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Abstract

Neuropsychologial studiegoromptedhe hypahesisthatvisualinformationis processed
in two anatomicaland functional distinct streamsn the primatebrain. The perception
versusaction hypohesisstatesthat the dorsalstreamtransformsvisual information for
the guidanceof motor actionswhile the ventral streamusesvisual information for ob-
jectrecognitionandconsciougerceptionGoodale& Milner, 1992;Milner & Goodale,
1995).

Critical evidencein healthyobsererswasreportedby Aglioti, DeSouzaandGoodale
(1995).They foundthatgraspings not, or only little affectedby visualillusions.In their
study theEbbinglauslllusion decevedperceptuajudgmentsf size,but only mamginally
influencedhesizeestimaésusedn graspinghesameobjects Thisdissociatbn between
perceving thesizeof anobjectandgraspingt wasinterpretedasstrongevidencefor the
perceptionversusactionhypohesisbecausét assumeshat mainly the ventralstreamis
affectedby visualillusions,but notthe dorsalstream.

In the presentstudy this claim is testedextensvely. A mathematal modelis for-
mulatedthat explicitly statesthe assumptios thatare neededo comparethe effects of
visualillusionson perceptiorandon grasping Experimentshow thatthe Ebbinghaudl-
lusion,theMuller-Lyerlllusion, andtheParallel-Linedllusion affectmaximumpreshape
aperturein grasping.In the Ebbinghaudllusion thereis a very good matchbetweenthe
perceptuakffect andthe graspingeffect. In the Muller—Lyer lllusion the graspingeffect
is largerthanthe perceptuakffect andin the Parallel-Linedllusion it is smaller Further
experimentsshav that thesedifferencescan be attributedto problemsin matchingthe
perceptuataskandthe graspingtask.Furthermoreit is shavn thatthe larger perceptual
effect thatwasfoundin previous studiesfor the Ebbinghausliusion (e.g.,Aglioti etal.,
1995)wasmostlik ely causedy anon—additve effectthatselectvely increasedheeffect
of theillusion on perception.

Theliteratureon the effects of visualillusionson graspingis reviewed andit is con-
cludedthatgraspingreliably is affectedby visualillusions. In particular thereis no ev-
idencethatgraspingis lessdeceved by visualillusion thanperceptionThis contradicts
thepredictionsof theperceptiornversusactionhypothess andis compatibé with themore
parsimonios accounthatthe samevisualsignalsthatareusedfor objectrecognitionand
consciougerceptiorarealsousedto guidemota actions.
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Chapter 1

Intr oducti on

Recentdeveloprentsin neurosciencéedto the hypotesisthatvisualinformationis pro-

cessedvery differentlyif it is usedto guidemotoractsthanif it is usedfor objectrecog-
nition andvisual perception(Goodale& Milner, 1992; Milner & Goodale,1995). The

perceptionversusactionhypohesisstateshatthis division of laborin the primatebrain

is fundamentabndcanbe obseredin normal,healthyhumans.Surprisingly the motar

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

consciougerception.For exampk, Aglioti, DeSouzaagndGoodale(1995)reportedthat
the effect of the Ebbinghaudllusion waslargely diminishedif obserersdid not judge
thesizeof anobject,but graspedt. Thisresultis consistentith the notionthatthe mo-

tor system“sees” somethingdifferentthanthe perceptuakystemandhasbeencounted
as strongevidencefor the perceptionversusaction hypohesis. Basedon the evidence
presentedn this study | will algue againstthe existenceof sucha dissaiation between
perceving the sizeof anobjectandgraspingt.

In chapter2 the perceptionversusaction hypothess and precedinghypotheseswill
be described.The perceptionversusaction hypohesisassumeshat visual information
is processedh two anatomicalf andfunctionall distinct streams.Onestreamthe dor-
salstream,s assumedo be specializedor transformationshatareusedto guidemota
behaior. The otherstream the ventralstream,s assumedo be specializedor compu-
tationsthatareneededor objectrecognitionandvisual perception.GoodaleandMilner
assumehattheway in which visualinformationis processedh the dorsalstreammales
it resistanto visualillusions,while the ventralstreamis affectedby visualillusions.

Chapter3 will focusonthemethodobgicalquestiorhow it is possble to comparehe
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2 CHAPTER 1. INTRODUCTION

effectsof visualillusions on graspingandon perception.To do so,one hasto compare
two differentdependenvariables,one beinga measurdor the motor effect of the illu-
sion andthe otherbeinga measurdor the perceptuakffect. This is differentfrom the
“standard”experimentaldesignemployed in psychologtal research.In this “standard”
designthe effectsof differentexperimentaconditicnsonthesamedependentariableare
compared.For example,the long tradition of researcton reactiontimes(e.g.,Donders,
1862) hasfollowed this rationale: The experimentalconditionswere variedandthe ef-
fectson onesingledependentariablewereobsenred. Hereit is shovn thattwo different
dependenvariablescan be comparedgiven that somepreconditionsare met. A model
will beformulated the CommonRepresentatioModel, thatallows this comparison

In thechapters}, 5,and6, experimentswill bedescribedhatwereperformedo inves-
tigatethe Ebbinghaudllusion, the Muller—Lyer lllusion andthe Parallel-Lineslllusion.
In chapter7 the findingswill be discussedn thelight of otherstudiesandconsequences
for the perceptionversusactionhypothess will bederived.

The main result of this studyis that graspingis affectedby visual illusions. This
wasfound for the Ebbinghauslllusion, the Muller—Lyer lllusion andthe Parallel-Lines
lllusion. The motor effects of the illusions were equalto the perceptuakffectsin the
Ebbinghausllusion, largerin the Muller-Lyer Illusion andsmallerin the Parallel-Lines
lllusion. Furtherexperimentsshav that thesedifferencescanbe attributedto problems
in matchingthe perceptuataskandthe graspingtask. Also, it is shovn thatthe larger
perceptualeffect that was reportedby other studiesfor the Ebbindhauslllusion (e.qg.,
Aglioti et al., 1995) can be attributedto an incompkete matchbetweenperceptuatask
andmota task. An overview of theliteratureshavs that (a) the motor systemclearlyis
affectedby visualillusions and(b) currentlythereis no corvincing evidencethatvisual
illusionsaffectthemota systemessthantheperceptuasystem Thisoutcomechallenges
the perceptionversusactionhypohesisandrejectsonecritical pieceof evidencethatis
usually countedin favor of this hypotesis(e.g., Milner & Goodale,1995; Jackson&
Husain,1997).



Chapter 2

Two visual systems in the primate
brain

Thereis alongtraditionof theoriesassuming functionalsubdvisionof thevisualsystem
in the primatebrain. Early theories(e.g., Trevarthen,1968; Schneider1969)focusedon
a distinction betweerthe phylogeneticallyolder pathway from the retinato the superior
colliculusandthe morerecentlyevolved geniculostriatesystemwhich proceed$rom the
retinavia thelateralgeniculatenucleugo the striatecortex (cf. Figure2.1). For exampk,
Schneidef1969)suggestethattheretinal projectiongto the superiorcolliculus areused
for localizationof stimui (“where”) while the geniculostiate systemis usedfor identi-
fication (“what”). Latertheorizinghasquestionedsucha promirentrole of the superior
colliculusandhasfocusedmoreon a dichotony thattakesplacein the cortex, while the
superiorcolliculus pathway playsonly a subsidiaryrole. The mostprominentof those
latertheoriess theaccountof UngerleiderandMishkin (1982).

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

Ungerleiderand Mishkin (1982) reviewed a large body of evidencefrom neuropsycho-
logical, behaioral, electrophymlogical, andanatomicaktudies mainly performedwith
rhesusnonkeys (Macacamulattg. They derivedatheorythatlocatesboth,localization
of stimui (“where”) andidentification(“what”) in cortical areas. They distinguisheda
dorsalstreamthatcomputeghe spatialaspect®f visual stimuli anda ventralstreanthat
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4 CHAPTER 2. TWO VISUAL SYSTEMS
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Figure 2.1: Overview of the macaquevisud systen. In the upper left is a laterd anda medial
view of theright hemisphere.Thelarge pictureis anunfoldedrepre€ntaton of thecerelral cortex
and major suborticd visud centes. LGN, laterd genicuate nucleus; SC superior colliculus
Reprinedfrom VanEssenAnderson,& Felleman(1992.

senesobjectrecognition. The dorsalstreamconnectghe primary visual cortex (striate
cortex, or V1) with the posteriorparietalcortex, while the ventral streamconnectshe
primary visual cortex with the inferior temporalcortex (Figure 2.2). The mainfindings
they usedfor theirtheorywill be sketchedn thefollowing.

Electrophysblogical experimentsusing single cell recordingshad shovn that neu-
ronsin theinferior temporalcortex respondo visual stimul (Gross,Rocha-Miranda&
Bender 1972)— just like neurondn the striateand prestriatecortex (Hubel & Wiesel,
1968,1970). However, the optimal trigger featuresof neuronsin the inferior temporal



2.1 UNGERLEIDER & MISHKIN: “WHAT” VERSUS “WHERE" 5

Figure 2.2: Lateralview of the left hemigphereof a rhests monkey. Arrows indicatethe dorsal
andtheventrd stream,asproposedby Ungerleter& Mishkin, 198. The streansoriginatein the
striate cortex (area OC) anddivergein the prestiate cortex (areasOB andOA). Theventrd strean
proceedgo theinferior tempora cortex (areas TEO andTE), while thedorsalstreantermindesin
the poserior paridal cortex (areaPG).Reprirtedfrom Mishkin, Ungeteider, & Macko (1983).

cortex, are muchmore complex andthe receptve fields of theseneuronsarevery large
comparedo neurongn striateandprestriatecortex. Also, studieshatcombinedablation
of the striatecortex with single—cellrecordingsshavedthatvisualresponsie neuronsn

the inferior temporalcortex are exclusively dependenbn input from the striatecortex.

The pathway from theretinavia the superiorcolliculusto the cortex turnedoutto beless
importantfor theseneurongRocha-MirandaBendey Gross,& Mishkin, 1975).

It hasbeenknown sinceearlyreportsof Brown andSchafer (1888)andof Kliverand
Bucy (1939)thatlesionsto thetemporalcortex of monkeys causeémpairnmentsin object
recognition. Later researchshaved that damagerestrictedto inferotemporalcortex is
sufficientto causea patternof deficitthatis similarto whatis known in humansasvisual
agnosia:An inability to recognizeor discrimirateobjectsdespiteof largely sparediow—
level” visual abilities asflicker detection visual acuity, visualfield, andlight thresholds
(for review seeGross,1973).

Grossand Mishkin (1977)arguedthat the very large receptve fields in the inferior
temporalcortex might be the neuronalbasisfor a “stimulus equivalence” mechanism.
This mechanisnmwould provide the ability to recognizean objectasthe same— inde-
pendentof its retinal posiion or (more general)its positin in space. Of course,the
dravbackof sucha mechanisnwould be a lossof informatian aboutthe spatiallocation
of the object. A secondmechanisnwould be neededhat extractedthe spatiallocations
of the objectsfrom the visual input. Ungerleiderand Mishkin (1982) proposedhatthe
posteriomarietalcortex fulfills thisfunction.



6 CHAPTER 2. TWO VISUAL SYSTEMS

This hypahesishasbeenderived from a seriesof lesion studies on monkeys that
shaved a dissaiation of visual deficitsafter inferior temporaland posteriorparietalle-
sions.In aninitial study Pohl(1973)investgatedrhesusnonkeys afterposteriomparietal,
inferior temporalandfrontal lesions(the frontal lesionsare not of interesthere). After
applyingthelesions hetestedhemonkeysin anobjectdiscriminatontaskandin aland-
mark discriminaton task. In the objectdiscrimnationtask,the monkeys wererewarded
for choosingoneobjectout of two objects(a red cylinder with vertical white stripesand
a silver cube)which were placedrandomlyleft or right. After they meta learningcri-
terion, the other objectwasrewardedandthey hadto relearnthe reward contingencies.
In the landmarkdiscriminationtask,the monkeys were confrontedwith two plaquesand
hadto choosethe plaquethat was closerto a landmark(the red cylinder with vertical
white stripes).Again, afterthey metthelearningcriterionthereward contingenciesvere
reversedandthey hadto choosethe plaquethat was further away from the landmark.
In both tasks,reward contingencieswere reversedsesen times. The monkeys with in-
ferior temporallesionsshaved severeimpairmentin the objectdiscriminaton taskand
performedmuchworsethanthe monkeys with posteriorparietallesions.In contrastthe
monkeys with posteriorparietallesionsperformed(on average)worsein the landmark
discrimiration task than the monkeys with inferior temporallesions. (Note, however,
that the monkeys with temporallesionswere asimpairedasthosewith parietallesions
in theinitial learningof the landmarkdiscrimnationtask. The differencebetweenthe
two groupsappearednly afterthe secondreversalof the reward contingencies).While
in thesetasksinitial learningwastested Pohlalsotestedre—learningafter the lesion. A
differentgroupof monkeys hadalreadylearneda moredifficult landmarkdiscrimination
taskin whichthelandmarkhadbeenmovedmoreandmoreto the centerbetweerthetwo
plaques. After the lesion,the monkeys weretestedin re—learningthe task. Again, the
parietallesionedmonkeys mademuchmoreerrorsthanthetemporallesionedmonkeys.

Theresultsof this anda seriesof similar studeswereinterpretecasevidencethatthe
inferior temporalcortex is mainlyinvolvedin rememberin@ndevaluatingthequalitiesof
anobject— independentf its positionin spaceln contrastthe posteriomarietalcortex
wasseeno beinvolved in the perceptiorof the spatialrelationsamongobjectsandnotin
theirintrinsic propertieqcf. Figure2.3,Mishkin, 1972).

The deficits causedby lesionsto the posteriorparietal cortex are not restrictedto
deficitsin visual spatialorientation The classicalsymptons are misreachinggcontralat-
eral neglect of auditory tactile and visual stimuli and impairnentsof tactile discrim-
nation. This led to the hypothesisthat the function of the posteriorparietal cortex is
to constructsupramodakpatialinformatian out of corverging inputs from all sensory
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Figure 2.3: Schemat diagram of behaviord tasksthat were summarize by Ungerlader &
Mishkin (1982) to be sensiive to lesions to the inferior tempaoal cortex (A) and the pogerior
parietal cortex (B) in monkeys. A. Objectdiscriminationtask. The monkey is first familiarized
with oneobject in a certral podtion andthenhasto chossethe non-matching object in the test
pha. Only thetestpha® is shovn. B. Landmarkdisaimination. The monkey is rewarded for
choasing the plaque closerto the landmark (the cylinder). Reprined from Mishkin, Ungerleider
& Macko (1983).

modalites— with a significantcontribution of vision (Ungerleider& Mishkin, 1982).

The resultsfrom lesion studies on rhesusmonkeys are similar to the impairments
found in humanswith lesionsto temporalor parietal cortex. Patientswith lesionsto
parietalcortex oftenshov hemifieldneglectandadisruptian of visuonotor abilities,gen-
erally calledoptic ataxia(Balint, 1909;Holmes,1919). Patientswith lesionsto temporal
regionsfrequentlyshaw difficultiesin form discrimination,objectrecognitionandprob-
lemswith visualmemory— a patternof deficitsthatis usuallycalledvisualagnosiaAn
early accountof the phenomenomnlistinguishedbetweenan apperceptie agnosiaandan
associatre agnosigLissauey1890). Patientswith associatie agnosiaverethoughtto be
ableto achieve a percepif anobject(e.g.,by copying adraving), however areunableto
recognizethe object. While patientswith apperceptie agnosiaverethoughtto beunable
to achieve evena coherentperceptof the object. Giventhe similaritiesbetweerthe pat-
ternof deficitsin monkeys andin humanst seemegarsimoniaisto integratethehuman
datainto theframawork of the UngerleiderandMishkin account(e.g.,Grusser& Landis,
1991).

Anotheraspecbf the UngerleiderandMishkin (1982)hypotesisis thattheinforma-
tion aboutobjectidentity (“what”) andobjectlocation(“where”) hasto bereintegratedat
somepoint. Mishkin etal. (1983)stressedhis factandleft the questim wherethis might
happento future research(speculatinghat possitbe candidatesre the frontal lobe and
thelimbic system).
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Figure 2.4: Summarydiagamof thevisud cortical hierarcchy, asproposedby Distler, Boussaad,
Desimone& Ungerkider 1993 Solid linesindicatecormectinsoriginating from bothcental and
peripheralvisual field represenations while dottedlines indicatecomectiansrestictedto periph-
eral field represenations Solid arrovheals indicate feedfaward comectians, openarrovheal
feedtack conrectiors andreciprocal solid arrovheadsintermedate type comectians. Distler and
coworkers proposedthat the dorsd stream terminatesin posteior parietl cortex (PG), andthe
ventrd stream in theinferior tempor# cortex (TE). They suggetedthatthe rostrd superor tem-
pord sulcus (STS)might be a possble site for interactions betweenthe two streams Reprintel
from Distler, Boussaad, Desimone & Ungerldéder (1993.

In summaryUngerleideandMishkin (1982)arguedthatthecomputatimal reasorfor
theevolutionof two functionallydistinctstreamss thatbothstreamseedto fulfill differ-
entcompuationalrequirementsThe ventralstreamis assumedo performcomputations
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that are neededfor objectrecognition. Objectrecognitionmustbe invariantto retinal
translationsn orderto recognizea stimulus asthe sameregardlesf its spatialposiion.
Thereforeghecomputatimsin theventralstreanshouldabstracfrom spatialinformation.
The complementaromputatbn of spatiallocationsis assumedo be performedin the
dorsalstream.

Thehypohesisof UngerleiderandMishkin hasbeenvery influentialin neuroscience.
And, it hasbeenadvancedandrefined.For exampk,theversionshaovnin Figure2.4is al-
readyanelaborated/ersionof the hypahesis proposedy Distleretal. (1993).It should
be noted, however, that the behaioral obsenations are not as equivocal as one might
suspectrom the prominenceof the theory Studiesthatcomparedarietalandtemporal
lesionsin monkeys did not replicatethe effectsfound by Pohl. Ungerleiderand Brody
(1977) testedacquisition of the landmarktask after parietaland temporallesionsand
found, contraryto Pohl (1973),a greaterimpairmentin monkeys with temporallesions.
Othergroupsdid not find a deficit in the landmarktask after posteriorparietallesions
(Petrides& Iversen,1979; Ridley & Ettlinger, 1975). The discrepantresultsmight be
explainedby differencesn thetestingmethodsor in the preciselocationof thelesions.
Neverthelessthey indicatesomeuncertaintyin the behaioral obsenations(for review
seeMerigan& Maunsell,1993).

In anambiticusaccountthehypotesisof UngerleidelandMishkin hasbeenextended
even further. Livingstoneand Hubel (1988) proposedhat the dichotomybetweenthe
dorsalandthe ventralstreamcanbe tracedall the way backto theretinaandthe LGN,
thelateralgeniculatenucleuswhich is the mainrelay stationbetweerthe retinaandthe
primaryvisualcortex.

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

Livingstoneand Hubel (1988) proposedhat thereexist at leasttwo distinct systens in
the primate brain, a magno—sytem and a pano—systemwhich separatealreadyat the
level of theretina. The systemavereassumedo be optimizedfor differenttasks,which
canberoughlymappedo the“where” (magno)and“what” (pano) distinction proposed
by Ungerleiderand Mishkin (1982). To appreciatethis proposal,a descriptionof the
physidogical propertiesof the geniculostriatesystemis needed.

The maininput to the primary visual cortex (or striatecortex) stemsfrom the LGN
(lateralgeniculatenucleus)which recevesits input from the retinal ganglio cells. This
geniculostriatgathway is dividedinto distinctsubsystms. Already the retinalganglion
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Figure 2.5: Schemat diagram of the functiond segregaion of the primate visual sysem as
proposedby Livingstone & Hubel (1983). The stripesin V2 are (startng at the bottom): thin,
inter, andthick stripes. LGN, lateral geniculate nucleus; MT middle temporallobe. Reprintel
from Livingstone& Hubel (1988.

cellsconsistof two majorclasse®f cells: M—cellsandP—cells(Shaplg & Perry 1986).
Thesecells projectto the two magnocellulatayersandthe four panocellularlayersof
theLGN, respectiely. Themagnocelludr (large—cell)andpanocellular(small—cell)lay-
ersof the LGN projectseparatelyto the layers4C and4C of the striatecortex (cf.
Figure2.5). Therearealsootherprojectionsof the magno—-andpanwocellularlayersof
the LGN to thelayer6 (Hubel & Wiesel,1972),which areevenreciprocal(Lund, Lund,
HendricksonBunt, & Fuchs,1975),however do not play a prominentrole in the model
proposedy LivingstoneandHubel.

Recentlyafurtherpathway (besidegshe magnocellulaandthe panocellular)wasde-
scribedin the macaquethe koniocelldar pathway which projectsfrom the LGN to the
layers2 and3 of theprimaryvisualcortex (Hendry& Yoshioka,1994).Thekoniocelular
neuronccupy regionsventralto eachof themagnocelllar andpanocellularlayerssuch
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thatsix regionsof koniocellubar neuronsxistin theLGN of macaquesThekoniocelldar

neuronshave generallyvery smallsomataandthey seemto receve input from the supe-
rior colliculusandtheretina(cf. Hendry& Calkins,1998;van Essen& DeYoe, 1995).
The function of the koniocellubr pathway is not yet well understood.However, some
informationaboutthis pathway is available andit will be describedvhereappropriate.
Note,thatthis pathway wasnotknown to LivinggoneandHubelandtherefores not part

of theirmodel.

Themagno—cellaswell astheparno—cellsof the LGN haveroughlycircularreceptve
fieldsandshawv centersurrouncbpponeny. Thatis, they areexcited(or inhibited) by the
adequatdllumination of a small retinal region and inhibited (or excited) by adequate
illuminationof alargersurroundng region. They differ in theirresponsgropertiesn the
following ways(cf. Livingstone& Hubel,1988).

Most of the pano—cells(which compriseabout80% of thecellsin thegeniculostiate
system)are sensitve to color. Also, the koniocelldar neurons(about10% of the cells)
are believed to be sensitve to color (Hendry & Calkins, 1998), while the magno—cells
(about10% of the cells) generallyshaw littl e sensitvity to color. For example,a parno—
cell might be excited by red light in its center while it is inhibited by greenlight in its
surround(single—opponenteuron).In contrasta magno—celmight be excited by light
of any wavelengthin its centerandinhibited by light of arny wavelengthin its surround
(broadbandheuron).Thisbehaior originsin thedifferentwaysin which thesignalsfrom
the retinal conesare combired. In humansand old world anthropoidsas the macaque
monkeys thereexist threedifferenttypesof cones,S, M, andL cones.Theseconesare
mostresponsie to short,mediumandlong wavelengthsrespectrely. Oftenthey arealso
called“blue”, “green”,and“red” cones.However, thisis slightly mideadingbecauséhe
wavelengthsat which the conesare mostresponsie do not exactly matchthe common
expectationfor thesecolors. For pano—cellsthe conesare typically combinedin such
away thatthey arered—greeropponenbor blue—yellav opponen{yellow is achieved by
summng the input of M andL-cones). The magno—celldypically receve a weighted
sumof theinput of all threeconetypesandthereforerespondo overall changesn inten-
sity. Thekoniocelluar neuronsarebelievedto be mainly blue—yellav opponent{Martin,
White, Goodchitl, Wilder, & Sefton,1997;Silveiraetal., 1999).

Furtherdifferencesarisefrom the fact that pano—cellshave smalker receptve fields
thanmagno—ce# (by a factorof 2—3), providing highervisual acuity thanmagno—cells.
Also, they respondslower andmoresustainedhanmagno—cellandarelesssensitve to
low—contrasstimul.

In the early 1980smost of this was alreadywell known. However, considerable
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progresswas achiesed in knowledgeaboutthe physidogy of the visual cortex. Stain-
ing for the mitochondrialenzymecytochromne oxidasehadshown blob—ike structuresn

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, 5and6). Electrophysplogicalrecordingshovedthattheneuronsn theblobs
did mainly respondo color andhadcircularreceptve fields, while the neuronsetween
theblobsshovedthealreadyknown orientationselectvity. Thesefindingssuggestethat
the blobs provide a separatecolor systemin the primatecortex (Livingstone& Hubel,

1984 ,but seel eventhal, Thompson,Liu, Zhou,& Ault, 1995).

Note, thatthe neuronsn the blobsonly receve indirectinput from the magno—cells
andpano—cellsof the LGN (cf. Figure2.5). In contrastthekoniocellularneuronsseem
to provide adirectroutefrom theretinato the blobsof V1 (Hendry& Yoshioka,1994).

Similarto the primaryvisualcortex (or V1) thereis alsoa characteristigpatternin the
adjacenvisualarea(V2) if stainedfor cytochromeoxidase.The patternconsistf alter
natingthick andthin stripes,separatedby interstrige regionsandrunningperpendicular
to the V1-V2 border(Livingstone& Hubel, 1983). Livingstoneand Hubel establitied
theconnectiondetweerthetwo aready injectinghorseradisiperoxidas€which travels
alongthe axonsof neuronsan both,anterogradendretrogradedirection). Theseinvest-
gationsshavedthatthe interbld regionsof V1 mainly connecto theinterstriperegions
of V2, theblobsof V1 to thethin stripesof V2, andlayer4B of V1 to thethick stripesof
V2 (LivingstoneX Hubel,1984,1987a).

LivinggoneandHubelcombinedheirfindingswith furtheranatomicabndfunctional
findingsandthe “where” versus“what” distinction of Ungerleiderand Mishkin. They
suggestedhatthe separatiorof magno-andpanocellularpathwaysproceedgo higher
visualareaspnamelythe areasv4 andthe middletemporalarea,generallycalledMT or
V5 (Livingstone Hubel,1987b,1988). Theseareashadbeeninvestgatedby Zeki and
colleagueausing single cell recordings. They had proposedthat V4 mainly processes
color (Zeki, 1978),while MT mainly processesnotion andbinoculardisparity (Dubner
& Zeki, 1971;Zeki, 1973).

In short, Livinggone and Hubel (1988) suggestedhat the primatevisual systemis
segregaked into a magno—sgtemanda pano—sysém. The magno—-syem was seento
mainly processmotion and binocular disparity (i.e., depthinformation). The parno—
systemwas seento be divided in two subsystms, one processingcolor and the other
processingorm andshapanformation. In the highervisualareasthe pano—systenwas
seento correspondo theventral“what” streamof UngerleiderandMishkin (1982),and
the magno—-gstemto thedorsal“where” stream.
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The appealof this proposalwasthatit fitted very well with the psychoplgsical data
know at thattime. It seemedhatthe responseropertiesof the magno—cellsandof the
pano—cellsdirectly determinethe way we perceve the world — mainly in the domains
of color perceptionmotion perceptiorandperceptiorof stereoscopidepth.Livingstone
andHubel (1987b)compiledalarge numberof psychophgicaldemonstratinsin favor of
their proposal.Most of the evidencewasbasedon the factthatsomeperceptuafunction
thatwasattributedto the magno—sysgmwascomprisedat equiluminance.

Two stimdi are equilumnantif they shav only a differencein color, but notin lu-
minance(note that both, color aswell asluminanceare psychophgical quantites that
describearelationshp betweerphysicalpropertiesof the stimulus andthe experienceof
anobsener). Equilumnancecanbe determinedoy heterochromatidlicker photometry:
In asimpledesign,two light sourcesof differentcolor arealternatelydisplayedat a rate
of 20 Hz or above. The participantadjuststhe intensty of the lights until the perception
of flicker disappearsr is minimized (e.g.,Wyszecki& Stiles,1982). Clearly, mary dif-
ferentwavelengthdistributions canleadto the sameluminance. Most of these(but not
all) will be perceved asdifferentin color. If flicker photonetry is performedwith one
of the stimul beingwhite (containingall wavelengthof thevisible spectrumatthesame
intensity) andthe otherstimulus beingmonochromat light (containingonly onewave-
length),it is possibleto determinethe relative efficiency of eachwavelengthin eliciting
luminance.Theresultingcurve, the spectraluminosity , Is the basisfor a standard
definedby the Commiss$on Internationalde I'Eclairage (C.I.E.) in 1924. Note, thatthe
spectralluminasity is solely definedvia perception— independentf arny physidogical
correlateof luminance.Themoreit is interestingthatthe spectraluminosity curve cor-
respondgjuite well to the sumof the spectrakensitvities of the M andL cones|f theL
conesareweightedby a factorof two (Figure2.6). This sumnationis similar to the way
in which the retinal M—ganglion cells (belongingto the magno—sy&m) sumtheir cone
inputs(Smith& Polkorny, 1975).

Basedon findingslike this, Livingstoneand Hubel assumedhe magno—sgtemto
be only sensitve to differencesn luminanceandnot to differencesn color (broadband
neurons).Therefore they predictedthatfunctionsof the magno—gstemshoutl be com-
prisedat equilunnance. Livinggone andHubel reportedthat motion perceptiondepth
perceptiorfrom stereopsigdepthperceptiorfrom motion parallax,depthperceptiorfrom
perspectie, andvisualillusions! areseverelyimpairedat equiluninance.

ILivingstoneand Hubel interpretedvisualillusions, asfor examge the Miiller—Lyer lllusion, asa de-
ceptionof the sizeconstang mectanismwhichis intimatelylinkedwith depthpercepion (Gregory, 1963.
Therebre, they locatedthe sourceof visualillusionsin the dorsal “where” stream.It might be confusing
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M L V
Figure 2.6: Humanluminousefficiency and conespectal sengtivities asfunctionsof the
wavelergth of light. is the relative luminous efficiency asdefinedby the Commission

Intematiorale de'Eclairage (C.1.E.)in 1924for asmallfield ( ) observer. TheL andM curves
shaw therelative conespectral sensitvities for theL andthe M cones. They arescaledatanL:M
ratio of 2:1, sothattheir sumclosdy appraimatesthe curve. Adaptedfrom Gegenfutner
& Hawken (1996).

For example,Ramachandraand Gregory (1978)found a decreasen apparenimo-
tion atequilumnance.They alternatelypresentedwo randomlytexturedpatterngJulesz,
1971).Thepatterngonsisteaf redandgreenareasandwereidentical,exceptthatin one
patterna squaredegion wasoffsetto theright. With stimdus durationsof 100msandan
inter stimulusinterval of 50 ms, obsenersperceve the squareoscillatingbackandforth
horizontally As thegreenluminancewasgraduallyreducedo equilumirancethepercep-
tion of apparenmotion disappearedespitethe individual elementsof the patternwere
still clearly visible. Ramachandraand Gregory concluded— asdid later Livingstone
andHubel— thatcolor andmotionarehandledseparatelyy the humanvisual system

that Milner and Goodale (1995 assumedhe sameillusionsto be generatedn the ventral stream(sec-
tion 2.5.3). Thisis dueto thefactthatMilner andGoodaledistinguishedetweerallocerric andegocentric
codirg of distancanformationandassumedhatvisualillusionsaregeneratedby adecepion of allocentic
coding — whichthey locatedin thevertral stream.Seesection2.3for details.
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The hypothesisof Livingstoneand Hubel gainedwide acceptanceind was highly
influential. However, it seemscleartoday that the proposalin its strongoriginal form
cannotbe held up (for reviews seeSchiller & Logothetis, 1990, Merigan& Maunsell,
1993,andGegenfurtnei& Hawken,1996). Thereasonsvill besketchedn thefollowing.

Differentresearchegroupsinvestigatedthe effects of discretelesionsto the LGN.
Smallinjectionsof, for examplelidocaineor GABA canselectvely block transmision
throughthe magnocelludr or panocellularlayersof the LGN. Maunsell, Nealg, and
DePriesi(1990)foundin singlke cell recordingghatresponses areaMT werealmostal-
waysgreatlyreducedoy blocksof the magnocelludr layers,while few MT neuronswvere
affectedby panocellularblocks. While this resultconformsto the predictionsof Living-
stoneandHubel, this is not true for the areaV4. Ferrera Nealg, andMaunsell(1994)
found thatblocksto panocellularaswell asto magnocellulatayersaffectedresponses
in areaV4 in asimilar way. Theresultssuggesthatatleastthe ventralpathway receves
inputfrom both,panocellularaswell asmagnocellulatayersof the LGN.

Schiller, LogothetisandCharleg(1990)alsoappliedchemical-legsinsto the LGN of
rhesusmonkeys. In behaioral teststhey found that someresultsconformedto the pre-
dictionsof the hypahesis(e.g.,color perceptionwasimpairedafter panocellularlesions
andmotionperceptioraftermagnocellulatesions).However, theresultsregardingstereo
perceptiordid not conformto the hypothess: Magnocelluladesionsdid not produceary
deficit, while panocellularlesionsproduceda deficit with high spatialfrequenciesput
notwith low spatialfrequencies.

Electrophwiological studiesn theintactvisualsystemof monkeys shavedthatthere
is muchmorecorvergenceasearlyasin V1 andV2 thanhasbeenoriginally thought For
example,Levental et al. (1995)investgatedthereceptve field propertiesof neuronsn
the layers2, 3, and4 of anesthetizedhesusmonkeys. Differentfrom Livingstoneand
Hubel (1984)they did notfind arelationshipbetweerthedegreeof orientatio sensitvity
andthedegreeof color sensitvity. Also, color sensitve neuronsverenotrestrictedo the
blob regionsandorientationsensitve cellswerenotrestrictedo the interblobregions.

Gagenfurtner Kiper, and Fenstemadr (1996) investgatedin anesthetizednonkeys
(Macacafasciculare) the selectvity of cellsin V2 to direction, orientation,color, and
size. They found that neuronsgenerallyrespondto more than one stimulus attribute
andthatit is not possibleto classify cells asbeingsolely tunedto one of the attributes.
Also, despitetherewasa tendeng for morecolor sensitve cellsin thethin stripes,they
did not find a clear sggregaion in responsienessbetweenthe differentregions In all
threeregionstherewerecolor sensitve cells. Similar resultswerereportedby Peterhans
andHeydt (1993)for awake rhesusmonkeys (however, this studydid not investicatethe
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chromaticpropertiesof thecells).

In asimilar study Gegenfurtneretal. (1994)reportedresultsfor areaMT whichwere
in muchbetteragreementith the hypotesisof LivingstoneandHubel. Gegenfurtner
et al. investgatedthe responsienessof neuronsin areaMT to moving gratings. The
gratingswere either modubktedin luminance,in chromaticcontrast,or in both. They
found thatresponse®f singleneuronsin areaMT were almostcompletelydetermined
by the luminancemodulaton. Interestingly mostneuronsin MT were unresponsie to
gratingsnearequilunnance despiteof color contrast.Becausaheseplanesof the“null”
responsesariedslighty, theaveragedopulationresponselid shov aresiduakensitvity
to color contrast.Also very few cellsshovedsignsof colo—opponentnput.

In conclusionanatomicabndphysblogical studiesprovided evidencethat: (a) there
is a stronginterconnectiity at very early cortical stagesas early asthe areasvV1l and
V2; (b) the areaV4 which is seento belongto the ventral streamrecevesinput from
both,pano—aswell asmagno—cel in theLGN; (c) inputto areaMT seemgo originate
mainly in the magnocelludr layerof LGN. Residualsensitvity to color mightbe caused
by slight variationsin the equilumnanceplanesof magno—cellsaswell asby (minor)
inputof pano—cells.

What aboutthe psychophgical datathat suggestedhat perceptionof (mainly) mo-
tion is comprisedat equiluninance? Contraryto the original belief, a numberof stud-
ies shaved that equiluminant stimuli can affect motion perception. For example,equi-
luminant stimuli can induce a motion aftereffect on luminancestimuli (Cavanagh&
Favreau,1985; Derrington& Badcock,1985; Mullen & Baker, 1985). Also, equilum-
nantstimul cancancelthe motionof luminancestimuli drifting in the opposie direction
(Chichilnisky, Heeger, & Wandell,1993).

Oneproblemwith someof the early studieswasthatthe conecontrastof luminance
stimui were not matchedto the conecontrastsof equilumirant stimuli (cf. Gegenfurt-
ner & Hawken, 1996). The conecontrastof a stimdus is definedvia the differencethe
stimuus causesn coneexcitation ( , ) relatveto the currentadaptve stateof
thecones( , , ). Theratios : , and definea pointin a (local)
three—dimensinal space the conecontrastspace. The conecontrastof two stimuli is
the euclidiandistancebetweenthe two correspondingoints in the conecontrastspace.
For motion perceptionthe S conescan be neglectedbecauseheir contrikution to mo-
tion perceptionis relatively small. Therefore,conecontrastspacecan be reducedto a
two—dimensionalspacethattakesonly theM andL conesinto account.Chromaticcone
contrastis limited to a smallerrangethanluminanceconecontrastbecausehe absorp-
tion spectraof the M andL conesoverlap. This problemis even more pronouncedn
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a standardCRT monitorwhich is limited in the rangeof wavelengthdistributionsit can
generate.

Studiesnvestgatingstimuli thatwerematchedor conecontrassuggestetb make a
distinction betweerslon moving andfastmoving stimuli. A slow moving stimuluscould,
for example,be a sinewave gratingthat moves at a speedof 1 cycle per secondwhile
a fastmoving gratingwould move at a speedof 8 cycle per second. Hawken, Gegen-
furtner, and Tang (1994) found that the perceved speedof slow equilumirant gratings
was stronglydependenbn conecontrast. Speedwas strongly underestimatevith low
contrast. The perceved speedof slow luminancegratingsalsodependedn conecon-
trastbut to a muchlower degree.In contrastthe perceved speedf fastmoving gratings
wascloseto veridical. It did neitherdependon conecontrastnor wastherea difference
betweerequilumnantstimuli andluminancestimuli.

Experimens thatdeterminedsychophsgicalthresholdsalsoshoved a differencebe-
tweenslow moving andfastmoving stimuli. For fastequilumnantgratingstherewasa
lower sensitvity thanfor fastluminancegratings,bothin detectingmotionandidentify-
ing its direction.For slow equilumnantgratings however, the sensitvity washigherthan
for slow luminancegratingsespeciallyin detectinghe motion(Gegenfurtner& Hawken,
1995).

FromtheseandsimilarfindingsGegenfurtnemndHawkenconcludedhatfastmoving
stimul aswell asslow moving luminancestimuli areprocessedogether This couldhap-
penin a mostly magnocelllar pathway, including areaMT. Additionally, they assumed
thatslow moving equilumirant stimuli are processedby a differentmechanisnwhich is
color opponentandis sensitve to the directionof motion but is impairedin processing
the speedf motion.

In summnary, the proposalof Livingstoneand Hubel hasbeenvery influential and
still providesa framework for ongoingresearch.However, it seemscleartodaythatthe
functionsin the visual cortex arenot asneatlysegregatedashasbeenoriginally thought.
AreaV4 clearlyrecevesinput from magno-aswell asfrom pano—cellularlayersof the
LGN andareaMT shavs somesensitvity to color, thoughits inputseemdo bedominaed
by the magnocelludr pathway. Also, thereseemdo exist an additianal colo—opponent
processvhichreactgo motion. Finally, it shouldbenotedthatif thestrongpredictionsare
removed from the Livingstoneand Hubel model, the differencesetweenthis approach
andthemodelof UngerleiderandMishkin areattenuate@ndtheapproachmightbeseen
asjustavariantof the UngerleiderandMishkin model.
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2.3 Goodale & Milner: Perception versus action

GoodaleandMilner criticized the Ungerleiderand Mishkin modelon empiricalandon
theoreticalgrounds(Goodale& Milner, 1992; Milner & Goodale,1995). They agued
that the Ungerleiderand Mishkin model, despiteassumingparallel streamswould be
still in atraditionof thinking thatseeghe constructiorof oneuniform perceptasthefinal
goalof theprocessingf visualinformation. They arguedthat,for example thereisample
evidencen vertebrate$or theexistenceof highly specializednddistinctvisuonotor sys-
temsthattransformvisualinformatian for the purpose®f certainmotoractions.In their
view this contradictsthe notion that thereexists one centralrepresentatioof the world
thatcanbe usedto guidejustany motoract. Milner andGoodaleseethis view asatheo-
reticalprejudicethathasled visionresearcho focussolelyontheinput—characterists of
visualstimuli. For exampk, in atypical discriminationtaskananimalor humanis asked
to discriminatedifferentvisualstimul andto respondwith differentactionsto them. Mil-
ner and Goodalearguedthatin thesetasksit is generallyabstractedrom the natureof
theresponsebeit picking up anobject,pressinga lever, jumping from one platformto
another— or whatever responseareemployedin thesetasks.To the contrary they sug-
gestedo explicitly investgatetherelationshipbetweermota outpus andvisualinputs
— assunmmg thatthereexist specializedvisual systemghat are exclusively designedo
guidecertainmota acts. Thesemota actsmight, for example,be the guidanceof eye
movements the guidanceof graspingor visual perception.

Milner andGoodaleproposedhatthe functionof thedorsalstreamis thedirectguid-
anceof motoractionswhile theventralstreamis only indirectly linkedto actionvia cog-
nitive processesas objectrecognitionand (more generally)consciougperception(Fig-
ure2.7). They arguedthatthe streamsareoptimizedto fulfill contradictoryrequirements:
To guideactionscomputatims have to be fast,they only needa shortterm memorybe-
causethe posiion of the objectcanchangequickly andthey have to codethe position of
the objectrelative to the effector (egocentriccoding). In contrastthey arguedthatcom-
putationdor objectrecognitiondo notneedto be asfast(but seeThorpe,Fize,& Marlot,
1996)andshouldprovide a long term memoryto allow, for example,objectconstang.
Also, for objectrecognitionit is notasimportantto codean objectrelative to aneffector

2Milner and Goodale(19%) distinguishe betweertwo usesof the term “perception”: Onerefersto
ary processingof sensonyinput. The otheris morerestrictedandrefersto “a processwhich allows oneto
assignmeaningandsignificarce to exterral objectsandevents” (page 2). This useof the word “tendsto
be identifiedwith one’s phenanenolaical expeiienceof the world” (page2). It is this secondusethatis
meantwhenMilner andGoodale speakaboutperception.
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Figure 2.7: Schematiaiagram of the visual cortical hierarchy asproposedby Goodale(1993).
Magno- and parvo—pahways are heavily intermingled after they reachV1. Also, eventhough
two main streans of processingcanbeidentfied, they arebelievedto be heavily interconneded.
AIT, anterbr inferotempaal cortex; CIT, central inferotempoal cortex; LIP, lateral intraparigal
sulaus; PIT, posteior inferotempora cortex; VIP, vental intraparigal sulaus. Reprirted from
Goodae (199).

but the objectshouldbe codedrelative to otherobjects(allocentriccoding).

The mostpromirentevidencefor this theoryis a doubledissociatio betweenvisual
perceptiorandvisualguidedmotorbehaior thatwasfoundin the patientsD.F. andR.\V..
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2.4 The patients D.F. and R.V. — a double dissoci ation be-
tween perception and action.

GoodaleMilner, Jalobson,andCarey (1991)describedh dissaiationin the patientD.F.
betweenperceving objectsand graspingthem. D.F. wasthena 35-yearold woman
who had suffered from a carbonmonoxde poisming as a resultof a faulty gaswater
heater(15 monthbeforethe testing). Sheshaved a profoundvisual form agnosia:poor
perceptionof shapeand orientation,while having relatively intact basicvisual abilities
(Milner etal., 1991).Despitethis deficit sheperformedquite normalif shewasaskedfor
actionsthatrequiredto take into accounthe shapeor orientatian 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 reportthe
orientationof the slot neitherverbally nor by manuallyorientinga cardto matchthe di-
rectionof the slot (cf. Milner etal., 1991). However, if shewasaskedto reachout and
placeherhand(or a hand—heldctard)in the slot sheperformedquite well.

In anothertest,shewasconfrontedwith a setof EfronrectanglegEfron, 1969),solid
plaquesthat all have the samesurfacearea,however, differ in the ratio of their length
andwidth. In discriminatng the rectanglesheperformedon chanceevel. Also, if she
was asled to indicatemanuallythe front—to—fack extent of the objects,she performed
poorly. However, if shewasasked to reachout andpick up the objects,her graspwas
appropriatelyscaledto the sizeof the objects(morespecifically hermaximumpreshape
aperturevasscaledo thesizeof theobject,cf. section2.5.3).

In alater study Goodaleet al. (1994) presentedpeciallyformedshapedo D.F. re-
quiring a preciseplacemenof thumbandindex fingerin grasping(the shapesadbeen
designedto investgate algorithns for the control of graspingin two—fingeredrobots,
Blake, 1992). D.F. wasnot ableto discriminatethe shapesn a same/ differenttask—
neverthelessheperformednormalin graspingthe shapes.

In sumnary, D.F. shoved no difficulty in usinginformatian aboutshapeor sizeto
guidehermovementsn grasping.However, shehada severevisualform agnosiavhich
madeit impossiblefor herto usethe samenformationto distinguishoneobjectfrom the
othet or to indicatethe object’s shapeor size perceptually This dissociatiom between
beingableto usevisual informationfor the guidanceof actionandbeingunableto use
it for perceptiorfits perfectlyto thefunctionaldistinction betweenthe dorsalstreamand
the ventral streamproposedoy Milner and Goodale. Consequentlythe damagecaused
by the anoxiashouldbe in early partsof the humanhomobgue of the ventral stream.
Of courseasMilnerandGoodalestresspnly tentatve conclusionsare possitbe because
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brain damagecausedoy anoxiais not clearly localized. Given this caveats,they report
that MRI scanssupporttheir interpretationbecausehe major focus of cortical damage
seemdo bein the ventrolaterakegion of the occipital cortex, an areathatis assumedo
be the humanhomolayue of the ventral stream. Also, the primary visual cortex, which
providesinputfor boththe dorsalandthe ventralstream seemdo belargely intact. This
indicateghatthe dorsalstreamstill canreceve corticalvisualinput.

For adoubledissociatbn it is necessaryo find deficitsthatreversethe deficitsfound
in D.F. Thatis, to find patientsin whom the humanhomologe of the dorsalstreamis
impairedwhile the ventral streamis intact. Sucha patternof deficits canbe foundin
patientswith bilaterallesionsof the posteriorparietalcortex (e.g., Perenin& Vighetto,
1988;Jalobson Archibald,Care/, & Goodale 1991). Thesepatientsoftenshon anoptic
ataxia: They areunableto graspobjectsappropriatelyor to orienttheir handwhenreach-
ing for the objects.Neverthelessthey areusuallywell ableto usethe sizeor orientation
of the objectsin a perceptuatask.

Goodaleet al. (1994) directly comparedhe behaior of an ataxic patientwith that
of D.F.. The patientR.V. wasthena 55—yearold womanwho had an optic ataxiaafter
strokesthatcausedargebilaterallesionsof the occipitoparietatortex — lesionsthatcan
beattributedto thedorsalstream.Sheshavedclearvisuonotor deficitsin graspingandin
pointingto objectswhile hervisualacuitywasin anormalrangeandshewasnotapraxic
(i.e., shecould shov how shewould perform certain movements,for example eating
with a spoon). Shehad normal handstrengthand fingertappingabilities. WhenR.V.
wasaslkedto discrimnatethe shape®f Blake (1992),sheshavedonly littl e impairment
comparedo a control participant. However, if R.V. was asked to graspthe shapesn
a precisiongrip (usingonly thumb andindex finger), she performedpoorly choosing
unstablegrasppoints Only after having madecontactwith the objectsand receving
hapticfeedbaclof the objecthermanipulaton appeareessentiallynormal.

The disabilties of R.V. have an oppositepatternto the disabilties found for D.F,,
shaving a doubledissocation betweenperceving the shapeof an objectandusingthis
informationto guidethefingersin grasping A doubledissociatbn betweertwo functions
is usuallyinterpretedasevidencein favor of two separateneuronalsystens thatcanbe
impairedindependentlyin fact,this is whatMilner andGoodaleinferred: The existence
of two independensystemghatusevisualinformation in quite differentways. Theven-
tral streamto enablevisual perceptionand the dorsalstreamto enablevisually guided
motorbehaior.

Of coursetherearecaveatsto thisconclusion As mentimedabove, thediffusenature
of thebraindamageof D.F. requiressomecautionin drawing strongconclusios. Also,
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plasticity and learningmight have changedhe patternof deficits suchthat straightfor

ward interpretationgan be problematt. Finally, it is clearthata dissociationbetween
perceptiorandactionis notthe only possilbe causefor the patternof deficitsin D.F. and
R.V.. Thedeficitscould,for example,aswell becausedy a damagdo oneof two output
systemghatbothorigin in onesinglerepresentationf objectsize(cf. Smeets Brenner

1995).

It would provide strongsupportfor the theoryif onefound a dissociationbetween
perceptiomandactionin the healthyvisual system.In fact, this is a necessargondition
becauséMilner andGoodaleassumehatthetwo streamgsreatedifferentrepresentations
of an objectdueto differentoutputrequirementgor motor actsand visual perception.
If the outputbehaior doesnot reflecta differencein the representationghenthe as-
sumedcauseor the existenceof thetwo systemss in doubt.In consequencéMilner and
Goodalediscussed numberof psychophgical studieson healthyparticipantghat they
countedasevidencefor theirinterpretation.

2.5 Psychophysical evidence for a dissoc iation between per-
ception and action in healthy participa nts

Milner and Goodale(1995) compiled evidence from psychophgical experimens on
healthyparticipantshat supporttheir hypothesis. The mostimportantlines of evidence
will be describedand one of the most striking psychophgical findings, a dissociatio
betweenperceving a visualillusion andgraspingit, will be putto empiricaltestin the
remainingchapters.

2.5.1 Pointing and not—per ceive d changes in position

GoodalePelissonandPrabland1986)shavedthatdisplacinganobjectduringa saccade
caninfluenceanongoirg pointing movement.Participantswereaskedto pointto atarget
that appearedsuddenlyin their peripheralvisual field. In half of the trials, the target
wasshiftedevenfurtherduringthefirst saccadeéhatwasmadetowardsthetarget. In the
otherhalf of thetrials, thetargetremainedstatiorary. Participantswereableto smoothy
incorporatethe shift of the targetin their pointing movementaswell asin their second
saccaddthe“correctionsaccadeiwhich usuallyoccursif onedoeslook ata new target).
Pointingto the shiftedtargetwasasaccurateasto a stationarytargetandthetime needed
for the pointing movementwas not increasedmore than can be expectedby the larger
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amplituce of the movenent. Goodaleand colleaguesnterpretedthis in the way that
the mota systemalways doesa fine—tuningatfter the first saccade. They arguedthat
this fine tuning determineghe amplitude of the correctionsaccadeaswell asthe final
amplituce of the poining movement. This fine—tuningis sufficient to incorporatethe
deviationintroducedby the shift of thetarget,aslong asthe shiftis nottoo large.

Despitethishigh sensitvity of thevisuomobr systento achangen location,Goodale
and coworkersreportedthat noneof the four participantsrealizedthat the target some-
timesjumpedto a new location. Testingthis in additionalforced—choiceaxperiments,
they foundthatthe participantsvereunableto detectthe shift of thetamet.

A similar resultwasobtainedin earlierwork of Bridgemanand coworkers (Bridge-
man,Lewis, Heit, & Nagle,1979). They reportedthatparticipantsverenotableto detect
thedisplacemenof atamgetif it occurredhearthetime of asaccadi@ye movenent. Nev-
erthelessparticipantswerestill ableto accuratelypoint to the new positian of the target
(to avoid that participantsusedsimple visual feedbackwhile moving the handtowards
thetarget, eitherthe pointing device or thetagetweremadeinvisible duringthe pointing
task:the pointing movementwasperformed‘open—loop”).

In anotherstudy BridgemanKirch, andSperling(1981)usedinducedmotion to fur-
therinvestgatethis phenomenoiiseealsoWong & Mack,1981).A framesurroundiig a
fixedtargetwasdisplaced creatingtheillusion thatthetargethadjumpedin the opposie
direction. Tamget andframewerethenextingushed,andthe participantspointed open—
loop to the last posiion of the target. Similar to the previous studies,pointing was not
influencedby theinducedmotion. In anotherconditian, theinducedmotion wascanceled
out by a correctve displacemenof the target, suchthatnow the targetwasperceved as
beingstationarydespiteit wasmoving. Pointing,again,wasnotdecevedby theillusion
andreflectedthe veridical posiion of thetarget.

All theseresultscanbeinterpretedasstrongevidencefor a dissociatiorbetweerper
ceptionandaction(Bridgemaretal., 1981;Goodale& Milner, 1992;Milner & Goodale,
1995). They fit well with the framewnork of the perceptionversusactionhypahesisbe-
causethey do not only shav a differentbehaior of the perceptuameasureand of the
motor measureput alsodo conformwith the notion that the motor systemoperatesn
egocentriccoordinategbeing mainly concernedwith the posiion of an objectrelatve
to the effector), while the perceptuakystemoperatesn allocentriccoordinategbeing
mainly concernedvith the position of anobjectrelative to otherobjects).

However, therealsohasbeencritique. SmeetsandBrenner(1995)arguedthatin the
perceptuatasksof thestudieperformedoy Bridgemarandcoworkersparticipanthadto
detecta changein posiion (i.e., avelocity) of thetargetobject. In the motortask,on the
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otherside,participantdhadto indicateonly theposition of thetarget. SmeetandBrenner
arguedthatthe differentresultsin thesetasksmight simply indicatedifferentprocessing
of velocity information andof positon informatian, independentf the question whether
a perceptuakesponseor a mota responsevas required. In consequencé shouldbe

possibé to find the samedifferencethatwasfoundby Bridgemarandcoworkersbetween
the perceptuataskandthe motortaskin purelyperceptuatasksor in purelymotortasks.

SmeetsandBrenner(1995)testedthis ideaby presentingunningspiders(sic!) ona
computemonior. The tagetspidersmovedfor a shorttime acrosshe screenandthen
disappearedn theperceptuatask,participantsvereaskedto matcheitherthevelocity or
the positionof a comparisorspiderwith thatof thetargetspider The comparisorspider
appeared00msafterthetamgetspiderhaddisappearedvaryingthevelocity of theback-
ground,SmeetandBrennerfoundthattheinducedmotionthatwascausedy themoving
backgroundlid only influencethe velocity judgment, but not the position judgment In
the motortaskparticipantshit the runningspidersin orderto “squash”(sic!) them. The
position at which participantshit the spiderswasnot influencedby the backgroundmo-
tion. Neverthelessreactiontime, movementtime andthe velocity profiles of the hand
shovedeffectsof the moving backgroundTheresultsindicatethat(a) a perceptuajudg-
ment of positionis unafectedby a moving background,b) a perceptuajudgmentof
velocity is affectedby a moving background(c) the positian at which participantshit a
moving target is unafectedby a moving backgroundand (d) othercomponent®f the
motor responsere affectedby a moving background. Theseresultsfits well with the
notionthat the taskdemandgi.e., whethervelocity information or position informatian
is requiredto fulfill thetask)areresponsike for thedifferenteffectsfoundby Bridgeman
et al. (1981)— andnot the natureof the responsdi.e., whetherit is a perceptuabr a
motorresponse).

Similar resultswere obtainedin an earlierstudy: AbramsandLandgraf(1990) pre-
sentedha targetthatunderwenta combiration of realmovementandinducedmotion. As
in the studiesof Bridgemanet al. (1981)andof Smeetsand Brenner(1995),open—lo@
reachingto thefinal locationof thetamgetwaslittle influencedby inducedmotion How-
ever, inducedmotion did influenceopen—looparm movementsthat were performedto
reflectthe extentof thetargetmovement.

2.5.2 Pointing and visual illusions

The maincritique againstthe studiesdescribedn the previous sectionis thatin the per
ceptualtask participantgudgedtarmget velocity, while in the motor taskthey reactedto
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target position(Smeets& Brenner 1995). A seriesof studies avoidedthis problemby
presentingstationarystimdi thatformeda visualillusion.

Mack, Heuer Villardi, andChamberg1985)andGentilucci,Chieffi, Daprati, Saetti,
and Toni (1996) asked participantsto point to the verticesof the Muller—Lyer Illusion
(Figure2.8a)andalsoto performperceptuajudgmens of the lengthof the shaftof the
figure. Despitea strongperceptuaillusion, Mack andcolleagueslid notfind aneffect of
theillusion on pointing if full vision of theillusion duringthe pointingresponsavasal-
lowed. Similarly, Gentilucciandcolleaguedglid find only a smalleffect of theillusionon
pointingin thefull vision condition. In both studiesthe effect of theillusion on pointing
increasedf eithertheillusion configurationwasonly flashedfor a shorttime (183 ms,
Mack et al.) or if first, vision of the handwas suppressednd second,a delaywasin-
troducedbetweenvision of the illusion—configuratiorand performanceof the pointing
respons€5 sec,Gentiluccietal.).

A similarresultwasobtainedby Bridgeman Peery andAnand(1997). They investk
gatedthe Roelofseffect: A tamgetinside anoff—centerframeappeardiasedoppositethe
directionof theframe(Figure2.8b).In the perceptuataskparticipanjudgedthe position
of the tamget (e.g., by classifyingthe targetto be in one out of five possibleposiions).
In the motortaskthey pointedto the targetwith an unseerpointer Consistentvith the
previousstudies Bridgemanret al. foundthatall participantsveresignificantlydeceved
in the perceptuatask ( ), but only half of the participantsin the mota task. If
a delaywasintroducedbetweenstimulus offsetandthe respons€ sec),the difference
betweerthetaskswasdiminished.

Again, theresultswerecountedasstrongevidencefor adissociatbn betweerpercep-
tion andaction(Bridgemanretal., 1997;Goodale& Haffenden,1998). Theinterpretation
is straightforvard: Pointingwasnot affectedby theillusions becausdor pointing visual
informationis processeth egocentriccoordinateandbecauséheillusionswerecreated
by specialarrangementsf objects.This shoutl notaffect egocentriccoordinatesin con-
trast, the perceptuakystemis assumedo work in allocentriccoordinatesandtherefore
shouldbe deceved by the illusions. An interestingadditioral effect is the obsenation
that the influenceof the visualillusions on pointing did increasewith prolongeddelay
betweenpresentatiorof the stimulus configurationand performanceof the task. This
wasinterpretedasreflectingthe fastdecayof the egocentricrepresentationThe egocen-
tric informatian is no longeravailableandthe motor systemhasto usethe lessadequate
perceptuainformationof theventralstreamto guideaction.

However, this interpretatiorhasalsobeencriticized. PostandWelch (1996)argued:
(a) Only open—loopconditionsshout be consideredas valid testsfor the perception
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Figure 2.8: Visualillusions thatwereemployed by the studiesde<ribedin the text. a. Muller—
Lyerlllusion (MullerLyer, 1889). Theshaftshave thesamdengh, but the shét with the outward
pointing fins appeas larger. b. Roelofseffect (Roelofs 1935). The crosse arevertically aligned,
but the frameoffsetto the left makesthe cross appar farthe to theright. ¢. Juddlllusion (Judd
1899. Both marksbisect the shdts, but appea dispacedrelative to the shaftin the direction in
which the arrows point. d. Horizontal-\&rtical lllusion (Fick, 1851). The horizontalline andthe
vertical line have the samelength, but the verticd line appeas longe. e. Parallel-Lineslllusion
(Wundt, 1898) Thecential lineshave thesameengh, but theline betweerthelong linesappeas
longer thantheline betwea the shot lines (assmilation effect). With alarger sepaation betwee
the cential lines andthe context lines this effect canalso be reversed sud thatthe line betwea
the long lines appears shater than the line betwee the shot lines (contrasteffect, cf. Jordan
& Schiar, 1986 f. Ebbinghauslilusion (Ebbinghaus 1902). The certral circles have the same
diamete, but the centrad circle surrondedby large context circles appearssmalle. g. Ponzo
Illusion (Titcherer, 1901). Thecircles have the samediamete, but thecircle whichis closerto the
(theaeticd) apec apparslarger.

A

versusactionhypotesisbecausen full-vision conditiors the participantscould simply
matchthevisualimageof thelimb with theimageof thetarget. In consequencthe con-
ditionswith the smallestllusion effectin the studyof Gentilucci et al. (1996)cannotbe
countedin favor of the perceptionversusactionhypotesis. (b) The perceptuatasksin
the studiesof Mack et al. andGentilucci et al. requiredto computean extent(i.e., the
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lengthof theM ulller—Lyer shaft),while themotortaskrequiredto computealocation(i.e.,
the verticesof the Muller—Lyer figure). Postand Welch suggestedhat the dissaiation
is not betweenperceptionandaction, but betweenestimatingextentandlocation. They
demonstratedhis in two motor taskson the Juddillusion (Figure 2.8c). In both tasks
participantsvereaskedto indicatethe midpant of the shaftof the Juddfigure by pointing
open—loopo it. In the extent-estimationtasktherewasno markpresenin the middle of
the shaftwhile in the location—estnationtaskthe mark was present.This manipuhtion
sufficed to differentially influencepointing: Pointingwasaffectedby theillusion in the
extent—estinationtask,while it wasunafectedin thelocation-estimationtask.

2.5.3 Grasping and visual illusions

In the light of the psychophyal studiesdescribedso far the statusof the perception
versusactionhypothess is ambiguos. Thereis a wealthof empiricalfindingsthatare
countedin favor of the theorybut thereis alsoseriouscriticism on the validity of these
conclusionsin this situationafinding of Aglioti etal. (1995)employing avisualillusion
hasdravn considerablénterestbecausét seemedo supporthe perceptionversusaction
hypotlesisin anidealway.

Visualsizeillusionsareofteninducedby a specialarrangementf objects.For exam-
ple,theEbbinghaugor Titchener)lllusion consistof onecentralcircle thatis surrounded
by a numberof contet circles. If the context circlesarelarger asthe centralcircle then
thecentralcircle is percevedsmallerthanwithout context circles. Corversely if thecon-
text circlesare smalker thenthe centralcircle is perceved enlaged (Figure 2.8f). The
Ebbinghaudllusion is a typical size—contrasillusion: The size differencebetweenthe
centralcircle andthe contet circlesis amplified. Sizedifferencesanalsobe attenuated,
aprocesswhichis oftencalledassimiation(cf. Coren& Girgus,1978). An examplefor
assimilaion is the Parallel-Linedllusion (Figure2.8e).In thisillusion,thelongercontext
linescausehecentralline to be percevedasbeinglonger while theshortercontext lines
causethe centralline to be percevedasbeingshorter

The questionwhich mechanismsreinvolved in visual illusions hasbeensubjectto
considerablalebate(e.g. Gregory, 1963; Day, 1972; Coren& Girgus,1973). It seems
cleartodaythata size—constancmechanisms involved. The mechanisrmormally en-
ablesusto compensatéor differencesn retinalimagesizewhich arecausedf anobject
is viewedatdifferentdistancege.g.,Holway & Boring, 1941). Themechanisnhasto in-
tegrateanumberof differentdepthcuesandcanbedecevedby misleadingcuesprovided
by visualillusions. However, is alsoseemgleartoday thatsize—constanccannotbethe
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only mechanisnresponsibldor visualillusions. For example,lateralinhibition might
play animportantrole, independenbf size—constanc(for review seeCoren& Girgus,
1978).

With respecto the perceptionversusactionhypohesisthe interestingfactis thatin
the Ebbinghaudllusion the context elementsexert aninfluenceon the centralcircle. In
theframework of the perceptionversusactionhypohesis this influencecouldbe created
in the ventral streambecausehis streamoperatesn allocentriccoordinategan object
is codedrelative to otherobjectsin thefield). In contrastthe dorsalstreamis believed
to operatein egocentriccoordinatesand consequenthcould be unafectedby the illu-
sion. Therefore jt seemedik ely thatmotoractionsdirectedat the centralelementof the
Ebbinghausllusion areunafectedby theillusion.

Aglioti etal. (1995)testecthisideaby presentinghe Ebbinghaudllusion with athin
disc (“poker—chip”, 3 mm thick) insteadof the centralcircle. This wasdoneto enable
the participantsto graspthe discs. While reachingto graspan objectthe index finger
andthumbopento a maximumaperturethat is alreadylinearly relatedto the objects
size(Figure 2.9, cf. Jeannerod]1981,1984). This maximumpreshapeperture(MPA)
is formedwell beforethe handhasarny contactwith the object. Therefore, it reflectsan
early size estimae that is usedby the motor system. If no otherthanvisual cuesare
availablethenthis estimatemusthave beencomputedrom the visualinput. Dueto the
linearrelationshipbetweerthe MPA andthesizeof the objectit is possibleto determine
whethertheillusion affectedthis sizeestimatethatis usedby the mota system.

Of course,someprecautionshave to be taken that no other sourcesof informatian
aboutthe true size of the objectareavailablefor the participant. For example,Postand
Welch (1996)suggestedhat reachingandgraspingshouldbe performedwithout seeing
thehand(open—loop}o avoid onlineadjustnentsduringthe movement.

In order to test whethergraspingis affected by the Ebbinghauslllusion, Aglioti
and coworkers useda “titration” paradigm. The mainideaof this procedures to find
(“titrate™) apair of discsthatis percevedasbeingequalin sizeif presentedh theillusion
(Figure 2.10). If graspingis affectedto the sameamountby theillusion as perception,
thenthe MPA while graspingthe discsshouldbe equal(seeAppendixB.2 for a formal
deductionof this prediction).If, ontheotherside,graspings not affectedby theillusion
thenthe MPA shouldrefled the phystcal sizedifferencebetweerthetwo discs.

To implementthisidea,Aglioti andcoworkersselectedn a pre—tesfor eachpartici-
panta pair of discswhich appearedo the participantasbeingequalin sizeif presented
in the Ebbinglauslllusion. For mostparticipantghis requireda sizedifferenceof 2 mm
(e.g.,diameterof 28 mmand30 mm). For easeof presentatiothesediscswill becalled
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a. b.
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i Max. preshape aperture i
Touching object | o Grasped larger
o 2 due to illusion
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Figure 2.9: Maximum prestapeapertue (MPA). a. Typical time cours of the apertire between
index fingerandthumbduring the transmrt comporent of a prehensiocn movement. After about
70% of movementtime a maximumis reache, the maximumprestapeapeture. b. For interme-
diate objed sizes(app.2 cmto 6 cm)the MPA is linearly related to the physial sizeof the objed.

This allows to predict the effect that a visual illu sion shauld exert on MPA— giventhatgrasping
andpereptionsharethe sameinternal representaion of object size.

S (small)andL (large)discin thefollowing.

During testing,the S and L discswere presentednside the Ebbinghausfiguresin
variouscombirations. Aglioti andcoworkersdistinguishedbetweentwo trial types(see
Appendix C for a detaileddescriptionand discusgn of the trial types). In “percep-
tually different” trials, eithertwo S discsor two L discswere presentedtop panelof
Figure2.10).In “perceptuallysametrials, the S discwaspresentedvithin smallcontext
circlesandtheL discwithin large contet circles,justashadbeendoneduringthe pre—
test(lower panelof Figure2.10). The whole displaycould be rotatedsuchthatfor each
participantin half of thetrials the large contet circleswereon theleft andin half of the
trialsthey wereontheright.

Eachtrial waspreparedoy the experimenterin the dark. Thenthe light wenton for
3 sec. Half of the participantshadreceved the instructon: “if you think the two discs
arethe samesize,pick up theoneontheleft; if youthink they aredifferentin size,pick
up theoneontheright” (Aglioti etal., 1995,p. 681). The otherhalf of the participants
receved instructians with the left—right assignnents being reversed. The participants
graspedvhile thelight wason, thenthelight wentoff, andthe experimentepreparedhe
next trial.

The critical conditionwasthe “perceptuallysame”conditionin which the two discs
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Figure 2.10: The two major classe of trial typesin the Aglioti paradgm (Aglioti etal. 1995).
In thetop figure the two cential circles areof the samephyscal size,but appeardifferent; in the
bottam figure the circle surroundel by large context circle is slightly larger in orderto appear
appioximately equal in size to the othe cential circle. In the actud experiment of Aglioti et
al. (199%), the centra circle wasreplaced by a plasic disc thatwasgrasped by the pariciparts.
Reprinedfrom Milner & Goodde (199%).

were perceved as being equalin size thoughthey were physically different. Results
shaved that, despitebeing perceved asequalin size,the MPA in graspingdifferedbe-
tweenthe two discs. Clearly, this seemedo shav that graspingis not (or only little)

affectedby visualillusions.

Thestudywasreplicatedoy Marotta,DeSouzaHaffenden,andGoodalg1998)using
the samedesign(which will be calledin thefollowing Aglioti paradigm).Marottaet al.
(1998) alsofound that the MPA in graspingwas differentbetweentwo discsthatwere
perceved asbeingequalin size (however, this wasonly trueif the participantsviewed
the objectsbinocularly with monocularviewing therewas no significantdifferencein
graspingoetweernthetwo discs).

A secondeplication,againusingthe Aglioti paradigmwasperformedoy Haffenden
andGoodalg1998).Again,the MPA wasdifferentbetweertwo discsthatwereperceved
asbeingequalin size. In this study graspingwas performed‘open—loog (participants
couldnotseetheirhandduringgrasping)eliminating critiquethatcouldberaisedagainst
the studyof Aglioti etal. andof Marottaetal. (e.g.,Post& Welch,1996). Haffenden
and Goodale(1998) did also add a secondtask to the Aglioti paradigm. In this task,
participantsdid exactly the sameasin the graspingtask, but insteadof graspingone of
the discsthey indicatedthe size of the disc by openingindex fingerandthumb (without
seeinghandor stimudus). After this, they graspedhe disc (this wasdoneto provide the
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sameamountof hapticfeedbackasin the graspingtask). Haffendenand Goodaleinter-
pretedthis “manualestimaton” taskasbeingperceptualn natureandthereforetapping
theventralstream.They assumedhatthistaskrequiregotally differentcontrolstructures
asgraspingandthat participantsdo a kind of manual‘read—out” of whatthey perceve
(Haffenden& Goodale,1998,p. 125). Thisview wassupportedy thefinding of Goodale
etal. (1991)thatthe patientD.F. scaledVIPA normall to the sizeof objects(interpreted
asreflectingtheintactdorsalstream)while shewasnotableto indicatethesizeof theob-
jectsusingindex fingerandthumb(interpretedasreflectingtheimpairedventralstream).
Theadwantageof usingthemanualkestimatia taskwas,of coursethatnow thewholepro-
cedurewasassimilar as possibé betweenthe motor task (grasping)andthe perceptual
task (manualestimation. The resultsof the manualestimationtask seemedo support
the original finding of Aglioti et al. (1995)in anideal way: While graspingshaved a
differencebetweenwo discsthatwere perceved asbeingequal, manualestimation did
not.

Takentogetheythe resultsof all threestudiesseemedo suggestea straightforvard
interpretation:“Size—contrastllusions deceve the eye but not the hand” (Aglioti etal.,
1995 title of thestudy).It seemedhatvisualillusionsprovideanelegantwayto shav the
differentprocessingharacteristicef thedorsalandtheventralstreanin healthyhumans.

Nevertheless,thereremainedsomequestionsopen. The titration procedureallows
only a binary interpretationof the results. Either, one canconcludethat graspingis af-
fectedby theillusion (if in the “perceptuallysame”condition thereis no differencebe-
tweenthetwo discsin grasping) or onecanconcludethatgraspings not affectedby the
illusion (if thereis a differencein grasping).However, it couldvery well bethatgrasping
is lessaffectedby visualillusions thanperception.For example,Dapratiand Gentilucci
(1997)suggestedhis possibilty. To solve questiondikee this, oneneedgo estimatethe
sizeof the effectstheillusion exertson graspingandon perception.Clearly, thisis pos-
sible. Onesimply hasto computethe differencebetweenonedisc beinggraspedf it is
surroundedy large contet circlesversushe samediscbeinggraspedf it is surrounded
by smallcontext circles.

This computationis alsopossibé in the Aglioti paradigm(seeAppendixC for a de-
tailed description). Aglioti et al. (1995) reportedtheseresults,but not Haffendenand
Goodale(1998)and Marottaet al. (1998). Aglioti et al. (1995)found (a) a cleareffect
of the illusion on graspingand (b) the absolutesize of the effect (in mm) was signifi-
cantly smallerthanthe effect on perception(cf. Figure4.4bon page46). A. Haffenden
computedthe correspondingaluesfor her study(cf. Figure4.4c),andthe valueswere
similarto theresultsof Aglioti etal., but the graspingeffect wasnotsignificant(personal
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communcation,August 1998).

This aspecbf thedatadoesnotfit to thenotionthatgraspings notaffectedby visual
illusion. However, becausehe graspingeffect was smallerthan the perceptuakffect,
Aglioti et al. amguedthat the graspingeffect might be due to a residualinfluence of
the ventral streamand thereforereconciledthe datawith the perceptionversusaction
hypohesis.

In thefollowing yearsfurtherstudiesvereperformedhatemployedothervisualillu-
sions(Brenner& Smeets]1996;Daprati& Gentilucci,1997).All of thesestudieseported
estimategor thegraspingllusion andfor theperceptuaillusion. And in all of thesestud-
ies,the graspingeffect seemedo be smallerthanthe perceptuakffect. Theseresultsdid
notonly stronglysupportthe perceptiorversusactionhypothesisbut alsoinfluencedhe-
orizing in suchdifferentfields of neurosciencas,for example,visual avarenesgKoch
& Braun,1996),cognitive representationf spacgJacksor& Husain,1997),earlyvisual
processingMarendaz,1998), memory (Crean & Proffitt, 1998), and neuropatholog
(Milner, 1997).

Becausef thistheoreticaimportancethefindingsof Aglioti etal. (1995)weretested
extensiely in the presenstudy Beforedescribingthe experimens, however, a method-
ologicalissueneeddo beaddressedrThisis relatedto the questionwhetherit is possitbe
atall to validly comparetheillu sioneffectson graspingandon perception.



Chapter 3

Separate Representation Model
versus Common Representation
Model

Currently threepossibiltiesarediscussedhow visualillusionsmightinfluencegrasping.
The first is that graspingis not at all influencedby visualillusions. This is the strong
versionof the perceptionversusaction hypothess (Milner & Goodale,1995). In the
following this modelwill be called the strongSeparateRepresentatiodModel because
it assumeswo differentrepresentationsf objectsize, one for perceptionand one for
action. It is easyto testthis model. Onejust hasto probewhetherMPA is affectedby
visualillusions.

Thesecondnodelallowsfor somecrosstallkbetweerthetwo representation@\glioti
etal., 1995;Milner & Goodale 1995;Daprati& Gentilucci,1997). This crosstalkeads
to the weakversionof the SeparateRepresentatioodel. Specifically it is assumed
thattwo separateepresentationef objectsize exist for the purposef perceptionand
action,respectrely, andthat thereis somesmall effect of the perceptuatepresentation
on the motor representation.The model predictsthat the mota illusion is decreased,
comparedo the casewhereonerepresentationf objectsizeexists. Naturally, thisleaves
the problemof predictingthe sizeof thefull motorillusion for acommonrepresentation
of objectsize.

Most of the previous studieshave solvedthis problemby predictingthatthe full mo-
tor illusion shouldhave the samenumericalmagnitideasthe perceptualllusion (e.g.,if
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N/

Perception / Grasping

Internal Size Estimate

Size of Object

Figure 3.1: An explicit versian of the CommonRepresatation Model. Seethe text and the
Appendx B for moredetals on this model.

perceptionveredecevedby mm thefull motorillusion would be predictedto be also
mm). While this predictionis valid in theend,it is notatall obvious To justify it one
needssome(plausible)assumpbnsandthefactthatMPA is avery well-behaeddepen-
dentvariable.In thefollowing theseassumpbnsshallbe madeasexplicit aspossibe.
The CommonRepresentatioModel assumeshatonly a singlerepresentationf ob-
ject size exists. This representatioms influencedby the visual illusion andis usedto
generatehe percepbf sizeaswell asto guidegrasping.Giventhatboth,MPA aswell as
percevedsizedependinearly on phydcal sizeit is possibé to usea linearmodelwhich
canbetestedeasily (Figure3.1). In this modelthe visual informatian is assumedo be
transformedinearly into an internal representatiomf objectsize. This internalrepre-
sentationis influencedby theillusion. This influenceis modelledby shifting the linear
functionthat relatesphyscal sizeto the internalrepresentatioiby a fixed amount. The
internalrepresentatiors thentransformedinearly eitherto the perceptiorof objectsize
(i.e.,to theresponsen the perceptuatask)or to MPA (theresponsén thegraspingask).
Giventhis very simplemodel,it is possble to calculatetheinfluencethatthe visualillu-
sionhason MPA from theinfluenceit hasonthe perceptuaimeasurdseeAppendixB.1):

— (3.1)
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(Where standsfor the graspingillusion, for the perceptualllusion,  for the
slopewith which the grasp—measurgependn physicalsizeand for the slopewith

which the perceptuameasuredependon physcal size). This relationcanbe even fur-

ther simplified becausahe slopes and areusuallysimilar — at leastfor standard
perceptuameasuregcf. the Experimentsl, 5, and8). This simplifiestheformulato:

(3.2)

This meanghatthe explicit versionof the CommonRepresentatioModel comesto the
samepredictionas was usedin most previous studies(i.e., the motor illusion should
equalthe perceptualllusion). However, the predictiondependson the condition that
theperceptuameasuraswell asMPA arelinearly relatedto physcal sizewith thesame
slopes.Thereforejt is necessaryo testthis conditionby varyingthe physicalsizeof the
objects— especiallyif unusualperceptualmeasureareused.

Anotherfactthatcanbe exploitedto distinguishbetweerthe differentmodelsis that
participantsshowv inter-individual differencesin the strengthof the perceptualllusion
and of the motorillusion. The questionariseswhetherthesedifferencesare correlated
acrossparticipantsfor examplewhethera participantshowving a large perceptuakffect
alsoshavs alargemotoreffect. Thestrongversionof the Separaté&kepresentatioModel
predictsthatthereis no correlationbetweerthe perceptuaillusion andthe motar illusion
acrosgparticipants— because¢he modeldoesnot predictany mota illusion atall. The
CommonRepresentatioModel,ontheotherhand clearlypredictsanacross-participants
correlationbetweenthe motorillusion andthe perceptualllusion. But, how big should
this correlationbe? This questim is important for the interpretationof smallandnon—
significantcorrelations. Are thesecorrelationsnot significant becauseof a lack of sta-
tistical power — or canthey be taken asevidenceagainstthe CommonRepresentation
Model? The problemhereis thattheinte~individual differencescanbe smallcompared
to theoverall noise—leel.

Fortunatelyit is possile to derive an upperboundfor the expectedvalueof the cor
relation. The ideais asfollows. Assumethat the perceptuaimeasurevould measure
theinternalrepresentatiowithout arny noise.In this case the perceptuameasuravould
perfectlyreflectthe inte~individual differencesbetweenparticipants. The MPA would
suffer from somenoisethatis addedbetweeninternalrepresentatiomand grasping(this
assumpbn is necessaryo accountfor thelargervarianceof the motordata). Given this
model,theexpectedcorrelationbetweerperceptuaillusion andmotorillusion equalshe
ratio of their standarddeviations(seeAppendixB.3):

_— (3.3)
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Table 3.1: Optimal samplesizesfor product momentcorrelations.

Correlation

Note. Givenarethe optimal samplesizesfor aone-tailedtestwith asignificancelevel of
is the Type Il errar. The power equals . For example assumethe expected value (the
“true” value) of anacross-paricipans correltionin the popuation was . Usingasample
of partidpants, the probability to obtan a significant outcomein a statigical testwith
and would be . Thatis, (only) outof studieswould come
to the correctcondusion thatthereexists acorreltionin thepopulation. To improve this ratio, the
samplesizehadto beincreasedvenfurther. Dataarefrom Cohen(1988).

Of coursethisis anidealizedmodel. Mostimportanty it isassumedhatnonoiseis added
in thetransformatiorfrom theinternalrepresentatioto theperceptuameasureAny such
noisewill reducetheexpectedvalueof the correlation.Thereforethevaluewill becalled
the IdealizedExpectedCorrelationin the following. Note, that the IdealizedExpected
Correlationis — statistcally speaking— a populationparameterThatis, the measured
valuesin a samplewill fluctuatearoundthe IdealizedExpectedCorrelationandcan—
accordingto the laws of probabilty — very well be larger thanthe IdealizedExpected
Correlation.

The IdealizedExpectedCorrelationgives a rough idea of the correlationsize that
canbe expectedandwhat samplesizesarerequiredto provide enoughstatistcal power
to reliably detectthis correlation. For example,in the experimenton the Ebbinghaus
lllusion (Experimentl), therewasan IdealizedExpectedCorrelationof while
theempiricalcorrelationwas . Expectinga similar relationshign futureresearch,
onecancalculatethe optimalsamplesizesto reliably detectsuchaneffect. Cohen(1988)
givesan optimal samplesize of for an expectedcorrelationof andof

for (one—tailedtest, , ). This shaws that, in general,
large sample—siesare needed— at leastto shav thatthereis no correlationbetween
perceptuakffectandgraspingeffect (typically, studiesusedsmallersamplesizesof eight
to eighteenparticipantscf. Table 7.1 on page86). Table 3.1 givesan overview of the
optimalsamplesizes.
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Table 3.2: Predid¢ions of the compding models

Model lllusion effects Across—participnts
correlation

strongSeparaté&representatioModel
weakSeparaté&representatioModel —

CommonRepresentatioModel —

Note. The predctions reston spedfic assumpbns that aredescibed in the text andin the Ap-
pendx B. stardsfor thegraspngillusion,  for theperceptuaillusion.— istheldedized
ExpecedCorreldion.

SincetheldealizedExpectedCorrelations only anupperboundfor theexpectedvalue
of the correlation,the measuredorrelationcan hardly be usedto discriminatebetween
theweak SeparatdRepresentatioModel andthe CommonRepresentatioModel. Both
modelspredicta smallercorrelationthanthe IdealizedExpectedCorrelation. The Com-
mon RepresentatioModel doesso becauseherewill be noisein the perceptuakystem
andthe SeparatdRepresentatioModel becausef the incompletecrosstalkbetweerthe
perceptualepresentatioandthe motorrepresentationNeverthelessthe correlationcan
be usedto discrimnatebetweenthe strongSeparatdRepresentatioModel on oneside
andtheweakSeparte RepresentatioModel andthe CommonRepresentatioModel on
theotherside.

In sumnary, two relationshpsweredescribedhatcanbeusedto distinguishbetween
the models(seeTable 3.2): (a) The sizesof the perceptualllusion and of the mota
illusion discrimnate betweerthe strongSeparatd&RepresentatioModel, theweak Sepa-
rateRepresentatioModel,andthe CommonRepresentatioModel. The strongSeparate
RepresentatioModel predictsthatthereis no motorillusion at all. The CommonRep-
resentatiorModel predictsthatthe motor illusion equalsthe perceptuaillusion andthe
weak SeparatdRepresentatioModel predictsthatthe motorillusion is smallerthanthe
perceptualllusion. (b) The across—participantsorrelationbetweenthe perceptualllu-
sionandthemotorillusion cangive someinsightsaboutthevalidity of thestrongSeparate
RepresentatioModel versushe weak SeparatdRepresentatioModel andthe Common
RepresentatioModel. The strongSeparateRepresentatioiModel predictsno correla-
tion betweerthe perceptualllusion andthe motorillusion (becauseét predictsno mota
illusion atall). TheweakSeparatd&RepresentatioModel aswell asthe CommonRepre-
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sentatiorModel bothpredicta positive correlation.For thesemodelsit is possibé to give
anupperboundfor the correlation theldealizedExpectedCorrelation.

In thefollowing thesetwo relationshipsetweerperceptiorandgraspingwill beused
to evaluatethe Ebbinghaudllusion, the Mulle~Lyer Illusion andthe Parallel-Linedllu-
sion. Also, controlexperimentswill bereportedensuringthatthe perceptuataskandthe
motortaskwereadequatelynatched.



Chapter 4

Ebbinghau s lllusi on

Thefirst andmostinfluential studyinvestpatingthe existenceof a dissociatio between
perceptiorandgraspingn visualillusionswasperformedoy Aglioti etal. (1995)andwas
replicatedby Haffendenand Goodale(1998). Theseoriginal studiesusedthe Ebbing
haus(or Titchener)lllusion: a centralcircle surroundedy large circlesappearsmaller
thanwhensurroundedy smallcircles(cf. Figure2.8f on page26). To determinehein-
fluenceon graspingthe centralcircle wasreplacedwith a discwhichwasgraspedy the
participants.Resultsshaved a larger effect of theillusion on perceptionthanon MPA.
This was interpretedas strongevidencefor the perceptionversusaction hypahesisof
Milner andGoodale(1995).

Several problemsin the original studiesencouragea replicationusinganimproved
andsimpified design.First, eventhoughthe effect on perceptionwvaslarger, the original
studiesalso found influenceson grasping— as did otherinvestgators(cf. Table7.1
on page86). It is difficult to draw clear conclusiondrom thesestudies,becausesome
reporteda statistcally significantmotorillusion while in othersthe effect of theillusion
on graspingfailedto reachsignificance.To resole this apparentonflict alarger sample
sizewasusedin the presenexperiment.

Secondthe original studiescomparedhe influenceof theillusion on the perceptual
measureglirectly with the influenceon MPA. For example,Aglioti et al. (1995)found
an influenceof 2.5 mm on perceptionand of 1.6 mm on grasping(cf. Figure4.4bon
page46). Due to the statisticaly significantdifferencebetweenthesevalues( ,

1Thestudyof Marottaetal. (1998)is notdiscussedhere becaus@o estimatesor theillusion effedsin
this studyareavailable;cf. section2.5.3.

39
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), they concludedthat the influenceof the illusion on the motor systemwas
dissociatedrom theinfluenceon perception However, this conclusionis only valid if the
functionsrelatingMPA to phystal sizeandrelatingpercevedsizeto physicalsizehave
thesameslopes|f thisis notthe casethenonehasto correctfor the differencein slopes
— aswasarguedin chapter3 andis shovn in equation3.1on page34. To obtaina good
estimateof theseslopesa wider rangeof discsizeswasusedin the presenstudy

Third, in orderto make the perceptuahndmotortasksassimilar aspossiblepnly one
Ebbinghaudigurewaspresentedtatime: A centraldiscwassurroundedy eitherlarge
or small contet circles (single—contgt versions Figure 4.1a). In the perceptuakask,
participantsindicatedthe size of the centraldisc by adjustingthe radiusof an isolated
circle whichwasdisplayedon a monitor (Coren& Girgus,1972b;Pressg, 1977).In the
graspingtask, participantsgraspedhe centraldisc. This is differentfrom the original
studiesin the following way. Thesestudiesusedthe composi version of the illusion
(Figure4.1b): Two Ebbinghaudigures,having differentcontet circles,were presented
simulkaneously In the perceptuakask, participantsdirectly comparedthe two central
discs. In the graspingtask, however, participantggraspednly oneof the discson each
trial. The overall effect of the illusion on graspingwasthendeterminedoy addingthe
effectseachcontext hadon grasping.Notetheasymmetryin this procedureln grasping,
participant®operatedn only oneEbbinghausfigureatatime, while in theperceptuatask
they operatedn bothfiguressimulianeouslyA perceptuataskthatis moresimilarto the
graspingtaskof the original studiesis shovn in Figure4.1c: On eachtrial, participants
compareanisolatedcircle to oneof the centraldiscsandthe overall effect of theillusion
on perceptions thendeterminedy addingthe effectsof the two separate&eomparisons
In usingthedirectcomparisonnsteadtheoriginal studieamplicitly rely onanadditiity
assumpbn: It isassumedhatthe perceptuaéffectsof thetwo Ebbinghaudiguressimply
addup to yield the effect obtainedby the direct comparison.The Experiments3 and4
will show thatthisis notthe case.A directcomparisorbetweerntwo Ebbinghausfigures
(Figure4.1b)yieldsa larger effect thanif the perceptuakffectsaredeterminedor each
figureseparatehandthenadded(Figure4.1c).

Using the describedsimgified and improved design, Experimentl investgated
whethergraspings affectedby the Ebbinghauslllusion.
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Figure4.1: Stimuli usedin the presentexperimentsandin theoriginal studies.a. In Experimen 1
paricipants operatedon only one Ebbinghausfigure at atime (single—conext versims). b. In the
original studiesof Aglioti etal. (1995 andof Haffenden& Goodde (1998 asymmetrianeasues
wereused To perform the graspng task, participans hadto calcuate only the size of oneof the
cental discs In the perceptual task, participants hadto comparethe two cental discsdiredly,
both beingsubgctedto theillu sion at the sametime. c. A perceptua taskthatis moresimilar to
thegraspng taskof the original studies.

4.1 Experiment 1: Grasping the Illusi on

In this experimentthe effects of the Ebbinghaudllusion on graspingandon perception
were investgatedand compared. The geometryof the Ebbinglausfigureswas similar
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to the geometryusedin the original studiesof Aglioti et al., 1995 and Haffenden&
Goodale 1998. However, in anattemptto matchperceptuataskandmotortaskasmuch
aspossibé, only oneEbbindhausfigure waspresentedt a time (singlecontext versions
cf. Figure4.1a)

41.1 Method

Participants Studentf the University of Tubingen(andsomepupils) participatedn

all experiments In returnfor their participation,they receved a paymentof 13 DM per
hour. Participantsn all experimentdhadnormalor corrected—to—normaision (Snellen—
equvalentof or better;Ferris,Kassof, Bresnick,& Bailey, 1982). They hadnor-

mal stereopsi®f 60 second®f arcor better(Stereotest—circle§terecOptical,Chicago).
The participantsof the graspingexperiments(Experimentsl, 5, and 8) were all right—
handed(Oldfield, 1971). Twenty six people(14 femalesand 12 males)participatedin

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

Apparatus & Stimuli Theapparatu®f Experimentl is shaovn in Figure4.2a. Partic-
ipantssaton a stoolin front of amonitor. Usinga chinrestthe position of the headwas
held constanthroughouthe experiment.At a distanceof approximate} 65 cmfrom the
eyes, a 21 inch monitor (effective screendiagonalof 48.5 cm) was positioned. It was
slightly tiltedto orientits surfaceperpendiculato gazedirection. The monita wasused
to presentthe comparisonstimulus (an isolatedcircle) in the perceptuakask. Also, it
sened asa tablefor the presentatiorof the target stimul. For this purposeone of two
boardswasplacedby the experimenteron top of the monitor. The context circlesof the
Ebbinghausllusion weredravn ontheseboardgblack outlineson a white background).
Aluminum discs(the targets)wereplacedin the middle of the context circles. On top of
eachdiscablackcircle on a white backgroundvaspainted. The sidesof the discswere
paintedblack (cf. Figure4.2b).

Attemptirg to generatdarge effectsof theillusion the figural similarity betweernthe
three—dimensinal centraldisc andthe two—dimensionakontext circleswasmaxinized
(cf. Coren& Miller, 1974). This wasachieved by minimizing shadevs andhaving par
ticipantsview thediscfrom above.

In all experimens concerninghe Ebbindhauslilusion, stimuli werechoserto besim-
ilar to the onesusedin the original studiesof Aglioti et al. (1995) and Haffendenand
Goodale(1998). Thelarge (small) context elementavere5 (12) circles,58 mm (10 mm)
in diameteyandthe centersof thecircleswere118 mm (60 mm) apart.In Experimentl,
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a. Aluminum disc b.
Board with
context circles

Comparison

circle

Figure 4.2: a. Appardus usedin Expetiment1. Participantsviewed a boardwith eitherlarge or
smallcontext circlesdravn onit. In the cener of the context circles an aluminum disc wasposi-
tioned. In the graspng task, partiapants gragpedthe disc. In the percetual task,they adjuseda
compaison circle displayedon the monitor to matchthe size of the aluminumdisc. b. A partici-
pantgraging the aluminum disc. Notethethree infraredlight emitting diodesattachedto thumb
andindex finger.

theisolatedcircle hada distanceof 155mm from the centraldisc. Thecentraldiscswere
28,31,34 0r 37 mmin diameterand5 mmin height.

Procedue Participantswore liquid-crystl shutterglassegMilgram, 1987) that were
opaquewhile the stimuli for eachtrial were setup by the experimenér. Thereafterthe
glassedbecamdransparenandtherequiredtaskwasperformedby the participant.

In the graspingtask, participantsgraspedhe centraldisc with their right hand. As
soonasthey startedo movetheirhandaway from thestartingposiion theglassedecame
opaqueagain. Thus,the participantcould neitherseetheir handnor the stimulus during
grasping(openloop condition; Haffenden& Goodale,1998; Jeannerod1981; Post&
Welch,1996). Theparticipantgraspedhecentraldisc,movedit to theside,andreplaced
their handin the startingposition. Thenthe experimenterpreparecthe next trial. The
grasptrajectorywasrecordedusinganOptotrak  system:Threeinfraredlight emitting
diodeswereattachedo thunb andindex finger (Figure4.2b)allowing preciserecording
of orientationand positon. The samplingrate was 100 Hz. For eachgraspthe MPA
betweenhetips of index fingerandthumbwascalculated.For a detaileddescriptionof
this systemseeAppendixD.

In the perceptuatask,participantsadjustedhe comparisortircle to matchthe sizeof
the centraldisc. The adjustnentwasdoneby pressinghe buttons of a computemouse.
After the participantdinishedtheir adjustnent, the glassedecameopaqueagainandthe
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experimentepreparedhe next trial.

The graspingtask andthe perceptuataskwererun in separatélocks, with the or-
der of the tasksbeing counterbalancedcrossparticipants Before the beginning of the
graspingask,tenpracticetrials wereperformed.In the perceptuataskfive practicetrials
wereperformed.Subsequentlyeachparticipantperformedr2 graspsand24 adjustments
Giveneightdifferenttrial types(four sizesof the centraldiscx two contexts), participants
performedninegraspsertrial type andthreeadjustnentspertrial type.

Data analysis In all experimentsa significancelevel of was usedfor the
statistcal analyseslf notstatedotherwiserepeatedneasureANOVAs wereperformed
usingthe Greenhouse—Geisseorrectionif a factorhadmorethantwo levels. This cor-
rectsfor possibleviolations of the sphericityassumptia in repeatedneasuresliata(the
sphericityassumpon canonly be violatedif afactorhasmorethantwo levels). For the
Greenhouse—Geisseorrection,the parameter is estimated( ), and
is usedto adjustthe degreesof freedomof the F—distrilution. If no violation of
sphericitywas detectedandthe Greenhouse—Geisseorrectionhasno effect. If
theresultingtestis moreconserative thanif no correctionwas performed(Greenhouse
& Geisser1959;Vaseg & Thayer 1987;Jennings1987).

4.1.2 Results

lllusion effects Figure4.3 shavs the meanadjustedsize of the comparisorcircle and
the meanMPA asfunctionsof the size of the centraldisc and of the illusion—inducirg
contet. In the perceptuatask,the main effectsof illusion-inducingcontext ( =

144, ) and of size of centraldisc ( = 2785, , ) were
highly significant. Theinteractionbetweernthe two factorswasalsosignificant (

=7.0, , ). Similarly, in the graspingtaskthe main effects of illusion—
inducingcontext ( =15, ) andof sizeof centraldisc ( =175,

, ) werehighly significant. The interactionwasnot significant(
=0.6, : ).

The slopedfor perception ) andfor grasping( ) were
similar ( =0.35, ). As reasonedn chapter3, this finding allows a compar
ison of the illusion effects. For this purpose overall illusion effectswere calculatedby
averagingtheillusion effectsacrossall sizesof the centraldisc.
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Figure 4.3: Effects of the Ebbinghauslllusion on size perception and on maximum preshape
apeture (MPA) for eachdiameterof the certral disc in Experimen 1. Solid linesrepresentdata
for smallcontext circles,dasledlinesfor large context circles. Errorbarsdepid  standarderror
of the mean. Dataare normdized to accaint for absdute differencesin apertire sizes between
paricipants. SeeApperdix A for adesciption of the normalization

Comparing motor illusion with perceptual illusion Theoverall illusion effectsaver-
agedacrossall sizesof the centraldiscareshown in Figure4.4a. The overall effects of
theillusion on graspingandon perceptiorwereequal( =0.07, ). Theover-
all illusion effects calculatedfor eachparticipantindividually are showvn in Figure4.5a
on page47. Theindividual graspingillusion was predictedby the individual perceptual
illusion with a slopeof . The correspondingorrelationwassignificant ( ,

=1.76, , one—tailed).The IdealizedExpectedCorrelation(cf. description
in chapter3) was _— —

Developmentof the illusion over time In orderto testwhethertherepeategresenta-
tion of the Ebbinghaudigure causeda decrementf illusion strength(for discusgn of
this topic see:Day, 1962; Coren& Girgus,1972a;Schiano& Jordan,1990; Predebon,
1998),theillusion effectswerecalculatedseparatelyor eachtrial. Thiswasdonein the
framework of a multiple regressioranalysis:The valuesof eachtrial werecorrectedor
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a. Experiment 1 b. Aglioti et al. c. Haffenden & Goodale
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Figure 4.4: Overall effects of the Ebbinghauslllu sion on size percetion andon maximumpre-
shape apeture (MPA) in Expermentl andin the original studies. Condtionsin which a direct
comparson betweenwo Ebbinghausfigureswasrequired arefilled. a. In Experimen 1, theillu-
sionaffectad graging justasmuchasperception b. In the Aglioti etal. (1995 study, theillusion
affectedgraging significantly lessthan perception. c. Haffenden& Goodde (1998) replicatedthe
findings of Aglioti etal. (1995). (A. Haffenden, per®onal communicéion, Augug 1998). Error
barsdepict  standirderrorof themean.

the effects of the factor participantand of the factordiameterof the centraldisc. The
illusion effect wasthencalculatedasthe differencebetweerthe valuesfor thelarge con-
text circlesandthevaluesfor the smallcontext circles. Resultsareshavnin Figure4.5h
Thelinearregressiorof illusion effectasa functionof trial-numbershovedneitherin the
perceptuatasknorin thegraspingaska decremenbf theillusion effect overtime:

Percetion: [mm]; =-0.2,
Grasping: [mm]; = 0.3,

(IE standdor illusion effectand TN for trial-nunber. Thet—valueteststhe slopeof the

regression).

Duration of stimulus presenation In the perceptuatask,the stimulus waspresented
for aslongastheparticipantsneededo performtheadjustnent. In thegraspingask,vis-
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Figure 4.5: Furthe analyesof theresuls of Expeiimentl. a. Overallillusion effects calcuated
sepaatelyfor eachparicipant andcorrdatedacros partidpants. Eachdatapointdepctsthemotor
illusion andthe perceptualillusion of onepatticipant. The solid line is the linear regression over
all datapoints. The dasledline biseds the first quadant. b. lllusion effects calculated sepaately
for eachtrial. Thesolid line is thelinear regressionover all datapoints Seetext for detals.

ibility wassuppressedy closingthe glassesassoonasthe participantsstartedto move

their hand. The averagetime until movementonsetand(consequently)he averagestim-

ulus presentatioriime in the graspingtaskwas 825 msec. In an ANOVA it wastested
whetherthe onsetof the movenentwasaffectedby the experimentalconditions. There
wereno statistcally reliable effects of sizeof centraldisc, of illusion-inducingcontext,

nor of theinteractionbetweerthesetwo factors(all ).

4.1.3 Discussion

Therewereclearandhighly significanteffectsof the Ebbinglauslllusion on graspingas
well ason perception. The magnitues of the illusion effectswerein a rangetypically
foundfor the Ebbinghauslllusion (Coren& Girgus,1972b;Coren& Miller, 1974).Also,
the graspingeffect andthe perceptuakffect were almostperfectly equal. Finally, there
wasa significantacross—participantorrelationbetweerperceptuaillusionandmotoril-
lusion. Thecorrelationwasof aboutthesizethatwaspredictedoy theldealizedExpected
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Correlation(cf. chapter3). Theseresultsclearly contradictthe notion thatthe effectsof
the Ebbinghauslllusion aredissociatedetweeractionandperception.

In the perceptuataskof Experimentl, the adjustedsizeof the comparisorcircle was
alwayssmallerthanthe physicalsize of the centraldisc (cf. Figure4.3). This might be
interpretedasindicatingthatthe normalperceptuaEbbinghausllusion wasnotinduced
in this experiment sincethe smallcontext circlesshouldleadto anoverestination. How-
ever, it is very commonin illusion studiesto find sucha biasrelative to the absolué size
of thetamet(e.g.,Coren& Girgus,1972a;Girgus,Coren,& Agdern,1972; Massaro&
Anderson,1971). Thesestudiesinterpretsuchbiasesasconstanerrorsbeingcausedy
differencedn stimulus presentatiorbetweentarget and comparison.The constanterror
posesa problemonly if onewantsto comparethe differential contritutions of the two
illusion configurationsin this case pnehasto introducea neutralconditionin which the
targetis notinfluencedby theillusion. However, sincethiswasnotintendedn this study
sucha constanerrordoesnot posea problemon theinterpretatiorof theillusion effects.

Thefollowing experimens will follow two linesof investgation. First, Experiment2
will testfor onepossble confoundin the presenexperiment— thefactthatpresentation
timeswerenotthe samen the perceptuataskandin thegraspingask.Secondijt will be
investgatedwhy the original studesof Aglioti etal. (1995)andHaffendenandGoodale
(1998) did find a differencebetweenaction and perception. A comparisorshavs that
thegraspingeffectsweresimilar in Experimentl andin theoriginal studiegFigure4.4).
Only the perceptuakffectswerelargerin the original studies.The Experimens 3 and4
will testwhetherthis enhancemerns dueto thedirectcomparisorin the perceptuatasks
of the original studieq(requiringthe additivity assumptia, cf. Figure4.1onpage41l).

4.2 Experiment 2: Effects of presentatio n time?

In the perceptuataskof Experimentl, participanthadunlimitedtime to adjustthecom-
parisoncircle. In contrastpresentatiotime waslimitedin the graspingtask. As soonas
thereachstartedyisionwassuppressety closingtheshutterglasgsin orderto have the
graspsbeingperformedopenloop. The averagepresentatiortime in the graspingaskof
Experimentl was825msec.In Experiment it wastestedwhetherthe perceptuakffect
of theillusionchangedor shorterpresentationimes’.

2The mismatchin presetation time betweerpercepual taskandgraspim task haspracticalreasos.
Becauseluminun discsandtwo boads (with the cortext dravn on them)were usedas stimuli in Ex-
perimen 1 eachtrial hadto be setup manuallyby the expetimenter In orderto keepthe duratian of the
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421 Method

Eight people(5 femalesand 3 males)participatedn Experiment2, rangingin agefrom
20 to 36 years(mean: 28.3years). Participantssaton a chair at a viewing distanceof
approximately65 cmto a standarccomputemmonita (21 inches).

All stimuli werenow presentean the monior. Thatis, in contrastto Experimentl
no real objectswerepresentedWhile in Experimentl the stimuli werepresentean the
table—like monitor andthe axis betweenthe comparisorcircle andthe centraldisc was
orientedalongthe sagital planeof theobsenrer, now stimul werepresente@nanormal,
upright monitor andthe axis betweenthe comparisorcircle and the centralcircle was
horizontal. The isolatedcircle had a distanceof 140 mm from the centralcircle. In all
otherrespectsstimuli wereidenticalto thestimdi of Experimentl.

In the long inspectiontask, participantsadjustedthe comparisorcircle to matchthe
size of the centralcircle. After they finishedtheir adjustnent, the stimuli disappeared
from the screen.This procedurds similar to the perceptuataskof Experimentl. Each
participantperformedfive practicetrials first — andthentwo blocks of 24 trials each.
Given eightdifferenttrial types(four sizesof the centralcircle x two contexts), partici-
pantsperformedsix adjustmentpertrial type.

In theshortinspectiortaskthestimul weredisplayedonly for adurationof 800msec.
Participantshadto decidewhetherthe diameterof the comparisorcirlce was larger or
smallerthanthediameterof the centralcircle (two—alternatre forcedchoicetask,2AFC).

Eachparticipantperformedl5 practicetrials first — andthensix blocksof 80 trials
each.Giveneightdifferenttrial types,participantperformeds0judgmentspertrial type.
Thesizeof thecomparisortircle wasdeterminedria anadaptve up-dovn procedurefor
eachblock and eachtrial type separatestaircasesvere usedwith the comparisorcircle
initially beingeither5 mm larger or 5 mm smallerthanthe target. If the participantre-
spondedilarger” (“smaller”) the comparisortircle waspresented mm smalker (larger)
the next time this trial type wasdisplayed.For dataanalysis,cumulatve gaussainswere
fitted to the dataandthe point of subjectve equality (PSE)was determined. The suc-
cessiornof thelong inspectiontaskandof the shortinspecton taskwascounterbalanced

expelimentin areasoablerangeit wasimportantto keepthe nunber of trials per participantlow. Using
anadjustmenprocedurefor thepercepual taskallowedto measue the pereptualeffectwith only 24 trials
per participan. The dravbackis thatin an adjustmen procedurea trial takeslonge thanthe 825 msec
that werethe presentatin time in the graspng task. However, usinga constah stimuli procedurewhich
allows shorterpresentatiortimeswould have strondy increasedhe nunber of trials neecetd (e.g, in the
Expeiment2 therewere480trials neededer participan to measurehe percetual effect with a constan
stimuli procedure)
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Figure 4.6: a Effects of the Ebbingrauslllusion on size perceeption for ead diamete of the
cental discin Experiment2. In theshot inspection condtion the meanP SEHpoints of suljective
equdity) areshown asfunctions of the diametr of the cential disc and of the illusion—inducing
contkxt. In the long inspection condition the meanadjuded sizesof the compari®n circle are
shavn. Solid lines representdatafor small context circles,dashedlinesfor large cortext circles.
b lllusion effects poolad acrossall sizesof the centrd disc. Errorbarsdepid  standgrderror of
themean.

betweerparticipants.

4.2.2 Results and Discussion

Figure4.6ashavs the meanadjustedsize of the comparisortircle in thelong inspectio
taskandthemeanP SEqpointsof subjectve equality)in theshortinspectiortaskasfunc-
tionsof thediameterof the centraldiscandof theillusion-inducingcontext. Figure4.6b
shavstheillusion effectspooledacrossall sizesof the centraldisc.

An ANOVA for the illusion effect with the factorsdiameterof the centraldisc and
taskwasperformed.The illusion effect washighly significant( = 65, ).
This effect dependedaignificantly on the sizeof the centraldisc( =4.0, ,

). The effect of the size of the centraldisc was significantly differentfor the
differenttasks( =4.0, : ). Figure4.6ashaws thatthis interaction
wasnot very large andthereforedoesnot seemto poseproblemsfor theinterpretatiorof
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thefactthattherewasno significantmaineffect of thetaskontheillusion effect (
=0.1, ) — ascanalsobeseenn Figure4.6h

Theresultsof Experiment2 shav thattheillusion effect wasalmostthe samefor the
shortinspecton taskandfor the long inspectiom task. This indicatesthat differencesn
presentatiotime betweerperceptuataskandgraspingasklik ely did not biastheresults
in Experimentl.

4.3 Experiment 3: Test for additivity

The very good matchbetweenthe perceptuakffect of the Ebbinghaudllusion andthe
motor effectthatwasfoundin Experimentl standsn contrasto thedifferenceseported
by Aglioti etal. (1995)andHaffendenandGoodalg1998).Becausethegeometrie®f the
Ebbinghaugigureswerealmosthesamebetweerthestudiesit is possibé to comparehe
illusion effects(Figure4.4 on page46). The comparisorshows thatthe graspingeffects
weresimilarin Experimentl andin theoriginal studies. Only the perceptuakffectswere
largerin theoriginal studies. The Experiments and4 will testwhetherthisenhancement
is dueto the direct comparisonn the perceptuatasksof the original studies(requiring
theadditvity assumptia, cf. Figure4.1onpage4l).

In Experiment3, the perceptualeffects were measuredor the two single—congxt
versionsg(asin Experimentl, Figure4.laon page41l), for adirectcomparisor(asin the
originalstudiesFigure4.1b)andfor two separateomparisongthesuggestia for abetter
perceptuameasuran the original studes,seeFigure4.1c). If the additivity assumpon
of theoriginal studesholds,thenthedirectcomparisorshouldyield a similar effectthan
the sumof the effectsof thetwo separateomparisons.

4.3.1 Method

Eighteenpeople(11 femalesand 7 males)participatedn Experiment3, rangingin age
from 15 to 28 years(mean: 24.1 years). The centralcircles had diametersof 28, 31
and 34 mm. In the compositeversion,the centersof the centralcircleswere 140 mm
apart. The isolatedcircle had a distanceof 140 mm from the centralcircle. Stimuli
wereidenticalto Experimentl in all otherrespectsexceptthatthey werepresentean a
computemonitor. Thecentralelementasnow atwo—dimensionatircle andnolongera
three—dimensiaal disc. Thisincreasedhefigural similarity betweercentralelementand
context elementsandthereforeslightly increasedhe magnitideof theillusion (Coren&
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Miller, 1974).

All threepossibilties to assesshe perceptuaeffect of theillusionwereemployed,as
shavn in thelower partof Figure4.1on page4l.

In the single contect condition participantsadjustedthe size of anisolatedcircle to
matchthe size of the centralcircle in one Ebbinchausfigure. The effects of the large
contet circlesand of the small context circleswere addedto obtainan estimateof the
illusion strength.

In thedirectcomparisorcondition, participantsaadjustedhe centralcirclesof thetwo
Ebbinghaudiguressimulkaneously The differencebetweenthe two centralcirclesthat
wasneededor themto bepercevedasequalin sizewasusedasmeasurdor theillusion
strength.

In the separatecomparisorcondition, participantsviewed both Ebbinghaudigures,
but adjustedthe isolatedcircle to matchthe size of only one of the centralcircles. The
illusion strengthwas calculatedthe sameway asin the single context condition. Each
participantperformedatotal of 75 adjustments

4.3.2 Results

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

significantmain effect of the illusion inducingcontext ( =87, ). The
effect dependean the sizeof the centraldisc( =10, , ) andon
theadjustnentcondition ( =6, , ) — while thesetwo factorsdid
notinteract( =0.5, , ).

Post-hoanalysesevealedthat the effectsof the single—conta&t versionsandof the
separateomparisonslid notdiffer significantly(Tukey—test, ) while theeffect of
the directcomparisorwaslargerthanthe sumof the effectsin thetwo separateompar
isons(Tukey—test, ) andthanthe sumof the effectsin the single—congxt versions
(Tukey—test, ).

4.3.3 Discussion

The direct comparisoryielded a larger perceptuakffect thanthe sum of the effectsin
theseparateomparison. Thisfailure of additivity contradictgheimplicit assumptin of
the original studiesthat the perceptuakffectsof the two Ebbingtausfiguressimply add
up to yield the effect obtainedby the direct comparison.Also, the resultsshav thatthe
illusion effect in the separatecomparisonss similar to the effect in the single—contet
versions.Giventhatthe mota illusionsin all studesweresimilar to the perceptualllu-
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Figure 4.7: Effects of the Ebbingrauslllusion in the Experiments3 and 4. a. Experiment 3:
The effect of the direct comparson was larger than the sum of the effects in the two sepaate
compaisonsandthanthe sumof the effectsin thesinge—cmtext versiors. b. Experiment: Even
if partcipants perfomeda direct comparsonimmedigely beforeeachsemmratecomparson,the
direct compari®n shavedalarger effect thanthe sumof thetwo separsge compargons.c. Typical
trial of Expetiment4: Within 1 secparticipans first comparel the two centrd circlesdirectly and
thencompare oneof the cental circlesto theisolatedcircle. Error barsdepict  stardarderror
of themean.

sionin the single—corext versions this meanghatthe additvity failure canaccountfor
thedifferencefoundbetweerperceptiorandgraspingn theoriginal studies.

Theseresultsshav aninterestimg, non—additve effect in the Ebbinghaudllusion: If
participantdirectly comparetwo Ebbinghaugigures,they experiencea larger sizeillu-
sionthanis predictedoy thesumof thesizeillusionsexperiencedn eachfigureseparately
Interestinglymostquantitatve researcton the Ebbinghaudllusion hasbeenbasednthe
single—contgt versiors (e.g.,Coren& Girgus,1972b),while qualitatve demonstations
of theillusion, for exampk in textbodks (e.g.,Coren& Girgus,1978),usuallyemploy a
direct comparisonn the compositeversionandthereforeexhibit an effect thatis about
50%larger.

Theadditvity failureindicateshatthe perceptuataskandthe graspingaskwerenot
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appropriatelymatchedn theoriginal studes(Aglioti etal., 1995;Haffenden& Goodale,
1998)— notallowingtheconclusiorthatthedifferencedetweerperceptiorandgrasping
aredueto adissociatbn betweerperceptiorandaction.

One possibé objectionto this agumentcould be thatin the original studes partic-
ipantshadto directly comparethe two centraldiscsimmediatelybefore grasping(this
wasdoneasa controlfor the perceptuakffect). Couldthis directcomparisonjn which
participantsvereforcedto attendto bothcentraldiscs,induceadditivity? This possibiity
wastestedn Experiment.

4.4 Experiment 4: Did attention induce additivity?

In Experiment, thesuccessionf theperceptuataskandof thegraspingaskin theorig-
inal studieswasapproximatednoreclosely Participantsfirst comparedhe two central
circlesdirectly andthen,immediatelyafterwards,comparedneof the centralcirclesto
theisolatedcircle (Figure4.7c). Both comparisos were performedwithin 1 sec,which
is similar to themeanonsettime for graspingn the Aglioti etal. (1995)study If thefirst
comparisorinducesadditvity, thenthe effect in the direct comparisorshoutl equalthe
sumof the effectsin the separateomparisons

44.1 Method

Twelve people(9 femalesand3 males)participatedn Experiment4, rangingin agefrom
21 to 30 years(mean: 25.7 years). The centralcircleshaddiametersf 31, 32,33 and
34mm. In all otherrespectsthestimuli andtheapparatusvereidenticalto Experimens.
A typicaltrial of Experiment is shovn in Figure4.7c. Participantsperformedhedirect
comparisorandthe separate&eomparisorin directsuccessionyithin 1 sec.Becaisethis
shorttime interval did not allow anadjustmenprocedureconstanstimul andtwo two—
alternatve forcedchoicetaskswereused.Eachparticipantcomparedt62 configurations
to completethe psychometridunctions.

4.4.2 Results

Resultsareshovnin Figure4.7h Therewasahighly significantmaineffectof theillusion
inducing contet ( = 98, ). This effect was highly significantlylarger
in the direct comparisonthan the sum of the effectsin the two separatecomparisons
( =12, ).
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4.4.3 Discussion

TheresultsreplicatedExperiment3: Again, the directcomparisoryieldeda larger per

ceptualeffect thanthe sumof the effectsin the separateomparisonsThisis true despite
the fact thatin this experimentthe separatecomparisonsvere performedimmediately
after a direct comparison. This outcomeprovides evidenceagainstthe ideathatin the
original studiesthe direct comparisorthat was performedimmedately beforegrasping
couldhave inducedadditivity.

Anotherinterestng aspecbf thesedatais thatthey replicatedtheinsensitvity of the
Ebbinghausllusion to changesn presentationime thatwasfoundin Experiment2. In
the presentexperimentpresentatioriime waslimited to 1 sec. Within this time partici-
pantshadto performtwo “smaller” versus‘larger” judgementsin contrastparticipants
hadunlimited time to performthe adjustnentsrequiredin Experiment3. Nevertheless,
theillusion effectswerevery similar (cf. Figure4.7).

4.5 Discus sion: Ebbinghaus lllusi on

If perceptuabnd motor tasksare carefully matchedthereare strikingly similar effects
of the Ebbinghaudllusion on perceved size and on maximum preshapeaperture. In
Experimentl the influenceof the Ebbinglauslllusion on graspingfound by the original
studiesof Aglioti et al. (1995)andHaffendenand Goodale(1998)wasreplicated. The
Experiments8 and4, however, shaw thatthelargerperceptuaéffectin theoriginalstudies
is likely dueto anadditvity failurethatselectvely enhancedhis effect.
Theseresultsaresupportedy thefactthatsincethefirst presentatiomf the resultsof
Experimentl (Franz,Gegenfurtney Bulthoff, & Fahle,1998,seealsoFranz,Gegenfurt-
ner, Bulthoff, & Fahle,2000),therehasbeenone more studyusinga similar paradigm
(the single—corext versionin the Ebbinghaudllusion) that reporteda very similar out-
cometo Experimentl. Pavani, Boscagli,Benvenuti, Rakuffetti, and Farre (1999)found
cleareffectsof the Ebbinghaudllusion on perceptiorandon graspingthe effectsbeing
almostidenticalbetweerperceptiorandgrasping(cf. Table7.1onpage86).
Thesdfindingsclearly contradictthe notionthatthe effectsof the Ebbinghaudllusion
are dissaiated betweenaction and perception. More specifically they contradictthe
strongversionof the Separatd&kepresentatioNodel becausehereis a motorillusion and
anacross—participantorrelationbetweerthe perceptualllusion andthe motorillusion.
The resultsalso contradictthe weak SeparateRepresentatioModel becausehe motar
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illusionis of the samesizeasthe perceptualllusion andbecausehe across—participants
correlationis not even decreased@¢omparedo the IdealizedExpectedCorrelation. The
resultsmatchthe predictionsof the CommonRepresentatioModel becausehe motor
illusion andthe perceptualllusion areequalandbecauséhereis an across—participants
correlationbetweenperceptualllusion andmotorillusion thatis of aboutthe samesize
astheldealizedExpectedCorrelation.

As menticmedbefore,Haffendenand Goodale(1998)did not only replicatethe study
of Aglioti etal. (1995),but alsoemplo/ed an additional,non—standrd perceptuamea-
sure. Participantsestimatedthe size of one of the centraldiscsusingtheir thumband
index finger (without seeingtheir hand). The authorsinterpretedhis manualestimatian
taskasa perceptuameasureFor the manualestimation they found a significantlylarger
influenceof thellusion ( mm) thanfor grasping( mm). However, the
effect on manualestimationwasalsolargerthanon the standarcgperceptuameasurelis-
cussedoefore( mm, cf. Figure4.4con page46 andTable7.1 on page86 for
theillusioneffects). Thisis evenmorepronouncedf onecorrectshe standargerceptual
measurdor the non—addiwity. Giventhatstandardperceptuameasuresire muchbet-
ter understoode.g.,Coren& Girgus,1972hb)it seemproblematicto infer a dissociatio
betweenperceptionandactionbasedon the manualestimation taskalone. For a further
discussia of thistopic seechapter7.

Theseriesof experimentdescribedn this chapteidentifiesamismatchbetweerper
ceptualtaskandgraspingaskasthe mainsourcefor the differencein perceptuaillusion
andmotorillusionin theoriginal studies. Giventheseresultsthe questionariseswhether
in other studieson othervisualillusions similar problemsarise. For this purpose the
Muller—Lyer lllusion andthe Parallel-Linedllusion wereinvegigated(chapter$ and6).



Chapter 5

Mdller —Lyer Illusio n

Dapratiand Gentilucci (1997)and Otto—deHaart, Cargy, andMilne (1999)investpated
the influencesof the MullerLyer Illusion on perceptionandon grasping. The Muller

Lyerlllusion consiss of aline with anarronv—like fin attachedateachend.If thefins point
inwards,theline (or shaft)is percevedasbeingshorterthanif thefins pointoutwards(cf.

Figure2.8aon page26).

Dapratiandcolleagueseporteda cleareffect of theillusion on graspingwhile Haart
andcolleagueonly found an effect on graspingf theillusion wasviewed monocularly
With binocubr viewing the graspingeffect failed to reachsignificance(cf. Table7.1on
page86). In both studies the graspingeffect wassmallerthanthe effect on perception
(thoughthedifferencewvasnotin bothcasesignificant).However, bothstudiesusednon—
standarcperceptuameasuresEither participantslindly drew aline to matchthelength
of the shaftof the Muller—Lyer figure (Daprati& Gentilucci,1997)or they indicatedthe
lengthof the shaftusingtheirindex fingerandthumb(Daprati& Gentilucci,1997;0tto—
deHaartetal., 1999).Both measurearenotwell establisked asmeasuresor perception
andthereforeit seemseneficialto comparethe motorillusion to a standardperceptual
measurde.g.,Coren& Girgus,1972b). Therefore Experiments wasconductedln this
experimentan adjustmenprocedurevas usedas standardoerceptuaimeasurdo assess
the perceptuakffect of theillusion (Coren& Girgus,1972b).

57
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5.1 Experiment 5: Grasping the illusi on

In this experiment the effectsof the MullerLyer lllusion on graspingandon perception
wereassessedAs in Experimentl, single context versionsof the Muller—Lyer lllusion
wereused.

5.1.1 Method

Sixteenpeople(10 femalesand 6 males)participatedin Experiment5, rangingin age
from 18to 31 years(mean:25.5years). The apparatusvassimilar to Experimentl and
is shavn in Figure5.1a. On top of the screen—sudce,a black plasticbar (7 mm wide,

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

thetargetbar, two blackfins weredisplayedonthemonitor. Thefinswerepointing either
outwardor inward,thuscreatingthe Muller—Lyer figure. The outward pointingfins were
31 mmlong andformedanangleof with the mainaxis of thetametbar Theinward
pointing finswere19 mmlongandformedanangleof to themainaxisof thetamget
bar Thefins wereposiionedrelative to the sidesof the shaftin sucha way thatthe ends
of the shaftwereeasilydiscriminablefrom thefins (Figure5.1c). As in Experimentl the
figural similarity betweerthe three—dinensionatargetbarandthe two—dimensionafins
wasmaximzedin orderto generatdargeillusion effects. For this purposeshadavs were
minimizedandparticipantsviewedthebarfrom above.

In the perceptuatask,a comparisorbarwasdisplayedon the monita. The compari-
sonbarwasparallelto thetargetbar at a distanceof 80 mm. For eachtrial, the position
of thecomparisorwasrandomlychoserto beleft or right with a paralleldisplacemenof

mm (Figure5.1b). Theinitial lengthof the comparisorbar differedrandomlyfrom
the lengthof the taget bar within a rangeof mm. The comparisorbarwas7 mm
wide — aswereall elementf the Muller—Lyer figure. The procedurevasidenticalto
Experimentl.

5.1.2 Results

lllusion effects Figure5.2ashowvsthe meanadjustedengthof the comparisorbarand
the meanMPA asfunctionsof the lengthof the target bar and of the illusion—induciry
contet. In the perceptuataskthe maineffectsof illusion—inducingcontext ( =
70, ) andof lengthof targetbar( =394, , ) werehighly
significant. The interactionbetweerthe two factorswasnot significant ( =0.8,

: ). Similarly, in the graspingtaskthe main effectsof illusion—inducirg
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Figure5.1: a. Apparatis usedin Experment5. b. Stimuluscondtionsin the pereptuad task. The
compaison bar wasdisplayed on the monitor at different positionsrelative to the tamget (left vs.
right andupvs. down). c. A partidpantgraspng thetamget bar. Thefins of the Muller—Lyerfigure
weredisplayed on the monitor.

context ( = 66, ) andof lengthof targetbar( =136, ,
) were highly significant. The interactionwas not significant( =0.3,

, )-
Theslopedor perception ) andfor grasping( ) were
similar ( =0.43, ). As reasonedn chapter3, this finding allows a compar

ison of the illusion effects. For this purpose overallillusion effectswere calculatedby
averagingtheillusion effectsacrossall sizesof the centraldisc.

Comparing motor illusion with perceptual illusion Theoverall illusion effectsaver
agedacrossll lengthsof thetargetbarareshovnin Figure5.2h Theoverall effect of the
illusion on graspingwassignificantlylarger thanon perception( =3.1, ).
Theoverallillusion effectscalculatedor eachparticipantindividually areshavn in Fig-
ure5.3a.Theindividual graspingllusionwaspredictedoy theindividual perceptualillu-
sionwith a slopeof . Thecorrespondingorrelationwasnot significant( ,

=0.7, , one—tailed).TheldealizedExpectedCorrelation(cf. descriptionin
chapter3) was _— —
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Figure 5.2: Resultsof the perceptuad task and of the graging taskin Experimen 5. a. Mean
adjustedlength of the comparson barandmeanmaximumpreshapeaperure (MPA) asfunctions
of thelengh of the taget barandof theillusion—inducing context. Solid lines representdatafor
the outward pointing fins, dastedlinesfor theinward pointing fins. Error barsdepid  stardard
error of the mean. Data are normaized to accaunt for absdute differencesin hard sizesand
apertre sizesbetwea the participans. SeeAppendx A for adesciption of the normalzation. b.
Overallillusioneffects averagedacrossall lengths of thetamgetbar. Errorbarsdepic  stardard
errorof themean.

Developmentof the illusion over time In orderto testwhethertherepeategresenta-
tion of the Muller—Lyer figure causeda decremenbf illusion strengththe illusion effect
was calculatedseparatelyfor eachtrial. This wasdoneexactly the sameway asin Ex-
perimentl (seepage45). Resultsare shavn in Figure5.3b The linear regressionof
illusion effect asa function of trial-nunber shaved neitherin the perceptuatasknorin
thegraspingaska decremenof theillusioneffect overtime:

Percgtion: [mm];
Grasping: [mm];

-1.0,
0.4,

(IE standdor illusion effectand TN for trial-nunber. Thet—valueteststhe slopeof the
regression).
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Figure 5.3: Furthe analyesof theresuls of Expeiiment5. a. Overallillusion effects calcuated
sepaatelyfor eachparicipant andcorrdatedacros partidpants. Eachdatapointdepctsthemotor
illusion andthe perceptualillusion of onepatticipant. The solid line is the linear regression over
all datapoints. The dasledline biseds the first quadant. b. lllusion effects calculated sepaately
for eachtrial. Thesolid line is thelinear regressionover all datapoints Seetext for detals.

Duration of stimulus presenation In the perceptuatask,the stimuluswaspresented
for aslongastheparticipantsneededo performtheadjustnent. In thegraspingask,vis-
ibility wassuppressedy closingthe glassesassoonasthe participantsstartedto move
their hand. The averagetime until movementonsetand(consequently)he averagestim-
ulus presentatioriime in the graspingtaskwas 685 msec. In an ANOVA it wastested
whetherthe onsetof the movenent wasaffectedby the experimentalconditions. There
wereno statisticaly reliable effectsof lengthof tagetbar, of illusion-inducingcontext,
nor of theinteractionbetweerthesetwo factors(all ).

5.1.3 Discussion

Therewasa clearandhighly significanteffect of the Muller—Lyer lllusion on grasping.
This resultis in accordancevith the study of Dapratiand Gentilucci(1997), who also
reportedan effect of the Muller—Lyer Illusion on grasping(cf. Table 7.1 on page86).
Stimuli werenotidenticalin thetwo studes. For exampk, thetargetbarwasmuchlonger
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in the DapratiandGentiluccistudyandthefins werenot presentedia amonita but were
drawvn on a board. Also, graspingwasperformedopenloop in this experiment,while in
the Dapratiand Gentilucciexperimentfull vision of both the handandthe stimuli was
allowedduringgrasping.Both factssuggesthatthe effect of the Muller—Lyer lllusion on
graspings robustacrosdifferentstimulus conditiors. Only in thestudyof Otto—deHaart
etal. (1999)andonly in the binocularvision condition therewasno significanteffect of
the Muller—Lyer on grasping(cf. Table 7.1). However, the effect was closeto being
significantandvery similar to the effectfoundin themonoculawiewing conditionof this
study Therefore thisresultis nota strongargumentagainstan effect of the Mulle~Lyer
lllusion on grasping.

Interestingly in the presentexperimentthe motor illusion was even larger thanthe
perceptualllusion. In contrast,Dapratiand Gentilucci (1997) — using non—sandard
perceptuameasures— reporteda smallermotor illusion thanperceptualllusion. The
following control-eperimentswill investgatewhetherthelargerperceptuakffect might
be dueto aninsufiicientmatchbetweerperceptuataskandmotortask.

A secondeasorfor thecontrol-eperimentds thattheacross—participantorrelation
betweerperceptuaillusion andmota illusion wasquite smallcomparedo the Idealized
ExpectedCorrelationandwasnot significant. While the non—sigriicant resultdoesnot
allow the conclusionthat thereis no correlation(to decidethis questionone neededa
larger samplesize,cf. chapter3) the small correlationmight, again,indicatean insuffi-
cientmatchbetweerperceptuataskandmotortask.

5.2 Experiment 6: Effects of presentatio n time?

In theperceptuataskof Experiment, participantshadunlimitedtime to adjustthe com-

parisonbar. In contrastpresentatiorime waslimitedin the graspingtask. As soonas
thereachstartedyvision wassuppressebly closingthe shutterglassesothatthe grasps
wereperformedopenloop. In Experimen6 it wastestedwhetherthe perceptuakffect of

theillusion changedor shorterpresentatiorimes.

5.2.1 Method

Six people(3 femalesand 3 males)participatedin Experiment6, rangingin agefrom
20 to 28 years(mean: 23.5years). Participantssaton a chair at a viewing distanceof
approximately65 cmto a standarccompuger monitor (21 inches).



5.2 EXPERIMENT 6: EFFECTS OF PRESENTATION TIME? 63

All stimul werenow presentedn the monitor. Thatis, in contrastto Experiments,
no realobjectswerepresentedWhile in Experiments the stimuli werepresentean the
table—like monitor andwere orientedparallelto the sagittalplane of the obserer, now
they werepresentean anormal,uprightmonita andwerehorizontal. Thetargetbarhad
lengthsof 43, 44, 45 and46 mm. The comparisorbarwasshiftedrelative to the target
bar alongthe main axis of the targetbar by 160 mm. In all otherrespectsstimul were
identicalto the stimui of Experiment.

In the long inspectiontask, participantsadjustedthe comparisonbar to matchthe
sizeof thetargetbar. After they finishedtheir adjustmentthe stimuli disappearedrom
the screen.This procedurds similar to the perceptuataskof Experiments. Eachpar
ticipant performedfive practicetrials, followed by two blocks of 24 trials each. Given
eight differenttrial types(four sizesof the tamget bar x two contets), participantsper
formedsix adjustmerd pertrial type.

In the shortinspecton task,the stimui weredisplayedonly 1600msec.Participants
hadto decidewhetherthe comparisorbarwaslongeror shorterthanthetargetbar (two—
alternatve forced choicetask, 2AFC). The presentatioriime was chosento be roughly
twice aslargeasthemeanpresentatiotimein thegraspingaskof Experimen®, because
participantdadto estimatahesizeof two stimuli (thetargetbarandthecomparisorbar).
Also, dueto thedistancebetweerthe stimuli ( of visualangle)participantsprobably
madeat leastonesaccaddrom onestimulus to theother In contrastjn thegraspingask
of Experiment5 participantshadto calculateonly the size of one stimuus, the tamget.
(Thisis differentfrom Experiment2: In this experimentthe shortpresentatiortime was
choserto beaboutthesameasthe presentatiotimein thegraspingaskof Experimentl).

Eachparticipantperformedl5 practicetrials, followedby six blocksof 80trials each.
Giveneightdifferenttrial types,participantgperformed60 judgmentsertrial type. The
sizeof thecomparisorbarwasdetermined/ia anadaptve up-davn procedurefor each
block andeachtrial type separatestaircasesvere usedwith the comparisorbarinitially
beingeither5 mm larger or 5 mm smallerthanthe target. If the participantresponded
“larger” (“smaller”), the comparisorwas presented. mm smaller(larger) the next time
this trial type wasdisplayed. For dataanalysis,cumulatve gaussiansvere fitted to the
dataandthe point of subjectve equality(PSE)wasdetermined.The successiomf long
inspectiontaskandshortinspectiontaskwascounterbalancebetweerparticipants.
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Figure 5.4: Overallillusion effectsaveraged acros all lengths of the target bar for Expeiiment6
(a) andExperimen 7 (b). Errorbarsdepict  stardarderrorof themean.

5.2.2 Results and Discussion

Figure5.4ashows the meanillusion effectsof the long inspectiontaskand of the short
inspectiontask. Therewasa highly significantmain effect of theillusion ( =27,

). Theillusion effect waslarger for the shortinspecton taskthanfor the long
inspectiontask ( =21, ). The differentsizesof the target bar had no
differential effect on the size of the illusion ( =2.2, , ). Also,
theinteractionbetweentargetsizeandtaskwasnot significant( =1.1, ,

)-

Resultsshaw thatin the Muller—Lyer lllusion, shortpresentatiotimesleadto a larger
illusion thanlonger presentatioriimes. Becausepresentationtimeswere shorterin the
motor task of Experiment5 this fact could accountfor the larger mota illusion in this

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

In this experimentone more possitbe sourceof differencesbetweenthe perceptuatask
andthemotortaskof Experiment wastested.It washypahesizedhatin the perceptual
taskof Experiments the comparisorbar might have beenso closeto the target bar that
theillusion influencednot only the target but alsothe comparison Becausen this case
thecomparisorwould no longerbe neutral this could have changedhe perceptuakffect
measuredIf this werethe casethenvaryingthe position of the comparisorwould yield
differentperceptuameasures$or theillusion.

5.3.1 Method

Eightpeople(4 femalesand4 males)participatedn Experimen®, rangingin agefrom 16
to 30years(mean:23.0years).Procedurendstimul weresimilar to thelonginspection
taskof Experiment® andto theperceptuataskof Experiment. Theonly differencewas
thatthecomparisorwasnow presentect threedifferentlocations.For easierdescription
imagineanx—axisparallelto themainaxisof thetamgetbar, anday—axisperpendiculato
this. In the PosX—condibn the comparisorwasshiftedalongthe x—axisby 160mm. In
the Pos¥-conditon the comparisorwasshiftedalongthe y—axisby 80 mm andalong
thex—axisby 8 mm, with the signsof the shiftsbeingdeterminedandomlyfrom trial
to trial. Finally, in the PosXY-conditon the comparisorwas shifted along the x—axis
by 160 mm and alongthe y—axisby 80 mm (seeFigure 5.4bfor examplesfor each
condition). Note that the Pos¥-conditioncorresponddo the stimulus arrangemenof
Experiment5 andthat the PosX—conditio correspondso the stimulus arrangemenof
Experiment.

Each participantperformedfive practicetrials followed by six identical blocks of
24 trials each. Given 24 differenttrial types (four sizesof the target bar x two con-
texts x three positions of the comparison) participantsperformedsix adjustmentper
trial type.

5.3.2 Results and Discussion

Figure 5.4b shavs the meanillusion effects measuredat the different positions of the
comparisorbar. While themaineffect of theillusion inducirg context washighly signif-
icant( =29, ), therewasno differenceof theillusion effectsbetweerthe
differentpositionsof the comparisorbar ( =0.07, , ), no differ-
encein illusion effectsfor the differentsizesof the target bar ( =27, ,
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) and no significantinteractionbetweenthe last two factors( = 1.6,
: )-
Theseresultsindicatethat the position of the comparisorbar doesnot seemto be
critical for the measuremenif the perceptuakffectin Experiment.

5.4 Discus sion: Mdiller—Lyer lllusion

Therewerecleareffectsof the MullerLyer lllusion on grasping.This resultfits well to

theresultsreportedoy DapratiandGentilucci(1997),who alsofounda cleareffect of the
Muller—Lyer lllusion on grasping.Also it suggestshattheresultsof Otto—deHaartetal.

(21999)whofoundfor the Muller—Lyer lllusion a non—sigriicantinfluencewith binocular
viewing ( ), but a significanteffect with monoculawviewing might be attributedto

alack of statistcal power (cf. Table7.1 0on page86). Takentogetheytheseresultsrule

outthepossibiity thatgraspings not affectedby the Mulle~Lyer lllusion andtherefore
vote againstthe strongversionof the Separaté&kepresentatioModel.

Differentto the studiesof Dapratiand Gentilucci(1997)andof Otto-de Haartet al.
(1999)standardpberceptuameasuresvereusedin Experiments to assesshe perceptual
effectof theillusion(Coren& Girgus,1972b).While thosestudiegeportedalargediffer-
encebetweerthemotorillusion andthe perceptuaillusion with amuchlargerperceptual
illusion (cf. Table7.10npage86),thiswasnotfoundwith standarcgerceptuaimeasures:
In Experiment thedifferencebetweerthe perceptuaillusion andthemotorillusion was
smaller However, now the graspingeffect waseven somevhatlargerthanthe perceptual
effect.

This larger mota illusion is neitherpredictedby the weak SeparateRepresentation
Model nor by the CommonRepresentatioModel. It mightindicatethatsomeadditioral
effect biasedeitherthe perceptuataskor the motortask. Suchanadditioral effect could
alsoexplain the factthat the across—participantsorrelationbetweenperceptualllusion
andmotorillusion ( ) wassmallcomparedo the IdealizedExpectedCorrelation
( ).

The perceptuatontrol experimentsevealedone possble causefor sucha bias: The
shorterpresentatiotime in the motortask. Experimen® shavedthata shortermpresenta-
tiontime canleadto anincreasen theperceptuaéffect of theillusion. Thiscouldexplain
thedifferencein illusion effectsbetweerperceptiorandgrasping.

A secondossibéreasorfor theincreasednotorillusionis afundamentatonfoundn
theMullerLyer lllusion: Theoverallsizeof thefin—outfigure(thatenlagestheperceved
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sizeof thetametbar)is largerthanthe sizeof the fin—in figure. Maybeparticipantsvere
influencedin graspingby this overall size andthis causedan additionalincreasen the
measuredllusion. It wasattemptedo minimizedthis problemby clearly separatinghe
targetbarandthefins (seeMethodsectionof Experiments). Nevertheless this problem
is alwayspresenin the standardrersionof the Mulle—Lyer lllusion.

Note, that this problemis not presentin the Ebbinglausiliusion. The Ebbinghaus
figurewith large context circleshasalargeroverall sizethanthefigurewith smallcontext
circles,but decreasethe percevedsizeof the centraldisc. If participantswvereaffected
in graspingby the overall sizeof the figure, this shouldattenuatehe measuredjrasping
effect of the Ebbinghaudllusion. However, Experimentl did not provide evidencefor
a decreasedjraspingeffect in the Ebbinghaudllusion, but shoved a very good match
betweerthe graspingeffect andthe perceptuakffect of the Ebbinghaugllusion.

The following experimentsattemptedo minimize the confoundof overall size and
perceptualllusion thatis presentin the Muller—Lyer lllusion. For this purposeanother
variantof the Muller—Lyer lllusion wasemployed: the Parallel-Linedllusion.
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Chapter 6

Parallel-Lin es lllusio n

TheParallel-Linedllusion mightbethemostsimgde of all visualdistations: A longline
causes shorter parallelline to be percevedlonger andvice versa(assimilatio effect,
cf. Figure2.8eon page26). With a large distancebetweerthe two lines, this effect can
alsobe reversed.In this casethelong line causes shorter parallelline to be perceved
asbeingevenshorter(contrasteffect, cf. Jordan& Schiano,1986).

It hasbeenargued (Pressg, 1983, as cited in Jordan& Schiano,1986) that the
Parallel-Lineslllusion may sene asa prototype for more comple visualillusionslike
the Muller—Lyer lllusion. In the contet of the graspingexperimentsof this studythe
Parallel-Linedllusion hastheadwantagdahattherearenofinsthatmight distort grasping.
In orderto obtaina strongillusion two context lines were presentedvith onetargetbar
in between(seeFigure6.1c). For the Parallel-Linedllusion, the samesetof experiments
wasperformedthatwereperformedfor the Muller—Lyer Illusion.

6.1 Experiment 8: Grasping the illusi on

In thisexperimenttheeffectsof theParallel-Linedllusion ongraspingandonperception
werecompared.The experimentis similar to Experiments, with the differencethatthe
Parallel-Linedllusion wasused.

69
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a. Plastic bar b. [ M [ M )
Board with
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Figure 6.1: a. The appaatusof Experiment8. b. Stimulusconditions in the percepual task of
Experimen 8. The comparson barwasdispgayedon the monitor eithe left of right of the target.
c. A partcipant graspng thetamget bar. Theillusion context wasdravn onaboard

6.1.1 Method

Twenty six people(15 femalesand 11 males)participatedin Experiment8, rangingin
agefrom 17 to 36 years(mean:24.7years). The apparatu®f Experiment3 is shavn in
Figure6.1. Stimuli, apparatuandproceduravereidenticalto Experiment exceptfor the
following: Insteadof addingfinsto thetargetbars,thetargetbarswerenow accompanied
by two parallellines that hada distanceof 11 mm to the mid line of the tamget barand
were either 100 mm long (this is the enlaging versionof the illusion) or 22 mm long
(this is the shrinking versionof the illusion). As in Experiment5, all elementsof the
Parallel-Linesfigurewere7 mmwide. Thetargetbarswere7 mmwide, 5 mm highand
40,43,46 or 49 mmlong. Becausen the Parallel-Linedllusion the parallellinesdo not
touchthetargetbarit wasno longernecessaryo adaptthe illusion—inducingcontet to
eachlengthof thetamgetbar (aswasneededn theM{ller—Lyer Illusion in Experimenb).
Thereforejnsteadof presentingheillusion—inducingcontext onthe monitor, two boards
wereused(asin Experimentl) onwhichthelong andtheshortparallellinesweredrawvn.
Theboardswereplacedunderneatthetargetbars(seeFigure6.1a,c).

As onefinal differenceto Experiment5 a group factor was addedfor exploratory
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purposesTenof the participantsriewedthe whole stimulus configurationas1 mmthick
outlines,while the othersixteenparticipantssav the stimdi configuratiorfilled black.

6.1.2 Results

Outlines versusfilled stimuli  For bothdependentariablesthe adjustedengthof the
comparisorbarandMPA, therewasno differencebetweerthefilled stimuli andthe stim-
uli thatweredrawn only asoutlines. This is reflectedby the factthat ANOVAs for both
dependenvariables(Within—Subjectd-actors:lengthof targetbarandillusion inducing
contet; Between—SubjectBactor: outlines) did not shav ary significant main effect or
interactionof the factoroutlines(all ). Also, addingor removing the factorout-
linesonly minutely changedheresultsof the ANOVAs. Therefore thetwo groupswere
pooled.

lllusion effects Figure6.2ashowvsthe meanadjustedengthof the comparisorbarand
the meanMPA asfunctionsof the lengthof the target bar and of the illusion—inducing
contet. In the perceptuataskthe main effectsof lengthof targetbar ( =377,

, ) andof illusion—indwing context ( = 82, ) were
highly significant. The interactionbetweenthe two factorswas also highly significant
( =5.5, , ). Similarly, in the graspingtaskthe main effectsof
lengthof targetbar( =135, : ) andof illusion—inducingcontext
( =16, ) werehighly significant. Therewasnointeractionbetweerthese
two factors( =0.2, , ).

Theslopedor perception ) andfor grasping( ) were
similar ( =0.57, ). As reasonedn chapter3, this finding allows a compar
ison of the illusion effects. For this purpose overall illusion effectswere calculatedby
averagingtheillusion effectsacrossall sizesof the centraldisc.

Comparing motor illusion with perceptual illusion Overallillusion effectsaveraged
acrossall lengthsof the tamget bar are shavn in Figure 6.2 The overall effect of the
illusion on graspingwassignificantlysmallerthanon perception =4.2, ).
Overall illusion effects calculatedfor eachparticipantseparatelyand correlatedacross
participantsareshavn in Figure6.3a. The individual graspingllusion waspredictedby
the individual perceptuaillusion with a slopeof . The correspondingorrela-
tion was highly significant( : = 3.8, , one-tailed). The Idealized
ExpectedCorrelation(cf. descriptionin chapter3) was _— —
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Figure 6.2: Resultsof the perceptuad task and of the graging taskin Experimen 8. a. Mean
adjustedlength of the comparson barandmeanmaximumpreshapeaperure (MPA) asfunctions
of thelengh of the taget barandof theillusion—inducing context. Solid lines representdatafor
thelong context lines, dastedlinesfor theshortcontext lines. Errorbarsdepict  standad error
of the mean. Dataarenormalizedto accouwnt for ablute differencesin handsizes andapeature
sizesbetweerthe paricipants. SeeApperdix A for adesciption of the nommalizatian. b. Overall
illusion effectsaveraged acros all length of thetargetbar Errorbarsdepict  standard error of
themean.

Developmentof the illusion over time In orderto testwhethertherepeategresenta-
tion of the Parallel-Linedigure causes decremenbf illusion strengththeillusion effect
were calculatedseparatelyfor eachtrial. This wasdonein exactly the sameway asin
Experiments andin Experimentl (seepage45). Resultsareshavn in Figure6.3h The
linearregressiorof illusion effect asa functionof trial-numbershavedin the perceptual
taska small,just aboutsignificantincreaseof theillusion overtime. In the graspingask,
no changeof theillusion effect over time wasfound:

Percetion: [mm]; =2.1,
Grasping: [mm]; =1.1,

(IE standdor illusion effectand TN for trial-nunber. Thet—valueteststhe slopeof the
regression).
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Figure 6.3: Furthe analyesof theresuls of Expeiiment8. a. Overallillusion effects calcuated
sepaately for eachpartidpant and correlatedacrass participarts. Eachdatapoint degcts the
motor illusion andthe perceptud illusion of one partidpant lllusion effects of partiagpantsthat
saw outlinesareshavn ascrosses,while datafor those who saw filled barsareshavn ascircles
Thesolidline isthelinearregres$on over all datapoints. Thedastedline bisecsthefirst quadant.
b. Illusion effects calaulatedsepaately for eachtrial. The solid line is the linear regresson over
all datapoints. Seetext for detaik.

Duration of stimulus presentation Asin Experimentl andin Experimenb thestimu
lus waspresentedhn the perceptuataskaslong asthe participantsneededo performthe
adjustmentvhile in the graspingtaskvisibility wassuppressetly closingthe glassess
soonastheparticipantstartedo movethehand.Theaveragedurationof stimuluspresen-
tationin thegraspingaskwas739msec.Interestingly participantsstartedo graspfaster
whenthe shortparallellineswerepresented726 msec)thanwhenthelong parallellines
werepresented752msec).This maineffect of illusion—inducingcontect wassignificant
( =77, ), while therewere no statistcally reliable effects of length of
targetbar, nor of theinteractionbetweerthesetwo factors(all ).
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6.1.3 Discussion

As in the Muller-Lyer lllusion, clearandhighly significanteffectsof the Parallel-Lines
lllusion on graspingwere found. The mota illusion aswell asthe perceptuaillusion
stayedexactly the samerrespectve of whetherthe stimuli werepresentedsoutlinesor
filled — indicatingthatresultsareconsiséntfor differentwaysof stimuus presentation.

In contrasto theresultsin theMullerLyer lllusion, the perceptualllu sionwaslarger
thanthemotorillusion. Thisoutcomes consistenwith theassumpbn thatin theMuller—
Lyer lllusion the fins might have exertedan additionaleffect on the motor system Also,
in contrastto the Muller—Lyer lllusion thereis a strongand highly significantacross—
participantcorrelationbetweenperceptualllusion andmotorillu sion— suggestinghat
the samesignalis responsite for theillusion effectsin perceptiorandin grasping.

In anattemptto find possibé reasondor the (again)differentsizesof the perceptual
illusion andof themotorillusion the samecontrolexperimens wereperformedasfor the
Muller—Lyer lllusion.

6.2 Experiment 9: Effects of presentatio n time?

As in Experimen®, it wastestedperceptuallywhetherthedifferentpresentatiotimesin
the perceptuataskandin the graspingtaskcancausedifferentstrengthof the Parallel—
Lineslllusion.

6.2.1 Method

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

21to 26 years(mean:23.3years).Stimuli, apparatusindproceduraverealmostidentical
to Experimen®. ThesoledifferencewvasthattheParallel-Linedllusion wasusednstead
of theMullerLyer lllusion.

6.2.2 Results and Discussion

Figure 6.4ashows the meanillusion effectsof the long inspectiontaskand of the short
inspectiorntask. Therewasahighly significantmaineffect of thefactorillu sion( =
25, ). Theillusion effectwasalmostthesamefor theshortinspectiortaskandfor
thelong inspectio task( =0.1, ). Thedifferentsizesof thetargetbarhad
no differentialeffect on the size of theillusion ( =0.4, , ). Also,
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Figure 6.4: Overallillusion effectsaveragedacrcssall lengtts of the tarmget bar for Experimen 9
(a) andExperimen 10 (b). Error barsdepict  standhrd errorof themean.

theinteractionbetweertarget sizeandtaskwasnot significant( =0.3, ,
).

The presentatiorime doesnot seemto have aninfluenceon illusion strengthin the
Parallel-Linedllusion. Thisis differentfrom the Mulle—Lyer lllusion andmightindicate
thatthe influenceof shortpresentationimeson the MullerLyer lllusion is causedy a
decrementn the ability to separatehe fins from the targetwith shortpresentatiotimes
in the MullerLyer lllusion. For the purposeof the comparisornof mota illusion and
perceptualllusion in the Parallel-Lineslllusion this resultmeanghat presentatioime
likely doesnot biastheresultsin oneof thetwo measures.

6.3 Experiment 10: Effects of comparison position?

As in Experiment7, the possibilty thatthe comparisorbar might have beeninfluenced
by the illusion inducing context of the Parallel-Lineslllusion wastested. If this were
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the case,then varying the position of the comparisorwould yield different perceptual
measuresor theillusion.

6.3.1 Method

Six people(3 femalesand3 males)participatedn ExperimentlO, rangingin agefrom 17

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

Experiment7. The soledifferencewasthatthe Parallel-Lineslllusion wasusedinstead
of theMullerLyer lllusion.

6.3.2 Results

Figure6.4bshavsthemeanillusion effectsmeasureatdifferentposiionsof thecompar
isonbar. Themaineffectof theillusion inducing contect washighly significant( =

70, ) andthe positionof the comparisorbarhada highly significantinfluenceon
theillusion effect ( =18.3, : ). lllusion effectsweresimilar for
thedifferentsizesof thetargetbar ( =3.9, : ) andtheinteraction
betweerthe lasttwo factorswasnot significant( =0.1, , ).
Post—hocanalyseshaved that therewas no differencebetweenthe illusion effects
in the PosXandPosXY conditions (Tukey—test ). However, therewere highly

significantdifferencedetweertheillusion effectsin thePosXandPosXY conditiors one
onesideandtheillusion effectin the PosY conditionon the otherside (Tukey—test all

)-

6.3.3 Discussion

Theposiion of thecomparisorbarhada stronginfluenceonthemeasuredtrengthof the
Parallel-Lineslllusion. This suggestghatthe illusion—inducingcontect not only influ-
enceghetametbut alsothe comparisonin otherwords,spatialseparatiordoesnotseem
to be sufficientin the Parallel-Linedlllusion to keepthe comparisoruninfluenced This,
however, is a prerequisiteo accuratelyneasurehe sizedistortion of thetarget.
Jordanand Schiano(1986) describedan effect that could accountfor theseresults.
They foundthatthe Parallel-Lineslllusion switchesfrom assimilaton (thetargetis per
ceivedasbeinglongerif thecontext is longer)to contrasithetargetis percevedasbeing
shorterif thecontext is longer)with large spatialseparatiorbetweertargetandcontext.
Applying this finding to the comparisorbar could accountfor the datafoundin the
presenexperiment For example,considerthe casein which the contet lineswerelong
andthecomparisorhadalargedistanceo theParallel-Linedigure. In thisconfiguration,
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oneexpectsthe target to be perceved aslonger (assimihtion effect, shortdistance)and

the comparisorto be perceved asshorter(contrasteffect, long distance).If participants
now matchtargetandcomparisonthey have to changethelengthof the comparisorby a

largeramountthanif thecomparisorwereunafectedby thecontect elementsThisleads
to alargervalueof the measuredlIusion.

This effect interfereswith any comparisorof perceptualllusion andmotorillusion.
For a valid comparisonthe perceptuataskshouldonly measureanillusory changen-
ducedin onestimulus becaus@nly onestimuluscanbe graspedThe otherstimulus,the
comparisorbar, shouldbe uninfluencedy theillusion.

In otherwords,graspingis inherentlya “unipolar” measureof sizeinformatian, be-
causeonly the sizeof onestimulus needgo be computedo guidegrasping.In contrast,
the perceptuameasureshatwereusedin all of theexperimens reportecheresofar were
“bipolar” measurepecauséwo sizeshadto becomputed— thesizeof thetagetandthe
sizeof thecomparisonThis proceduradoesnotleadto ary problemaslong asthe com-
parisoncanbe assumedo be unafectedby theillusion. In the Parallel-Lineslllusion,
however, thisassumptions notvalid.

A soluionto thisproblemwouldbeto find aunipolar perceptuaimeasure¢hatrequires
only to computethe sizeof onestimulus, the target. For this purposeparticipantswere
trainedin Experimentl1 to estimatethe lengthof stimui in millimetersandthenaslked
to estimae thelengthof thetametin the Parallel-Linedllusion.

6.4 Experiment 11: Using a unipolar perceptual measure

In orderto obtaina unipolar perceptuaimeasureof the Parallel-Lineslllusion, Exper

iment 10 was replicated,and extendedby addinga magnitue estimationmethod. For

the magnitule estimation participantsverefirst trainedto estimatethe lengthof barsin

millimetersandsubsequenglhadto estimatehelengthof thetargetin the Parallel-Lines
lllusion (cf. Coren& Girgus,1972bfor a similar estimation methodin which, however,

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

6.4.1 Method

Eightpeople(4 femalesand4 males)participatedn Experimentl1, rangingin agefrom
16 to 30 years(mean:24.4years). The experimentconsiséd of two tasks. The adjust-
menttask was almostidenticalto Experimentl0. However, the numkber of blockswas
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reducedrom six to four. Given 24 differenttrial types(four sizesof thetargetbarx two
contets x threepositians of the comparison) participantsperformedfour adjustments
pertrial type. Also, to be ascomparableaspossibé to Experiment3, the target bar had
lengthsof 40,43,46 and49 mm (insteadof 43, 44,45 and46 mm).

In the magnitudeestimationtask, participantswverefirst trainedto give absoluteesti-
matesof the lengthof a singlebar The bar hadlengthsbetween33 mm and56 mm (in
stepsof 1 mm). Participantsviewed the bar without any context elementson the mon-
itor andseta number(by pressinghe buttonsof a computemmouse)that shouldrefled
the lengthof the barin mm. After the participantshad setthe number a feedbackwas
provided that gave the true length of the bar and scoresdependingon the performance
of the participant. Participantsdid this training for 48 trials and were instructedto be
as preciseas possible. After the training, they performedthe experimenal condition
Exactly the samestimuli asin the adjustmentaskwere presentedor 48 trials andthe
participantswere requestedo estimatetheir length. No feedbackwasgivenin the ex-
perimentalcondition Giveneightdifferenttrial types(four sizesof thetargetbarx two
contets), participantgperformedsix estimatepertrial type. After the experimentakon-
dition, participantsperformedthe training againfor 24 trials to control for changesn
responseluringthe experimentakondition.

6.4.2 Results

Figure6.5shavsthemeanadjustedengthsof thecomparisorbarandthemeanestimated
lengthsasfunctionsof the lengthof the targetbar and of the illusion—indwing context.
All dependenieasureshaved linearrelationshipgo physcal size. Mostimportanty,
magnitue estimatio shoved a similar relationshipasthe otherdependentneasures—
indicatingthat participantsreactedo physcal sizedifferencesn the magnitule estima-
tion conditionin the samemannerasthey did in the otherconditions.This factallows to
compareheillusioneffectsbetweerthe differentdependenieasures.

The main effect of the illusion inducing context was highly significant ( =
77, ) andthe differentwaysto assesshe illusion effects (differentpositions of
the comparisorbar andthe magnitudeestimaton task)hada highly significantinfluence
on the illusion effect ( =11.6, , ). Therewas no difference
of the illusion effectsfor the differentsizesof the target bar ( =0.4, ,

) andthe interactionbetweenthe lasttwo factorswasnot significant( =
2.3, : ).
Overall effects,averagedacrossall lengthsof thetamgetbar, areshaovn in Figure6.6.
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Figure 6.5: Resultsof Experiment 11. Meanadjuged lengthof the comparsonbarfor the differ-
entpostions of the comparsonbarin the adjugmenttaskandmeanestimatel sizein the estima-
tion task Errorbarsdepct  stardarderrorof themean.

Post—ho@nalyseshovedthattherewasno differencebetweertheillusion effectsin the
PosXandPosXY conditins andbetweertheillusion effectsin the PosY condition and
the magnitudeestimationtask (Tukey—test, all ). However, therewere highly
significantdifferencedetweertheillusion effectsin the PosXandPosXY conditicnson
onehandandtheillusion effectsin the PosY condition andin the magnitide estimation
taskonthe otherhand(Tukey—test,all ).

6.4.3 Discussion

Several conclusims canbe dravn from the resultsof Experimentll. First, the results
of ExperimentlO werereplicatedin the adjustmentasks,shaving thatdifferentillusion
strengthsareobtainedf the position of the comparisorbaris varied. Secondmagnitude
estimationcould be introducedasa linear, unipolar measure.Third, magnitide estima-
tion gave a smallerillusion effect than the adjustnent taskin the conditionsin which
the distancebetweenarget andcomparisorwaslarge. This is exactly whatis expected
accordingto the contrastinterpretation:With large distancedbetweenthe illusion con-
text andthe comparisora contrasteffect changeghe perceved size of the comparison
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Figure 6.6: Overallillusion effectsaveragedacrassall lengh of thetarget barfor thedifferentpo-
sitionsof the compari®n barin the adjugmenttaskandfor the estimationtaskof Experimern 11.
Errorbarsdepidc  standad error of themean.

andthis enlagesthe measuredllu sion. Becausehis effect is not possiblein magnitide
estimatia, themeasuredlusion is smalkr.

In thelight of this outcomeit is interestingto discussanexplanatia for therelatively
smallillusion effectin the PosY conditian which is alternatve to the contrastnterpreta-
tion discussedofar. The explanationassumeshatit is somehav easierto comparethe
comparisorbar to the target bar in the PosY condition. The reasonsould be that the
comparisorbar andthe target bar are very closetogetherand that participantsare, for
example,ableto mentally“move” the comparsiorbarto thetarmgetbar Sucha strategy
couldmalke thecomparisoreasietandthereforereducehemeasuredlusion. Thisexpla-
nationis differentfrom the explanationsdiscused sofar becausét doesnot assumehat
the comparisorbar is affectedby theillusion, but thatthe comparisoris moreveridical
in the PosY condition. Thereare two problemswith this explanation. First, the same
stratgy shouldalsobe possibé in the Muller—Lyer lllusion. Experiment7 shoved that
thisis notthe case:Theillusion effectin the MullerLyer Illlusion wasnot decreasedor
the PosY condition. Secondthe magnitideestimatim in the presenexperimentshoved
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exactly the same(small)illusion effect asthe PosY condition. This, however, cannotbe
explainedby the strateyy, becausehereis no comparisorbarinvolvedin thistask.

Whatdo theresultsmeanwith respecto the interpretatiorof the differencebetween
the graspingillusionandthe perceptualllusion obsenedin Experiment3? The percep-
tualtaskof Experimen8 wassimilarto the POSXY-conditionof the presenexperiment.
The magnitudeestimaton asthe more appropriataunipolarmeasureshaved anillusion
effect thatwasabouthalf the size of the effect in the POSXY¥-condition This suggests
thatthe perceptualllusionmeasuredn Experiment8 wasoveresimated,dueto effects
of theillusion context ontothe comparison.Correctingfor this bias,one expectsa per
ceptualillusion of roughlythe samesizeasin grasping.

6.5 Discus sion: Parallel- Lines lllusion

Therewerecleareffectsof theParallel-Linedllusion ongrasping.Thisextentstheresults
foundfor theEbbindhauslllusionandtheMullerLyer lllusion andindicateghatgrasping
clearly is affectedby visualillusions. Again, the resultclearly votesagainstthe strong
Separatd&representatioModel.

The Parallel-Lineslllusion is the only illusion in the presentstudy which consis-
tently shaved a smallergraspingeffect thanperceptuakffect. This couldbe countedas
evidencefor theweakSeparatd&RepresentatioModel which predictsa smallermotoril-
lusionthanperceptualllusion. However, therewasalsoa strongand highly significant
across—participantorrelationbetweerperceptualllusionandmotorillusion. Thatis, a
participantshaving alarge motorillusion alsotendedo shav alarge perceptuaillusion.
This suggesta commonsourceof the perceptualllusion andof the motorillusion (see
thediscussbnin chapter3).

Investgatingthe reasondor the smallermotorillusion shaved that (a) presentation
time wasnot critical (differentto the Muller—Lyer Illusion) and(b) the measuregbercep-
tual effectvariedin awiderangeif theposition of thecomparisorbarrelatveto thetarget
bar was changedthis is alsodifferentto the Muller—Lyer Illusion). Herethe problem
ariseswhich perceptuaéffect shouldbe usedfor the comparisorbetweermotorillusion
andperceptualllusion. Graspingdoesnot involve a comparisorbar (it is unipolar)and
thereforetheambiguityin the perceptuakffect cannoteasilyberesohed.

In Experimentl1 sizeestimationrwasusedasa unipolarperceptuameasurehatalso
doesnotinvolve acomparisorbar. Thereforejt seemso bemorecomparabléo grasping
than the other perceptualmeasures.Resultsshaved that the perceptualeffect is also
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smallerfor thisunipolar measureThis suggestshatthe perceptuaéffect measuredh the
graspingexperiment(Experimeni8) shouldbe correctedandthereforethe smallermotor
illusion canbereconciledwith thenotion thatthe effectsof the Parallel-Linedllusion are
similar for graspingandfor perception.



Chapter 7

General Discussion

Therewereclearandhighly significanteffectsof the Ebbinglauslllusion, of the Muller—
Lyer lllusion, andof the Parallel-Lineslllusion on grasping.In the Ebbinghausllusion,
the graspingeffect matchedhe perceptuakffect very well. In the MullerLyer lllusion,
the graspingeffect waslargerthanthe perceptuakffect, while in the Parallel-Lineslllu-
sionit wassmaller In the Ebbinghaugllusion, therewasa significantacross—participants
correlationbetweerthe motorillusion andthe perceptualllusion of aboutthe sizeof the
IdealizedExpectedCorrelation.In the MullerLyer lllusion, the across—participantsor-
relationwassmallandnon-sgnificant,andin the Parallel-Linedllusion it waslargeand
highly significant.

In the Muller—Lyer Illusion, there are two possilbe reasondor the strongermota
illusion. First, the presentationime wasshorterin the motortask. Experiments shoved
thatshorteningpresentatiotime canincreasellusion strength.Secondtheillusion effect
is confoundedwith the overall sizeof the MulleLyer figure. This may have selectvely
influencedgraspingand henceincreasedhe motor illusion (Note, that this confoundis
not presenin the Ebbinghaudllusion, seesection5.4).

To minimizethis confound the Parallel-Linedllusion wasinvestgatedsinceit hasa
larger separatiorbetweenthe target andthe illusion—inducingcontext thanthe Muller—
Lyer lllusion. In the Parallel-Lineslllusion, the mota illusion was smallerthan the
perceptualillusion. However, therewas also a strongand highly significant across—
participantscorrelationbetweenthe perceptualllusion andthe motor illusion. Thatis,
a participantshaving a large perceptualllusion alsotendedto showv a large motorillu-
sion— suggestig thatbothillusionshave the sameorigin.
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Investigaing the reasondor the (in this case)smallermotor illusion, shaved that
the measuregerceptuakffect dependedstrongly on placementof the comparisonbar
relative to the targetbar. Sincegraspingdoesnotinvolve a comparisorbar (this feature
was calledunipolar)the questionariseswhich position of the comparisorbar shouldbe
usedto comparethe perceptualllusion with the motorillusion. Usingsizeestimaton as
a unipolarperceptuaimeasureshaved that the perceptuakffect is alsosmallerfor this
unipolarmeasure This fact suggestshatthe perceptuakffect measuredn the grasping
experiment(Experiment8) shouldbe correctedandthereforecanreconcilethe smaller
motorillusion with thehypahesisthattheeffectsof theParallel-Linedllusionaresimilar
for graspingandfor perception.

In conclusionthe evidencepresentedherearguesagainsthe strongSeparée Repre-
sentatiorModel becausehereclearly areeffectsof the Ebbindhauslllusion, the Muller—
Lyer lllusion, andthe Parallel-Lineslllusion on grasping. The experimentsprovide no
convincing evidencefor the weak SeparateRepresentatiomtModel becausethe motor
effects were not consisterly smallerthan the perceptuakeffects but were equalin the
Ebbinghaudllusion andlargerin the MullerLyer lllusion. The Parallel-Lineslllusion
is the only illusion in which a smallermotor effect wasfound. In thisillusion, however,
therewas a strongacross—participantsorrelationbetweenperceptuakffect and motor
effect— suggestig thattheillusion effectshave the sameorigin.

Finally, thereis relatvely good(however not perfect)agreemenof the datawith the
predictionsof the CommonRepresentatiotModel. For the Ebbingtaus lllusion, this
agreements very good: The perceptualllusion andthe motor illusion matchwell and
theacross—participantorrelationof perceptuailllu sionandmotorillusionis of aboutthe
sizeof theldealizedExpectedCorrelation.For theMller-Lyer lllusion andthe Parallel—
Lineslllusion, thisagreemenis notasgood.However, thereareplausiblereasongor the
differenceghatlikely lie in anincompktematchbetweerthe perceptuatasksandin the
motortasks.

The presenstudydemonstratesjow difficult it is to adequatelynatchthe perceptual
task andthe graspingtask (cf. Post& Welch, 1996; Smeets& Brenner 1995). This
problemmight lead to the pessinmstic view that an adequatecomparisonof the tasks,
andthereforea discrimnationbetweerthe weak Separatd&representatioModel andthe
CommonRepresentatioModel, is notpossible However, thisende&or cangive insights
aboutsubtktiesof the cognitive system— as,for example,theinfluenceof the Parallel-
Lines Illusion on the comparisorbar. Also, it is clearthat point hypotleses— suchas
predictedby the strongSeparatd&representatioModel andthe CommonRepresentation
Model— are to be valuedmore highly thanhypohesegshatonly predictdifferences—
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suchas predictedby the weak SeparateRepresentatiotModel (Meehl, 1967; Poppey
1980). In thefollowing sectionthe findingsof this studywill be relatedto the resultsof
previousstudies.

7.1 Comparison with previous studies

Table 7.1 sumnarizesthe resultsof studiesthatwere performedon the influencesof vi-
sualillusions on graspingusing MPA asdependenvariable. It seemsclearfrom these
datathat visualillusions do influencegrasping,as mostof the studiesfound significant
effectsof visualillusionson grasping.The remainingstudesfound effectsthatwereal-
mostsignificant(Otto—deHaartet al., 1999; Haffenden& Goodale,1998)— or useda
small perceptualllusion anda smallsamplesize (Brenner& Smeets1996). It is note-
worthy that with respectto the Ebbinglauslllusion thereis an unusualagreementAll
four studes,performedn threedifferentlaboratoriesysedalmostthe samegeometryfor
their stimdi. And all four studiesfoundvery similar sizesfor the motorillusion! Taken
togetherthe evidenceclearly votesagainstthe strongversionof the SeparatdRepresen-
tation Model which assumeghat thereis no influenceof visual illusions on grasping.

What aboutthe relationshipbetweenperceptuakffectsandgraspingeffects? In Ta-
ble 7.1 a distinction is madebetweenstandardand non—standargberceptuaimeasures.
Standardperceptuaimeasuresneansmeasureshat are typically usedto investgatevi-
sualillusions. Participantseitherchoseoneobjectout of a seriesof objectsto matchthe
size of the tamget or adjustedthe size of a comparisorstimulus (seefor exampleCoren
& Girgus,1972bfor aninvestgationof thesemeasures)The non—standrd measuresire
quitedifferentandwill bediscussedater.

The studiesof Aglioti et al. (1995)and of Haffendenand Goodale(1998) usedthe
compositeversionof the Ebbinghauslllusion (indicatedin the lastcolumnof Table7.1).
Theexperimens describedn chapte# shavedthatthis canleadto anenlagedperceptual
effect. The studesthatavoidedthis problemfounda very goodmatchof perceptuabnd
motor effectsin the Ebbinghaudllusion (Experimentl andPavanietal., 1999).

BrennerandSmeetg1996)alsouseda compositeversionandthe Aglioti paradignto
investgatethe Ponzoalllusion (Figure2.8gon page26). It is likely thatthe sameproblem
of anenlagedperceptuaéffectasin the Aglioti etal. studyarisedor thisillusion (In fact,
| conductedctontrolexperimentssimilarto Experiment3. Theseexperimentshavedthat
afailureof additiity canalsooccurin thePonzadlllusionandin theMullerLyerlllusion).
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Table 7.1: Effectsof visual illusions on perceptian andon grasping.

Illusion andstudy N Graspirg Percepbn Perceptbn Comp.—
(stardard) (non-standard) versian

Ebbinghauslllusion:

Aglioti etal.,’95 14 * * yes
Haffenden & Goodde, '98 18 ns. * * yes
Pavanietal.,’99 18 * * no
Experimen 1, thisstudy 26 * * no

Ponzolllusion:
Brenner& Smeets;96 8 ( ) * yes

Muller—Lyer lllu sion:

Daprati& Gentiluaci, 97 8 * * * no
Haartetal., 99, binoc 14 ( ) * yes
Haartetal.,’99, monoc 14 * * yes
Experimen 5, thisstudy 16 * * no

ParallelLineslllusion:
Experimen 8, thisstudy 26 * * no

Note. All lllusion effectsarein millimeters andarethe differencesbetwea anenlaging versim
of the illusion and a shrinking version. The graspng effects are basel on maximumpresape
aperure. N is the numbe of partiapants If available stardarderrars of the meanare preented
Onestudy (Marottaetal., 1998 did not reportsizes of the effects andis notincluded.
In thenon-stardardperceptud measuesparticipartsindicatedtargetsizeby opering index finger
and thumb without seeng hard and stimulus or with full vision of hard and stimulus, or by
drawing aline of the length of the tamget without seeng hard andpaper but seeirg the stimulus.
Thiscolumnindicatesvhetherthecompaiteverson of theillu sionwasused binoc. = binocular
viewing; monoc.= monocuar viewing. Effectsare calculatedfrom only 50% of the trials (for
which calcubtionsare compaableto the othe studes, seeAppendx C). valuesaretaken from
Fig. 5, p. 683 values: A. Haffenden, personal communi@tion, August 1998. the value is
significantly differentfrom zerg E. Brenne, persamal communcation, Januay, 2000

*
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Thereforejt is difficult to interpretthe differencebetweerthe perceptuaillusion andthe
motorillusion in the studyof Brennerand Smeets Also, the focusof this studywasnot
on MPA but on measuringheforcethatwasappliedto lift theobjects.This measuravas
clearly affectedby theillusion indicating aninfluenceof the visualillusion on the mota
system.

Threeof the studiedlisted in Table 7.1 useddifferent,non—standrd perceptuamea-
suresto assesshe perceptuakffectsof theillusion. HaffendenandGoodale(1998)used
amanualestimatia task. Participantsestimatedargetsize by openingindex fingerand
thumbwithout seeingtheir handor the stimulus during performanceof the task. Daprati
andGentilucci(1997)andOtto—deHaartetal. (1999)alsouseda manualestimatiortask,
but their participantshadfull visionof stimulus andhandduringthetask.Finally, Daprati
andGentilucciuseda secondtaskin which participantsdrew a line of the lengthof the
targetwithout seeingheir handor the paper

All thesetaskshave potentialbenefits. The manualestimaton tasksare,for exampk,
very similar to the graspingtask (e.g.,Haffenden& Goodale,1998 matchedthe haptic
feedbackin the manualestimationtaskandin the graspingtask by having participants
graspthetametsaftereachmanualestimatian). Also, all tasksareunipolarmeasurebe-
causegoarticipantsactononly oneobjectat atime — avoiding the problemswith ambigu-
ous perceptuaimeasureshat were describedfor the Parallel-Lineslllusion. However,
therearealsoseriousgproblemsrelatedto thesemeasures:

First,it is notclearwhetherthesemeasuresanbeinterpretedasperceptuameasures.
Tothecontrary onemightverywell aguethatthe mota systenis tappedwith thesetasks
(in fact, Vishton etal., 1999useda similar taskandinterpretedt asmotortask;seebelov
for adescriptiorof this study). Thisis evenmoreproblematt if no visualfeedbaclof the
handis allowed. In this caseparticipantshave to rely stronglyon feedbackof the motar
system Beforethesemeasuresanbeinterpretedasperceptualthey shoutl becompared
to standardperceptuaimeasures.For example,they shouldyield effects of a similar
sizeasthe standardgoerceptuameasuresAlso, they shouldcorrelateacrossparticipants
with standardgpoerceptuameasuresFurthermorethe slopeof the functionrelatingthese
measure$o physicalsizeof theobjectshoutl beknown in orderto validly compareghem
to graspingaswell asto standardgperceptuameasuregthis is the samesituationaswas
describedor thecomparisorof graspingwith standargerceptuaimeasures chapter3).

Second,Table 7.1 shaws thatthe non—sandardperceptuameasureyield diverging
results.Themanuakstimationstaskgindicatedoy aandb) in particulartendto show very
largeillusion effects. In the HaffendenandGoodalg(1998)study the differencebetween
theeffectin the manualestimaton taskandthe effect in the standargperceptuameasure
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is of aboutthe samesizeasthe differencebetweengraspingandthe standarderceptual
measure.This is even moretrueif onetakesinto accountthatin this studythe standard
perceptuameasurdik ely areanoverestimatebecaus®f theuseof thecomposie versian
of theillusion in the Aglioti paradigm(asarguedin the experimentson the Ebbinghaus
lllusion, chapterd). The sameis true for the Dapratiand Gentilucci(1997)study The
drawing task(indicatedby c) differsfrom the graspingaskby aboutthe sameamountas
from the manualestimationtask (indicatedby b). Thisis alsorefleded by the fact that
therewasonly onesignificantdifferencein the post-hoccomparison®f this study: The
fin—in configuratiorof theMuller-Lyerfigureshovedalargerillusion effectin themanual
estimatia taskthanin boththe graspingaskandthedrawing task. Thegraspingllusion
andtheillusion in the drawving taskwere not significantly different. In conclusion the
non—standargerceptuameasuresio not seemto be understoodvell enoughandshov
too inconsisentresultsto aguein favor of a dissaiation betweerperceptiorandaction
basedonthesemeasuresalone.

As afinal issue two recentlypublishedstudieswill bediscussedhatcometo similar
conclusionsas the presentstudy however useddifferentapproachesnd are therefore
notlistedin Table7.1. Vishton etal. (1999)investgatedthe Horizontal-\értical lllusion
(Figure2.8donpage26). Participantgdid notgraspthree—dimensioal objectsbut reached
for two—dimensionabbjectsthatwere printedon paper They wereinstructedto perform
thismovementasif they weregraspinghedravn objects.Thedependenineasuravasthe
openingof thefingersatthe momentwhenthe papemwastouchedandnotMPA). It is not
clearthatthisis a valid measurdor grasping.Onepotental problemis thatparticipants
did not getary hapticfeedback.For example,Opitz, GegenfurtnerandBulthoff (1996)
reportedthat reachmovementschangequalitatvely if no haptic feedbackis provided.
Participantsstartto performstereotypedanovenentsthatare quite differentfrom normal
graspmovenents.Neverthelessit is interestingo compareheresultsof this studyto the
resultspresentedhere.In theirfirst experiment Vishtonet al. comparedhe effect of the
Horizontal-\érticallllusion on the (mimicked) graspingwith the effect on perception—
andfounda smalkr effect on graspingthanon perception.However, they arguedthatin
the perceptuataska relatve judgmentwasrequiredbecausearticipantscomparedhe
horizontalline with theverticalline — bothbeingpartof the Horizontal-\érticallllusion
figure (this is the sameproblemaswith the composie versionin the Aglioti paradigm).
They arguedthat,contraryto the perceptuatask,participantoperatedn only oneof the
two linesin the graspingtask andthereforean absolutgudgment of sizewasrequired
(in the presentstudythis was called a unipolarmeasure).In further experiments they
introducedabsolutgor unipolarymeasuresf perceptionpneof whichwasatasksimilar
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to themagnitue estimaton taskof Experimentl1. Usingthesemeasureghedifferences
betweerthe (mimicked)graspingandperceptionvanisked. Thisis highly congruentwith
theresultspresentedhere.

Van Donkelaar(1999)investgatedwhetherpoining movenentsare affectedby the
Ebbinghaugllusion. Thestudyis basednFitts’ law, thefactthatpointingmovenentsto
smallertargetstake longerthanto largertargets(Fitts, 1954). Accordingto theperception
versusaction hypahesisthe illusory changein size causedby the Ebbinghaudllusion
shouldnot affect the pointing movement. Yet, van Donkelaarfound suchan effect: If
participantgpointedto the centralcircle of the Ebbinghauslllusion, the movementtimes
wereaffectedjustasif aphyscal changeof thesizehadhappenedThisis onemorepiece
of evidenceshawing thatthe Ebbindhauslllusion affectsthe motorsystem.

7.2 Conseque nces for the perception versus action hypothe-
sis

The perceptionversusaction hypothess is an attemptto integrate evidencefrom lesion
studieson monkeys, neuropsychdagical studies,and psychophgical studies(cf. chap-
ter 2). GoodaleandMilner (1992,Milner & Goodale,1995)proposedhatthe two sys-
temsof theprimatebrain,thedorsalstreamandtheventralstreamareusedselectvely for
perceptiomandaction. They suggestedhatthe function of the dorsalstreamis to guide
themanipulatio of objectswhile thefunctionof theventralstreamis to performcompu-
tationsthatare necessaryor objectrecognitionand consciougperception.They argued
that thesecompuationshave to fulfill totally differentrequirements.Computationgor
the guidanceof actionshave to befast,they only needa shortterm memorybecausehe
position of the objectcanchangequickly andthey have to codethe positionof the object
relative to the effector (egocentriccoding). In contrastcomputaibnsfor the purpose®f
objectrecognitiondo not needto be asfast. Also, to allow objectconstang along term
memoryis neededFinally, it is notasimpaortantto codethe objectsrelative to aneffector
but the objectshouldbe codedrelative to otherobjects(allocentriccoding).
Theoriginalfindingof Aglioti etal. (1995)wasinterpretedassuggestigthatthereex-
istshardlyary influenceof visualillusions on grasping:“Size—contrastilusionsdeceve
the eye but not the hand” (title of the study). The studyfitted well with the perception
versusactionhypothess, becauset not only shoved a dissociationbetweenperception
andaction,but alsoa dissaiationfitting the functionalborderthatthe hypottresisdraws.
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The actionsystemis assumedo work in egocentriccoordinatesandto represena grasp
objectrelative to the hand— quiteindependentf otherobjects.Becauserisualillusions
suchasthe Ebbinglauslllusion arecreatedy specialarrangementsf objects thetheory
predictsthat the motor systemshouldhardly be deceved by the illusion — andthis is
whatthestudyof Aglioti etal. found.

Theresultsof thepresenstudysuggesthatthis strongclaim shoutl bequestionedOf
coursethischallengesheperceptionversusactionhypothesis— especiallyits functional
statementge.q. its statemergaboutthecharactenf thecodingin thetwo systems)Nev-
erthelessthefindingsof this studyalonedo notandcannotdisprove the hypottesis. The
ideaof two distinctsystens for perceptiorandactioncouldbeheldup if visualillusions
arerelatve early phenomenareatedbeforethe two systens separate.Futureresearch
mightrevealwhetherthisis afeasibleassumpbn. However, thereis evidencesuggestig
thatvisual illusions (and especiallythe Ebbinghaudllusion) are partially dependenbn
highercognitive functions(e.g.,Coren& Enns,1993;Deni & Brigner, 1997; Zanulttini
Zavagno,& Agostini, 1996).

In thelight of the otherpsychophgical studesthatwerediscussedn chapter2 there
is even morereasonfor doubt. Most of the studiesthat have beencountedasevidence
for the perceptionversusactionhypotesiswere seriouslycriticized. The criticism was
alwayssimilar, namelythatadifferencecausedy anincompktematchof perceptuatask
andmotortaskhadbeenattributedto a dissociatio betweeractionandperception.

It needdo be stressedhatpsychophgical differencedetweerperceptiorandaction
in the healthyvisual systemare a necessargonditionfor the perceptionversusaction
hypotesisin its currentform. Thereasorfor thisis thatMilner andGoodaleassumehe
two streamgo createdifferentrepresentationbecauseof differentoutputrequirements
for motoractsandvisual perception.Therefore the perceptionversusactionhypahesis
clearly predictsdifferencesn the outputcharacteristicef thetwo systens.

Futureresearcmightexamire thepossibilty of finding otherexperimentaparadigms
thatclearly provide psychophgical evidencefor the perceptionversusactionhypahesis.
The presenstudysuggestsomedirectionsfor researcton visualillusionsandgrasping.
Specifically it shavs that more emphasisshouldbe put on the perceptuataskand on
the questionof whetherperceptuataskandmotortaskareappropriatelynatched.Also,
it shawvs the needto discriminatebetweenunipdar and bipolar measures.Perceptual
measureshatrely on a comparisorbetweenwo stimul (the tamgetandthe comparison
stimdus)werecalledbipolar, becauséwo sizeshave to becomputedo performthetask.
In bipolarmeasuredoththetargetstimulusandthe comparisorstimulus canbe affected
by the illusion configuration. This canleadto ambiguos measure®f the perceptual
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illusion. Therefore,size estimaton as a unipolar perceptuaimeasurewas investgated
becausenly onesize (the size of the target) hasto be computed.It could be thatsuch

unipolarperceptuameasureprove to be moreadequatdor a comparisorwith grasping
sincegraspings perseunipolat
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Append ix A

Maximum preshape aperture

A.1 Individua | profiles

Figure A.1 showvs an examplefor the time courseof the aperturebetweenindex finger
andthumb in grasping.Shavn areall graspsthatwere performedby one participantin
two conditionsof Experimentl. In onecondition the participantgrasped large disc (a)
andin theothertheparticipantgraspeda smalldisc(b). In bothconditonsthediscswere
surroundedy large context circles.Clearlyvisible is the MPA whichis reachedetween
1 and2 secafterstimulusonset.Thesecondarge peakin thecurvesreflectsthereleaseof
thediscandtheflat region betweerthetwo peaksefleds holdingthedisc. Thedifference
in sizebetweernthetwo discs( mm) clearlyis reflectedin the MPA. Someof the curves
shov morethan one peakfor the MPA. In thesecasesalwaysthe first peakwas used
to determinethe MPA. The plots demonstratehat the graspingdataare quite variable,
althoughthey are qualitatvely consistent This issuewill be discusged in the following
sections.
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a. Disc size: 37 mm b. Disc size: 28 mm
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Figure A.1: Theapeture betweenndex fingerandthumbasa function of time for a paticipant
of Experiment 1. Showvn areall ninegrasys to adisc thatwas37 mmin diamete (a) andthenine
grasps to a disc thatwas28 mm in diameter(b). Both discswere surounded by large context
circles.

A.2 Variability between participants and normalization

A largeamountof variability in thegraspingdatais causedy differencedetweerpartic-

ipants. Someparticipantsaalwaysopentheir fingersrelatively wide, while othersdo not.

This mightbedueto individual habitaswell as,for example to differenthandsizes.The

upperpanelof FigureA.2 shovstheaverageMPA for eachcondition andeachparticipant
of Experimentl. Eachdatapointis the averageof nine graspsperformedoy onepatrtic-

ipantin the correspondingondition. Eachcombinaton of color andline style codesa

differentparticipant.Clearly, thereis (on average)a linearrelationshipbetweerdiscsize
andMPA (cf. Jeannerod]981,1984). However, the interceptsof the curvesarelargely

differentindicatingthe variability betweerparticipants.

Themiddle panelof FigureA.2 shavs normalizeddata. The dataof eachparticipant
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Figure A.2: Individua dataof Experimentl. The upper parel showsfor eachpaticipant the
meanmaximumpresh@e apeature (MPA) asa function of disc size and of the context elemerts
(large versus small context circles of the Ebbinghauslllusion). For ead partidpant a different
combirationof color andline styleis used Eachdatapoint is the average of ninedifferent grasps

Themiddleparel shavsthenormalzeddata.Thelower pand shovsthenormalzeddataaveraged
acrcssall partidpants. For further detaik seethetext.
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arenormalzedby subtractinghe participants mean(averagedacrossll conditions)and
addingthe grandmeanof all participants:

With:
thenormalizedvalueof participant in condition .
themeanresponsef participant in condition , averagedacrossall trialsthe
participantperformedn this condition.
themearresponsef participant , averagedacrossll trialsandall conditions

thegrandmean averagedacrossall trials, all participantsandall conditions.
Thenormalizatiorprocedureemovesvariability thatis causedy constantifferences

in responsdetweerparticipantyseel oftus & Mason,1994,for anextensie discussion
of the normalization. The lower panelof Figure A.2 shawvs the meanvaluesandthe
standarcerrorsthatwerecalculatedrom thenormalizeddata. Theseareexactly thesame
dataaswereshovnin Figure4.3onpaged5. Thecurvescouldalsobeachiezedby simply
averagingthedataof theupperpanel— or by averagingthedataof eachsingletrial. Only
thestandaraerrorswouldbelargerbecauséhey still wouldrefled thedifferencedetween
participants.

It is possibé to give onesingleestimae for the standarderrorsby assumig thatthe
expectedvalues(the“true” values)of thestandarderrorsareequalin all eightconditions.
Theestimatas calculatedoy averagingthe correspondingariancegthisis valid because
of the balanceddesignwith an equalnumberof measurementand of participantsin
eachcondition). Theestimaed standarderrorof eachdatapointin the normalizeddatais

mm. Thecorrespondingtandardleviationis mm. Theestimatedtandarcerror
of thenot normalizeddatais mm, the correspondingtandardieviationis mm.
The valuesdemonstratéhe large contribution of differencesetweenparticipantso the
overallvariance.

This exampk of the normalizationcangive anunderstandin@f the variability in the
dataandof thedifferentsourcedor thisvariability. The statisical analysegperformedn
the presensstudyaccountedor this factby usingANOVAS thatincorporatedhe partici-
pantsasarandomfactor(asis commonpracticeto dealwith this problem). The ANOVA
removesthe betweerparticipantssariability in a very similar way asthe normalization



98

APPENDIX A. MAXIMUM PRESHAPE APERTURE



Append ix B

Common Representation Model

B.1 Comparing illusio n effects

In this sectiontwo relationshipsetweenthe perceptualllusion andthe motorillusion
will bederivedfrom theexplicit versionof the CommonRepresentatioModel,theequa-
tions3.1and3.2 of chapter3.

Figure 3.1 on page 34 shaws the explicit versionof the CommonRepresentation
Model. The modelis fully linear, an assumptiorthat s justified by the fact that both
the perceptuaimeasureandthe MPA arelinearly relatedto objectsize. It is assumedhat
aninternalestimatg ) of objectsize( ) is affectedby theillusion:

(where standsfor two versionsof theillusion thatare goingto be compared).
Notethattheinternalestimatds alinearfunctionof objectsizeandthatfor bothversions
of theillusionthesameslopes areassumedln theexperimentof this studytheslopes
for thedifferentillusion conditionsweresimilar enoughto work with thisassumptia. No
further assumptias are neededaboutthe intercepts andtheslope  — except
for thetrivial assumptia thatthe slopeis unequakero:

Thelinearfunctionsthatrelatetheinternalestimatdo the perceptuameasurég ) and
to grasping( ) areassumedo be unafectedby theillusion:
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Again, it is set: and . Simplecalculationsyield the differencesetween
thetwo illusion versions

Notethat and  areindependendf . Combinirgthetwo equationgields:

Multiplying this equationwith — givesanequiaentof equation3.1of chapter3:

(with: ; thisis the slopewith which MPA dependn phystal sizeand:
; thisis the slopewith which the perceptuameasuralepend®on physcal
size).Finally,if —and areequal,thissimgifies to theequation3.2 of chapter3:

For assessmemf this modelnotethatthe modelis anattemptto useasfew assumpbns
aspossible For example,it couldhavebeenassumedhat  (theslopewith whichthein-
ternalsizeestimatedepend®n physicalsize)equalsunity: . Thiswould simplify
the modelwhile the predictionswould be exactly the same.However, it wasattempted
to be asgeneralas possibé andthereforeas mary parametersvere left unspecifiedas
possibe.

B.2 Prediction for the Aglioti paradigm

It is easyto shav that the Aglioti paradigmas describedin section2.5.3andin Ap-
pendixC is valid in theframework of the CommonRepresentatioModel. In the Aglioti
paradigmtwo discsof differentsize( and ) arechosento be perceved asbeingof
equalsizein thetwo illusion conditians:

Usingthe equationf thelastsectionthisis equivalentto:
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If thetwo discsaregraspedhe predictionsof the modelfor thegraspingmeasurere:

Combiningthesetwo equationswith the previousequationyields:

This is the predictionof the Aglioti paradigmfor the casethat thereexists a common
representationf objectsizefor graspingandfor perception:If thetwo discsin thetwo
illusion conditionsarepercevedasbeingequalin size,they arealsograspedaqually Note
thatthis predictiondoesnot dependon the slopeswith which the perceptuameasureand
thegraspingmeasuralependn physcal size. It is valid evenif theslopesaredifferent.

B.3 Idealized Expecte d Correlation

The Common RepresentatiorModel allows an idealized prediction of the across-
participantcorrelationbetweerthe motorillusionandthe perceptualllusion. To obtain
thispredictionit is assumedhattheperceptuaimeasuref theillusion () is noise—free.
Thatis, it isassumedhatall variationin therandonvariable  reflectdifferencesn the
internalsizeestimatescrosgarticipantsaandthatthereis no noiseaddedn the transfor
mationfrom internalsizeestimateto the perceptuameasureThisis a stronglyidealized
assumptn. However, it helpsestimatirg the statistcal power of studiesbecauset yields
alargerexpectedvaluefor theacross-participantorrelation(theldealizedExpectedCor-
relation)thanif the noisein the perceptuakystemwastakeninto account.If it turnsout
thatthepoweris notevensufiicientto detectthe IdealizedExpectedCorrelationthenone
cannotexpectto detectarny actualcorrelation.

A secondassumpbn is relatedto the noisein the motorsystem In orderto account
for thelargervariationin graspinghanin the perceptuaieasuresadditionalnoisein the
transformatiorfrom internalsizeestimae to graspings assumedBasedon equation3.2
onpage35it is set:

with and  beingrandonvariablesdescribinghe perceptuakffectandthegrasping
effect of theillusion for eachparticipantindividually.  reflectsthe addedmotor noise
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which is assumedo be uncorrelatedo the perceptuakffect: . The
covarianceof and  calculatego:

Usingthisrelationshp theldealizedExpectedCorrelationcanbe calculated:

Thisis theequation3.3whichwasusedin chaptel3 on page35.



Append ix C

Aglio ti Paradigm

The studesof Aglioti etal. (1995),HaffendenandGoodale(1998)andof Marottaet al.

(1998)useda slightly differentapproactthanthe presentstudyandthanthe otherstud-
ies shavn in Table7.1 on page86. This approachdoesnot usedirect estimatesof the
illusion effectsandthereforesomerecalculationsare neededo obtainvaluesfor theil-

lusion effectsthatcanbe comparedo the otherstudies.In this appendixhe rationaleof

this paradigmwill be describedseealsosection2.5.3for a descriptionof the paradigm).
After this, the procedurdghatwasusedto implementthis paradigmwill bedescribedcand
it will be shavn how estimatedor theillusion effectscanbe derivedfrom this paradigm
(thevaluesthatwereusedin Table7.1).

C.1 Procedure: Titrating the illusion

Considertwo versiors of a visualillusion, an enlaging versionanda shrinkirg version
anda pair of targetsthatare perceved asbeingequalin sizeif onetargetis exposedto
the enlaging versionwhile the otheris exposedto the shrinkingversion. The Aglioti
paradigmpredictsthatif graspingis affectedby the illusion justasmuchasperception
thenthereshouldbe no differencein graspingbetweenthesetwo targets. This is the
centralhypohesisbeingtestedin the Aglioti paradigm(AppendixB.2 shows that this
predictionis valid in the frameavork of the CommonRepresentatioModel).
Notethatfor the Aglioti paradigmit is not necessaryo useexplicit estimagsof the
illusion effects(and,in fact,Haffenden& Goodale,1998andMarottaetal., 1998did not
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Condition Stimulus Perceived as... Grasped Trials
a §3% OLO equal §3% 18

000 (efole)

O
()| different O

OO O
c % OO}  different OLO| 9
O O

d OO equal OO, 18
O

O §S3 different §S3 9

O
f OLO % different 0% 9

Figure C.1: The Aglioti paradigm asimplemenedin the study of Aglioti etal. (199). Shavn

areall condtions (i.e., trial types) andrequredresmnsesfor one half of the partidpants These
participartswereinstructed to grag theleft discif they perceiethediscsasbeingequdin sizeand
theright discif they perceivedthemasbeing differentin size. The othe half of the participarts
grasped the right discif they perceive the discs asbeing equd in size The “Stimulus” column
shaws the stimulus thatwaspresemedto the partidpants The smallandthelarge central discs of

the Ebbinghausfiguresarenot shown but indicatedby thelettersSandL. The“Grasped column
shavs which chdce hadto be perfarmedby the partidpant. For example,in the a—cadition, the
participarts perceivedthe two discs asbeingequa in sizeandconsequatly graspedthe left disc
(thesmalldisc). Thelastcolumnindicatesthe numker of repettionsthatwereperfaomedin each
condtion.
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reportillusion effectsfor grasping).Neverthelessestimatesof theillusion effectscanbe
calculatedrom the actualimplementationof the Aglioti paradigm.

In the actualimplementatiorof the Aglioti paradigma pair of discswasselectedn
a pre—testfor eachparticipant. The discswere chosensuchthat if the small disc was
surroundeddy small context circlesandthe large disc was surroundedy large context
circles, the participantreportedto perceve themasbeingequalin size. After the pre—
testparticipantswerefacedwith the differentexperimenal conditonsthatare shawvn in
FigureC.1. In eachtrial the participantdirst judgedwhetherthey percevedthe discsas
beingequalin size. If they percevedthemasbeingequalthey wereinstructedto grasp
thediscononesideof thedisply. If they percevedthemasbeingdifferentthey grasped
the disc on the otherside. This instruction was counterbalancetdetweenparticipants
suchthat half of themgraspedight if they perceved the discsas beingequalandthe
otherhalf graspedeft (FigureC.1 shows the conditionsfor oneparticipantgraspingleft
if perceving thediscsasbeingequalin size).

Thecrucialquestionn theAglioti paradigmwas,whethertherewould beadifference
in MPA in the conditionsin which participantgercevedthe discsasbeingequalin size
(thatis, betweenthe conditiona and the condition d of Figure C.1). In this case,the
CommonRepresentatioModel couldberejected.

In the presenstudyit wasarguedthatthis conclusions notvalid becauseheillusion
effectsarelargerif participantoperateon bothdiscssimutaneously(asin the perceptual
task)thanif they operateonthemsuccessidly (asin the graspingask). Thereforediffer-
encesbetweenhe taskscannotbe attributedsolely to a dissociatio betweerperception
andgrasping.Thisissueis discussedh chapted andshallnotbereiteratechere.Despite
this caveat,it is still desirableo obtaininformationabouttheillusion effectsbecausehis
informationallows a comparisoracrossstudies.
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C.2 Estimating illusion effects

InspectingFigure C.1 shaws that the easiestway to obtain an estimag of the illusion
effectson graspingn the Aglioti paradigmis to calculate:

(C.1)

Thatis, for eachdisctheillusion effectis calculatedasthedifferencebetweerthe MPA if
thediscwassurroundedy smallcontext circlesandthe MPA if thediscwassurrounded
by large contet circles. Thenthetwo illusion effectsareaveraged.This is the sametype
of calculationthatwasusedin the otherstudies.The only dravbackis thatonly 50% of
thetrials areusedto obtainthis estimate However, thereseemso be no straightforward
way to includethe other50%of thetrials (i.e., theconditiors aandd of FigureC.1). The
problemis, thatin theseconditionschangeof objectsizeandchangeof illusion conditian
areconfounded Evenif onewantedto correctfor the changeof objectsizeby usingthe
conditiors b, ¢, e andf, onestill facesthe problem,thatgraspingin theseconditionswas
performedat the othersideof thedisplay

In short,theillusion effectspresentednh Table7.1on page86 arecalculatecasshovn
in equationC.1. While Aglioti etal. explicitly reportecthesevalues(Aglioti etal., 1995,
p.683,Figureb), | asledA. Haffendento calculatehecorrespondingaluesfor herstudy
(A. Haffenden personatommuncation,August1998).
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Apparatus

In the presentstudythe grasptrajectoriesvererecordedusingan Optotrak3020system
(NorthernDigital). Thesystenusednfraredlight emitting diodes(infraredLEDS). These
"markers” arefilmed with threehigh speedvideo cameras.The camerasaremountedn
al.1mrigid frame(FigureD.1). Theleft andtheright camerasreturnedinwardssuch
that the fields of view of all threecamerascrossat a distanceof 1.33m. This is the
minimal distanceatwhich the systemcanoperatebecauseachmarker mustbevisible to
eachcameraThelargestpossble distancds largerthan6 m.

Eachmarker emitslight at a certainrate. The markersare synchronizedsuchthat at
ary time only onemarker emitslight. This enableghe systento unambigwuslyidentify
eachmarler (evenif it hadbeeninvisible for a certaintime). Themaximumsamplingrate
is 3500markersper second.This meansthatonesinglemarker could be tracked with a
rateof 3500Hz, two markerswith 1750Hz, etc.. In the experimentsf the presenstudy
six markerswereusedatarateof 100Hz.

Eachcameraobtainsaslightly differentpictureof themarkers. Thiseffect (equialent
to the stereopsisn humans)s usedto calculatethe positionsof the markers. Theoreti-
cally, only two camerasvould suffice for this calculation.By usingthreecamerasn the
Optotrak3020the accurag of the systemis increased.The marker positions aretrans-
formedto a coordinatesystemthatis definedrelative to the cameras.The dataof each
cameraareprocesseth a separatéransputeandanadditionaltransputers dedicatedo
theintegration of thedata.

In the experimentalsetupof the presentstudy the Optotraksystemwas connected
via a SCSIBusto an ONYX Reality Enginel (Silicon Graphics).Control of the exper
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Figure D.1. The Optotr&k 3020 sysem that was usedto recad the grag trajedories Clearly
visible are the threeinfrared video camera. The systemis attacdedto a concretewall which
inhibits vibrations of the camera.

imentalprocedureandanalysisof theraw datawere performedon the ONYX usingthe
programminganguage</C++ andthe graphicslibrary OpenGL.Furtherdataanalysis
was carriedout using shell-scrips, Matlab, UNIX-STAT which is a packageof statis-
tical analysisprograms(Perlman,1980; Perlman& Horan, 1986), and MrF which is

an ANOVA programwritten by Prof. Jef Miller, University of Otago,Dunedin,New

Zealand.

D.1 Accurac y and calibrati on

The Optotrak3020systemis pre—calibrated The manufcturer(NorthernDigital) spec-
ifies anaccuray of mm in the planeperpendiculato the cameraaxis of the central
cameraandof mm parallelto the cameraaxis of the centralcamera(i.e., in depth).
Thesevaluesapply to one marker at a distanceof 2.5 m from the cameras.During the
experimentdhedistancedetweerthe camerasandthe experimentaketupwerebetween
2 m and2.5m. Extensve testsin our laboratoryshaved thatthe Optotraksystemcon-
forms to the specificationsof the manufcturerandthat thereis, for example,no bias
regardingwarmingof the systemdueto long operation.

During the experimentsthreemarkerson a flag—like holderwereattachedvith adhe-
sive tapeto index fingerandthumbof the participantgFigureD.2a). For eachparticipant
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Figure D.2: a. During the experiments,threeinfraredlight emitting diodes(the markers were
attadedon a flag—like holder to index finger andthumb of the participarts. b. The accuray of
the systemwastestal by attachng theflag—like holdersto a metalrod insteadof index fingerand
thumh Thesamecalibrationprocedureasfor theparticipartswasused.It wastestedhow accuate
andhow reliabe the distarce betweenrthe points of the rod wastradked by the Optotraksysem.
c. Resultsof the test. The histogramshavs 1000 datapoints measuredvhile the rod with the
markers was moved 175 times from the staring postion to the goal positon of the grags that
wereperfamedby the participarts during the experiments. Consegently, the dataaremeasued
at different speeds,postions, andat differentangles relaive to the cameras The curve is a fitted
normaldistribution. Seetext for detals.
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the position of the fingertips relative to thesemarkerswasdeterminecandexpressedn
an (orthogonal)coordinatesystemthat was definedrelative to the threemarlkers. Using
this coordinatest was possilbe to calculatethe trajectoriesof the finger tips from the
trajectoriesof themarkers.

The accurag of this methodwastestedwith a metalrod of mm length
(FigureD.2b). Therod endedin two points The pointsmimicked the fingertips of the
participantsandit wastestedhow accurateand how reliablethe systemdeterminedhe
constantistancebetweerthetwo points.175reachingnovementsvereperformedwith
themetalrod. The movementsstartedat the samepositionwherethe participantsstarted
their graspingandendedin the positionwherethe graspingobjectwasplacedduringthe
experiments Themovementsvereperformedat arangeof differentspeedsn anattempt
to cover the wholerangeof possble reachingmovementghat could be producedoy the
participants.A histogram of all measuredlistancesiuring this test(10000datapoints)
is shovn in FigureD.2c. The meanmeasuredlistancevas mm, with a standard
deviation of mm. Thesevalueshave two aspectsFirst,the meanmeasuredlistance
was closeto the true lengthof the rod (the error was mm). This error might have
beencausedy animprecisemeasuremertf the six marker positionsrelative to the two
pointsof the rod. The error seemgolerable,becauseahereis alwaysan uncertaintyin
determinatiorof thefingertips whichis, for example,dueto the elasticityof the skin.

The moreimportantquestionis how reliablethe distancemeasurementaere. Here,
the systemperformedvery well. The standardieviation ( mm) wasvery closeto the
valuespecifiedby themanugcturerfor onesingle marker— despitehefactthatthemea-
surementsvereperformedat very differentspeedsat differentpositiors andat different
anglesrelative to thecamerasThis variabiity is smallcomparedo thevariability within
andbetweenparticipants.For exampk, in AppendixA it wasshavn thatthe estimated
standardleviationfor eachconditionof Experimentl was mm. After normalizatio
(i.e., afterremoving the variability thatwasdueto constandifferencesn responsege-
tweenparticipants) the standarddeviation was mm. The valuesarebasedon nine
differentgraspghatwereperformedby eachparticipantin eachcondition.

How shouldthesevaluesbe comparedo the variability causedy the Optotrak?As-
sumeeachparticipanthadgraspedvith exactly the sameMPA in eachof the ninegrasps
andthattherewereno differenceetweernparticipantsan the MPA. In this caseall vari-
ability were causedby the Optotrak. Assume the Optotrakmeasuredhe MPA with a
standardeviation of mm (assuggestd by thetestdescribedabore). Theresultirg
standarddeviation for eachconditionwould be — mm mm. This variability is
smallcomparedo the empiricallymeasuredariability.
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