison(asin the

originalstudies,Figure4.1b)andfor twoseparatecomparisons(thesuggestion for abetter

perceptualmeasurein theoriginal studies,seeFigure4.1c). If theadditivity assumption

of theoriginalstudiesholds,thenthedirectcomparisonshouldyield asimilar effect than

thesumof theeffectsof thetwo separatecomparisons.

4.3.1 Method

Eighteenpeople(11 femalesand7 males)participatedin Experiment3, rangingin age

from 15 to 28 years(mean: 24.1 years). The centralcircles had diametersof 28, 31

and34 mm. In the compositeversion,the centersof the centralcircleswere140 mm

apart. The isolatedcircle had a distanceof 140 mm from the centralcircle. Stimuli

wereidenticalto Experiment1 in all otherrespects,exceptthatthey werepresentedona

computermonitor. Thecentralelementwasnow atwo–dimensionalcircleandnolongera

three–dimensional disc.This increasedthefiguralsimilarity betweencentralelementand

context elements,andthereforeslightly increasedthemagnitudeof theillusion (Coren&
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Miller, 1974).

All threepossibilities to assesstheperceptualeffectof theillusionwereemployed,as

shown in thelowerpartof Figure4.1onpage41.

In the single context condition, participantsadjustedthe sizeof an isolatedcircle to

matchthe sizeof the centralcircle in oneEbbinghausfigure. The effectsof the large

context circlesandof the small context circleswereaddedto obtainan estimateof the

illusionstrength.

In thedirectcomparisoncondition,participantsadjustedthecentralcirclesof thetwo

Ebbinghausfiguressimultaneously. The differencebetweenthe two centralcirclesthat

wasneededfor themto beperceivedasequalin sizewasusedasmeasurefor theillusion

strength.

In the separatecomparisoncondition,participantsviewed both Ebbinghausfigures,

but adjustedthe isolatedcircle to matchthe sizeof only oneof the centralcircles. The

illusion strengthwascalculatedthe sameway as in the singlecontext condition. Each

participantperformeda totalof 75adjustments.

4.3.2 Results

Figure 4.7a shows the illusion effects obtainedin Experiment3. Therewas a highly

significantmain effect of the illusion inducingcontext ( *�òÆü�+1ü315õ = 87, ö4, ù ��� ü ). The

effect dependedon thesizeof thecentraldisc( *�ò�ó�+;þ�ú õ = 10, / ÷èù655þ , öY÷ ù ��� ü ) andon

theadjustmentcondition ( *�ò/ó�+\þ�ú õ = 6, / ÷kùmu'& , öy÷�ù ��� ô ) — while thesetwo factorsdid

not interact( *�òãú7+8&'5Mõ = 0.5, / ÷kù25 � , öy÷�ù6&�1 ).
Post–hocanalysesrevealedthat theeffectsof thesingle–context versionsandof the

separatecomparisonsdid notdiffer significantly(Tukey–test,ö9( ùNü � ) while theeffectof

thedirectcomparisonwaslarger thanthesumof theeffectsin thetwo separatecompar-

isons(Tukey–test,ö), ù � ô ) andthanthesumof theeffectsin thesingle–context versions

(Tukey–test,ö),bù � ü ).
4.3.3 Discussion

The direct comparisonyieldeda larger perceptualeffect thanthe sumof the effects in

theseparatecomparisons. This failureof additivity contradictstheimplicit assumptionof

theoriginal studiesthat theperceptualeffectsof thetwo Ebbinghausfiguressimply add

up to yield theeffect obtainedby thedirect comparison.Also, theresultsshow that the

illusion effect in the separatecomparisonsis similar to the effect in the single–context

versions.Giventhat themotor illusionsin all studiesweresimilar to theperceptualillu-
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Figure 4.7: Effects of the EbbinghausIllusion in the Experiments3 and 4. a. Experiment 3:

The effect of the direct comparison was larger than the sum of the effects in the two separate

comparisonsandthanthesumof theeffectsin thesingle–context versions. b. Experiment4: Even

if participants performeda direct comparisonimmediately beforeeachseparatecomparison,the

direct comparisonshoweda larger effect thanthesumof thetwo separatecomparisons.c. Typical

trial of Experiment4: Within 1 secparticipants first compared thetwo central circlesdirectly and

thencompared oneof thecentral circlesto theisolatedcircle. Error barsdepict îðï standarderror

of themean.

sion in thesingle–context versions, this meansthat theadditivity failurecanaccountfor

thedifferencesfoundbetweenperceptionandgraspingin theoriginalstudies.

Theseresultsshow an interesting, non–additive effect in theEbbinghausIllusion: If

participantsdirectly comparetwo Ebbinghausfigures,they experiencea largersizeillu-

sionthanispredictedby thesumof thesizeillusionsexperiencedin eachfigureseparately.

Interestingly, mostquantitativeresearchontheEbbinghausIllusion hasbeenbasedonthe

single–context versions (e.g.,Coren& Girgus,1972b),while qualitative demonstrations

of the illusion, for example in textbooks (e.g.,Coren& Girgus,1978),usuallyemploy a

direct comparisonin the compositeversionandthereforeexhibit an effect that is about

50%larger.

Theadditivity failureindicatesthattheperceptualtaskandthegraspingtaskwerenot
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appropriatelymatchedin theoriginalstudies(Aglioti etal., 1995;Haffenden& Goodale,

1998)— notallowingtheconclusionthatthedifferencesbetweenperceptionandgrasping

aredueto adissociationbetweenperceptionandaction.

Onepossible objectionto this argumentcould be that in the original studiespartic-

ipantshad to directly comparethe two centraldiscsimmediatelybeforegrasping(this

wasdoneasa control for theperceptualeffect). Could this directcomparison,in which

participantswereforcedto attendto bothcentraldiscs,induceadditivity? Thispossibility

wastestedin Experiment4.

4.4 Experiment 4: Did attention induce additivity?

In Experiment4, thesuccessionof theperceptualtaskandof thegraspingtaskin theorig-

inal studieswasapproximatedmoreclosely. Participantsfirst comparedthe two central

circlesdirectly andthen,immediatelyafterwards,comparedoneof thecentralcirclesto

the isolatedcircle (Figure4.7c). Both comparisons wereperformedwithin 1 sec,which

is similar to themeanonsettimefor graspingin theAglioti etal. (1995)study. If thefirst

comparisoninducesadditivity, thentheeffect in thedirect comparisonshould equalthe

sumof theeffectsin theseparatecomparisons.

4.4.1 Method

Twelvepeople(9 femalesand3 males)participatedin Experiment4, rangingin agefrom

21 to 30 years(mean:25.7years). The centralcircleshaddiametersof 31, 32, 33 and

34mm. In all otherrespects,thestimuli andtheapparatuswereidenticalto Experiment3.

A typical trial of Experiment4 is shown in Figure4.7c.Participantsperformedthedirect

comparisonandtheseparatecomparisonin directsuccession,within 1 sec.Becausethis

shorttime interval did not allow anadjustmentprocedure,constantstimuli andtwo two–

alternative forcedchoicetaskswereused.Eachparticipantcompared462configurations

to completethepsychometricfunctions.

4.4.2 Results

Resultsareshown in Figure4.7b. Therewasahighlysignificantmaineffectof theillusion

inducingcontext ( *�òEü�+�ü5üvõ = 98, ö:,âù ��� ü ). This effect washighly significantlylarger

in the direct comparisonthan the sum of the effects in the two separatecomparisons

( *�òÆü�+1ü5üvõ = 12, ö),bù ��� ô ).
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4.4.3 Discussion

The resultsreplicatedExperiment3: Again, thedirect comparisonyieldeda larger per-

ceptualeffect thanthesumof theeffectsin theseparatecomparisons.This is truedespite

the fact that in this experimentthe separatecomparisonswereperformedimmediately

after a direct comparison.This outcomeprovidesevidenceagainstthe idea that in the

original studiesthe direct comparisonthat wasperformedimmediately beforegrasping

couldhave inducedadditivity.

Anotherinteresting aspectof thesedatais that they replicatedtheinsensitivity of the

EbbinghausIllusion to changesin presentationtime thatwasfound in Experiment2. In

the presentexperimentpresentationtime waslimited to 1 sec. Within this time partici-

pantshadto performtwo “smaller” versus“larger” judgements. In contrast,participants

hadunlimited time to performthe adjustmentsrequiredin Experiment3. Nevertheless,

theillusioneffectswereverysimilar (cf. Figure4.7).

4.5 Discus sion: Ebbinghaus Illusi on

If perceptualandmotor tasksarecarefully matched,therearestrikingly similar effects

of the EbbinghausIllusion on perceived size and on maximumpreshapeaperture. In

Experiment1 theinfluenceof theEbbinghausIllusion on graspingfoundby theoriginal

studiesof Aglioti et al. (1995)andHaffendenandGoodale(1998)wasreplicated.The

Experiments3and4,however, show thatthelargerperceptualeffectin theoriginalstudies

is likely dueto anadditivity failurethatselectively enhancedthiseffect.

Theseresultsaresupportedby thefactthatsincethefirst presentationof theresultsof

Experiment1 (Franz,Gegenfurtner, Bülthoff, & Fahle,1998,seealsoFranz,Gegenfurt-

ner, Bülthoff, & Fahle,2000),therehasbeenonemorestudyusinga similar paradigm

(the single–context versionin theEbbinghausIllusion) that reporteda very similar out-

cometo Experiment1. Pavani, Boscagli,Benvenuti,Rabuffetti, andFarǹe (1999)found

cleareffectsof theEbbinghausIllusion on perceptionandon grasping,theeffectsbeing

almostidenticalbetweenperceptionandgrasping(cf. Table7.1onpage86).

Thesefindingsclearlycontradictthenotionthattheeffectsof theEbbinghausIllusion

are dissociatedbetweenaction and perception. More specifically, they contradictthe

strongversionof theSeparateRepresentationModelbecausethereis amotorillusion and

anacross–participantscorrelationbetweentheperceptualillusion andthemotorillusion.

The resultsalsocontradictthe weakSeparateRepresentationModel becausethe motor
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illusion is of thesamesizeastheperceptualillusion andbecausetheacross–participants

correlationis not even decreasedcomparedto the IdealizedExpectedCorrelation. The

resultsmatchthe predictionsof the CommonRepresentationModel becausethe motor

illusion andtheperceptualillusion areequalandbecausethereis anacross–participants

correlationbetweenperceptualillusion andmotor illusion that is of aboutthesamesize

astheIdealizedExpectedCorrelation.

As mentionedbefore,HaffendenandGoodale(1998)did notonly replicatethestudy

of Aglioti et al. (1995),but alsoemployed an additional,non–standard perceptualmea-

sure. Participantsestimatedthe sizeof oneof the centraldiscsusing their thumband

index finger (without seeingtheir hand).Theauthorsinterpretedthis manualestimation

taskasa perceptualmeasure.For themanualestimation they founda significantlylarger

influenceof the illusion ( ú.ùmó#;kü mm) thanfor grasping( ü5ù � ; � ùmô mm). However, the

effect on manualestimationwasalsolargerthanon thestandardperceptualmeasuredis-

cussedbefore( óçùnú<; � ù�ó mm, cf. Figure4.4con page46 andTable7.1 on page86 for

theillusioneffects).This is evenmorepronouncedif onecorrectsthestandardperceptual

measurefor the non–additivity. Given that standardperceptualmeasuresaremuchbet-

ter understood(e.g.,Coren& Girgus,1972b)it seemproblematicto infer a dissociation

betweenperceptionandactionbasedon themanualestimation taskalone.For a further

discussion of this topicseechapter7.

Theseriesof experimentsdescribedin thischapteridentifiesamismatchbetweenper-

ceptualtaskandgraspingtaskasthemainsourcefor thedifferencein perceptualillusion

andmotorillusion in theoriginal studies.Giventheseresultsthequestionariseswhether

in otherstudieson othervisual illusionssimilar problemsarise. For this purpose,the

Müller–Lyer Illusion andtheParallel–LinesIllusion wereinvestigated(chapters5 and6).



Chapte r 5

Müller –Lyer Illusio n

DapratiandGentilucci (1997)andOtto–deHaart,Carey, andMilne (1999)investigated

the influencesof the Müller–Lyer Illusion on perceptionandon grasping.The Müller–

LyerIllusion consistsof a line with anarrow–likefin attachedateachend.If thefinspoint

inwards,theline (or shaft)is perceivedasbeingshorterthanif thefinspointoutwards(cf.

Figure2.8aonpage26).

Dapratiandcolleaguesreportedacleareffectof theillusionongrasping,while Haart

andcolleaguesonly foundaneffect on graspingif the illusion wasviewedmonocularly.

With binocular viewing thegraspingeffect failed to reachsignificance(cf. Table7.1 on

page86). In bothstudies,the graspingeffect wassmallerthanthe effect on perception

(thoughthedifferencewasnotin bothcasessignificant).However, bothstudiesusednon–

standardperceptualmeasures:Eitherparticipantsblindly drew a line to matchthelength

of theshaftof theMüller–Lyer figure(Daprati& Gentilucci,1997)or they indicatedthe

lengthof theshaftusingtheir index fingerandthumb(Daprati& Gentilucci,1997;Otto–

deHaartet al., 1999).Bothmeasuresarenotwell establishedasmeasuresfor perception

andthereforeit seemsbeneficialto comparethemotor illusion to a standardperceptual

measure(e.g.,Coren& Girgus,1972b).Therefore,Experiment5 wasconducted.In this

experimentan adjustmentprocedurewasusedasstandardperceptualmeasureto assess

theperceptualeffectof theillusion (Coren& Girgus,1972b).

57



58 CHAPTER 5. M ÜLLER–LYER ILLUSION

5.1 Experiment 5: Grasping the illusi on

In this experiment, theeffectsof theMüller–Lyer Illusion on graspingandon perception

wereassessed.As in Experiment1, single context versionsof theMüller–Lyer Illusion

wereused.

5.1.1 Method

Sixteenpeople(10 femalesand6 males)participatedin Experiment5, rangingin age

from 18 to 31 years(mean:25.5years).Theapparatuswassimilar to Experiment1 and

is shown in Figure5.1a. On top of the screen–surface,a black plasticbar (7 mm wide,

5 mm high and40, 43, 46 or 49 mm long) waspositionedasthe target. At eachendof

thetargetbar, two blackfinsweredisplayedonthemonitor. Thefinswerepointing either

outwardor inward,thuscreatingtheMüller–Lyerfigure.Theoutwardpointingfins were

31 mm long andformedanangleof þ �>= with themainaxisof thetargetbar. Theinward

pointing finswere19mmlongandformedanangleof üvô � = to themainaxisof thetarget

bar. Thefins werepositionedrelative to thesidesof theshaftin sucha way thattheends

of theshaftwereeasilydiscriminablefrom thefins (Figure5.1c).As in Experiment1 the

figural similarity betweenthethree–dimensionaltargetbarandthetwo–dimensionalfins

wasmaximizedin orderto generatelargeillusion effects.For thispurpose,shadowswere

minimizedandparticipantsviewedthebarfrom above.

In theperceptualtask,a comparisonbarwasdisplayedon themonitor. Thecompari-

sonbarwasparallelto thetargetbarat a distanceof 80 mm. For eachtrial, theposition

of thecomparisonwasrandomlychosento beleft or right with aparalleldisplacementof

;<1 mm (Figure5.1b). The initial lengthof the comparisonbar differedrandomlyfrom

the lengthof the target bar within a rangeof ;`ü � mm. The comparisonbar was7 mm

wide — aswereall elementsof theMüller–Lyer figure. Theprocedurewasidenticalto

Experiment1.

5.1.2 Results

Illusion effects Figure5.2ashows themeanadjustedlengthof thecomparisonbarand

the meanMPA asfunctionsof the lengthof the target bar andof the illusion–inducing

context. In theperceptualtaskthemaineffectsof illusion–inducingcontext ( *�òÆü�+1üvô5õ =

70, ö),bù ��� ü ) andof lengthof targetbar( *�òãþ.+;ú ô�õ = 394, / ÷ � ù?15ô , ö),bù ��� ü ) werehighly

significant.The interactionbetweenthe two factorswasnot significant ( *�ò/þ.+;úMô5õ = 0.8,

/�÷ � ù65�1 , ö¡÷ ùsú�1 ). Similarly, in thegraspingtaskthemaineffectsof illusion–inducing



5.1 EXPERIMENT 5: GRASPING THE ILLUSION 59

Plastic bar
c.a.

b.

on monitor
Comparison

@A@A@A@A@A@A@A@A@A@BABABABABABABABABAB

Figure5.1: a. Apparatususedin Experiment5. b. Stimulusconditions in theperceptual task.The

comparison bar wasdisplayed on the monitor at different positionsrelative to the target (left vs.

right andupvs. down). c. A participantgrasping thetargetbar. Thefinsof theMüller–Lyerfigure

weredisplayedon themonitor.

context ( CEDGF�HIF3J'K = 66, öMLÒù2N'N.F ) andof lengthof targetbar( CODQP.H;ú�J�K = 136, Rð÷SN�ù2J'T ,
ö4L¨ù6N�N.F ) werehighly significant. The interactionwasnot significant( CEDUP.H;ú�J�K = 0.3,

R�÷"N�ù?V'J , öy÷�ù6W ).
Theslopesfor perception( X�÷YN�ù6W�W[Z\N�ù2N'P ) andfor grasping( X�÷YNçù2T�]^Z\N�ù6N�V ) were

similar ( _`DGF3J�K = 0.43, ö�÷�ù6a�V ). As reasonedin chapter3, this finding allows a compar-

ison of the illusion effects. For this purpose,overall illusion effectswerecalculatedby

averagingtheillusioneffectsacrossall sizesof thecentraldisc.

Comparing motor illusion with perceptual illusion Theoverall illusion effectsaver-

agedacrossall lengthsof thetargetbarareshown in Figure5.2b. Theoveralleffectof the

illusion on graspingwassignificantlylarger thanon perception( _`DGF3J�K = 3.1, ö�÷�ù6N�N�W ).
Theoverall illusion effectscalculatedfor eachparticipantindividually areshown in Fig-

ure5.3a.Theindividualgraspingillusionwaspredictedby theindividualperceptualillu-

sionwith aslopeof X�÷bN�ù6P . Thecorrespondingcorrelationwasnot significant( c�÷�ùdFeT ,
_`DfF�ú�K = 0.7, öY÷ ù2]!ú , one–tailed).TheIdealizedExpectedCorrelation(cf. descriptionin

chapter3) was c�g�h iø÷kj	l�mj l�n ÷%o�p qGrs p tGr ÷�ù?J'W .
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Figure 5.2: Resultsof the perceptual taskandof the grasping task in Experiment 5. a. Mean

adjustedlength of thecomparisonbarandmeanmaximumpreshapeaperture(MPA) asfunctions

of the length of the target barandof the illusion–inducing context. Solid lines representdatafor

theoutward pointing fins,dashedlinesfor theinwardpointing fins. Error barsdepict uwv standard

error of the mean. Data are normalized to account for absolute differencesin hand sizesand

aperturesizesbetween theparticipants. SeeAppendix A for adescription of thenormalization. b.

Overall illusioneffects averagedacrossall lengthsof thetargetbar. Error barsdepict uwv standard

errorof themean.

Developmentof the illusion over time In orderto testwhethertherepeatedpresenta-

tion of theMüller–Lyer figurecauseda decrementof illusion strengththe illusioneffect

wascalculatedseparatelyfor eachtrial. This wasdoneexactly the sameway asin Ex-

periment1 (seepage45). Resultsare shown in Figure5.3b. The linear regressionof

illusion effect asa functionof trial–numbershowedneitherin theperceptualtasknor in

thegraspingtaskadecrementof theillusioneffect over time:

Perception: x�y�÷�z{N�ù6N�P{|�}{~%��]çù2P [mm]; _`D�]�]'K = -1.0, � ÷ ù2P�]
Grasping: x�y�÷"��Nçù2N.F�|�}�~��P�ù2] [mm]; _`D�V'N�K = 0.4, ��÷kù2V'P

(IE standsfor illusion effect andTN for trial–number. Thet–valueteststheslopeof the

regression).
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Figure 5.3: Further analysesof theresults of Experiment5. a. Overall illusion effects calculated

separatelyfor eachparticipant andcorrelatedacrossparticipants. Eachdatapointdepictsthemotor

illusion andtheperceptual illusion of oneparticipant. Thesolid line is the linear regressionover

all datapoints. Thedashedline bisects thefirst quadrant. b. Illusion effects calculated separately

for eachtrial. Thesolid line is thelinear regressionover all datapoints. Seetext for details.

Duration of stimulus presentation In theperceptualtask,thestimuluswaspresented

for aslongastheparticipantsneededto performtheadjustment. In thegraspingtask,vis-

ibility wassuppressedby closingtheglassesassoonastheparticipantsstartedto move

their hand.Theaveragetime until movementonsetand(consequently)theaveragestim-

ulus presentationtime in the graspingtaskwas685 msec. In an ANOVA it wastested

whethertheonsetof themovement wasaffectedby theexperimentalconditions.There

wereno statistically reliableeffectsof lengthof targetbar, of illusion–inducingcontext,

norof theinteractionbetweenthesetwo factors(all �)�bùdF3J ).

5.1.3 Discussion

Therewasa clearandhighly significanteffect of the Müller–Lyer Illusion on grasping.

This result is in accordancewith the studyof DapratiandGentilucci (1997),who also

reportedan effect of the Müller–Lyer Illusion on grasping(cf. Table7.1 on page86).

Stimuli werenot identicalin thetwo studies.For example,thetargetbarwasmuchlonger
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in theDapratiandGentiluccistudyandthefinswerenotpresentedvia amonitor but were

drawn on a board.Also, graspingwasperformedopenloop in this experiment,while in

the DapratiandGentilucciexperimentfull vision of both the handandthe stimuli was

allowedduringgrasping.Both factssuggestthattheeffectof theMüller–Lyer Illusion on

graspingis robustacrossdifferentstimulusconditions. Only in thestudyof Otto–deHaart

et al. (1999)andonly in thebinocularvision condition therewasno significanteffect of

the Müller–Lyer on grasping(cf. Table 7.1). However, the effect was closeto being

significantandverysimilar to theeffect foundin themonocularviewing conditionof this

study. Therefore,this resultis nota strongargumentagainstaneffect of theMüller–Lyer

Illusion ongrasping.

Interestingly, in the presentexperimentthe motor illusion waseven larger than the

perceptualillusion. In contrast,Daprati and Gentilucci (1997) — using non–standard

perceptualmeasures— reporteda smallermotor illusion thanperceptualillusion. The

followingcontrol–experimentswill investigatewhetherthelargerperceptualeffectmight

bedueto aninsufficientmatchbetweenperceptualtaskandmotortask.

A secondreasonfor thecontrol–experimentsis thattheacross–participantscorrelation

betweenperceptualillusion andmotor illusion wasquitesmallcomparedto theIdealized

ExpectedCorrelationandwasnot significant. While thenon–significant resultdoesnot

allow the conclusionthat thereis no correlation(to decidethis questiononeneededa

larger samplesize,cf. chapter3) thesmall correlationmight, again,indicatean insuffi-

cientmatchbetweenperceptualtaskandmotortask.

5.2 Experiment 6: Effects of presentatio n time?

In theperceptualtaskof Experiment5, participantshadunlimitedtimeto adjustthecom-

parisonbar. In contrast,presentationtime waslimited in thegraspingtask. As soonas

thereachstarted,vision wassuppressedby closingtheshutter–glassessothat thegrasps

wereperformedopenloop. In Experiment6 it wastestedwhethertheperceptualeffectof

theillusion changesfor shorterpresentationtimes.

5.2.1 Method

Six people(3 femalesand3 males)participatedin Experiment6, rangingin agefrom

20 to 28 years(mean: 23.5years). Participantssaton a chair at a viewing distanceof

approximately65cm to astandardcomputer monitor (21 inches).



5.2 EXPERIMENT 6: EFFECTS OF PRESENTATION TIME? 63

All stimuli werenow presentedon themonitor. That is, in contrastto Experiment5,

no realobjectswerepresented.While in Experiment5 thestimuli werepresentedon the

table–like monitor andwereorientedparallel to the sagittalplaneof the observer, now

they werepresentedonanormal,uprightmonitor andwerehorizontal.Thetargetbarhad

lengthsof 43, 44, 45 and46 mm. Thecomparisonbarwasshiftedrelative to the target

baralongthemainaxisof the targetbarby 160mm. In all otherrespects,stimuli were

identicalto thestimuli of Experiment5.

In the long inspectiontask, participantsadjustedthe comparisonbar to matchthe

sizeof the targetbar. After they finishedtheir adjustment, thestimuli disappearedfrom

the screen.This procedureis similar to the perceptualtaskof Experiment5. Eachpar-

ticipant performedfive practicetrials, followed by two blocksof 24 trials each. Given

eight different trial types(four sizesof the target bar x two contexts), participantsper-

formedsix adjustments pertrial type.

In theshortinspection task,thestimuli weredisplayedonly 1600msec.Participants

hadto decidewhetherthecomparisonbarwaslongeror shorterthanthetargetbar(two–

alternative forcedchoicetask,2AFC). The presentationtime waschosento be roughly

twiceaslargeasthemeanpresentationtimein thegraspingtaskof Experiment5,because

participantshadto estimatethesizeof two stimuli (thetargetbarandthecomparisonbar).

Also, dueto thedistancebetweenthestimuli ( F�ú7� of visualangle)participantsprobably

madeat leastonesaccadefrom onestimulus to theother. In contrast,in thegraspingtask

of Experiment5 participantshad to calculateonly the sizeof onestimulus, the target.

(This is differentfrom Experiment2: In this experimenttheshortpresentationtime was

chosentobeaboutthesameasthepresentationtimein thegraspingtaskof Experiment1).

Eachparticipantperformed15practicetrials,followedby six blocksof 80trialseach.

Giveneightdifferenttrial types,participantsperformed60 judgmentspertrial type. The

sizeof thecomparisonbarwasdeterminedvia anadaptive up-down procedure:For each

block andeachtrial typeseparatestaircaseswereusedwith thecomparisonbar initially

beingeither5 mm larger or 5 mm smallerthanthe target. If the participantresponded

“larger” (“smaller”), thecomparisonwaspresented1 mm smaller(larger) thenext time

this trial type wasdisplayed. For dataanalysis,cumulative gaussianswerefitted to the

dataandthepoint of subjective equality(PSE)wasdetermined.Thesuccessionof long

inspectiontaskandshortinspectiontaskwascounterbalancedbetweenparticipants.
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Figure 5.4: Overall illusion effectsaveragedacross all lengthsof thetarget bar for Experiment6

(a) andExperiment 7 (b). Error barsdepict uwv standarderrorof themean.

5.2.2 Results and Discussion

Figure5.4ashows the meanillusion effectsof the long inspectiontaskandof the short

inspectiontask. Therewasa highly significantmaineffect of the illusion ( CEDGF�H	J�K = 27,

�^÷¨ù6N�N�P ). The illusion effect waslarger for the short inspection taskthanfor the long

inspectiontask ( CODfF'H	J�K = 21, � ÷ ù6N�N�a ). The differentsizesof the target bar hadno

differentialeffect on the sizeof the illusion ( CODQP.H�F3J�K = 2.2, R�÷�ù2J'N , ��÷ ùdFeW ). Also,

the interactionbetweentargetsizeandtaskwasnot significant( CODQP.HIFeJ�K = 1.1, R ÷ ù2a'P ,
�y÷�ù6P�V ).

Resultsshow thatin theMüller–Lyer Illusion, shortpresentationtimesleadto a larger

illusion thanlongerpresentationtimes. Becausepresentationtimeswereshorterin the

motor taskof Experiment5 this fact could accountfor the larger motor illusion in this

experiment.
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5.3 Experiment 7: Effects of compa rison position?

In this experimentonemorepossible sourceof differencesbetweenthe perceptualtask

andthemotortaskof Experiment5 wastested.It washypothesizedthatin theperceptual

taskof Experiment5 thecomparisonbarmight have beensocloseto the targetbar that

the illusion influencednot only the targetbut alsothecomparison. Becausein this case

thecomparisonwouldno longerbeneutral,thiscouldhavechangedtheperceptualeffect

measured.If this werethecasethenvaryingtheposition of thecomparisonwould yield

differentperceptualmeasuresfor theillusion.

5.3.1 Method

Eightpeople(4 femalesand4 males)participatedin Experiment7, rangingin agefrom 16

to 30years(mean:23.0years).Procedureandstimuli weresimilar to thelong inspection

taskof Experiment6 andto theperceptualtaskof Experiment5. Theonly differencewas

thatthecomparisonwasnow presentedat threedifferentlocations.For easierdescription

imagineanx–axisparallelto themainaxisof thetargetbar, anday–axisperpendicularto

this. In thePosX–condition thecomparisonwasshiftedalongthex–axisby 160mm. In

thePosY–condition thecomparisonwasshiftedalongthey–axisby Z 80 mm andalong

thex–axisby Z 8 mm, with thesignsof theshiftsbeingdeterminedrandomlyfrom trial

to trial. Finally, in the PosXY–condition the comparisonwasshiftedalong the x–axis

by 160 mm andalong the y–axisby Z 80 mm (seeFigure 5.4b for examplesfor each

condition). Note that the PosY–conditioncorrespondsto the stimulus arrangementof

Experiment5 andthat the PosX–condition correspondsto the stimulus arrangementof

Experiment6.

Eachparticipantperformedfive practicetrials followed by six identical blocks of

24 trials each. Given 24 different trial types(four sizesof the target bar x two con-

texts x threepositions of the comparison),participantsperformedsix adjustmentsper

trial type.

5.3.2 Results and Discussion

Figure 5.4b shows the meanillusion effects measuredat the different positions of the

comparisonbar. While themaineffectof theillusion inducing context washighly signif-

icant( CEDGF�H	V�K = 29, � ÷�ù6N�N.F ), therewasnodifferenceof theillusioneffectsbetweenthe

differentpositionsof thecomparisonbar ( CEDQ]�HIF�ú�K = 0.07, RJ÷ ù2a�F , �é÷ ù6W�ú ), no differ-

encein illusion effectsfor the differentsizesof the target bar ( CEDUP.H	]�FeK = 2.7, R`÷¨ù2a�F ,
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� ÷ ùdF�F ) and no significant interactionbetweenthe last two factors( CEDUa.H;ú�]'K = 1.6,

R ÷kù2P!ú , �y÷�ù2]!ú ).
Theseresultsindicatethat the positionof the comparisonbar doesnot seemto be

critical for themeasurementof theperceptualeffect in Experiment5.

5.4 Discus sion: Müller –Lyer Illusion

Therewerecleareffectsof theMüller–Lyer Illusion on grasping.This resultfits well to

theresultsreportedby DapratiandGentilucci(1997),whoalsofoundacleareffectof the

Müller–Lyer Illusion ongrasping.Also it suggeststhattheresultsof Otto–deHaartet al.

(1999)whofoundfor theMüller–Lyer Illusion anon–significantinfluencewith binocular

viewing (�ø÷�ù2N'W ), but a significanteffect with monocularviewing mightbeattributedto

a lack of statistical power (cf. Table7.1 on page86). Taken together, theseresultsrule

out thepossibility thatgraspingis not affectedby theMüller–Lyer Illusion andtherefore

voteagainstthestrongversionof theSeparateRepresentationModel.

Dif ferentto thestudiesof DapratiandGentilucci(1997)andof Otto–deHaartet al.

(1999)standardperceptualmeasureswereusedin Experiment5 to assesstheperceptual

effectof theillusion(Coren& Girgus,1972b).While thosestudiesreportedalargediffer-

encebetweenthemotorillusion andtheperceptualillusion with amuchlargerperceptual

illusion(cf. Table7.1onpage86),thiswasnot foundwith standardperceptualmeasures:

In Experiment5 thedifferencebetweentheperceptualillusionandthemotorillusion was

smaller. However, now thegraspingeffectwasevensomewhatlargerthantheperceptual

effect.

This larger motor illusion is neitherpredictedby the weakSeparateRepresentation

Modelnorby theCommonRepresentationModel. It might indicatethatsomeadditional

effect biasedeithertheperceptualtaskor themotortask.Suchanadditional effect could

alsoexplain the fact that the across–participantscorrelationbetweenperceptualillusion

andmotor illusion ( cY÷�ù�FeT ) wassmallcomparedto the IdealizedExpectedCorrelation

( c�g�h iY÷�ù2J'W ).
Theperceptualcontrolexperimentsrevealedonepossible causefor sucha bias:The

shorterpresentationtime in themotortask.Experiment6 showedthatashorterpresenta-

tion timecanleadto anincreasein theperceptualeffectof theillusion. Thiscouldexplain

thedifferencein illusion effectsbetweenperceptionandgrasping.

A secondpossiblereasonfor theincreasedmotorillusion isafundamentalconfoundin

theMüller–LyerIllusion: Theoverallsizeof thefin–outfigure(thatenlargestheperceived
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sizeof thetargetbar) is largerthanthesizeof thefin–in figure. Maybeparticipantswere

influencedin graspingby this overall sizeandthis causedan additionalincreasein the

measuredillusion. It wasattemptedto minimizedthis problemby clearlyseparatingthe

targetbarandthefins (seeMethodsectionof Experiment5). Nevertheless,this problem

is alwayspresentin thestandardversionof theMüller–Lyer Illusion.

Note, that this problemis not presentin the EbbinghausIllusion. The Ebbinghaus

figurewith largecontext circleshasa largeroverallsizethanthefigurewith smallcontext

circles,but decreasestheperceivedsizeof thecentraldisc. If participantswereaffected

in graspingby theoverall sizeof thefigure,this shouldattenuatethemeasuredgrasping

effect of the EbbinghausIllusion. However, Experiment1 did not provide evidencefor

a decreasedgraspingeffect in the EbbinghausIllusion, but showed a very goodmatch

betweenthegraspingeffectandtheperceptualeffectof theEbbinghausIllusion.

The following experimentsattemptedto minimize the confoundof overall sizeand

perceptualillusion that is presentin the Müller–Lyer Illusion. For this purposeanother

variantof theMüller–Lyer Illusion wasemployed: theParallel–LinesIllusion.
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Chapte r 6

Parallel–Lin es Illusio n

TheParallel–LinesIllusion mightbethemostsimple of all visualdistortions:A longline

causesa shorter, parallelline to beperceived longer, andvice versa(assimilation effect,

cf. Figure2.8eon page26). With a largedistancebetweenthetwo lines,this effect can

alsobereversed.In this casethe long line causesa shorter, parallelline to beperceived

asbeingevenshorter(contrasteffect,cf. Jordan& Schiano,1986).

It has beenargued (Pressey, 1983, as cited in Jordan& Schiano,1986) that the

Parallel–LinesIllusion may serve asa prototype for morecomplex visual illusionslike

the Müller–Lyer Illusion. In the context of the graspingexperimentsof this study the

Parallel–LinesIllusionhastheadvantagethattherearenofinsthatmight distort grasping.

In orderto obtaina strongillusion two context lineswerepresentedwith onetargetbar

in between(seeFigure6.1c).For theParallel–LinesIllusion, thesamesetof experiments

wasperformedthatwereperformedfor theMüller–Lyer Illusion.

6.1 Experiment 8: Grasping the illusi on

In thisexperiment, theeffectsof theParallel–LinesIllusion ongraspingandonperception

werecompared.Theexperimentis similar to Experiment5, with thedifferencethat the

Parallel–LinesIllusion wasused.

69
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Figure 6.1: a. The apparatusof Experiment8. b. Stimulusconditions in the perceptual taskof

Experiment 8. Thecomparisonbarwasdisplayedon themonitoreither left of right of thetarget.

c. A participant grasping thetarget bar. Theillusion context wasdrawn on a board.

6.1.1 Method

Twenty six people(15 femalesand11 males)participatedin Experiment8, rangingin

agefrom 17 to 36 years(mean:24.7years).Theapparatusof Experiment8 is shown in

Figure6.1.Stimuli,apparatusandprocedurewereidenticalto Experiment5 exceptfor the

following: Insteadof addingfins to thetargetbars,thetargetbarswerenow accompanied

by two parallel lines that hada distanceof 11 mm to the mid line of the target bar and

wereeither100 mm long (this is the enlarging versionof the illusion) or 22 mm long

(this is the shrinking versionof the illusion). As in Experiment5, all elementsof the

Parallel–Linesfigurewere7 mm wide. Thetargetbarswere7 mm wide,5 mm highand

40,43,46or 49mm long. Becausein theParallel–LinesIllusion theparallellinesdonot

touchthe targetbar it wasno longernecessaryto adaptthe illusion–inducingcontext to

eachlengthof thetargetbar(aswasneededin theMüller–Lyer Illusion in Experiment5).

Therefore,insteadof presentingtheillusion–inducingcontext onthemonitor, two boards

wereused(asin Experiment1) onwhich thelongandtheshortparallellinesweredrawn.

Theboardswereplacedunderneaththetargetbars(seeFigure6.1a,c).

As one final differenceto Experiment5 a group factor was addedfor exploratory
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purposes:Tenof theparticipantsviewedthewholestimulusconfigurationas1 mmthick

outlines,while theothersixteenparticipantssaw thestimuli configurationfilled black.

6.1.2 Results

Outlines versusfilled stimuli For bothdependentvariables,theadjustedlengthof the

comparisonbarandMPA, therewasnodifferencebetweenthefilled stimuli andthestim-

uli thatweredrawn only asoutlines.This is reflectedby thefact thatANOVAs for both

dependentvariables(Within–SubjectsFactors:lengthof targetbarandillusion inducing

context; Between–SubjectsFactor: outlines)did not show any significantmaineffect or

interactionof the factoroutlines(all ��� ù�F3] ). Also, addingor removing the factorout-

linesonly minutely changedtheresultsof theANOVAs. Therefore,thetwo groupswere

pooled.

Illusion effects Figure6.2ashows themeanadjustedlengthof thecomparisonbarand

the meanMPA asfunctionsof the lengthof the target bar andof the illusion–inducing

context. In the perceptualtaskthe maineffectsof lengthof target bar ( CEDUP.H	V�J�K = 377,

Ry÷�N�ù6a.F , �bL�ù6N�N.F ) andof illusion–inducing context ( CODfF'H	]�J�K = 82, �"L�ù6N�N.F ) were

highly significant. The interactionbetweenthe two factorswasalsohighly significant

( CODQP.H	V'J�K = 5.5, RJ÷AN�ù6W�P , �é÷ ù2N�N!ú ). Similarly, in thegraspingtaskthemaineffectsof

lengthof targetbar( CODQP�H	V�J�K = 135, R ÷"N�ù6W�T , �)Lbù6N�N.F ) andof illusion–inducingcontext

( CODfF�H	]'J�K = 16, ��Låù2N'N.F ) werehighly significant.Therewasnointeractionbetweenthese

two factors( CEDUP.H	V�J'K = 0.2, R�÷4N�ù2T'a , ��÷kù6W�V ).
Theslopesfor perception( X�÷YN�ù6T.F�Z\N�ù2N!ú ) andfor grasping( X�÷YNçù2W�W[Z\N�ù6N�J ) were

similar ( _`DQ]�J�K = 0.57, ��÷�ù2J�V ). As reasonedin chapter3, this finding allows a compar-

ison of the illusion effects. For this purpose,overall illusion effectswerecalculatedby

averagingtheillusioneffectsacrossall sizesof thecentraldisc.

Comparing motor illusion with perceptual illusion Overall illusion effectsaveraged

acrossall lengthsof the target bar areshown in Figure6.2b. The overall effect of the

illusion ongraspingwassignificantlysmallerthanonperception( _`DQ]�J�K = 4.2, ��L ù2N�N�F ).
Overall illusion effectscalculatedfor eachparticipantseparatelyandcorrelatedacross

participantsareshown in Figure6.3a.Theindividual graspingillusion waspredictedby

the individual perceptualillusion with a slopeof X¡÷�N�ù2V . The correspondingcorrela-

tion washighly significant( cÛ÷�ù6a.F , _`DQ]!ú�K = 3.8, �:L�ù6N�N.F , one-tailed).The Idealized

ExpectedCorrelation(cf. descriptionin chapter3) was c>g�h iø÷kj	l�mj l�n ÷
s p ���s p t�o ÷ ù2W�] .
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Figure 6.2: Resultsof the perceptual taskandof the grasping task in Experiment 8. a. Mean

adjustedlength of thecomparisonbarandmeanmaximumpreshapeaperture(MPA) asfunctions

of the length of the target barandof the illusion–inducing context. Solid lines representdatafor

thelong context lines,dashedlinesfor theshortcontext lines. Error barsdepict uwv standard error

of the mean.Dataarenormalizedto account for absolute differencesin handsizes andaperture

sizesbetweentheparticipants. SeeAppendix A for a description of thenormalization. b. Overall

illusion effectsaveragedacross all length of thetarget bar. Error barsdepict uwv standarderrorof

themean.

Developmentof the illusion over time In orderto testwhethertherepeatedpresenta-

tion of theParallel–Linesfigurecausesadecrementof illusionstrengththeillusion effect

werecalculatedseparatelyfor eachtrial. This wasdonein exactly the sameway asin

Experiment5 andin Experiment1 (seepage45). Resultsareshown in Figure6.3b. The

linearregressionof illusion effect asa functionof trial–numbershowedin theperceptual

taskasmall,justaboutsignificantincreaseof theillusion over time. In thegraspingtask,

nochangeof theillusioneffectover timewasfound:

Perception: x�y�÷4N�ù2N!ú#|�}�~�4F5ù6T [mm]; _`D�]�]'K = 2.1, ��÷kù6N�ú�W
Grasping: x�y�÷4N�ù2N�F�|�}�~��N�ù2V [mm]; _`D�V'N�K = 1.1, ��÷kù2]'W

(IE standsfor illusion effect andTN for trial–number. Thet–valueteststheslopeof the

regression).



6.1 EXPERIMENT 8: GRASPING THE ILLUSION 73

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

−2 0 2 4 6
−2

0

2

4

6

Perception [mm]

G
ra

sp
in

g 
[m

m
]

Illusion effects

−5

0

5

10

Grasping

0 10 20 30 40 50 60 70
−5

0

5

10

Trial

Perception

Ill
us

io
n 

ef
fe

ct
 [m

m
]

b.a.

Figure 6.3: Further analysesof theresults of Experiment8. a. Overall illusion effects calculated

separately for eachparticipant and correlatedacross participants. Eachdatapoint depicts the

motor illusion andthe perceptual illusion of oneparticipant. Illusion effects of participantsthat

saw outlinesareshown ascrosses,while datafor those who saw filled barsareshown ascircles.

Thesolid line is thelinearregression overall datapoints. Thedashedline bisectsthefirst quadrant.

b. Illusion effects calculatedseparately for eachtrial. Thesolid line is the linear regression over

all datapoints. Seetext for details.

Duration of stimulus presentation As in Experiment1 andin Experiment5 thestimu-

lus waspresentedin theperceptualtaskaslongastheparticipantsneededto performthe

adjustmentwhile in thegraspingtaskvisibility wassuppressedby closingtheglassesas

soonastheparticipantstartedto movethehand.Theaveragedurationof stimuluspresen-

tationin thegraspingtaskwas739msec.Interestingly, participantsstartedto graspfaster

whentheshortparallellineswerepresented(726msec)thanwhenthelongparallellines

werepresented(752msec).Thismaineffectof illusion–inducingcontext wassignificant

( CODfF�H	]'J�K = 7.7, �{÷%ù6N.F ), while therewereno statistically reliableeffectsof lengthof

targetbar, norof theinteractionbetweenthesetwo factors(all ���åù2W'T ).
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6.1.3 Discussion

As in theMüller–Lyer Illusion, clearandhighly significanteffectsof theParallel–Lines

Illusion on graspingwere found. The motor illusion aswell as the perceptualillusion

stayedexactly thesameirrespective of whetherthestimuli werepresentedasoutlinesor

filled — indicatingthatresultsareconsistentfor differentwaysof stimulus presentation.

In contrastto theresultsin theMüller–Lyer Illusion, theperceptualillusionwaslarger

thanthemotorillusion. Thisoutcomeisconsistentwith theassumption thatin theMüller–

Lyer Illusion thefins might have exertedanadditionaleffect on themotorsystem. Also,

in contrastto the Müller–Lyer Illusion thereis a strongandhighly significantacross–

participantscorrelationbetweenperceptualillusion andmotorillusion— suggestingthat

thesamesignalis responsible for theillusioneffectsin perceptionandin grasping.

In anattemptto find possible reasonsfor the(again)differentsizesof theperceptual

illusionandof themotorillusion thesamecontrolexperimentswereperformedasfor the

Müller–Lyer Illusion.

6.2 Experiment 9: Effects of presentatio n time?

As in Experiment6, it wastestedperceptuallywhetherthedifferentpresentationtimesin

theperceptualtaskandin thegraspingtaskcancausedifferentstrengthsof theParallel–

LinesIllusion.

6.2.1 Method

Eight people(3 femalesand5 males)participatedin Experiment9, rangingin agefrom

21to 26years(mean:23.3years).Stimuli, apparatusandprocedurewerealmostidentical

to Experiment6. ThesoledifferencewasthattheParallel–LinesIllusion wasusedinstead

of theMüller–Lyer Illusion.

6.2.2 Results and Discussion

Figure6.4ashows the meanillusion effectsof the long inspectiontaskandof the short

inspectiontask.Therewasahighly significantmaineffectof thefactorillusion( CODfF�H8V�K =

25, ��÷kù6N�N�] ). Theillusion effectwasalmostthesamefor theshortinspectiontaskandfor

thelong inspection task( CEDGF�H	V�K = 0.1, � ÷kù?V'V ). Thedifferentsizesof thetargetbarhad

no differentialeffect on thesizeof the illusion ( CODQP.H8]�F3K = 0.4, R ÷iù?V0a , �ÿ÷iù2V�F ). Also,
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Figure 6.4: Overall illusion effectsaveragedacrossall lengths of the target bar for Experiment 9

(a) andExperiment 10 (b). Error barsdepict uwv standarderrorof themean.

the interactionbetweentargetsizeandtaskwasnot significant( CEDUP.H	]�F3K = 0.3, R ÷ ù?V'P ,
� ÷ ù?V ú ).

Thepresentationtime doesnot seemto have an influenceon illusion strengthin the

Parallel–LinesIllusion. Thisis differentfrom theMüller–LyerIllusion andmightindicate

that the influenceof shortpresentationtimeson theMüller–Lyer Illusion is causedby a

decrementin theability to separatethefins from thetargetwith shortpresentationtimes

in the Müller–Lyer Illusion. For the purposesof the comparisonof motor illusion and

perceptualillusion in theParallel–LinesIllusion this resultmeansthatpresentationtime

likely doesnotbiastheresultsin oneof thetwo measures.

6.3 Experiment 10: Effects of comparison position?

As in Experiment7, thepossibility that thecomparisonbarmight have beeninfluenced

by the illusion inducingcontext of the Parallel–LinesIllusion was tested. If this were
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the case,thenvarying the position of the comparisonwould yield differentperceptual

measuresfor theillusion.

6.3.1 Method

Six people(3 femalesand3 males)participatedin Experiment10,rangingin agefrom 17

to 25years(mean:22.3years).Stimuli, apparatusandprocedurewerealmostidenticalto

Experiment7. Thesoledifferencewasthat theParallel–LinesIllusion wasusedinstead

of theMüller–Lyer Illusion.

6.3.2 Results

Figure6.4bshowsthemeanillusioneffectsmeasuredatdifferentpositionsof thecompar-

isonbar. Themaineffectof theillusion inducing context washighlysignificant( CODfF'H	J�K =

70, �)Lbù6N�N.F ) andthepositionof thecomparisonbarhadahighly significantinfluenceon

the illusion effect ( COD�]�HIFIN�K = 18.3, R�÷ ù6W�] , � ÷ ù2N'N.F ). Illusion effectsweresimilar for

thedifferentsizesof thetargetbar( CEDUP.HIF3J�K = 3.9, R�÷ ù2J�V , � ÷èù2N�V ) andtheinteraction

betweenthelasttwo factorswasnotsignificant( CEDUa.H8P�N�K = 0.1, R ÷kùsú7F , � ÷kù6T�J ).
Post–hocanalysesshowed that therewasno differencebetweenthe illusion effects

in the PosXandPosXY conditions(Tukey–test, ����ùdFeN ). However, therewerehighly

significantdifferencesbetweentheillusion effectsin thePosXandPosXYconditionsone

onesideandthe illusion effect in the PosYconditionon the otherside(Tukey–test, all

�)Lbù6N.F ).
6.3.3 Discussion

Theposition of thecomparisonbarhadastronginfluenceonthemeasuredstrengthof the

Parallel–LinesIllusion. This suggeststhat the illusion–inducingcontext not only influ-

encesthetargetbut alsothecomparison.In otherwords,spatialseparationdoesnotseem

to besufficient in theParallel–LinesIllusion to keepthecomparisonuninfluenced.This,

however, is aprerequisiteto accuratelymeasurethesizedistortionof thetarget.

JordanandSchiano(1986)describedan effect that could accountfor theseresults.

They foundthat theParallel–LinesIllusion switchesfrom assimilation (thetarget is per-

ceivedasbeinglongerif thecontext is longer)to contrast(thetargetis perceivedasbeing

shorterif thecontext is longer)with largespatialseparationbetweentargetandcontext.

Applying this finding to the comparisonbar could accountfor the datafound in the

presentexperiment. For example,considerthecasein which thecontext lineswerelong

andthecomparisonhadalargedistanceto theParallel–Linesfigure. In thisconfiguration,
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oneexpectsthe target to beperceivedaslonger(assimilationeffect, shortdistance)and

thecomparisonto beperceivedasshorter(contrasteffect, long distance).If participants

now matchtargetandcomparison,they have to changethelengthof thecomparisonby a

largeramountthanif thecomparisonwereunaffectedby thecontext elements.This leads

to a largervalueof themeasuredillusion.

This effect interfereswith any comparisonof perceptualillusion andmotor illusion.

For a valid comparison,the perceptualtaskshouldonly measurean illusory changein-

ducedin onestimulus becauseonly onestimuluscanbegrasped.Theotherstimulus,the

comparisonbar, shouldbeuninfluencedby theillusion.

In otherwords,graspingis inherentlya “unipolar” measureof sizeinformation, be-

causeonly thesizeof onestimulusneedsto becomputedto guidegrasping.In contrast,

theperceptualmeasuresthatwereusedin all of theexperiments reportedheresofarwere

“bipolar” measuresbecausetwo sizeshadto becomputed— thesizeof thetargetandthe

sizeof thecomparison.This proceduredoesnot leadto any problemaslongasthecom-

parisoncanbe assumedto be unaffectedby the illusion. In the Parallel–LinesIllusion,

however, thisassumptionis notvalid.

A solution to thisproblemwouldbeto find aunipolarperceptualmeasurethatrequires

only to computethe sizeof onestimulus, the target. For this purposeparticipantswere

trainedin Experiment11 to estimatethe lengthof stimuli in milli metersandthenasked

to estimate thelengthof thetargetin theParallel–LinesIllusion.

6.4 Experiment 11: Using a unipolar perceptual measure

In order to obtaina unipolarperceptualmeasureof the Parallel–LinesIllusion, Exper-

iment 10 wasreplicated,andextendedby addinga magnitude estimationmethod. For

themagnitudeestimation,participantswerefirst trainedto estimatethe lengthof barsin

millimetersandsubsequently hadto estimatethelengthof thetargetin theParallel–Lines

Illusion (cf. Coren& Girgus,1972bfor a similar estimationmethodin which, however,

no trainingwasperformed.SeealsoVishton,Rea,Cutting,& Nunez,1999).

6.4.1 Method

Eightpeople(4 femalesand4 males)participatedin Experiment11, rangingin agefrom

16 to 30 years(mean:24.4years).The experimentconsisted of two tasks.The adjust-

menttaskwasalmostidentical to Experiment10. However, the number of blockswas
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reducedfrom six to four. Given 24 differenttrial types(four sizesof thetargetbarx two

contexts x threepositions of the comparison),participantsperformedfour adjustments

per trial type. Also, to beascomparableaspossible to Experiment8, the targetbarhad

lengthsof 40,43,46and49mm(insteadof 43,44,45and46mm).

In themagnitudeestimationtask,participantswerefirst trainedto give absoluteesti-

matesof the lengthof a singlebar. Thebarhadlengthsbetween33 mm and56 mm (in

stepsof 1 mm). Participantsviewed the bar without any context elementson the mon-

itor andseta number(by pressingthe buttonsof a computermouse)that shouldreflect

the lengthof the bar in mm. After the participantshadsetthe number, a feedbackwas

provided that gave the true lengthof the bar andscoresdependingon the performance

of the participant. Participantsdid this training for 48 trials andwere instructedto be

as preciseas possible. After the training, they performedthe experimental condition.

Exactly the samestimuli as in the adjustmenttaskwerepresentedfor 48 trials andthe

participantswere requestedto estimatetheir length. No feedbackwasgiven in the ex-

perimentalcondition. Giveneightdifferenttrial types(four sizesof thetargetbarx two

contexts),participantsperformedsix estimatespertrial type.After theexperimentalcon-

dition, participantsperformedthe training againfor 24 trials to control for changesin

responseduringtheexperimentalcondition.

6.4.2 Results

Figure6.5showsthemeanadjustedlengthsof thecomparisonbarandthemeanestimated

lengthsasfunctionsof the lengthof the targetbar andof the illusion–inducing context.

All dependentmeasuresshowed linear relationshipsto physical size. Most importantly,

magnitude estimation showeda similar relationshipastheotherdependentmeasures—

indicatingthatparticipantsreactedto physical sizedifferencesin themagnitudeestima-

tion conditionin thesamemannerasthey did in theotherconditions.This factallows to

comparetheillusioneffectsbetweenthedifferentdependentmeasures.

The main effect of the illusion inducing context was highly significant( CODfF�H	V'K =

77, ��Liù6N�N.F ) andthedifferentwaysto assessthe illusion effects(differentpositionsof

thecomparisonbarandthemagnitudeestimation task)hada highly significantinfluence

on the illusion effect ( CEDUP.H	]�F3K = 11.6, Rÿ÷ ù6T�] , ��L ù6N�N.F ). Therewasno difference

of the illusion effects for the differentsizesof the target bar ( CODQP.H8]�F3K = 0.4, Ry÷ ù2V'T ,
� ÷iù?V'] ) andthe interactionbetweenthelast two factorswasnot significant( CEDUT.H8a�P�K =

2.3, R�÷�ù2P.F , �y÷kù�F'F ).
Overall effects,averagedacrossall lengthsof thetargetbar, areshown in Figure6.6.
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Figure 6.5: Resultsof Experiment 11. Meanadjustedlengthof thecomparisonbarfor thediffer-

entpositionsof thecomparisonbar in theadjustmenttaskandmeanestimated sizein theestima-

tion task. Error barsdepict uwv standarderrorof themean.

Post–hocanalysesshowedthattherewasnodifferencebetweentheillusion effectsin the

PosXandPosXYconditionsandbetweenthe illusion effectsin thePosYcondition and

the magnitudeestimationtask (Tukey–test, all �S� ùdFeN ). However, therewere highly

significantdifferencesbetweentheillusion effectsin thePosXandPosXYconditionson

onehandandthe illusion effectsin thePosYcondition andin themagnitudeestimation

taskon theotherhand(Tukey–test,all �)Lbù6N.F ).

6.4.3 Discussion

Several conclusions canbe drawn from the resultsof Experiment11. First, the results

of Experiment10 werereplicatedin theadjustmenttasks,showing thatdifferentillusion

strengthsareobtainedif theposition of thecomparisonbaris varied.Second,magnitude

estimationcould be introducedasa linear, unipolar measure.Third, magnitudeestima-

tion gave a smaller illusion effect than the adjustment task in the conditions in which

thedistancebetweentarget andcomparisonwaslarge. This is exactly what is expected

accordingto the contrastinterpretation:With large distancesbetweenthe illusion con-

text andthe comparisona contrasteffect changesthe perceived sizeof the comparison
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Figure6.6: Overall illusioneffectsaveragedacrossall length of thetargetbarfor thedifferentpo-

sitionsof thecomparison barin theadjustmenttaskandfor theestimationtaskof Experiment 11.

Error barsdepict uwv standard error of themean.

andthis enlargesthemeasuredillusion. Becausethis effect is not possiblein magnitude

estimation, themeasuredillusion is smaller.

In thelight of thisoutcomeit is interestingto discussanexplanation for therelatively

small illusion effect in thePosYcondition which is alternative to thecontrastinterpreta-

tion discussedsofar. Theexplanationassumesthat it is somehow easierto comparethe

comparisonbar to the target bar in the PosYcondition. The reasonscould be that the

comparisonbar andthe target bar arevery closetogetherand that participantsare, for

example,ableto mentally“move” thecomparsionbar to the targetbar. Sucha strategy

couldmakethecomparisoneasierandthereforereducethemeasuredillusion. Thisexpla-

nationis differentfrom theexplanationsdiscussedsofar becauseit doesnot assumethat

thecomparisonbar is affectedby the illusion, but that thecomparisonis moreveridical

in the PosYcondition. Thereare two problemswith this explanation. First, the same

strategy shouldalsobe possible in theMüller–Lyer Illusion. Experiment7 showed that

this is not thecase:Theillusion effect in theMüller–Lyer Illusion wasnot decreasedfor

thePosYcondition.Second,themagnitudeestimation in thepresentexperimentshowed
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exactly thesame(small) illusion effect asthePosYcondition. This, however, cannotbe

explainedby thestrategy, becausethereis nocomparisonbarinvolvedin this task.

Whatdo theresultsmeanwith respectto theinterpretationof thedifferencebetween

thegraspingillusionandtheperceptualillusion observedin Experiment8? Thepercep-

tual taskof Experiment8 wassimilar to thePOSXY–conditionof thepresentexperiment.

Themagnitudeestimation asthemoreappropriateunipolarmeasureshowedan illusion

effect thatwasabouthalf the sizeof the effect in the POSXY–condition. This suggests

thattheperceptualillusionmeasuredin Experiment8 wasover–estimated,dueto effects

of the illusion context onto thecomparison.Correctingfor this bias,oneexpectsa per-

ceptualillusion of roughlythesamesizeasin grasping.

6.5 Discus sion: Parallel– Lines Illus ion

Therewerecleareffectsof theParallel–LinesIllusionongrasping.Thisextentstheresults

foundfor theEbbinghausIllusionandtheMüller–LyerIllusionandindicatesthatgrasping

clearly is affectedby visual illusions. Again, the resultclearly votesagainstthe strong

SeparateRepresentationModel.

The Parallel–LinesIllusion is the only illusion in the presentstudy which consis-

tently showeda smallergraspingeffect thanperceptualeffect. This couldbecountedas

evidencefor theweakSeparateRepresentationModel which predictsa smallermotoril-

lusion thanperceptualillusion. However, therewasalsoa strongandhighly significant

across–participantscorrelationbetweenperceptualillusionandmotorillusion. That is, a

participantshowing a largemotorillusionalsotendedto show a largeperceptualillusion.

This suggestsa commonsourceof theperceptualillusion andof themotor illusion (see

thediscussion in chapter3).

Investigatingthe reasonsfor the smallermotor illusion showed that (a) presentation

time wasnot critical (differentto theMüller–Lyer Illusion) and(b) themeasuredpercep-

tualeffectvariedin awiderangeif thepositionof thecomparisonbarrelativeto thetarget

bar waschanged(this is alsodifferent to the Müller–Lyer Illusion). Here the problem

arises,whichperceptualeffect shouldbeusedfor thecomparisonbetweenmotorillusion

andperceptualillusion. Graspingdoesnot involve a comparisonbar (it is unipolar)and

thereforetheambiguityin theperceptualeffect cannoteasilyberesolved.

In Experiment11sizeestimationwasusedasaunipolarperceptualmeasurethatalso

doesnot involveacomparisonbar. Therefore,it seemsto bemorecomparableto grasping

than the other perceptualmeasures.Resultsshowed that the perceptualeffect is also
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smallerfor thisunipolarmeasure.Thissuggeststhattheperceptualeffectmeasuredin the

graspingexperiment(Experiment8) shouldbecorrectedandthereforethesmallermotor

illusioncanbereconciledwith thenotion thattheeffectsof theParallel–LinesIllusion are

similar for graspingandfor perception.



Chapte r 7

General Discussion

Therewereclearandhighly significanteffectsof theEbbinghausIllusion, of theMüller–

Lyer Illusion,andof theParallel–LinesIllusion on grasping.In theEbbinghausIllusion,

thegraspingeffect matchedtheperceptualeffect very well. In theMüller–Lyer Illusion,

thegraspingeffect waslargerthantheperceptualeffect,while in theParallel–LinesIllu-

sionit wassmaller. In theEbbinghausIllusion,therewasasignificantacross–participants

correlationbetweenthemotorillusion andtheperceptualillusion of aboutthesizeof the

IdealizedExpectedCorrelation.In theMüller–Lyer Illusion, theacross–participantscor-

relationwassmallandnon–significant,andin theParallel–LinesIllusion it waslargeand

highly significant.

In the Müller–Lyer Illusion, thereare two possible reasonsfor the strongermotor

illusion. First, thepresentationtime wasshorterin themotortask.Experiment6 showed

thatshorteningpresentationtimecanincreaseillusion strength.Second,theillusion effect

is confoundedwith theoverall sizeof theMüller–Lyer figure. This mayhave selectively

influencedgraspingandhenceincreasedthe motor illusion (Note, that this confoundis

notpresentin theEbbinghausIllusion, seesection5.4).

To minimizethisconfound,theParallel–LinesIllusion wasinvestigatedsinceit hasa

larger separationbetweenthe target andthe illusion–inducingcontext thanthe Müller–

Lyer Illusion. In the Parallel–LinesIllusion, the motor illusion was smaller than the

perceptualillusion. However, there was also a strongand highly significant across–

participantscorrelationbetweenthe perceptualillusion andthe motor illusion. That is,

a participantshowing a large perceptualillusion alsotendedto show a large motor illu-

sion— suggesting thatbothillusionshave thesameorigin.

83
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Investigating the reasonsfor the (in this case)smallermotor illusion, showed that

the measuredperceptualeffect dependedstronglyon placementof the comparisonbar

relative to the targetbar. Sincegraspingdoesnot involve a comparisonbar (this feature

wascalledunipolar)thequestionariseswhich position of thecomparisonbarshouldbe

usedto comparetheperceptualillusion with themotorillusion. Usingsizeestimation as

a unipolarperceptualmeasureshowed that the perceptualeffect is alsosmallerfor this

unipolarmeasure.This factsuggeststhat theperceptualeffect measuredin thegrasping

experiment(Experiment8) shouldbe correctedandthereforecanreconcilethe smaller

motorillusionwith thehypothesisthattheeffectsof theParallel–LinesIllusionaresimilar

for graspingandfor perception.

In conclusion,theevidencepresentedherearguesagainstthestrongSeparate Repre-

sentationModelbecausethereclearlyareeffectsof theEbbinghausIllusion, theMüller–

Lyer Illusion, andthe Parallel–LinesIllusion on grasping.The experimentsprovide no

convincing evidencefor the weak SeparateRepresentationModel becausethe motor

effects were not consistently smallerthan the perceptualeffects but were equalin the

EbbinghausIllusion andlarger in the Müller–Lyer Illusion. The Parallel–LinesIllusion

is theonly illusion in which a smallermotoreffect wasfound. In this illusion, however,

therewasa strongacross–participantscorrelationbetweenperceptualeffect andmotor

effect— suggesting thattheillusion effectshave thesameorigin.

Finally, thereis relatively good(however not perfect)agreementof thedatawith the

predictionsof the CommonRepresentationModel. For the Ebbinghaus Illusion, this

agreementis very good: The perceptualillusion andthe motor illusion matchwell and

theacross–participantscorrelationof perceptualillusionandmotorillusion is of aboutthe

sizeof theIdealizedExpectedCorrelation.For theMüller–Lyer Illusion andtheParallel–

LinesIllusion, thisagreementis notasgood.However, thereareplausiblereasonsfor the

differencesthatlikely lie in anincompletematchbetweentheperceptualtasksandin the

motortasks.

Thepresentstudydemonstrates,how difficult it is to adequatelymatchtheperceptual

taskand the graspingtask (cf. Post& Welch, 1996; Smeets& Brenner, 1995). This

problemmight lead to the pessimistic view that an adequatecomparisonof the tasks,

andthereforea discriminationbetweentheweakSeparateRepresentationModelandthe

CommonRepresentationModel,is notpossible.However, thisendeavor cangiveinsights

aboutsubtletiesof thecognitive system— as,for example,theinfluenceof theParallel–

Lines Illusion on the comparisonbar. Also, it is clearthat point hypotheses— suchas

predictedby thestrongSeparateRepresentationModel andtheCommonRepresentation

Model— areto be valuedmorehighly thanhypothesesthat only predictdifferences—
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suchas predictedby the weak SeparateRepresentationModel (Meehl, 1967; Popper,

1980). In thefollowing sectionthefindingsof this studywill be relatedto theresultsof

previousstudies.

7.1 Comparison with previous studies

Table7.1 summarizestheresultsof studiesthatwereperformedon the influencesof vi-

sual illusions on graspingusingMPA asdependentvariable. It seemsclear from these

datathat visual illusions do influencegrasping,asmostof the studiesfound significant

effectsof visual illusionson grasping.Theremainingstudiesfoundeffectsthatwereal-

mostsignificant(Otto–deHaartet al., 1999;Haffenden& Goodale,1998)— or useda

smallperceptualillusion anda small samplesize(Brenner& Smeets,1996). It is note-

worthy that with respectto the EbbinghausIllusion thereis an unusualagreement:All

four studies,performedin threedifferentlaboratories,usedalmostthesamegeometryfor

their stimuli. And all four studiesfoundvery similar sizesfor themotor illusion! Taken

togetherthe evidenceclearly votesagainstthe strongversionof theSeparateRepresen-

tation Model which assumesthat thereis no influenceof visual illusions on grasping.

Whataboutthe relationshipbetweenperceptualeffectsandgraspingeffects? In Ta-

ble 7.1 a distinction is madebetweenstandardandnon–standardperceptualmeasures.

Standardperceptualmeasuresmeansmeasuresthat are typically usedto investigatevi-

sualillusions.Participantseitherchoseoneobjectout of a seriesof objectsto matchthe

sizeof the target or adjustedthe sizeof a comparisonstimulus (seefor exampleCoren

& Girgus,1972bfor aninvestigationof thesemeasures).Thenon–standardmeasuresare

quitedifferentandwill bediscussedlater.

The studiesof Aglioti et al. (1995)andof HaffendenandGoodale(1998)usedthe

compositeversionof theEbbinghausIllusion (indicatedin thelastcolumnof Table7.1).

Theexperimentsdescribedin chapter4showedthatthiscanleadtoanenlargedperceptual

effect. Thestudiesthatavoidedthis problemfounda very goodmatchof perceptualand

motoreffectsin theEbbinghausIllusion (Experiment1 andPavaniet al., 1999).

BrennerandSmeets(1996)alsousedacompositeversionandtheAglioti paradigmto

investigatethePonzoIllusion (Figure2.8gonpage26). It is likely thatthesameproblem

of anenlargedperceptualeffectasin theAglioti etal. studyarisesfor thisillusion (In fact,

I conductedcontrolexperimentssimilar to Experiment3. Theseexperimentsshowedthat

afailureof additivity canalsooccurin thePonzoIllusionandin theMüller–LyerIllusion).



86 CHAPTER 7. GENERAL DISCUSSION

Table 7.1: Effectsof visual illusionson perception andon grasping.

Illusion andstudy N Grasping Perception Perception Comp.–

(standard) (non–standard) version�
EbbinghausIllusion:

Aglioti et al., ’95 14 �I�������������8  ¡ * ¢'��£$������¢ * yes

Haffenden & Goodale, ’98 18 �I�¤�¥������£��8  ¦ ns. ¢'���¥������¢ * ����¢$�-�I�¤�I§8  �8  ¦ * yes

Pavani et al., ’99 18 �I�¤� * ���6¨ * no

Experiment 1, this study 26 �I��£$������©eª * �I��£$�����«�	¢ * no

PonzoIllusion:

Brenner& Smeets,’96 8 ����© (¬®¯�«�	ª ) ����ª±° * yes

Müller–Lyer Illusion:

Daprati& Gentilucci, ’97 8 �I�¤� * ©'�6¨³² * ¢'���3´ * no

Haartet al., ’99, binoc � µ 14 �I�6¨ (¬¶\�¤�3ª ) ·'�¤� ² * yes

Haartet al., ’99, monoc� µ 14 ¢'�«� * �	¢'��� ² * yes

Experiment 5, this study 16 ©'���¥�������¸¢ * ¢'�¤��������¢�� * no

Parallel–LinesIllusion:

Experiment 8, this study 26 �I��¢$������©e¢ * ¢'��©$������¢e� * no

Note. All Illusion effectsarein millimeters andarethedifferencesbetween anenlarging version

of the illusion and a shrinking version. The grasping effects are based on maximumpreshape

aperture. N is thenumber of participants. If availablestandarderrors of themeanarepresented.

Onestudy (Marotta et al., 1998) did not reportsizes of theeffects andis not included.

In thenon–standardperceptual measuresparticipantsindicatedtargetsizeby§ opening index finger

and thumbwithout seeing hand andstimulus, or ² with full vision of hand andstimulus, or ´ by

drawing a line of the length of the target without seeing hand andpaper, but seeing thestimulus.

� Thiscolumnindicateswhetherthecompositeversion of theillusionwasused. µ binoc. = binocular

viewing; monoc.= monocular viewing. � Effectsarecalculatedfrom only 50% of the trials (for

which calculationsarecomparableto theother studies,seeAppendix C). ¡ valuesaretaken from

Fig. 5, p. 683. ¦ values: A. Haffenden, personal communication, August 1998. ° the value is

significantly differentfrom zero, E. Brenner, personal communication, January, 2000.

* ¬O¹��¤�3£ .
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Therefore,it is difficult to interpretthedifferencebetweentheperceptualillusion andthe

motor illusion in thestudyof BrennerandSmeets.Also, thefocusof this studywasnot

onMPA but onmeasuringtheforcethatwasappliedto lift theobjects.Thismeasurewas

clearlyaffectedby theillusion indicating aninfluenceof thevisual illusion on themotor

system.

Threeof thestudieslisted in Table7.1 useddifferent,non–standardperceptualmea-

suresto assesstheperceptualeffectsof theillusion. HaffendenandGoodale(1998)used

a manualestimation task. Participantsestimatedtargetsizeby openingindex fingerand

thumbwithout seeingtheir handor thestimulusduringperformanceof thetask.Daprati

andGentilucci(1997)andOtto–deHaartetal. (1999)alsousedamanualestimationtask,

but theirparticipantshadfull visionof stimulusandhandduringthetask.Finally, Daprati

andGentilucciuseda secondtaskin which participantsdrew a line of the lengthof the

targetwithoutseeingtheir handor thepaper.

All thesetaskshavepotentialbenefits.Themanualestimation tasksare,for example,

very similar to the graspingtask(e.g.,Haffenden& Goodale,1998matchedthe haptic

feedbackin the manualestimationtaskandin the graspingtaskby having participants

graspthetargetsaftereachmanualestimation). Also, all tasksareunipolarmeasuresbe-

causeparticipantsactononly oneobjectatatime— avoidingtheproblemswith ambigu-

ousperceptualmeasuresthat weredescribedfor the Parallel–LinesIllusion. However,

therearealsoseriousproblemsrelatedto thesemeasures:

First, it is notclearwhetherthesemeasurescanbeinterpretedasperceptualmeasures.

To thecontrary, onemightverywell arguethatthemotor systemis tappedwith thesetasks

(in fact,Vishton etal.,1999usedasimilar taskandinterpretedit asmotortask;seebelow

for adescriptionof thisstudy).This is evenmoreproblematic if novisualfeedbackof the

handis allowed. In this caseparticipantshave to rely stronglyon feedbackof themotor

system.Beforethesemeasurescanbeinterpretedasperceptual,they should becompared

to standardperceptualmeasures.For example, they shouldyield effects of a similar

sizeasthestandardperceptualmeasures.Also, they shouldcorrelateacrossparticipants

with standardperceptualmeasures.Furthermore,theslopeof thefunctionrelatingthese

measuresto physicalsizeof theobjectshould beknown in orderto validly comparethem

to graspingaswell asto standardperceptualmeasures(this is thesamesituationaswas

describedfor thecomparisonof graspingwith standardperceptualmeasuresin chapter3).

Second,Table7.1 shows that the non–standardperceptualmeasuresyield diverging

results.Themanualestimationstasks(indicatedbyaandb) in particulartendtoshow very

largeillusioneffects.In theHaffendenandGoodale(1998)study, thedifferencebetween

theeffect in themanualestimation taskandtheeffect in thestandardperceptualmeasure
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is of aboutthesamesizeasthedifferencebetweengraspingandthestandardperceptual

measure.This is evenmoretrue if onetakesinto accountthat in this studythestandard

perceptualmeasurelikely areanoverestimatebecauseof theuseof thecompositeversion

of the illusion in theAglioti paradigm(asarguedin theexperimentson theEbbinghaus

Illusion, chapter4). The sameis true for the DapratiandGentilucci(1997)study. The

drawing task(indicatedby c) differsfrom thegraspingtaskby aboutthesameamountas

from the manualestimationtask(indicatedby b). This is alsoreflected by the fact that

therewasonly onesignificantdifferencein thepost–hoccomparisonsof this study:The

fin–inconfigurationof theMüller–Lyerfigureshowedalargerillusioneffectin themanual

estimation taskthanin boththegraspingtaskandthedrawing task.Thegraspingillusion

andthe illusion in the drawing taskwerenot significantly different. In conclusion,the

non–standardperceptualmeasuresdo not seemto beunderstoodwell enoughandshow

too inconsistentresultsto arguein favor of a dissociationbetweenperceptionandaction

basedon thesemeasuresalone.

As a final issue,two recentlypublishedstudieswill bediscussedthatcometo similar

conclusionsas the presentstudy, however useddifferent approachesand are therefore

not listedin Table7.1. Vishton et al. (1999)investigatedtheHorizontal–Vertical Illusion

(Figure2.8donpage26). Participantsdidnotgraspthree–dimensionalobjectsbut reached

for two–dimensionalobjectsthatwereprintedonpaper. They wereinstructedto perform

thismovementasif they weregraspingthedrawnobjects.Thedependentmeasurewasthe

openingof thefingersat themomentwhenthepaperwastouched(andnotMPA). It is not

clearthat this is a valid measurefor grasping.Onepotential problemis thatparticipants

did not getany hapticfeedback.For example,Opitz, Gegenfurtner, andBülthoff (1996)

reportedthat reachmovementschangequalitatively if no haptic feedbackis provided.

Participantsstartto performstereotypedmovementsthatarequitedifferentfrom normal

graspmovements.Nevertheless, it is interestingto comparetheresultsof thisstudyto the

resultspresentedhere.In their first experiment, Vishtonet al. comparedtheeffect of the

Horizontal–VerticalIllusion on the(mimicked)graspingwith theeffect on perception—

andfounda smaller effect on graspingthanon perception.However, they arguedthat in

the perceptualtaska relative judgmentwasrequiredbecauseparticipantscomparedthe

horizontalline with theverticalline — bothbeingpartof theHorizontal–VerticalIllusion

figure (this is thesameproblemaswith thecomposite versionin theAglioti paradigm).

They arguedthat,contraryto theperceptualtask,participantsoperatedononly oneof the

two lines in the graspingtaskandthereforean absolutejudgment of sizewasrequired

(in the presentstudythis wascalleda unipolarmeasure).In further experiments,they

introducedabsolute(or unipolar)measuresof perception,oneof whichwasatasksimilar
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to themagnitudeestimationtaskof Experiment11. Usingthesemeasures,thedifferences

betweenthe(mimicked)graspingandperceptionvanished.This is highly congruentwith

theresultspresentedhere.

Van Donkelaar(1999)investigatedwhetherpointing movementsareaffectedby the

EbbinghausIllusion. Thestudyis basedonFitts’ law, thefactthatpointingmovementsto

smallertargetstakelongerthanto largertargets(Fitts,1954).Accordingto theperception

versusactionhypothesisthe illusory changein sizecausedby the EbbinghausIllusion

shouldnot affect the pointing movement. Yet, van Donkelaarfound suchan effect: If

participantspointedto thecentralcircle of theEbbinghausIllusion, themovementtimes

wereaffectedjustasif aphysicalchangeof thesizehadhappened.This is onemorepiece

of evidenceshowing thattheEbbinghausIllusion affectsthemotorsystem.

7.2 Conseque nces for the perception versus action hypothe-

sis

The perceptionversusactionhypothesis is an attemptto integrateevidencefrom lesion

studieson monkeys, neuropsychological studies,andpsychophysical studies(cf. chap-

ter 2). GoodaleandMilner (1992,Milner & Goodale,1995)proposedthat the two sys-

temsof theprimatebrain,thedorsalstreamandtheventralstream,areusedselectively for

perceptionandaction. They suggestedthat the functionof thedorsalstreamis to guide

themanipulation of objects,while thefunctionof theventralstreamis to performcompu-

tationsthatarenecessaryfor objectrecognitionandconsciousperception.They argued

that thesecomputationshave to fulfill totally differentrequirements.Computationsfor

theguidanceof actionshave to befast,they only needa shorttermmemorybecausethe

position of theobjectcanchangequickly andthey have to codethepositionof theobject

relative to theeffector(egocentriccoding). In contrast,computationsfor thepurposesof

objectrecognitiondo not needto beasfast. Also, to allow objectconstancy a long term

memoryis needed.Finally, it is notasimportantto codetheobjectsrelativeto aneffector

but theobjectshouldbecodedrelative to otherobjects(allocentriccoding).

Theoriginalfindingof Aglioti etal. (1995)wasinterpretedassuggestingthatthereex-

istshardlyany influenceof visual illusionson grasping:“Size–contrastillusionsdeceive

the eye but not the hand” (title of the study). The studyfitted well with the perception

versusactionhypothesis, becauseit not only showed a dissociationbetweenperception

andaction,but alsoa dissociationfitting thefunctionalborderthatthehypothesisdraws.
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Theactionsystemis assumedto work in egocentriccoordinatesandto representa grasp

objectrelative to thehand— quiteindependentof otherobjects.Becausevisualillusions

suchastheEbbinghausIllusionarecreatedby specialarrangementsof objects,thetheory

predictsthat the motor systemshouldhardly be deceived by the illusion — andthis is

whatthestudyof Aglioti et al. found.

Theresultsof thepresentstudysuggestthatthisstrongclaimshould bequestioned.Of

course,thischallengestheperceptionversusactionhypothesis— especiallyits functional

statements(e.g.,its statementsaboutthecharacterof thecodingin thetwo systems).Nev-

ertheless,thefindingsof thisstudyalonedonotandcannotdisprove thehypothesis.The

ideaof two distinctsystems for perceptionandactioncouldbeheldup if visualillusions

are relative early phenomenacreatedbeforethe two systems separate.Futureresearch

mightrevealwhetherthis is a feasibleassumption. However, thereis evidencesuggesting

that visual illusions(andespeciallythe EbbinghausIllusion) arepartially dependenton

highercognitive functions(e.g.,Coren& Enns,1993;Deni & Brigner, 1997;Zanuttini,

Zavagno,& Agostini,1996).

In thelight of theotherpsychophysicalstudiesthatwerediscussedin chapter2 there

is even morereasonfor doubt. Most of the studiesthat have beencountedasevidence

for theperceptionversusactionhypothesiswereseriouslycriticized. The criticism was

alwayssimilar, namelythatadifferencecausedby anincompletematchof perceptualtask

andmotortaskhadbeenattributedto adissociation betweenactionandperception.

It needsto bestressedthatpsychophysicaldifferencesbetweenperceptionandaction

in the healthyvisual systemarea necessaryconditionfor the perceptionversusaction

hypothesisin its currentform. Thereasonfor this is thatMilner andGoodaleassumethe

two streamsto createdifferentrepresentationsbecauseof differentoutputrequirements

for motoractsandvisualperception.Therefore,theperceptionversusactionhypothesis

clearlypredictsdifferencesin theoutputcharacteristicsof thetwo systems.

Futureresearchmightexaminethepossibility of findingotherexperimentalparadigms

thatclearlyprovidepsychophysicalevidencefor theperceptionversusactionhypothesis.

Thepresentstudysuggestssomedirectionsfor researchon visualillusionsandgrasping.

Specifically, it shows that moreemphasisshouldbe put on the perceptualtaskandon

thequestionof whetherperceptualtaskandmotortaskareappropriatelymatched.Also,

it shows the needto discriminatebetweenunipolar and bipolar measures.Perceptual

measuresthat rely on a comparisonbetweentwo stimuli (the target andthecomparison

stimulus)werecalledbipolar, becausetwo sizeshaveto becomputedto performthetask.

In bipolarmeasuresboththetargetstimulusandthecomparisonstimuluscanbeaffected

by the illusion configuration. This can lead to ambiguous measuresof the perceptual
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illusion. Therefore,size estimation as a unipolarperceptualmeasurewas investigated

becauseonly onesize(the sizeof the target) hasto be computed.It could be that such

unipolarperceptualmeasuresprove to bemoreadequatefor a comparisonwith grasping

sincegraspingis perseunipolar.
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Append ix A

Maxim um preshape aper ture

A.1 Individua l profiles

FigureA.1 shows an examplefor the time courseof the aperturebetweenindex finger

andthumb in grasping.Shown areall graspsthatwereperformedby oneparticipantin

two conditionsof Experiment1. In onecondition theparticipantgraspeda largedisc(a)

andin theothertheparticipantgraspedasmalldisc(b). In bothconditionsthediscswere

surroundedby largecontext circles.Clearlyvisible is theMPA which is reachedbetween

1 and2 secafterstimulusonset.Thesecondlargepeakin thecurvesreflectsthereleaseof

thediscandtheflat regionbetweenthetwo peaksreflectsholdingthedisc.Thedifference

in sizebetweenthetwo discs( º mm) clearlyis reflectedin theMPA. Someof thecurves

show morethanonepeakfor the MPA. In thesecases,alwaysthe first peakwasused

to determinethe MPA. The plots demonstratethat the graspingdataarequite variable,

althoughthey arequalitatively consistent. This issuewill be discussed in the following

sections.
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Figure A.1: Theaperturebetweenindex fingerandthumbasa function of time for a participant

of Experiment 1. Shown areall ninegrasps to a disc thatwas37 mm in diameter (a) andthenine

grasps to a disc that was28 mm in diameter(b). Both discsweresurrounded by large context

circles.

A.2 Variability between par ticipants and normalization

A largeamountof variability in thegraspingdatais causedby differencesbetweenpartic-

ipants.Someparticipantsalwaysopentheir fingersrelatively wide, while othersdo not.

Thismightbedueto individualhabitaswell as,for example,to differenthandsizes.The

upperpanelof FigureA.2 showstheaverageMPA for eachconditionandeachparticipant

of Experiment1. Eachdatapoint is theaverageof ninegraspsperformedby onepartic-

ipant in the correspondingcondition. Eachcombination of color andline style codesa

differentparticipant.Clearly, thereis (onaverage)a linearrelationshipbetweendiscsize

andMPA (cf. Jeannerod,1981,1984). However, the interceptsof thecurvesarelargely

differentindicatingthevariability betweenparticipants.

Themiddlepanelof FigureA.2 shows normalizeddata.Thedataof eachparticipant
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Figure A.2: Individual dataof Experiment1. The upper panel showsfor eachparticipant the

meanmaximumpreshape aperture (MPA) asa function of disc sizeandof the context elements

(large versus small context circles of the EbbinghausIllusion). For each participant a different

combinationof color andline style is used. Eachdatapoint is theaverageof ninedifferent grasps.

Themiddlepanel showsthenormalizeddata.Thelowerpanel showsthenormalizeddataaveraged

acrossall participants. For furtherdetails seethetext.
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arenormalizedby subtractingtheparticipant’smean(averagedacrossall conditions)and

addingthegrandmeanof all participants:

» °¤¼f½�¾:¿À°�¼f½0Á-¿À°Â½�½IÃ�¿Ä½�½�½
With:» °¤¼f½ thenormalizedvalueof participantÅ in condition Æ .

¿À°¤¼f½ themeanresponseof participantÅ in conditionÆ , averagedacrossall trials the

participantperformedin thiscondition.

¿À°Â½�½ themeanresponseof participantÅ , averagedacrossall trialsandall conditions.

¿Ä½�½�½ thegrandmean,averagedacrossall trials,all participantsandall conditions.
Thenormalizationprocedureremovesvariability thatis causedbyconstantdifferences

in responsebetweenparticipants(seeLoftus& Mason,1994,for anextensivediscussion

of the normalization). The lower panelof Figure A.2 shows the meanvaluesand the

standarderrorsthatwerecalculatedfrom thenormalizeddata.Theseareexactly thesame

dataaswereshown in Figure4.3onpage45. Thecurvescouldalsobeachievedby simply

averagingthedataof theupperpanel— or by averagingthedataof eachsingletrial. Only

thestandarderrorswouldbelargerbecausethey still wouldreflect thedifferencesbetween

participants.

It is possible to give onesingleestimate for thestandarderrorsby assuming that the

expectedvalues(the“true” values)of thestandarderrorsareequalin all eightconditions.

Theestimateis calculatedby averagingthecorrespondingvariances(this is valid because

of the balanceddesignwith an equalnumberof measurementsand of participantsin

eachcondition). Theestimatedstandarderrorof eachdatapoint in thenormalizeddataisÇ.È6É º mm. Thecorrespondingstandarddeviationis Ê È2Ç.Ë mm. Theestimatedstandarderror

of thenotnormalizeddatais
Ë�È ú�º mm,thecorrespondingstandarddeviation is Ì È2Í ú mm.

Thevaluesdemonstratethe largecontribution of differencesbetweenparticipantsto the

overall variance.

This example of thenormalizationcangiveanunderstandingof thevariability in the

dataandof thedifferentsourcesfor thisvariability. Thestatistical analysesperformedin

thepresentstudyaccountedfor this factby usingANOVAs thatincorporatedthepartici-

pantsasa randomfactor(asis commonpracticeto dealwith thisproblem).TheANOVA

removesthebetweenparticipantsvariability in averysimilar wayasthenormalization.
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Append ix B

Common Representation Model

B.1 Comparing illusio n effects

In this sectiontwo relationshipsbetweenthe perceptualillusion andthe motor illusion

will bederivedfrom theexplicit versionof theCommonRepresentationModel,theequa-

tions3.1and3.2of chapter3.

Figure 3.1 on page34 shows the explicit versionof the CommonRepresentation

Model. The model is fully linear, an assumptionthat is justified by the fact that both

theperceptualmeasureandtheMPA arelinearly relatedto objectsize.It is assumedthat

aninternalestimate( Î ) of objectsize( Ï ) is affectedby theillusion:

ÎÑÐQÏÓÒ	Ô7Õ ¾bÖ	×3ØÚÙ Ï ÃÜÛ�×¸Ø ÐQÔ7Õ
(where Ô ¾ Ë Ò8Ê standsfor two versionsof the illusion that aregoing to be compared).

Notethattheinternalestimateis a linearfunctionof objectsizeandthatfor bothversions

of theillusion thesameslopesÖI×¸Ø areassumed.In theexperimentsof thisstudytheslopes

for thedifferentillusion conditionsweresimilar enoughto work with thisassumption. No

further assumptions areneededaboutthe interceptsÛ7×3Ø Ð�Ô7Õ andthe slope Ö`×3Ø — except

for thetrivial assumption thattheslopeis unequalzero: Ö¸×¸ØÞÝ¾ Ç
.

Thelinearfunctionsthatrelatetheinternalestimateto theperceptualmeasure( ß ) and

to grasping( à ) areassumedto beunaffectedby theillusion:

ßEÐáÎ.Õ ¾ Ö	ØGâãÙ Î Ã�Û�ØGâàEÐáÎ�Õ ¾ Ö	ØfäEÙ Î Ã�Û�Øfä
99
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Again, it is set: Ö`Øfâ4Ý¾ Ç
and Ö	Øfä4Ý¾ Ç

. Simplecalculationsyield thedifferencesbetween

thetwo illusionversions:

å â ¾ ßEÐáÎÑÐQÏÓÒ	Ê�Õ³Õ Á ßEÐáÎæÐ�ÏÓÒ Ë Õ³Õ ¾"Ö8ØGâãÙ Ð Û>×3Ø Ð�Ê'Õ Á�Û�×¸Ø Ð Ë Õ�Õå ä ¾ àEÐáÎÑÐQÏÓÒ	Ê�Õ³Õ Á àEÐáÎÑÐQÏÓÒ Ë Õ³Õ ¾"Ö8ØfäçÙ Ð Û�×3Ø Ð�Ê�Õ Á�Û�×3Ø Ð Ë Õ³Õ
Notethat

å â and
å ä areindependentof Ï . Combining thetwo equationsyields:å ä

Ö8Øfä ¾
å â
Ö8Øfâ

Multiplying thisequationwith è²áé8ê givesanequivalentof equation3.1of chapter3:å ä
Ö	ä ¾

å â
Ö8â

(with: Ö�ä�¾ëÖ	×¸Ø�Ù{Ö8Ø³ä ; this is theslopewith which MPA dependson physical sizeand:

Ö8âì¾íÖ	×3Ø�Ù[Ö8ØGâ ; this is theslopewith which theperceptualmeasuredependson physical

size).Finally, if Ö	â and Ö	ä areequal,thissimplifies to theequation3.2of chapter3:

å ä)¾ å â
For assessmentof thismodelnotethatthemodelis anattemptto useasfew assumptions

aspossible.Forexample,it couldhavebeenassumedthat Öe×¸Ø (theslopewith whichthein-

ternalsizeestimatedependsonphysicalsize)equalsunity: Ö3×3Ø�¾ Ë
. Thiswouldsimplify

the modelwhile the predictionswould be exactly the same.However, it wasattempted

to be asgeneralaspossible andthereforeasmany parameterswere left unspecifiedas

possible.

B.2 Prediction for the Aglioti paradigm

It is easyto show that the Aglioti paradigmas describedin section2.5.3 and in Ap-

pendixC is valid in theframework of theCommonRepresentationModel. In theAglioti

paradigmtwo discsof differentsize( Ï è and ÏÑî ) arechosento be perceivedasbeingof

equalsizein thetwo illusionconditions:

ßOÐUÎæÐ�ÏÑîIÒ8Ê�Õ�Õ ¾ ßEÐáÎÑÐQÏ è Ò Ë Õ³Õ
Usingtheequationsof thelastsectionthis is equivalentto:

Ö8ØGâçÙ Ð Ö	×3ØÚÙ ÏÑî Ã�Û�×¸Ø Ð�Ê�Õ³Õ Ã�Û�ØGâ ¾ Ö8ØGâãÙ Ð Ö	×¸ØïÙ Ï è ÃÜÛ>×3Ø Ð Ë Õ�Õ Ã�Û�ØGâ
Ö�×3ØïÙ ÏÑî Ã�Û�×3Ø Ð�Ê�Õ ¾ Ö	×3ØÚÙ Ï è Ã�Û�×3Ø Ð Ë Õ
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If thetwo discsaregraspedthepredictionsof themodelfor thegraspingmeasureare:

àOÐUÎæÐQÏÑîIÒ	Ê�Õ³Õ ¾ Ö8Ø³äãÙ Ð Ö	×¸ØïÙ ÏÑî ÃÜÛ�×¸Ø ÐQÊ�Õ�Õ ÃÜÛ�ØfäàOÐUÎæÐQÏ è Ò Ë Õ³Õ ¾ Ö8Ø³äãÙ Ð Ö	×¸ØïÙ Ï è ÃÜÛ�×¸Ø Ð Ë Õ�Õ ÃÜÛ�Øfä
Combiningthesetwo equationswith thepreviousequationyields:

àEÐáÎæÐ�ÏÑîIÒ	Ê'Õ�Õ ¾ àOÐUÎæÐQÏ è Ò Ë Õ�Õ
This is the predictionof the Aglioti paradigmfor the casethat thereexists a common

representationof objectsizefor graspingandfor perception:If the two discsin the two

illusionconditionsareperceivedasbeingequalin size,they arealsograspedequally. Note

thatthispredictiondoesnotdependon theslopeswith which theperceptualmeasureand

thegraspingmeasuredependonphysical size.It is valid evenif theslopesaredifferent.

B.3 Idealiz ed Expecte d Correlation

The Common RepresentationModel allows an idealized prediction of the across-

participantscorrelationbetweenthemotorillusionandtheperceptualillusion. To obtain

thispredictionit is assumedthattheperceptualmeasureof theillusion (
å â ) is noise–free.

Thatis, it isassumedthatall variationin therandomvariable
å â reflectsdifferencesin the

internalsizeestimatesacrossparticipantsandthatthereis nonoiseaddedin thetransfor-

mationfrom internalsizeestimateto theperceptualmeasure.This is a stronglyidealized

assumption. However, it helpsestimating thestatisticalpowerof studiesbecauseit yields

alargerexpectedvaluefor theacross-participantscorrelation(theIdealizedExpectedCor-

relation)thanif thenoisein theperceptualsystemwastakeninto account.If it turnsout

thatthepower is notevensufficient to detecttheIdealizedExpectedCorrelationthenone

cannotexpectto detectany actualcorrelation.

A secondassumption is relatedto thenoisein themotorsystem. In orderto account

for thelargervariationin graspingthanin theperceptualmeasures,additionalnoisein the

transformationfrom internalsizeestimate to graspingis assumed.Basedonequation3.2

onpage35 it is set: å ä)¾ å âOÃ¯ð
with

å â and
å ä beingrandomvariablesdescribingtheperceptualeffectandthegrasping

effect of the illusion for eachparticipantindividually. ð reflectstheaddedmotornoise
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which is assumedto be uncorrelatedto the perceptualeffect: ñóò3ôæÐ å â Ò ð Õ ¾ Ç
. The

covarianceof
å â and

å ä calculatesto:

ñ<ò¸ôæÐ å â Ò å ä Õ ¾ õ Ð å âãÙ å ä Õ Á�õ Ð å â Õ Ù�õ Ð å ä Õ
¾ õ Ð å âãÙ Ð å âOÃ�ð Õ�Õ Á�õ Ð å â Õ Ù�õ Ð å âOÃ�ð Õ
¾ õ Ð å îâ Õ Á�õ î Ð å â Õ Ã�õ Ð å âçÙ�ð Õ Á�õ Ð å â Õ Ù�õ Ð ð Õ
¾ ö î÷ùø Ã ñóò3ôæÐ å â Ò ð Õ
¾ ö î÷ ø

Usingthis relationship theIdealizedExpectedCorrelationcanbecalculated:

ú â�  ä9¾ ñ<ò¸ôæÐ å â Ò å ä Õ
ö ÷ ø Ù�ö ÷ùû ¾ ö î÷ ø

ö ÷ ø Ù�ö ÷ùû ¾
ö ÷ ø
ö ÷ùû

This is theequation3.3whichwasusedin chapter3 onpage35.
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Aglio ti Paradigm

Thestudiesof Aglioti et al. (1995),HaffendenandGoodale(1998)andof Marottaet al.

(1998)useda slightly differentapproachthanthepresentstudyandthantheotherstud-

ies shown in Table7.1 on page86. This approachdoesnot usedirect estimatesof the

illusion effectsandthereforesomerecalculationsareneededto obtainvaluesfor the il-

lusioneffectsthatcanbecomparedto theotherstudies.In this appendixtherationaleof

thisparadigmwill bedescribed(seealsosection2.5.3for adescriptionof theparadigm).

After this, theprocedurethatwasusedto implementthis paradigmwill bedescribedand

it will beshown how estimatesfor theillusion effectscanbederivedfrom this paradigm

(thevaluesthatwereusedin Table7.1).

C.1 Procedure: Titrating the illusion

Considertwo versions of a visual illusion, an enlarging versionanda shrinking version

anda pair of targetsthatareperceivedasbeingequalin sizeif onetarget is exposedto

the enlarging versionwhile the other is exposedto the shrinkingversion. The Aglioti

paradigmpredictsthat if graspingis affectedby the illusion just asmuchasperception

then thereshouldbe no differencein graspingbetweenthesetwo targets. This is the

centralhypothesisbeing testedin the Aglioti paradigm(AppendixB.2 shows that this

predictionis valid in theframework of theCommonRepresentationModel).

Notethat for theAglioti paradigmit is not necessaryto useexplicit estimatesof the

illusion effects(and,in fact,Haffenden& Goodale,1998andMarottaetal., 1998did not
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Figure C.1: TheAglioti paradigm asimplemented in the study of Aglioti et al. (1995). Shown

areall conditions (i.e., trial types) andrequired responsesfor onehalf of the participants. These

participantswereinstructed to grasp theleft disc if they perceivethediscsasbeingequal in sizeand

the right disc if they perceived themasbeing different in size. Theother half of the participants

grasped the right disc if they perceive the discs asbeing equal in size. The “Stimulus” column

shows thestimulus thatwaspresentedto theparticipants. Thesmallandthelarge central discsof

theEbbinghausfiguresarenotshown,but indicatedby thelettersSandL. The“Grasped” column

shows which choice hadto beperformedby theparticipant. For example,in thea–condition, the

participants perceivedthetwo discs asbeingequal in sizeandconsequently graspedthe left disc

(thesmalldisc). Thelastcolumn indicatesthenumber of repetitionsthatwereperformedin each

condition.
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reportillusion effectsfor grasping).Nevertheless, estimatesof theillusion effectscanbe

calculatedfrom theactualimplementationof theAglioti paradigm.

In the actualimplementationof theAglioti paradigma pair of discswasselectedin

a pre–testfor eachparticipant. The discswerechosensuchthat if the small disc was

surroundedby small context circlesandthe large disc wassurroundedby large context

circles, the participantreportedto perceive themasbeingequalin size. After the pre–

testparticipantswerefacedwith thedifferentexperimental conditionsthatareshown in

FigureC.1. In eachtrial theparticipantsfirst judgedwhetherthey perceivedthediscsas

beingequalin size. If they perceived themasbeingequalthey wereinstructedto grasp

thediscononesideof thedisplay. If they perceivedthemasbeingdifferentthey grasped

the disc on the other side. This instruction was counterbalancedbetweenparticipants

suchthat half of themgraspedright if they perceived the discsasbeingequaland the

otherhalf graspedleft (FigureC.1 shows theconditionsfor oneparticipantgraspingleft

if perceiving thediscsasbeingequalin size).

Thecrucialquestionin theAglioti paradigmwas,whethertherewouldbeadifference

in MPA in theconditionsin which participantsperceivedthediscsasbeingequalin size

(that is, betweenthe conditiona and the condition d of FigureC.1). In this case,the

CommonRepresentationModelcouldberejected.

In thepresentstudyit wasarguedthatthisconclusionis notvalid becausetheillusion

effectsarelargerif participantsoperateonbothdiscssimultaneously(asin theperceptual

task)thanif they operateon themsuccessively (asin thegraspingtask).Thereforediffer-

encesbetweenthe taskscannotbeattributedsolely to a dissociation betweenperception

andgrasping.This issueis discussedin chapter4 andshallnotbereiteratedhere.Despite

thiscaveat,it is still desirableto obtaininformationabouttheillusion effectsbecausethis

informationallows acomparisonacrossstudies.
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C.2 Estimating illusion effects

InspectingFigure C.1 shows that the easiestway to obtainan estimate of the illusion

effectsongraspingin theAglioti paradigmis to calculate:

Î õí¾ Ð�ü Á�ý Õ Ã ÐUþ Á�Ö ÕÊ (C.1)

Thatis, for eachdisctheillusioneffect is calculatedasthedifferencebetweentheMPA if

thediscwassurroundedby smallcontext circlesandtheMPA if thediscwassurrounded

by largecontext circles.Thenthetwo illusion effectsareaveraged.This is thesametype

of calculationthatwasusedin theotherstudies.Theonly drawbackis thatonly 50%of

thetrials areusedto obtainthis estimate.However, thereseemsto beno straightforward

way to includetheother50%of thetrials (i.e., theconditionsaandd of FigureC.1). The

problemis, thatin theseconditionschangeof objectsizeandchangeof illusion condition

areconfounded.Evenif onewantedto correctfor thechangeof objectsizeby usingthe

conditions b, c, e andf, onestill facestheproblem,thatgraspingin theseconditionswas

performedat theothersideof thedisplay.

In short,theillusion effectspresentedin Table7.1onpage86arecalculatedasshown

in equationC.1. While Aglioti et al. explicitly reportedthesevalues(Aglioti et al., 1995,

p.683,Figure5), I askedA. Haffendento calculatethecorrespondingvaluesfor herstudy

(A. Haffenden,personalcommunication,August1998).



Append ix D

Apparatus

In thepresentstudythegrasptrajectorieswererecordedusinganOptotrak3020system

(NorthernDigital). Thesystemusesinfraredlight emittingdiodes(infraredLEDs). These

”markers” arefilmed with threehigh speedvideocameras.Thecamerasaremountedin

a 1.1m rigid frame(FigureD.1). Theleft andtheright camerasareturnedinwardssuch

that the fields of view of all threecamerascrossat a distanceof 1.33 m. This is the

minimal distanceatwhich thesystemcanoperatebecauseeachmarkermustbevisible to

eachcamera.Thelargestpossibledistanceis largerthan6 m.

Eachmarker emitslight at a certainrate. Themarkersaresynchronizedsuchthatat

any timeonly onemarkeremitslight. Thisenablesthesystemto unambiguouslyidentify

eachmarker(evenif it hadbeeninvisible for acertaintime). Themaximumsamplingrate

is 3500markerspersecond.This means,thatonesinglemarker couldbetrackedwith a

rateof 3500Hz, two markerswith 1750Hz, etc..In theexperimentsof thepresentstudy,

six markerswereusedat a rateof 100Hz.

Eachcameraobtainsaslightly differentpictureof themarkers.Thiseffect (equivalent

to the stereopsisin humans)is usedto calculatethe positionsof the markers. Theoreti-

cally, only two cameraswould suffice for this calculation.By usingthreecamerasin the

Optotrak3020the accuracy of the systemis increased.The marker positions aretrans-

formedto a coordinatesystemthat is definedrelative to the cameras.The dataof each

cameraareprocessedin a separatetransputerandanadditionaltransputeris dedicatedto

theintegrationof thedata.

In the experimentalsetupof the presentstudy, the Optotraksystemwasconnected

via a SCSIBus to anONYX RealityEngineI (Silicon Graphics).Controlof theexper-
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Figure D.1: The Optotrak 3020system that wasusedto record the grasp trajectories. Clearly

visible are the threeinfrared video cameras. The systemis attached to a concretewall which

inhibits vibrationsof thecameras.

imentalprocedureandanalysisof theraw datawereperformedon theONYX usingthe

programminglanguagesC/C++ andthe graphicslibrary OpenGL.Furtherdataanalysis

wascarriedout usingshell–scripts, Matlab, UNIX–STAT which is a packageof statis-

tical analysisprograms(Perlman,1980; Perlman& Horan, 1986), and MrF which is

an ANOVA programwritten by Prof. Jeff Miller, University of Otago,Dunedin,New

Zealand.

D.1 Accurac y and calibrati on

TheOptotrak3020systemis pre–calibrated.Themanufacturer(NorthernDigital) spec-

ifies anaccuracy of
Ç.È�Ë

mm in theplaneperpendicularto thecameraaxisof thecentral

cameraandof
Ç.È�ËeÍ

mm parallelto thecameraaxisof thecentralcamera(i.e., in depth).

Thesevaluesapply to onemarker at a distanceof 2.5 m from the cameras.During the

experimentsthedistancesbetweenthecamerasandtheexperimentalsetupwerebetween

2 m and2.5 m. Extensive testsin our laboratoryshowedthat the Optotraksystemcon-

forms to the specificationsof the manufacturerand that thereis, for example,no bias

regardingwarmingof thesystemdueto longoperation.

During theexperiments,threemarkersonaflag–likeholderwereattachedwith adhe-

sivetapeto index fingerandthumbof theparticipants(FigureD.2a).For eachparticipant
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Figure D.2: a. During the experiments,threeinfraredlight emitting diodes(the markers) were

attachedon a flag–like holder to index finger andthumb of the participants. b. The accuracy of

thesystemwastested by attaching theflag–like holdersto a metalrod insteadof index fingerand

thumb. Thesamecalibrationprocedureasfor theparticipantswasused.It wastestedhow accurate

andhow reliable the distancebetweenthe points of the rod wastracked by the Optotraksystem.

c. Resultsof the test. The histogramshows 10000 datapoints measuredwhile the rod with the

markers wasmoved 175 times from the starting position to the goal position of the grasps that

wereperformedby theparticipants during theexperiments.Consequently, thedataaremeasured

at different speeds,positions,andat differentangles relative to thecameras. Thecurve is a fitted

normaldistribution. Seetext for details.
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theposition of thefinger tips relative to thesemarkerswasdeterminedandexpressedin

an (orthogonal)coordinatesystemthatwasdefinedrelative to the threemarkers. Using

this coordinatesit was possible to calculatethe trajectoriesof the finger tips from the

trajectoriesof themarkers.

The accuracy of this methodwastestedwith a metalrod of
Ë3Í'Ç<ÿ Ç.È6Ç ú mm length

(FigureD.2b). Therod endedin two points. Thepointsmimicked thefinger tips of the

participantsandit wastestedhow accurateandhow reliablethe systemdeterminedthe

constantdistancebetweenthetwo points.175reachingmovementswereperformedwith

themetalrod. Themovementsstartedat thesamepositionwheretheparticipantsstarted

their graspingandendedin thepositionwherethegraspingobjectwasplacedduringthe

experiments. Themovementswereperformedata rangeof differentspeedsin anattempt

to cover thewholerangeof possible reachingmovementsthatcouldbeproducedby the

participants.A histogramof all measureddistancesduring this test(10000datapoints)

is shown in FigureD.2c. Themeanmeasureddistancewas
Ë3Í'Ç.È Ì�Ê mm, with a standard

deviationof
Ç.È Ê'º mm. Thesevalueshave two aspects.First, themeanmeasureddistance

wascloseto the true lengthof the rod (the error was
Ç.È Ì�Ê mm). This error might have

beencausedby animprecisemeasurementof thesix marker positionsrelative to thetwo

pointsof the rod. The error seemstolerable,becausethereis alwaysan uncertaintyin

determinationof thefingertipswhich is, for example,dueto theelasticityof theskin.

Themoreimportantquestionis how reliablethedistancemeasurementswere. Here,

thesystemperformedverywell. Thestandarddeviation (
Ç.È Ê'º mm) wasvery closeto the

valuespecifiedby themanufacturerfor onesinglemarker— despitethefactthatthemea-

surementswereperformedat very differentspeeds,at differentpositions andat different

anglesrelative to thecameras.Thisvariability is smallcomparedto thevariability within

andbetweenparticipants.For example, in AppendixA it wasshown that theestimated

standarddeviation for eachconditionof Experiment1 was Ì È2Í ú mm. After normalization

(i.e., after removing thevariability thatwasdueto constantdifferencesin responsesbe-

tweenparticipants),the standarddeviation was Ê È6Ç.Ë mm. The valuesarebasedon nine

differentgraspsthatwereperformedby eachparticipantin eachcondition.

How shouldthesevaluesbecomparedto thevariability causedby theOptotrak?As-

sumeeachparticipanthadgraspedwith exactly thesameMPA in eachof theninegrasps

andthattherewerenodifferencesbetweenparticipantsin theMPA. In this case,all vari-

ability werecausedby the Optotrak. Assume,the Optotrakmeasuredthe MPA with a

standarddeviation of
Ç�È Ê'º mm (assuggestedby thetestdescribedabove). Theresulting

standarddeviation for eachconditionwould be
� ½ î��� � mm �

Ç.È6Ç.Ë
mm. This variability is

smallcomparedto theempiricallymeasuredvariability.
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