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Abstract. This paperreviews recentpsychophysicamethodsthat have been
developedfor measuringhe perceved shapeof objects. We discusstwo types
of shapeambiguitiesthat exist for mary objects— a depthreversalambiguity
andan affine ambiguity We shaw that peopleperceptuallyresole theseshape
ambiguitiesby makingstrongprior assumptionshe object.

1 Intr oduction

Whenwe openour eyesandlook at the objectsaroundus, we typically feel confident
that we canjudgethe 3-D shapeof the objectswe see. The patternof light thatis
reflectedrom theseobjectsdepend®n sereralindependentactors however: theshape
of the objects,the materialof the objectsandthe light field surroundingthe objects.
Thehumanvisualsystemss somehav ableto disentangleéhesefactors,andproducea
coherenpercepbf anobjectfrom of animage.We wouldlik eto understandbetterhow
thevisualsystemachievessuchcoherenperceptsTo do so,we mustdevelopmethods
for measuringvhatpeopleactuallyperceve whenthey look at objects.

In this paperwe are concernednostly with the perceptionof objectshape rather
than perceptionof lighting or material. The main questionwe addresss how one
canexperimentallymeasureerceved shapeusingpsychophysicainethods By “psy-
chophysical, we meanthat we treata persons visual systemasa black box: anin-
strumentfor measuringsomephysicalpropertyof the world, in this casethe shapeof
objects.Usingpsychophysicsye would lik e to characterize¢his instrumenin termsof
its biasesnoisepropertiesetc. Psychophysics to bedistinguishedrom methodghat
studythe neuralimplementatiorof perceptionsuchasfunctionalmagneticresonance
imaging(fMRI), electro—or magneto—encephalograptEEG or MEG), or singlecell
electrophysiology

We invite people“off the street”— so—called“naive obseners” — and ask them
specificquestionsaboutthe 3-D shapeghat they seewhenthey look at picturesof
objects. Naive obserersare usually willing to give an hour of their time for such
experiments. Our challengeis, given that hour, which objectsshouldwe showv the
obserersandwhich questionshouldwe askin orderto measurehe percevedshape?
In this paper we review someof the psychophysicabpproachesypically taken and
someof the findings. We concentrateon methodsthat have usedcomputergraphics-
hencethe phrasé‘computergraphicgpsychophysics.

Why is this psychophysicatesearchelevantto computergraphicsrendering?The
basicansweris that, even thoughobsenersareremarkablygoodat perceving object
shapethey neverthelessuffer from certainfundamentalimitationswhich areinherent



in the vision problem,namely a imageof an objectdoesnot uniquely determinethe
shape material,andillumination of that object. We canshaw using psychophysical
methodsthat obseners get aroundtheselimitations by making very strong prior as-
sumptionsaboutthe objectandsceneandstick to theseassumptiongvenin the pres-
enceof contradictoryimageinformation. Theseassumptionareremarkablyconsistent
from obsenerto obsener. Theseresultsarerelevantfor computergraphicssince,by
understandindpetterthe prior assumptionshat obsenersmake, we will be betterable
to renderimagesin a mannerthatis consistentvith theseassumptions.

This paperconsistsof two parts. First, we review several psychophysicamethods
thathave beenusedto measurgercevedshape.Secondwe discusstwo inherentam-
biguitiesin the perceptiorof objectshapeandhow obsenrersresohe theseambiguities
by makingprior assumptionaboutwhatthey arelooking at.

2 Measuring perceived shape

2.1 Singlepoint

A commonmethodfor measuringpercevedshapds to markasinglepointonasurface
andto askanobsenrerabouttheshapeof the surfaceatthatpoint. Is the surfaceslanted
to theright or to theleft? Is the surfacecurvedor flat? If it is curved,is it elliptical or

hyperbolic[MKK96]? Is the pointon ahill orin avalley [LBss]? Suchjudgmentscan
be madevery quickly, typically in onesecondr soevenby naive obseners,andsoan

obsenercanmalke suchjudgmentsat arateof severalthousanderhour.

2.2 Pair of points

Obsenersmight be shavn insteada pair of pointsandaslkedto discriminatethe depth
of thesepoints,i.e. to judgewhich pointis furtheraway from theeye [TR89, KvDK96,
LBsg. Pairsof pointscanalsobeusedto measuréow well obsenerscandiscriminate
therelative orientationof two nearbypoints[TN95, NT96, RTY95].

2.3 Binocular depth probe

Onecanusea binocularprobeto measureerceved depthdirectly. An obsener may
be presentedvith a renderedmagemonocularly anda point probebinocularly The
binoculardisparity of the probe— thatis, the differencein the imagepositionsof the
probein the two eyes— providesa depthcue for the obserer [Gre7(J. Obseners
are asled to judge whetherthe probeis in front of or behindthe surface[SB87], or
areaslkedto manipulatethe perceved depthof the probeinteractively until the probe
appeargo lie onthe surface[BM88]. Thebinoculardisparityvalueat which the probe
appeardo lie on the surfaceis thena direct measureof perceved depthat that point
(seealso[KKT *t96]). By samplingthe perceved depthvaluesover the surface,one
obtainsanestimateof the perceveddepthmap. This depthmapmaybethoughtof asa
z-huffer (to borrow computergraphicgargon). It is a depthmaythatis registeredwith
theintensityimage.

Onelimitation of a binoculardepthprobeis thatthe probemay perceptuallyinter-
actwith the surface[BM88]. For example ,whenthe depthof the probeis manipulated
interactvely, the probecanperceptuallystick to the surfaceandstretchor compresshe
perceved surfacein depthasthe stereodisparity of the probeis varied. Suchinterac-
tionsbetweerthe probeandtheimageshouldbe avoidedif possible.



2.4 Depth gradient probe

Surfacedepthis animportantpropertyof percevedshape However, depthinformation
is often not directly availablein the image. Cuessuchastexture and shadingreveal
informationaboutthe depthgradientof a surfaceratherthanaboutthe absolutedepth
[Ste83. For example,undercollimatedlighting, shadingdepend®n thelocal surface
normaldirectionrelative to thelight field in which the surfaceis embedded.

Onemethodfor measuringhe depthgradienton a surfaceis to showv obsenersa
graphical probe suchasanellipse. Obsenersareasledto fit this ellipseto the surface
by imaginingthatthe ellipseis a disk thatis lying on the surface. The ellipsemay be
superimposean the image[SB87] or it may be shavn alongsidethe image[MT86,
MLM97]. Using a mouse the obsener may manipulatethe aspectratio andthe 2-D
orientationof the ellipseuntil the perceveddisk appearso be co-tangento thesurface
[KvDK92]. Theaspectatio andorientationof theellipsethenprovide adirectmeasure
of the perceved depthgradientat that point. The perceved depthgradientsmay be
sampledvertheimageandfrom thesesample®necanobtainanestimateof theglobal
surfacedepthmapvia numericalintegration.

While thedepthgradientprobeis a very usefultool for measuringpercevedshape,
it too haslimitations. Onelimitation is that the probeitself might not be perceved
correctly Thatis, onecannotassumehatthe obsener’s settingsof an ellipseprovide
a‘“readout”of the perceveddepthgradientat a point. Therearetwo issueshere.First,
perceving the orientationof a graphicalprobeis itself a perceptuaproblemthatthe
visual systemmustsolve, andthereis no reasorto assumehat every obsener solves
this problemcorrectlye.g. without systematidiasegMLM97]. Secondtheperceved
orientationof theprobemayinteractwith thepercevedorientationof theimage similar
to theinteractionfoundin the stereoprobecase.Thesdimitations needto be explored
furtherbeforewe canbe certainof how to interpretthe dataobtainedwith suchprobes.

2.5 Global shapeprobe

An alternatve methodfor measuringglobal surface shapeis to shav obsenerstwo
surfacesandaskthemto decidewhetherthe shapeof the two surfacesmatch[BM9O0,
RBO0O0]. The surfacesmay be presentecsimultaneouslyand renderedwith different
visualcues for example with differentalbedopatternsor underdifferentlighting. One
surfacemight be shovn monocularlyandthe anotherbinocularly Finally, onesurface
might beviewedfrom thefront andcomparedo aprofile slice[TM83, TA87].

3 Ambiguities in shapeperception

Now thatwe have discussedomeof the methodscommonlyusedfor measuringper
ceived shapeJet us discusssomeof the ambiguitiesin the shapeperceptionproblem
andsomeof the stratgyiesthatthe visual systemusesto resole theseambiguities.

Consideran objectwith Lambertianreflectance.We allow the albedoa to vary
from point to point on the surface. Supposehe objectis illuminatedby a collimated
light sourcein directionL . Let N denotethe unit surfacenormals.Theimagel maybe
representedsthe product,

l=aL?N. (1)

Obsenethattheright handsideof Equation(1) hasthreeindependentariableswhereas
theleft sidehasonly a singlevariable. Giventhe variableson theright handside, it is
easyto computethe left handside. This is the graphicsproblem. The vision problem



is harder Giventheleft handside,thevisual systentriesto computewhatit canabout
thevariablesontheright handside.

It shouldbe clearto the readerthatit is impossibleto solve the vision problem
exactly sincetherearemoreunknawn variableson the right handside of Equation(1)
thanthereareknown valueson theleft handside. And yet, thevisual systemsomehav
manageso computesomethingaboutthe right handside, sinceotherwisehow would
thevisual systembe ableto judgeobjectshaped et usaddressvhatthe visual system
cancomputeabouttheright handsideby trying to understandhe ambiguitiesthatare
presenin Equation(1) andhow thevisual systemresohestheseambiguities.

3.1 Ambiguity 1. Depthreversal

Onewell known ambiguityis that,if the surfacedepthmapz(z, y) is inverted,

z(z,y) = —z(z,y)
andthelight sourcedirectionL = (I,,1,,1.) is reflectedabouttheline of sight

(lza lya lz) — (_lza _lya lz);

thenthe sameimagel is obtained. (We are assumingorthographicprojectionhere.)
This depthreversalambiguityhasbeenknown for centurieqdRit86, Bre24.

The depthreversalambiguity suggestshat objectsshouldflip-flop in depth. This
is not what we perceve, however, whenwe look at typical objects. Rather object
shapesretypically percevedto be stable.Whatstratgjiesdoesthe visual systemuse
to resole this depthreversalambiguity?

One sstratgyy is to useinformationin the imagethatis not capturedoby Eq. (1).
For example,castshadavs arenot capturedby Eq. (1) andcanbe usedto determine
the directionof the sourceandtherebyresole the depthreversalambiguity[BBC84,
EKK93]. A secondsourceof informationis binocularstereo.Eventhe sign of stereo
disparityis sufiicientfor resohe the depthreversalambiguity[HB93]. Familiarity with
theobjectis animportantfactor A hollow maskof afacewill typically be seenincor-
rectly asacorvex face[Lucl6].

A secondstrateyy is to make prior assumptiongboutthe objector scene.For ex-
ample,the visual systemcan make assumptionsboutthe lighting. Onewell-known
assumptions thatthe light sourceis above theline of sightratherthanbelow thelight
of sight[Bre26, Rit86]. Theassumptioris a naturalonesincethesunis typically above
theline of sight. Anotherassumptioraboutthe lighting, which appliesfor animation
sequencesds thatthelight sourceis stationaryfKMK97]. Otherassumptiongoncern
the surfacegeometry For example,it hasbeenshavn thata floor orientationsarepre-
ferredover ceiling orientation thatis, the visual systemprefersto interpretthe surface
asif it is viewed from above ratherthanfrom belowv [RT90]. Again this is a natural
assumption.We tendto seemorefloors thanceilingsandwe tendto seethe tops of
objectsmorethanthebottomsof objects.A secondassumptioraboutsurfacegeometry
is that the surfaceboundsa globally corvex object,i.e. the surfaceis the boundaryof
a solid objectratherthanthe interior of a hollow mould or shell. Thistoo is a hatural
assumptionMost objectsseenin isolationaresolid ratherthanshell-like.

Which of the mary stratgyiesdo obsenersuseto resohe the depthreversalambi-
guity? Let us presentan exampleof how we canaddressghis questionusingcomputer
graphicspsychophysicsFigure 1 shavs two renderedmagesof smoothbumpy sur
faces.The surfaceshave uniform Lambertianreflectanceand arerenderedusing RA-
DIANCE [War94. Oneof the surfacesis a concae hemi-g/linder andthe otheris a



convex hemi-g/linder. Althoughthe depthreversalambiguityappliesto thesesurfaces
in theory thereademill notethatthe surfacesdo not flip-flop in depth. Rather there
is a compellingsenseof the shapeof the surface,in particular which pointsarelocal

hills andwhich pointsarethelocalvalleys. Onecanimagineansweringjuestionsabout
the depthgradientor the curvatureat isolatedpointsin theimage. Althoughthe depth
reversalambiguityimplies that one shouldnot be ableto answersuchquestionsit is

clearthatwe areableto answerthem. What stratgjies doesthe visual systemuseto

solve this shapeperceptiorproblem?

Let usdescribeanexperimentwe recentlycarriedout to answetthis question.The
experimentusedmary surfacessimilar to thosein Figure 1. Half of the surfaceswere
concae hemi-g/lindersandthe otherhalf were corvex hemi-g/linders. Eachsurface
wasrenderedundertwo differentlighting conditions. The sourcewas either slightly
above theline of sightor wasslightly below theline of sight. Imageswere presented
onamonitorin adarkroomandviewed monocularlyon a CRT from a distanceof 80
cm. This providedthe correctperspectie. A smallblack probewassuperimposeon
eachimageandtheobsenerwasaslkedto judgewhethertheprobewasonalocal hill or
in alocal valley, oneof theseanswerdeingcorrectin eachcase.Eachobsener made
512of suchjudgments.To testthe possibleassumptionshatobsenersweremakingto
resole the depthreversalambiguity we usedthreeindependentonditions. (1.) The
light sourcewas eitherabove the line of sightor below it. (2.) The probewaseither
above or below the horizontalmid-line of the object,andhencewaseitheron a floor—
like or a ceiling—like region of the surface.(3.) Thesurfacewaseitherglobally corvex
(a solid) or globally concare (a hollow shell). We balancedhe conditionssuchthat
eachof theeightcombinationg2 x 2 x 2) wastested64 times.

Percentorrectscoresareshovn in Figurel. We seethateachof thethreeassump-
tionsplayedarole. Obsenersscoredhighestf thelight wasfrom above, if thesurface
hada floor orientationnearthe probe,andif the surfacewasglobally corvex. Perfor
mancefell off aseachof theseassumptionsvasviolated. It was interestingto note
thatperformanceverallwasatchancg48 % correct).Thisindicateshatshadevs and
perspectieinformationwerenotusedin thetask.Rather obserersperformedhetask
asif thisinformationwasnot presentn theimage.

3.2 Ambiguity 2. Affine invariance

A secondyeneralambiguitywasdiscoveredrecentlyby researcheris computervision
[BKY97]. Considetthefollowing affine transformatiorof a surfacedepthmap,

2(z,y) = Az(z,y) + pr + vy, (2)

where A > 0. This transformationcorrespondgo a depthscalingplus an additive
slantedplane.Depthis compressed \ € (0,1) andexpandedf A > 1, andtheu and
v variablesdefinethe slantof theaddeddepthplane.
Whenthe depthmapis transformedasabove, the unit surfacenormalsundego a
transformatiorpoint-wise,
1
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Fig. 1. Two surfacesare shavn (a.) a globally corvex surfaceilluminatedfrom above (b.) a
globally concae surfaceilluminatedfrom belon. Nine obserersjudgedwhetherisolatedpoints
on mary suchsurfaceswere“on ahill” or “in avalley.” (c.) Percentorrectscoresverehigher
whenthe light sourceis from abore, whenthe surfaceis corvex, andwhenthe point lies on a
floor-like region of the surface. Error barsshav the standarderror of the meanof obserer's
scoredor eachof theeightcombinationf conditions.



If we alsoconsideratransformatiorof thelight sourcevector,
L - (G HTL
andatransformatiorof the albedo
a— ||GNJa

thenit is easyto show thatthesetransformedrariablesyield exactly the sameimagel
asthe original object. Remarkablythis affine transformatiorof the objectandlighting
leavesthe shadavedregionsof the surfaceunchangedsee[BKY97] for aproof). This
impliesthattheaffine ambiguityholdsfor anarbitrarysumof collimatedlight sources,
notjustfor asinglecollimatedsource.To summarizewe havethatfor ary surfaceseen
underorthographigprojection,thereis a family of affine relatedsurfacesthatproduce
exactly thesameimages.

This affine ambiguityappeardo be relatedto a recentpsychophysicafinding that
useddepthgradientprobesto recover global depthmapsby integration. It wasfound
that,althoughthe depthmapsof differentobserersweredissimilarin anabsoluteEu-
clideansensethey were very similar in an affine sensefKvDK92]. One obsenrer’s
depthmapcouldbefit to anotherobsener’s depthmapquitewell by anaffine transfor
mationsuchasEqg. (2).

How do obsenerschooseamongthe family of affine-relatedsurfaceswhen per
cevving thesurfaceshapeSeveralpossibilitiescometo mind. If the objectis afamiliar
shapesuchasa humanfigure thenobsenersmight perceve a shapethatis consistent
with the mary otherhumanfiguresthathave beenseenbefore.Suchprior information
aboutshapemaybelearnedrom obsenermovementandstereovision. For example,it
hasbeendemonstratedsinga computationamodelthatknowledgeof 200faceshapes
canbe usedto reconstructhe shapeof a new face,from only a singleimage[BV99].
Otherprior assumptionsboutshapemight be usedaswell. Bilateral symmetrymay
be preferredespeciallyif the objectis ananimal. Obsenersmightalsoprefersurfaces
in which thealbedovariationis minimal. A surfacewhosealbedois constanimight be
preferredoveronein whichthealbedais varying.

Onestratgy for whichthereis considerablevidenceis thatobserershave abiasto
seedarkerpointsasfurtheraway. Suchabiasfor dark-means-dedmasbeenobsenedin
several studiesthatexaminedlocal shapeperceptiofCK97, LBss]. The biasseemdo
extendfrom local shapdo globalshapeperceptioraswell. Onestudythatreconstructed
adepthmapfrom local depthgradientfoundthatthe overall slantof thesurfacevaried
by +4 degreesasthe light sourcedirectionwas moved. Whenthe sourcewasabove
andto theleft, the upperleft part of the surfaceappearecloserto the obsener than
whenthe light sourcewasfrom the lower-right, in which casethe lower right part of
thesurfaceappearedloserto the obsener[KvDCL96]. Thedark—-means—dedpasis
anaturaloneto make, in thesensedhatindentation®f asurfacetendto bedarkbecause
they tendto lie in shadaev [LZ94] whereagrotrusionstendto be bright becausehey
arefully illuminated. Furtherstudiesare neededf courseto explore other strategies
obsenersusefor resolvingthe affine ambiguity



4 Discussion

Whentalking aboutthe shape thatanobsenerperceveswhenlooking atanobject,one
needso keepseveralissuesn mind. The retinadoesnot sampleall visual directions
uniformly but ratherthe samplingdensityis greatesnearthe line of sight. Thusfor
a single glanceat an object, obseners processsomeimage regions much more than
others. Obseners can compensatdor this limitation to someextent by making eye
movementgo explorethe variouspartsof animage. However, oneshouldnot getthe
ideathatthereis a singlehigh resolutionz-buffer in the brainin which obsenerspiece
togetherthe local shapescomputedfrom eachglance. Rather as obsenrers explore
an imagewith eye movements,much of the information aboutsurface shapethat is
computedn oneglanceis lostin the next. The depthmapsthatarecomputedby the
experimentefrom a setof measurementsf perceveddepthgradientgrecallSec.2.4)
shouldnot be taken literally asa readoutof the brain’s z-buffer. Rather they should
beregardedasa way of studyinghow perceved shapevariese.g. asafunctionof the
obsereror asafunctionof anindependenscenevariablesuchaslight sourcedirection.

Theseissuegaisea hostof questions What stratgjiesdo obsenersuseto actively
exploreanimagewith eye movements™How arepercevedshapegor surfacematerials)
retainedand integratedfrom one eye movementto the next? Suchquestionscanbe
addressedn principle, by tracking eye movementsand by changingthe imagesin a
systematiavay in realtime asanobsener actively exploresanimage.Suchstudiesare
attheforefrontof computergraphicgpsychophysicandarejustnow gettingundervay.
In the comingyearswe will surelyseeseveral exciting new approacheso measuring
perceved shape. Theseapproachesvill take us closerto our goal of understanding
what obsenersperceve whenthey look at graphicallyrenderedmages. They should
alsoprovide key insightsinto how we canrenderimagessothatobsenersseewhatwe
wantthemto see ratherthanwhattheir brainswantthemto see.
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