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Object Identity, Apparent Motion, Transformation Geometry
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Abstract: Problem statement: A classic question in cognition was addressedawm fwo glimpses separated
in time are determined to refer either to the sainect or to two different objects, without whichherent
perception of the world is not possibl&pproach: A general solution was offered in which obsenexgloit
an entire family of geometries. It was argued thageometry hierarchy is an attractive candidateafo
solution because it is can be used on glimpsesoniyt from different times, but from different spedti
locations, different eyes, and different modalitieEhe theory was applied to the phenomenon of rappa
motion, a time-honored paradigm for uncovering swé object or numerical identitResults: It was found
that there was a preference to map a figure orgd'shme form” (isometric transformation) when azhié
(Exp. 1), despite controversy about form and apgamtion in the literature. When the same form was
available, next preferred was a similarity transfation (“different size”; Exps. 2 and 3) when thergeptual
system was given a choice. Finally, it was foundt th figure even matched to an extreme topological
transformation (“plastic deformation”; Exp. 4) whémat was the lowest-level geometric choice avéglab
ConclusionssRecommendations; The experiments supported a hierarchical structofeunconscious
perceptual preferences in object identity which ant@ntly explains how the exact same pair of stimah
sometimes be judged to refer to the same objettsdmetimes not. It was also suggested that therémi
flexibility of this solution resolves contradictisrin the literature concerning the relevance ofnfam apparent
motion and that the hierarchy satisfyingly captuir@sitions about what is "similar" in perceptiorhie
pointing to dangers of relying exclusively on simtuition.
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INTRODUCTION One approach for uncovering the fundamental rules
of object identity is based on development. If vale

Object identity, apparent motion, transformation knowledge is available early, then in some sengeat
geometry: A squirrel runs behind a tree and momentsprimary solution to identity. Elizabeth Spelke and
later a squirrel emerges. Is it the exact samersuir  colleagues (Spelket al., 1995; Spelke and van de
merely a cousin? Achieving numerical or objectWalle, 1993) have argued that even very young isfan
identity-knowing whether or not the two glimpsesato  know that objects travel on paths that are contisua
do not refer to the same object-is a challenge fospace and in time such that violations are infoneatf
observers at all processing levels. Frequent momeme numerosity. For instance, if a green ball goes rgtlai
of observers virtually guarantees that a singleectbj screen and a green ball comes out another scraeisth
will lead to different retinal projections from oivestant  separated from the first, then 3 month old infamii$
in time to the next. For instance, the same padad behave as if there are two green balls. They have
viewed head on casts a different image than the cauggested this is because of early knowledge that o
viewed from an angle. Likewise, changes to theaibje object cannot not magically jump the gap between th
themselves produce glimpses that are not idenfid@. screens. Older infants know that a member of one
car can be driven from one location to the nexé th category of object (e.g., elephant) cannot turro int
squirrel can be crouching before darting behindttée, another (e.g., truck) even there is only singleesor
yet emerge on its hind legs. Human observers arwithout a spatial gap, behind which one enters thied
remarkably good at knowing when we have encounteredther emerges (Xu and Carey, 1996; Wiggins, 1980).
the exact same object even though we rarely haae ttKnowledge about properties specific to some categor
benefit of the exact same stimulus, either ratignal of objects but not others allow more refined judgise
perceptually or cognitively. The issue of objedaritity is  (Narter, 1998). If you return home after a month, a
a classic one in perception and philosophy. bigger squirrel in your yard could be the same rsglji
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but a bigger car in your garage could not be. Evere The core of object identity will consist of criter
detailed knowledge can be useful in special simati that are applicable to all domains with the samenéd
Teresa Wilcox (1999) has argued that instructidieun ~ Structure. The purpose of the present article iegothe

an “electric warmer” hidden behind a screen thatgu applicability of a potentially general set of caméteria
green objects into red ones changes will changgitle  for object identity to the phenomenon of apparent
outcomes for young observers. Children will nowmotion. First the role of identity in apparent noatiwill
believe that a green ball that disappeared betiiad t P€ noted, then the proposed criteria will be i,
screen is the same ball as a red one that emerged f followed by the predictions of the criteria in thpparent

the other side, but would not without those ingiois. ~ Motion paradigm and finally by the experiments.

. Developmentally reI.evant. sqution; to ObjeCtApparent motion: Apparent motion is a classic
identity emerged in consideration of a single peatl  \yertheimer, 1961; Korte, 1915) readily manipulable
identity across gaps in time, often spatio-tempgeds.  |ahoratory phenomenon that is well-accepted to deépe
Howeve_r, consideration that th_e problem_ of__ objectupon an object identity judgment (e.g., Rock, 1983:
|de_nt|ty is mu_ch broad_er than this prototypic sum Shepard, 1984; Kahnemanal., 1992; Ullman, 1979;
po!nts _to a_dlfferent kind of fundamental solutitor Warren, 1977; Xu and Carey, 1996). As such, itris a
object identity. Bedford (2001; 1999; 2007) argtle®  jdeal candidate for testing the criteria of objielemntity.
the same object identity problem must be solved nofn apparent motion, a stimulus is shown in onetioca
only for samples that come from different timest bu for a brief period of time and is replaced by acset
also when the samples do not come from differemé$i  stimulus in a different location a short time lat&he
at all. That is, samples can also come from differe sequence is usually repeated a number of times and
modalities, eyes, or spatial locations. How do knaw  observers see a stimulus moving back and forthdssiw
that the pen you are seeing and the pen you feali@g the two locations. Rock (1983) and Shepard (198f)ea
the exact same pen? Or that the pen you are feafidg that although intermediate positions are not deteon
the cup of coffee you are eyeing are different oisj2  the retina, an interpretation of a single objectvimg
Asked generally, the question is how does the @kser back and forth between the two locations is prélerto
determine when any two non-identical samples, sl anaccepting the coincidence that two identical orilaim
2, arise from the same object? Bedford argues bbjedooking objects are appearing and disappearing in
identity may play a role in nearly all perceptual alternation. The phenomenon hinges on misidentfyin
accomplishments, including tracking objects ovareti  the two stimuli as two different glimpses of themsa
cross-modal perception, stereopsis and perceptu@bject at two different times. If the two sample® a
organization across space, as well as in laboratorjgdged to refer to one object, one object in moii®n
phenomena of apparent motion, prism adaptationgxperienced. If the two samples are judged to tefexo
ventriloquism, priming and Gestalt grouping, sinceobjects, then two objects flashing on and off aneectly
much of perceiving the world involves taking in Seen and there is no impression of motion. _
information from non-identical samples. A pompelllng o!emonstratlon that destroylng the
The same formal problem in different domains ONe-object assumption destroys apparent motion some
invites the possibility of a common solution (Detine from Sigman and Rock (1974); Rock, (1983). At one
1996). Task-specific knowledge of electric warmers, time, there is a small black dot in position A antig
even that animals and plants can grow, can be fased Screen covering position B and a short time |atee,
identity but they are not applicable to all domaamsi ~ Screen covers position A and there is a small btbatk
thus cannot constitute the core solution to objectn position B. Observers do not see the small btk
identity. Categorization of objects into their kind moving from A to B, as they would without the saree
(elephants/trucks) also cannot be relied uporRather, the display looks as if there is a screeximg
exclusively because object identity is achievedneve back and forth to successively occlude and reweal t
when we cannot recognize the objects involved (Blpo dots, one on each side. The addition of the screen
2000). Spatial-temporal continuity is general, bfien  invites a different explanation of the mysterioeasory
that is the problem, not the solution: Did discreteappearance and disappearance of two dot stimuli:
samples sl and 2 result from a singe objecRather than one object moving back and forth, aestr
continuously transforming from one state to theeoth is moving back and forth in front of two objects.
(What may appear to be clear violations of spatial-Consequently, apparent motion can be used as @ool t
temporal continuity are problematic in another way.uncover criteria of identity. In its simplest forih,two
They do not necessarily imply that observers willstimuli do not satisfy the criteria that they resiabm
deduce two objects rather than one. For instante, ithe same object, then apparent motion between those
apparent motion, as will be)? two stimuli will not occur (Chen, 1985; Warren, 1797
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Transformation geometry: The potentially general set as a whole to be relocated, but nothing else. All
of criteria comes from geometry. All objects have properties that remain unchanged-distance betwegn a
extended contours-form-and geometry is the formatwo points (length, size), angle formed by two dine
study of form. Point sources can be consideregarallelism or non-parallelism on two lines, ordsfr
degraded forms. In addition to space, geometrybEan points along a line, are contained within the getoyne
applied to time by considering temporally extendedposition of a point, which is not invariant undesmetric
contours analogous to spatially extended contourgansformations, is not in the geometry. Klein sadw
(Bedford, 2001). The generality is furthered as8Wg oy g set of broader geometries could be created by
using a whole family of increasingly broad geonestri considering groups of increasingly more radical

:jhoall;[sﬂtE\Lljvétl?c;ga%nee%rr]r(])é?rerié”;ﬁesg:ngrlezltjsr?:gguﬁ?gﬁ transformations that alter more than just positibhe
: 9 y . S result are geometries that contain fewer propettias

of these geometries, which contains properties sisch uclidean qeometry. e anale. parallelism. ommisr
size, angle and parallelism and usually captures OLF X 9 y, €9.. angie, p o
not size, which now stands outside along with posit

intuitions about the way the world works. Yet thése At th h logical ¢ ol
reason to believe that other geometries may beqfart 1 the other extreme, topological transformatiolieva

our mental constitution, even if they are largelynot only relocation of a form but enough massagang
inaccessible to conscious introspection. turn a straight line on the for_m to a curved one. _ _
To create broader geometries mathematically, there Note that the geometries that are created in this
are two approaches, axiomatic and transformatisniasl. Way, or through the removal of axioms, are broader
interesting to note that these two complementanjpecause fewer properties within a geometry impht th
approaches in mathematics, which lead to the samiéere are a greater number of forms that are elguiva
conclusion by different routes, mirror what haveetbe to one another. For instance, in Euclidean geomatry
competing approaches in the history of perceptidhat  square and a square in a new position are condidesze
is effectively an axiomatic approach in perceptiatis  identical form, but a square and a small squarenate
attention to static properties of an image (Heltol because size is a property in Euclidean geometry. |
2005), whereas the transformation approach emm@sasizbroader geometries, where size is not a property, a
properties that remain invariant in the face ofng® square and a small square are identical to eadr,oth
(Gibson, 1966). In the axiomatic approach injystas a square and a square in a new positiesizge
mathematics, Euclidean geometry follows from addet cannot distinguish between them, because sizetig no
given assumptions such as “all right angles ar@lequ ,roperty. Hence, a greater number of forms are all

each other”; Euclid originally had 5 postulates, Sigistinguishable from one another. The more rddica

common notions and 23 definitions. To create broade;;nsiormation. the more properties that are altetiee
geometries, one can systematically remove postutate fewer the properties that remain in the geometd)tae

produce more general geometries with fewer regInst | o more general the resulting geometry. Table 1
It was the complementary transformation approacr}'howS are the ordered geometries that Klein
(Klein, 1957), however, that enabled mathematicians . X Y
demonstrated in a series of lectures now knowrhas t

first appreciate that Euclid’s geometry was not dindy : . L
geometry. In that approach, Euclidean geometry i&MNa@nger program, along with the properties witbéth

characterized by whatever properties remain unafthng geometry and the transformations that generate them
by a group of transformations known as isometries(€-9:; Modenov and Parkhomenko, 1965; Bedford,

Isometric transformations of a form allow the enform ~ 2001).

Table 1: Family of geometries

Properties altered by the Properties in the gegme Algebraic expression of
Geometry/ transformation  transformation group (ihewat to transformation) transformation group
Euclidean/Isometric Position Size*, angle, parghal X' =aX +bY + m (where
collinearity, order, connectivity Y’ = -bX+aY+ma2+b2 = 1)
Similarity Position, size* Angle, parallelism, dokarity X' =aX+bY+m
order, connectivity Y'= -bX+aY+n
Affine Position, size, angle Parallelism, collinégrorder, X' =aX+bY+m
connectivity Y’'= cX+dY+n
Projective Position, size, angle, Collinearityder, connectivity X' = (alX + a2Y+a3)/(c1X+c2Y+c3)
parallelism Y’ = (b1X + b2Y+b3)/(c1X+c2Y+c3)
Topology/topological Position, size, angle, Oraemnectivity X' =g(X, Y) continuous functions)
“Non-topology” Position, size, angle,

parallelism, collinearity,
order, connectivity

*. Preservation of the property “size” in Euclidegrometry is more precisely preservation of theéadise between any pair of points, the
strongest property that remains invariant in Ewggitl geometry; altering “size” to yield Similaritg@metry means allowing the distance between
pairs of points to change, but preserving the matidistances between any pair of points
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| suggest for object identity that two samples ofthat object identity is required, including intetpa
any sort, s1 and s2, can always be considered twacross space, time, sense modalities and left ightl r
forms. For each point on sl there is a correspgndineyes. We believe it is the only possible candidase
point on s2 to which it gets mapped by aprovide a general core of identity.
transformation. One can identify the transformathol
the level of geometry it produces. The more radilal MATERIALSAND METHODS
transformation and the broader the level of geoynetr
the less likely those two samples will be judgedef@r Experiment 1. The simplest prediction from the
to one object. The “strongest” criteria, wherebyotw hierarchy for apparent motion is that object idgmaiill
samples are judged very likely to be one objecthbe more likely when two stimuli have the identif@im
corresponds to the smallest and richest geomethyrwi  than when they have different forms. If a stimulus
which few distinct forms are considered identicas  differs from an initial stimulus only in overall dation
the criteria get “weaker” and samples 4quelged and is the same in all other ways, then the twogti
increasing less likely to be one object, they cgpomd  differ only by an isometric transformation. Inforiya
to increasingly larger geometries within which morewe think of this transformation as resulting in tkame
and more distinct forms are considered identicathls  form”. According to the hierarchy, two stimuli that
view, there is no single necessary and sufficiendiffer by an isometric transformation should be enor
criterion of object identity, but a graded set e$der likely judged to arise from the same object thamw tw
and lesser preferences. In general, two samplds thatimuli that differ by more radical transformatiossich
differ by an isometric transformation are the mostas topological transformations at the other extreme
preferred to refer to the same object. After thatp  when squares can be turned into circles. Informalty
samples that differ by a similarity transformatis  think of these transformations as producing “défar
preferred. Similarity transformations will be more forms”.
preferred for resolving identity than two samplbatt Yet the role of form in apparent motion is
are related by an affine transformation, whicigurn  controversial. As others have noted (e.g., Meichl .,
is ranked higher than projective transformations.1989), some researchers argue that whether thedbrm
Projective transformations are more likely to ldada  the two stimuli are the same or not is irrelevamt f
same object conclusion than topological apparent motionKolers and Pomerantz, 197Green,
transformations, which finally are more likely th#n 1986; Kolers, 1972; Navon, 1976), whereas others
properties of topology are violated as well. Mostargue the opposite (Orlansky, 1940). In additiagidr
circumstances produce multiple samples. Thusmotion, where all parts of a stimulus are seen twem
critically, identity is changeable and will be régml in by the same amount and the same rate, are important
favor of the lowest level transformation available. (Farrell and Shepard, 1981; Shepard, 1982; Shepard

Geometry is a natural candidate for analysis ofand Judd, 1976; Warren, 1977), but plastic form-
extended contours. An entire hierarchy of geometriechanging deformations have been reported as well
rather than a single familiar geometry more acelyat (Kolers and Pomerantz, 1971; Shepard and Judd,; 1976
captures the vast range of possible objecfarrell and Shepard, 1981). The purpose of the firs
transformations all the way from simple position experiment is to test the coarsest grain predidtiom
changes of Euclidean geometry to complicated plastithe geometric hierarchy theory of object identity:
deformations permitted within topological geometry apparent motion more likely to occur between two
(Discussion). Geometric analysis of identity neetibe  stimuli that differ by a level 1 isometric trangfieaition
restricted to Euclidean because it is the geometry‘same form”) than between two stimuli that diffey a
human observers reason with consciously (and oftetevel 5 topological transformation (“different fof)f
badly) nor because it is believed to describe tuall The competing motion paradigm (Ullman, 1979)
physical world we inhabit. No axioms believed fat§e enables a direct comparison between levels of the
our world are added to generate the geometriess, Thuhierarchy. At time 1, a stimulus appears in theteeaof
the hierarchy is an evolutionary plausible solutes the display and at time 2, two stimuli appear, tmthe
well as a powerful one (Shepard, 2001 for discussio left and one to the right (Fig. 1). The directioh o
evolutionary constraints on perception). Moreover,motion, either left or right, indicates which stilusi
great power is achieved simply by temporary removalwins”. Because there is a choice between two dtimu
of some of the axioms of Euclidean geometry (frown t the selection of one over the other should indithse
axiomatic perspective). Finally, it is abstract eglo to  this stimulus was determined to be more likely dme
be applied to all samples s1 and s2, in all thealnsn  from the same object as the stimulus at time 1.
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undermine a subject’s confidence in seeing a sknsib
single direction of motion. We believe this resdftsm

|
. [ . . perceptual optimization of a situation that maycéan
i

unnatural 1-to-many mapping as the best of two poor
non-preferred choices. To see a single clear dect
2 would require seeing an odd-man-out stimulus
appearing and disappearing in coincidental alteynat
Fig. 1. Left-right competing motion paradigm. Adi®  with a moving object. To see two equally clear
appears briefly in the center at time 1 (t1) and isdirections of motion would require one object tami
followed a short time later (t2) by two flanking into two, also not a natural resolution (In the metric
stimuli. The original figure will be seen to move framework, such a transformation would be even more
either left or right radical than a level 5 topological transformatiand a
hence the least preferred (though not impossibky w
] to resolve identity. A transformation which splise
point into two destroys even the topological properf
'"'|_ continuity and leaves little about the original rfor

invariant). To produce a more stable situation, we
‘ . * . devised a paradigm where an additional neutral
stimulus is added in order to “soak up” as it were
. whichever stimulus is not chosen. The paradigm is

shown in Fig. 2. At time 1 a form (e.g., squarepears
t t- at the bottom and the neutral stimulus (a “plus13ig
) B appears at the top. At time 2, the two choices appe
one on the left (e.g., circle) and the other onrigat
. (e.g., square). At time 3, the original two stimagtipear
in reverse positions (e.g., square on top, neutral
. . . . stimulus on the bottom). Finally, at time 4, theotw
choice stimuli appear in reverse positions and the
—F sequence loops back to frame 1. Note that if stdbjec
) determine that it is all the squares that refeh@oosame
ts ty object, then a square will be perceived to undergo
circular motion in a counter clockwise direction foe
Fig. 2: Clock paradigm. T = time;:tA figure appears Stimulus positions described above. Previous rebear
on the bottom with a neutral plus on the tgp. t has shown that apparent motion of a stimulus pteden
A choice between two figures, one on the leftat the edges of a square will appear to smootctwke
and one on the rightstThe figure and the When the stimuli are presented quickly and repésated
cross have switched places; The two choice Both this clock paradigm and the original competin
figures have switched places. The originalleft-right motion paradigms will be used in thedstuThe
figure will appear to move clockwise or clock paradigm is not perfect either-if identityresolved
counterclockwise. The neutral cross will “soak by matching square to square, then the remaining
up” the stimulus that is not chosen stimulus will appear to unnaturally turn into a glsign
and turn back again. Consideration of the restltsoth

Thus, the paradigm can be used to determine ifiarsq Paradigms together may offset any task-specifiditiigs.
(for instance) is more likely to “choose” the ideat 10 summarize, the prediction for Experiment 1 based
square over a circle (for instance) for resolviseritity.  the theory is that when given a choice betweervel [

However, a practical problem with the paradigm isiSometric transformation _(|.e., “same form”) antbeel 5
that observers can have an experience of “spliting topological  transformation  (“different form”), the
which the unchosen stimulus also appears connéated iSometric transformation will be selected.
the stimulus at time 1, although not as stronglg.(e
Dawson, 1989). The original stimulus appears td,spl M ethods:
with a ghost of the stimulus appearing to weaklyt@o Subjects: The subjects were 10 undergraduate students
the other stimulus as well as the stimulus in the8 female, 2 male) at the University of Arizona who
opposite direction. Such split experiences canreceived course credit for participating.
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Stimuli: The stimuli were three filled geometric Subjects were informed that after looking at a
primitives, a square, a circle and a triangle. Roairs  display for a while, they may notice that the “aitg

of stimuli were generated, consisting of all appeared to be rotating clockwise or counter claséw
permutations that use the square: Square-Circlg, (SCwhich was demonstrated by the experimenter with a
Circle-Square (CS), square-triangle (ST) and Tileng hand motion in the air. On each trial, a “settliim§
Square (TS). For type SC, the square is preseitstd f period was allowed to accommodate the fact thatfot
followed by a choice between the square and aecilal ~ subjects experience rotation early in viewing, egply
type C-S, the circle is presented first, followegd & for the first few trials. As soon as a subject oedi
choice between the square and the circle. Likefase rotation, s/he informed the experimenter, who theina
the other two pairs. Three additional displays weregimer for 20 sec. If a subject did not notify the
generated consisting of all Squares (S), all Cir¢feé) experimenter within one minute, the trial was moted
and all Triangles (T). The sides of the square wigre the end of the block and the next trial was bedror.
mm. The diameter of the circles was 15 mm and thé¢he timed 20 sec interval, subjects were warnetttiea
width of the middle part of the triangle was 15 nmirhe  direction of motion could appear to switch while

four experimental stimuli are shown in Fig. 3. viewing the display. At the end of the intervalgyh
were required to state verbally whether the dicectf
Paradigm: motion seen most often during that time was closkwi

Clock: Each trial began with a fixation point in the or counter clockwise and to rate the confidencthair
center of the screen. Subjects were instructedegpk judgment (0-guessing to 10-completely certain). The
their eyes on the fixation point for the duratiohtiee  duration of each frame was 400 m sec and the Inter
trial. When they were ready, they pushed a buttomo Stimulus Interval (1SI) was 200 m sec.

computer mouse which began the trial. A trial cetesl

of 4 different frames cycled through repeatedly &r Left-right: Each trial began with a fixation point in the
least 20 sec (as discussed below). In the firsbdérahe  middle of the screen. Subjects pushed the buttothen
initial stimulus (square, circle, or triangle) bega the  mouse when they were ready for the display. A trial
position underneath the fixation point (“6 o’clog¢lkdnd  consisted of two frames which were cycled repegted|
the neutral plus sign above (“12 o’clock”). Themsd for a fixed 6 sec. The first frame presented thgain
frame presented the two competing stimuli (e.quasg  stimulus in the middle of the screen, which reptbtte

and circle) to the left and right of fixation (“9ctock” fixation point. The second frame presented the two
and “3 o’clock”). The third frame displayed the sam competing figures, one to the left and the othetht®
two stimuli as frame 1 but in reverse positions &2l  right of center. The distance between nearest edfjes
6 o'clock swapped) and the fourth frame presenited t figures from frame 1 and 2 was 30 mm. Subjects were
same two stimuli as frame 2 in reverse positiofee T required at the end of the 6 sec to indicate if the
distance between the fixation point and the edgesaoh  direction of motion they saw most often was “ledt’
figure was 14 mm. “right” and to rate confidence in their judgment.

Procedure: The subject was seated 50 cm from the
computer monitor and the height of a chair adjusted
such that eye level matched the center of the scree
Displays were created and shown using Animation
Works software and run on an IBM computer. Subjects
were given 2 blocks of each paradigm, presented in
alternation: Clock, left-right, clock, left-righA block
consisted of 11 trials, 2 repetitions of each of th
. A A conditions (S-C, C-S, S-T, T-S) and 1 repetitiorthaf
ambiguous controls (S,C,T). Direction of motion was
counterbalanced such that the lower level
Fig. 3: Form conditions for Exp. 1. The stimuliear transformation (“same form”) was in one directian f
shown arranged for the left-right paradigm, if all one of the repetitions (clockwise or left) and titaer
3 stimuli were visible at the same time. Top rowrepetition in the other direction (counter clocksvisr
shows condition S-C (square-circle); second rowright). Trials were presented in random order. Each
is C-S (circle-square); third row is S-Q (square-subject received a total of 44 trials for a sesdiomt
triangle); fourth row is T-S (triangle-square) lasted approximately 50 min.
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RESULTS Overall @ Left-right

The stimuli were perceived to move to the same
form nearly 70% of the time (mean = 69.7 t = 3.56
p<0.005) overall, 75.6% of the time (t = 3.99, :
p<0.0025) in the left-right paradigm and 68.7 =
(t(9) = 2.47, p<0.025) in the clock paradigm. Atka ;oz .
greater than chance, which would be 50% (The dat o
exclude the three ambiguous control conditions,rehe ~ —  =_ os sl s T W
all three forms are identical, so as not to aitflg ' ' Formtype (1 Vs 5)
inflate any motion to “same form” result. Meangdan
errors for the four experimental conditions fortatibsts
are calculated on 1 mean score for each subjedhéor
relevant condition so as not to artificially deseahe
error term).

The data are shown separately for each of the four
(experimental) form conditions in Fig. 4. As can be
seen in the Fig. 4, the probability of motion tee th
square changes as function of what the initial féism st o8 sl te
for the Square-Circle and Circle-Square pairs, omoto Fompe (142
the square is greater when the initial form is aasq
(S-C) than when it is a circle (C-S) and for theiseg-
triangle and triangle -square pairs, motion is te#

-
o

o o o
= @ @
T

Malion Lo square (probabilily)

L
A
I

2
=]

Fig. 4: Data for Exp. 1. Probability of motion tquare
as a function of the four experimental form

the square when the initial form is a square (3H8n conditions both_ overall and for each paradigm
when it is a triangle (T-S). Difference betweennfor (clock and left-right) separately. S = Square,
conditions was confirmed by an ANOVA (although the = Circle, t = Triangle. Note: all four conditions
data are categorical, an ANOVA is preferable tca c reflect a level 1 Vs 5 choice. Error bar is 1
square analysis. A chi-square assumes the eaeh dat standard error of the mean

point is independent (different subjects). Since diata

are not, a large difference in only 1 or 2 subjecs|d To check for direction preferences, separate

produce significant results for the whole groupn | ANOVAs were performed on each paradigm to include
addition, summary statistics, such as the mean, ammotion direction as a meaningful factor (clockwisel
meaningful for these data, unlike some types ofcounter clockwise for the clock paradigm and leftl a
categorical data)performed on the data (probability of right for the left-right paradigm). There were no
motion to square) with form condition (S-C, C-STS-  direction preferences for the clock paradigm. le th
T-S, paradigm (left-right, clock) and block (1,25 @ other paradigm, there was a marginally significant
fa}ctc.)rls, where the main effect of form condnmmp;rd (F(3,27) = 2.60 p = 0.073) direction by form corit
significant (F(3,27) = 11.26, p<0.001). No otherima interaction. This reflects a complicated tendercynap
effect or interaction was significant. to the square when the square was on the righérath
To analyze the data more closely, an ANOVA WaSthan the left for the two form conditions contaipithe

also performed on probabilities of motion to teme ;
. . _ circle and the square, but a tendency to map aveay f
form, where main effects of paradigm (F(1, 9) = 8'38’the square when it was on the right rather thandfie

p<0.05) and form condition (F(3,27) = 5.06, p<0.01) i - )
P ; for the two form conditions containing the triangied
were significant. The paradigm effect reflects thethe square. If this is a real effect, it could t

greater overall probability of same-form motion the ) e o . :
left-right paradigm than for the clock paradigm, MaPPing to the *right” position in the left-right

although both are significant as noted above. Daef Paradigm holds a special preferred status and in
condition effect here reflects a greater same-fefiect ~ addition, a square is a preferred target over @ecand

for some stimuli over others (means: S-C, 75%; C-Sa triangle over a square, independent of the aatgig
71.2%; S-T, 56.2%; T-S, 76.2%). That is, when theStimulus. This interpretation would also be comsist
distracter item was a triangle, the initial forngare) Wwith the differences between the form conditions
did not go the same form as often as the othediscussed above.

conditions. One possibility is that triangles teldbe Finally, the confidence ratings were higher ie th
perceived as pointing in a particular direction amaly  clock paradigm (8.2 out of 10) than in the lefthtg
have commanded attention. paradigm (6.6), even though the probability of
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matching to the same form was higher in the lgfotri  are  changed uniformly. That is, permitted
paradigm. The difference was verified by an ANOVA transformations are those we regard informally as
on confidences with paradigm, form condition type,changes in “size” (Table 1). The level 2 transfaiora
block and direction as factors, where the mainotféé  will be pitted against the other geometric extrerae,
paradigm was significant (F(1,9) = 6.37, p<0.05) an topological transformation, as in experiment 1. The
nothing else. Thus, subjects were less certainhef t experiment will determine if a square is more k&
motion direction in the left-right paradigm suggegt considered the same object as a square of a differe
that some splitting of the original form may have size or as a circle (level 2 Vs 5). The outcomd hé
occurred. compared to a condition where a square has theropti
The findings confirm the simplest prediction oéth of moving to a square of a different size or to an
geometric theory of object identity: Form matters.identical square (level 1 Vs 2). The theory pregitiat
When observers have a choice between a figure thatotion to the different size square will be gredtar
differs from the initial form by an isometric the former pair of choices, then for the latter.eveit
transformation and a figure that differs by a tggital  should move away from the different-sized squaree T
transformation, identity is resolved in favor oétlower  remaining permutation (level 1 Vs 5) completes the
isometric level. This finding occurred even in atriad and a fourth control condition where it was
paradigm (clock) that produces high confidence ivatv  expected motion would be equally likely in both
is seen and is not very transparent about whattaogh directions was included, as in the first experimditite
be seen based on expectation or deliberate problestimulus conditions are shown in Fig. 5.
solving. Perceived direction of apparent motiomadd
random but is more likely to occur towards the “sam M ethod:
stimulus” than towards a “different stimulus”. The Subjects. Ten different undergraduate students from
results are consistent with investigators who artpa¢  the University of Arizona served as subjects. They
apparent motion is sensitive to a changes in formreceived course credit for their participation.
Claims to the contrary will be considered in theeyal
discussion. Stimuli: The square and the circle were identical to
those used Exp. 1. A different-sized square waatede
Experiment 2: The next step was to examine whatby reducing the original square to 11 mm on eadh,si
would happen when neither choice was identicah® t approximately 75% the size of the larger squaree Th
figure seen a fraction of a second earlier. Thatfia  three experimental conditions all began with the
level 1 isometric transformation is not one of theoriginal square, followed by a choice between the
choices for resolving identity, what will happen to original square and a circle (1 Vs 5), between the
apparent motion? Numerous studies report that appar original square and the smaller square (1 Vs 2) and
motion does not break down when two stimuli differ between the small square and the circle (2 Vs 5). A
some way other than location. For instance, a squarfourth control condition consisted of the original
will appear to deform and reform into a circle &s i square, followed by a choice between 2 trianglemfr
moves from one side of a display to the othethéi¢ is Experiment 1, one pointing up and the other down
a choice between two non-identical stimuli, willeth (Control).
direction of motion be random, or is there someishas
from which to choose? The specific prediction o th
geometric theory is that whichever option is redate . - .
the original stimulus by a transformation from avéw

level of the hierarchy will be judged to refer hketsame . . .
object and apparent motion will be experiencedcuo
between that pair.

Consequently, Experiment 2 tested a finer-grain ‘ - .

prediction of the hierarchy than Experiment 1 by v
moving up a level to level 2, similarity transforticss, . A

where neither of the choices could informally barfe
stimulus”. Similarity transformations are slighttyore  Fig. 5: Stimuli for Exp 2. Row 1: Level 1 Vs 5 (sre-

radical than isometric transformations and allowt no circle); Row 2: level 1 Vs 2 (square-small
only equal changes to the locations of all poiibtst square); Row 3: Level 2 Vs 5 (small square-
also unequal changes to locations, provided atitlen circle); Row 4: triangle control
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- Sl » Sy appear to point in a direction may exert their effiect
independent of the form effects under exploratiereh
The two conditions of primary interest are shown
in Fig. 6, which shows the proportion of trials the
square moved to the small square for each paradigm.
For clock, the square moved to the small squarg onl
22.5% in condition 1-2, but did so more than twase
often at 55% in condition 2-5 (difference t = 3.28,
- | ; : _ p<0.01). Similarly for left-right, 27.5% motion tine
o e O gy small square in condition 1-2 increaseds2b%
bt (t = 1.79; p<0.10) in condition 2-5. Likelihood of
, motion between the same exact two stimuli, a square
and a small square, was pushed around by the other
stimuli present in the situation. That is, whetbemot
two stimuli will be determined to refer to the same
object is not fixed, but is a function of the chesc
available in the situation. The direction of thesuls
are consistent with the prediction of the hierarchiye
square is more likely judged as the same objethas
e small square if the only other choice is from ahleig
Formtype level of the hierarchy (level 5 circle), than ifetlother
choice is from a lower level of the hierarchy (leile
Fig. 6: Data for Exp. 2. Probability of motion ¢mall ~ square).
square. Level 1 Vs 2 is the square vs. small  However, a less interesting interpretation is that
square condition; level 2 Vs 5 is small squaredata only appear to be consistent with levels of a
Vs circle condition hierarchical structure. Inspection of just conditi®-5
by itself does not show any clear tendency for the
Paradigm and procedure: The clock and left-right square to move to the small square rather than the
paradigms were identical to Exp. 1. Also as in Ekp. circle, as would be also predicted by geometryh&es
there were 4 blocks of trials, in the order ClotkR, there is only a tendency to match to the identical
Clock, L-R. Each block consisted of 2 repetitiorfs o stimulus, as shown in experiment 1 (with only mialm
each of the 4 form conditions, for a total of 3aly per  processing of the non-identical stimulus). This idou
subject. account for motion of the square to the same square
For condition 1-5, square Vs circle, the original rather than the small square in condition 1-5, dnge
square moved in the direction of the square ratiem  the identical square is removed (condition 2-5@niity
the circle 75% of the time overall (t = 3.68, p<@L)  and hence direction of motion, would be at chance.
72.5% (t = 2.08, p<0.05) of the time in the lefii  That is, perhaps there are no multiple hierarchical
paradigm and 77.5% (t = 3.16, p<0.01) in the clocKevels. Alternatively, the low absolute probabiliof
paradigm. This result replicates the “same fornsule  moving to the small square rather than the cirolgla
from experiment 1, where the square vs. circleresult from a confound involving distance. Only dama
condition was also used and where there was also aguares and not larger ones, were used in thiy stod
overall 75.0% motion to the square for that conditi placed such that the midpoint was in the same ipasit
For condition control, there was a tendency (608t) f as the midpoint of the larger figures. This creages
the square to move to the triangle with the pomtap  display in which the nearest edge of the small sgjim
for the left-right paradigm, but the opposite temtein  further from the original square than the othericho
the clock paradigm, where the square moved to théhe circle. The nearer stimulus may have exerted it
triangle with the point on top only 42.5% of thenéi.  own pull, in a direction opposite of any tendenoy t
Neither value reached significance (t = 1.18, p>04 move towards the small square. What appears as
1.15, p>0.1). It was expected that motion to eaclrandom selection between two stimuli could be the
triangle would occur with equal probability in both result of competing tendencies that counteract one
paradigms, but this tendency to deviate is of ncanother. While distance reflects only an “innoctous
particular significance for the hypothesis underisometric transformation, the choices must nonesel
consideration; as noted in Experiment 1, triangleg  be equated for amount of transformation for a "fair
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known to affect apparent motion; whether it didhsoe
is unclear.

Remaining analyses using an ANOVA on
probability of motion to a “lower level” finds no
difference in this experiment between clock and- lef
right paradigm (considered both with and without th
control group), no direction preferences and no v . A
tendency for differences between block 1 and 2r&he
was a significant difference between the form ctiodi Fig. 7: Stimuli for Exp. 3. Row 1: Level 1 Vs 5
type (F(3,27) = 4.74, p<0.01) reflecting both the (square-circle); Row 2: Level 1 Vs 5s (square-
Control data and the 50% performance in conditiéh 2 small circle): Row 3: Level 5 Vs 5s (circle-small
as discussed above. Finally, subjects were agaie mo circle); Row 4: triangle control
confident of their judgments in the clock paradigm,
with a mean rating of 6.7 out of a possible 10dimck
and 4.6 for left-right. An ANOVA on confidences dis
this main effect of paradigm significant (F(1,914.53,
p<0.005), as well as a significant main effect afni

comparison of the levels. Distance between stirsuli .

Stimuli, paradigm and procedure: These were
identical to experiment 1, except as noted aboaehe
small square was replaced with a small circle. The
diameter of the small circle was the same as thgtte

condition type (F, 3,27) = 8.59, p<0.001) and auf the sides of the small square. The fourth “calitr
paradigm by block interaction (F(1,9) = 9.84, p&BD  ongition using the triangles was also included to
The form effect reflects least confidence about twha,5vimize the similarity between the experiments.

seen in the contrpl .condition (4.8); the other Ieve Geperal piloting suggested that types of displags o
higher and more similar to one another (5.6, 688 iher trials influence performance.

1Vs 2, 1Vs 5, 2 Vs 5 respectively). The interaction  the control triangle condition showed the same
reflects a tendency for subjects to get more centidy  (ongency as Experiment 2 for the square to map onto
block 2 for the left-right paradigm whereas confide o triangle with the point on top in the left-righ

in the clock paradigm was steady. paradigm (57.5%), not in the clock paradigm (35%)

Experiment 3: The purpose of Experiment 3 was to (difference marginally significant, t = 1.96, p<0)1
disentangle any effect of form from other confoumgdi Condition 1-5, (large) square vs. (large) circleaiag
factors, such as distance. The conditions of tis la ShOWS greater than chance motion to the squaralover
experiment were repeated, except with each smal1-2%, t=7.11, p<0.001) and for both left-righ0%s, t
square replaced by a small circle (Fig. 7). In the= 7-24, p<0.001) and clock (72.5%, t = 3.86, p<B)00
previous experiment, when there was a choice betwegParadigms, as in Experiments 1 and 2. In conditien

a small square and a circle, the square was seente  9S, (large) square vs. (small) circle, the squaes w
to each stimulus equa”y often. By rep|acing thakm chosen over the circle 85% of the time for Ieflhtignd
square with a small circle, any pull from the squmass 75% for clock (t = 3.87, p<0.005). This is expected
is removed; both choices are circles. That is, bottpoth from the “same form"/lower level effect, asliees
choices are now level 5 topological transformatiohs from any tendency to move to the closer figure.

the original square. Any tendency to move to theset The data for these two experimental conditions, as
figure should now be unopposed. If the equal motion well as the third experimental condition, are shawn
the two stimuli observed in the previous experimentFig. 8. In the condition of greatest interest, 5¥hen
was due to two tendencies that counteracted onthere was a choice between the closer circle aad th
another, then the square in this experiment shbeld further smaller circle, the square did indeed movehe
seen to move to the closer circle. If on the othend  closer circle 77.7% of the time (75% in left-rigBf%
the different distances involved were too minimal t in Clock), substantially more often than would be
have exerted any influence and chance performanagxpected based on chance (t = 5.77, p<0.001; 85, 3.
was just that, then the square should be seentbere p<0.005; t = 4.81, p<0.001 respectively). The diaw

move to the circle and the small circle equalleoft that there is a pull from the closer figure, unneask
here where both choices are circles. We conclude th
M ethod: seeming chance performance in condition 2-5 in the

Subjects: The subjects were 10 different previous experiment was indeed due to two

undergraduates at the University of Arizona whocounteracting forces. Were there no attraction ftben

received course credit for participating. small square (level 2), the large squareuldvbave
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Overall Clock small circle 6.9). Note that for the three experitat

conditions, the confidence tends to be lowest wiwth
choices are less preferred topological transfonati
even though one circle is closest.

The results of Experiment 2 and 3 taken together
suggest that when the “same stimulus” is not an
available choice, there are nonetheless rules for
achieving object identity and apparent motion. oti
direction is not chosen at random. When distances
between nearest edges are equated, there is a clear
preference to move from a square to a small square,
rather than a circle. In the geometric framework, a
square is a more radical transformation (levelh@nta
transformation which changes scale and nothing else
(level 2) and identity favors the lower level. Aasl noted
earlier, how identity is achieved depends on thaces
in the situation. As with findings in the literagur

- concerning form, these results seem consistent with
Formtype reports that the property of size is relevant ipaapnt
motion (e.g., Burt and Sperling, 1981) and contrary
Fig. 8: Data for Exp. 3. Probability of motion thet those that argue the opposite (e.g., Matkl., 1986;
closest figure, or to the square for condition 1 VsNavon, 1976). This contradiction will likewise be
5 revisited in the general discussion.

A theoretical question of note: Isn't intuitionsfuas
moved to the closer large circle 77% of the timejta useful as the geometric hierarchy? Contrary repamts
did here, rather than only 47%. For the squareattieh form and size not withstanding, isn't is simply
moved to the further figure as much as it did , 53%intuitively obvious that a square and a small sguae
there must have been an another influence. more “similar” than a square and a circle and motio

Remaining findings based on ANOVAs conductedwill simply be seen between the similar pair? Winat
on probability of motion to the closest figure forthe  geometric hierarchy does is to formalize and make
square for the 1-5, square-circle condition) show amore rigorous what is meant by “similar’ in this
difference between form conditions (F(3,27) = 15.52 context. If it often corresponds to intuition, saich the
p<0.001), which is due to only the control conditio better.

Differences in paradigm without the control corutiti

were not significant. In the left-right paradigrngte is  Experiment 4. The final experiment sought to
a direction main effect; the square was more likely determine if additional lesser criteria of objedemtity
move to the closer circle when the closer circlswa could be coaxed to reveal themselves. Thus far,
the right (83.7%) than when it was on the left B0)  evidence for two preference levels has been fodnd:
(F,1,9 = 6,44, p<0.05). This is not unlike the nmiaatly = primary preference for resolving identity using a
significant tendency in experiment 1 for the pasiton  stimulus differing only in location (level 1), ovea
the right to be preferred. For the clock paradifimeye  radical deformation (level 5) and a secondary
was also a direction effect, with a more complidate preference when level 1 is not an option to chomse
triple interaction of condition by direction by ok It  smaller otherwise identical stimulus (level 2) otke

is possible that when solutions based on form ate n radical level 5 deformation. It could be arguedttha
possible, direction biases are more likely to mestif genuine hierarchical structure requires demonetnadf
themselves. at least three distinct levels of preference. Adiay to

Confidences are again higher for clock (7.6) tharthe geometric hierarchy, even the radical level 5
for left-right (6.2), F(1,9) = 8.48, p<0.025. Thalp  deformation ought to be identified as the sameatlze
other significant effect on confidences is for formthe initial figure if it is the lowest level choide the
condition (F(3,27) = 18.69, p<0.001), which agamd$  situation.
the ambiguous triangle control rated substantikbs When an identical square is unavailable, a sgisare
confident (5.7) than the other three conditionsc{ei pulled towards a smaller square rather than a
Vs. square = 7.3; circle vs. small square7.6; €idds  circle(level 2 Vs 5), with distance controlled. The
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geometric hierarchy predicts that motion to theleir
should be increased if the option of a small sgisare
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Stimuli, paradigm and procedure: The original
square, small square and circle were identical to

longer available, but is replaced with an even morerevious experiments. For the additional level “6”

radical transformation than the circle, a transfation
that does not even preserve topological propesiies
as order, connectivity and so on (level 5 Vs 6vdle?
Vs 6 completes the triad.

M ethod:

Subjects:  The subjects

stimulus, we used a stimulus after Chen (1985), a
square with part of the interior missing. The “Hole
extended 8 mm of the 15mm sides of the square. A
square and a square with a hole in it are noteelat
topologically and are thus more dissimilar to one
another geometrically than the square and theegircl

additional despite some intuitions to the contrary. The three

undergraduates at the University of Arizona thatexperimental conditions, 2 Vs 5, small square irsle;

received course credit for their participation.

Ol =
Y
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Fig. 9: Stimuli for Exp. 4. Row 1: Level 2 Vs 5 (ath

square-circle); Row 2: Level 2 Vs “6” (small
square-square with hole); Row 3: Level 5 Vs
“6”; circle-small square with hole. Row 4:

triangle control
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2 Vs 6, small square vs. square with a hole and B,V
circle Vs circle with a hole are shown in Fig. Soray
with the triangle control. All other procedural ditt
are identical to previous experiments.

Probability of motion to the circle for Conditidh
5, small square vs. circle and Condition 5-6, eires.
square with a hole, are shown in Fig. 10. The data
suggest that identity resolution with the circlenda
fact be made higher when the only other alternatie
more radical transformation. For the clock paradigm
when the other choice is a small square, the aigin
square maps onto the circle 32.5 % of the time, but
increases to 72.5% when the other choice is a squar
with a hole in it (difference t = 4.71, p<.005).€T&ffect
is much less pronounced for the left-right paradigm
with an increase from 40% to 55%, which did notrea
significance, but nonetheless, overall, a square b=
made more likely to map onto a circle, perhapsoimes
paradigms more than others.

Chen (1985) was the first to show that a square is
more likely to move to a circle, than to a squarth\a
hole in it. However, his exclusive use of the legtt
competing paradigm called his results into question
(Dawson, 1989) and his (chi-square) statistics make
possible that the effect was carried by a singlgest.
Dawson was not able to replicate his result foeation
of motion, but was able to find an effect for goesgs of
motion. We find the results for direction of motibare
more strongly using the clock paradigm, a paradigm
that is much less open to influence of expectatind
problem solving strategies and indeed has higher
confidences in what is actually seen. The squatle avi
hole in it may be a particularly stringent test of
topology vs. non-topology, especially in the laftht
paradigm. The stimulus may encourage splittinghef t
original square into the outside of the square dsgu
with a hole) and an inside piece, rather than cingos
one stimulus over the other. This would be lesslyikn
the clock paradigm, where the presence of a fourth

circle.  Condition 2 Vs 5 is small square Vs stimulus makes splitting less likely. A square with
circle; 5 Vs “6" is the circle vs. square with pole in it could also be mistaken for a square veith

hole condition

pattern which would cause some pull from the stiraul
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since this would render it a geometrically innocsiou ambiguous triangle control condition (4.8 Vs 6.Q-far
transformation. the 3 experimental conditions).

While additional stimuli are needed, the
experiment nonetheless shows a square can be made t DISCUSSION
map to a circle if the alternative is less preféridote
that the present results of square to circle rathan The current set of studies shows multiple levéls o
square with a hole in it also cannot be explaingdfiy  a hierarchical structure for object identity. Wresttor
simple tendency to match figures based on theia.are not two samples are determined to refer to the same
Even though the square and the circle were morebject is not fixed, but depends on the choicedabla
similar in area than the square and the square avith in the situation. In addition, resolution among icles
hole in it, ty are also more similar in area thdwe t shows transitivity. The ordered set of preferenfgs
square and the small square from condition 2-5,ryet which stimulus refers to the same object as a sqa
this condition, the circle was chosen less oftehe T as follows:
present experiment also shows when such squate-circ
motions will occur: If there is a small square gres « If a choice between square and small square,
motion to the circle is less likely. That is, a aggwill choose square
move to a circle if there is no lower-level, lesslical, « |f a choice between small square and circle, choose
option. The present reearch grounds sensitivity to  small square

topological properties (Chen, 1985) in a largers |f a choice between circle and a square with a,hole

hierarchical framework. choose circle
These data are consistent with frequent reposts th.  (Transitivity: If a choice between square and eircl
plastic apparent motion between dissimilar formshsu choose square)

as a square and a circle can occur and providesia b

for understanding when such deformations will occur o generally:

We presume observers experienced a square deforming

into a circle when it moved in that direction, lolid not ., i jsometric or similarity transformation, choose

explicitly test for it. isometric

Note thé}t in cond.mon 2-5, small square VS. ercl . jf similarity or topological transformation, choose
the probability of motion to the small square iS5873 similarity
in the clock paradigm (60% for left-right). This is . i topological or non-topological transformation,
greater than chance, t = 3.28, p<0.005, even withou choose topological

control for distance and higher than the probabif . (Transitivity: If a choice between isometric and
the same condition in Experiment 2. One possible  topological, choose isometric)

contributing factor to this difference between
experiments is that in this experiment none of the ., apparent motion, the findings resolve some

conditions had a level 1 or “same form” option,ik@l  |4ng_standing apparent contradictions in the lie
all the previous experiments. As noted earlientpily  |nyestigators that come to different conclusionsuab
suggested that cross-trial influences can occue.l&atk  the role of form are often asking different quessio
of the most preferred choice in all of the trialaythave  Can changing the shape of the stimulus be shown to
made lesser preferences even stronger and mofg eashave an effect on apparent motion? The answer is
manifested. Condition 2-6 small square vs. squatle w “yes”, shape matters. The second question: Can
a hole in it also was more likely than chance tovento  apparent motion occur even when the shapes are made
the small square (63% for Clock; t = 1.46, p<0.10),different? The answer is also “yes”, shape doesn't
despite the fact that it was further away. matter. They are both correct. The existence otipiel
Subjects were more confident in their judgmentslevels of criteria of object identity implies thapparent
for the clock paradigm than for the left-right pdiggn ~ motion can be experienced when the shapes are
(means=6.8 and 4.7; ANOVA main effect for radically different, while at the same time showiag
paradigm, F (1,9) = 12.72, p<0.01) a very consistenpreference for the identical shape if availableefgind
finding across all experiments in this study. Theyo (1984; 2001) has argued that apparent motion skows
other significant effect in the ANOVA is a form preference for rigid motion - in the current franoelv
condition effect (F(3, 27) = 16.17, p<0.001) whidlko  an isometric transformation-and suggests that when
like the other studies, reflects least confidentehie  rigid motion is not possible, the system may ussde
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criteria of object identity. The current resear¢to\gs  a property that constitutes shape, in the tempsirahm
that there are lesser criteria and suggests wekgtdle.  system that determines “what” is an object. Thesnse
They come from a hierarchy of nested geometries, ofo match intuition-if a couch becomes smallersinot
which isometric is the smallest. Contradictory &isli regarded as the identical object, whereas the coanh
about size similarly reflect different questionsa | be reoriented and still be the same couch. Thus, si
addition, there is some confusion over what it nsean seems more like shape properties that constitutaet wh
say there is an “effect of size” in apparent matiitn an object is, such as angle and unlike irrelevant
can refer to motion between two figures of différen properties such as position and orientation. Orother
size and same shape but also to motion between twwand, the opposite intuition is that if a square is
figures of the same size and different shape. Theest changed to a small square, the “squareness” is
set of studies is the first to demonstrate thesomehow still there, unlike angle and more likeitpms
changeablitity of apparent motion with respectdorf,  and orientation. Some researchers (Narter, 193 se
within a single paradigm and often within the sameto have this intuition instead and have argued s$ea
subjects and in a systematic rule governed way. may be more appropriately thought of not in a “What
For object identity generally, the dynamic system, but in a “where” system, of any what-where
consequences of the hierarchical structure is gebci  division of labor. Depending on intuition, sizepkced
what is needed to explain how decisions can changm one of two very different categories.
across a wide range of situations. That is, a péir In the present view, size (or any property) should
samples with the very same geometric properties canot be placed in either category. Instead, the qntigs
sometimes refer to the same object, but other tim¢s  that constitute shape changes. As the geometrygesan
A circle and an ellipse are related by an affineso too will the role of size. Size will be a profyeof
transformation. The two samples can refer to difier shape in Euclidean geometry, but will not be a prop
objects, the circle a soccer ball, the ellipse toba.  Of shape in  Similarity, ~Affine, Projective, or
But they can also refer to the identical objectvith a Topologlcal geometry. Size can d|st|ngwsh between
circular sponge molded into an elliptical shape,aor forms in Euclidean geometry, but not in the broader
penny seen head on and again at an angle. A réetan eometries. And, as seen, the geometry th_at governs
and a trapezoid will sometimes refer to a singlerdo _dentlty changes. Two samples that differ in siae be

and other times to two distinct objects. Observeust judged to refer o dn‘ferent objects, in which case
are governed by Euclidean geometry. Two samples can

makg the correct ju_dgme_nt ) sometimes_ yes, SOmﬂtimealso be judged as the same object, in which casareve
no- in all the varied circumstances if they are togoverned by Similarity (or broader) geometry.
perceive Fhe world accur:_;ltely and coherently. le th Wavering intuition could reflect some appreciattbat
current view, changeability does not reflect chaogyegmetry changes, but without the structure of the
(Appreciation for the changeability may also putdst  hierarchy, intuition can be misleading. Propertesh
various detection abilities are or are not positiondepending upon relative strength of individual itiun.
invariant, or are or are not size invariant andoso The strict division between *“what’ Vs “where”
Both sides are correct). Nor does it imply thafedéint  systems itself (Mishkinet al., 1983) may be based
rules for different classes of objects need bedelipon  |argely on preconceived intuitions that Euclidean
to get different outcomes. The_ deC|s_|on that _|3:lned geometry is special, as much as it is on datatiBosir
depends on the choices available in the situatton. “where™is the only property not in Euclidean

sample will be matched to whichever sample isélast  geometry; all other properties are in the geométhjs
transformed, where transformed is defined by lowesmay lead to an intuition of a hard division between
level of the geometric hierarchy. position and all other properties. Yet the separate
As noted earlier, the geometric hierarchy mayyentral and dorsal streams used to support what vs.
capture intuitions about the “similarity” (fOf disssions where can also be interpreted diﬁ‘erenﬂy if diffletr
of the concept “similarity” (Mediret al., 1993) of two  intuitions are brought to bear, such as a “what’ Vs
items for the purposes of object identity. The more‘how” (Goodale and Milner, 1992) , or a “point soet
similar two samples, the more likely they will helged  vs “extended contour division” (Held, 1970; Bedfprd
as the same object. Yet intuitions can be misleadin 2003) division. In the present view, there is nedhend
geometry is more trustworthy. For instance, considefast division between position and other geometric

the use of “size” and its relation to shape andnfor properties, despite the overwhelming influence that
Some researchers both in development (WilcoX, 19973eparate “what” and “where” systems have had in

and adult research (Goodateal., 1991) regard size as perception, cognition and development.
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Language is also biased by predominatelywhile viewing objects. If such were the case, iesloot
Euclidean intuitions-at least the English languageimply that each observer need be a Brunswikian
Knowledge that there is a whole range of geometriestatistician calculating the probabilities of varso

that observers can exploit may make more precigeste €vents in their environments to derive rules ohttg.
such as “same form”, “different form”, “same Evolution over the course of the species, rathanth

stimulus”, “shape” and ‘“transformation”. “Same development within the individual, would suffice.

form/stimulus/shape” usually means two figures that ~ However, we suspect the ordering is deeper than
are identical in all ways except position and ar¢éipn- ~ frequency and may reflect the recoverability of
they can be brought into point for point correspemme  information from increasingly broad geometries. An
by rotation and translation. If you cannot effeetiy ~ analogy is increasingly broad languages and the rol
pick one up and reposition it such that it would li they play in language acquisition. According to the
perfectly on the other, then it is a different stlos. Yet  subset rule (Berwick, 1985), children assume thmat a
this only holds true for Euclidean Geometry. In theutterance indicates the smallest possible language
present view, two stimuli cannot be determinedaweh  within which that utterance could be generated \aifid

the “same form” or not, until one specifies theonly adopt a broader language if evidence to the
geometry. A more precise general definition iscontrary is heard. The logic is that if the broades
warranted, such as: Two shapes are the same if amghguage is assumed first, then there would narhye
only if one can be brought into point-for-point way to proceed from the larger to a smaller languag
correspondence with the other by any transformafion eyen if a smaller one were correct; all utterances
the group of transformations that defines the @V .gnsistent in the smaller language would also be
geometry. _ _ ~ consistent within the broader language. Consequentl
~ Why does the family of geometries work for objecthg order of language acquisition proceeds fromlisma
identity? They may mirror the wide range of i, |5rger The same type of principle may be prefen
trans_format!ons that objects produce at the lefehe geometry. A given pair of samples is consistenh it
proximal stimulus and beyond. In Table 2 there argiire set of geometries. If the largest is assueeg,
different transformations that objects produce thattopology), then all subsequent transformationshat t
correspond to different levels of the hierarchy.eTh object, no matter how innocuous, would also be
coll_ect|_0n 'S _on-going, espec!ally for affine and consistent with topology and no transformation woul
projective transformations of objects themselvesteN uide one toward a smaller geometry. If a smaller
that while this makes the geometric transformationsgeometry is available. it is advantageou.s to KNDW i
ecologically valid generally, the ecological vatidof a fewer forms are equi\’/alent within smaller geometrie

specific_pair of stimuli (Warren, 1977) does nOtand discrimination among more stimuli possible.

determine whether or not those two stimuli are adig . . .
L Otherwise, too many items will get lumped togetasr
to come from the same object; rather that decisson | . . . .
same”. More properties are defined in smaller

now under the control of the hierarchy. . . .
y geometries, with a consequent better ability

The ordering of the levels for identity may be i . . .
yoked to frequency of occurrence of various betravio characterize the nature of the object in question.

of objects, e.g., repositioning of objects thatesitise ~ ASsuming the smallest geometry is the judicious
maintain their internal structure (isometric) coblelthe ~ conclusion and by extension, picking the samples
most frequent object transformation and eyewithin which identity can be achieved with the slest

movements the most frequent change in therease geometry, the most conservative option.

Table 2: Transformations. Observer and object feamations for each level geometry. For observangformations, any affiliated perceptual
constancies are noted

Geometry/ transformation Observer transformatishite looking at object Transformations to obgetttemselves
Euclidean/isometric Move eyes left, right, up, dofposition constancy) thrown small, medium-sizelitisobjects-e.qg., a hurled rock
Similarity Walk up to or away from (size constancy) e.g., a (uniformly) squished sponge, a stretchbter
band, a balloon losing air
Affine Turn at an angle from >20 feet away (shapestancy) Area under the legs of a 4-legged anivhdé running (?)
Projective Turn at an angle from <20 feet awagpgghconstancy) shadows over time
Topology/topological Walk around to back of objézx Animacy- e.g., walking, pouncing flexibilityee,
bending branches
“Non-topology” Accidents of viewing-e.g., 2 objeditse up along line Broken objects cartoons féaes

of sight for one eye, but not other
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Multiple geometries can provide the core ambiguity. However, apparent motion may be too
foundation of object identity because geometry ban ambiguous. What observers see is influenced by prio
applied before recognizing the type of object ineol, trials, by eye movements, by expectation and by
can be used in the absence of any instructionsptis viewing time, with precepts changing over an exéshd
specific to one modality (unlike properties such asviewing period. Apparent motion may be the Rorshach
color) and is applicable to all types of samplesfdct, of experimental psychology. Isolating identity from
recent evidence suggests that infants can use geome other influences is painstaking. Object identitydan
properties for object identity before using color o transformation are important. Apparent motion is no
pattern. (Wilcox, 1999). How other properties uséfu
identity in specific situations interacts with theles ACKNOWLEDGEMENT
that all situations have in common is not yet cl€&more
structure is expected to emerge early in developmen  Thanks to Karen Wynn, Karen Reinke and Thomas
and persist, exist in other species, exist inathlns of Bever for helpful discussions and Jason Barker for
all cultures and provide the building blocks forther  helpful discussions and assistance with figure
abilities (Spelke and Newport, 1998). Perhaps sbal preparation. Research supported by a grant from the
can be accessed more quickly, be less prone toserroSocial and Behavioral Sciences Research Institute
and be weighted more heavily when it conflicts with (SBSRI) at the University of Arizona.
other information.
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