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The interpretation of a dynamic visual scene requires integrating information within frames
(grouping and completion) and across frames (correspondence matching). Fragmentary views of ob-
jects were used in five experiments. These views could not be matched with each other by any sim-
ilarity transformation on the basis of their explicit visual features, but their completed versions were
related by a rotational transformation. When the fragmentary images were successively presented
to observers, it was found that they produced apparent motion in the picture plane and in depth.
Thus, apparent motion is capable of establishing correspondence at the level of perceptually recov-

ered objects in three-dimensional space.

The primary goal of the visual system is to construct
a representation of distal objects in the external world.
When confronted with a stationary scene, the visual sys-
tem must integrate the information that is available in the
image in order to form a representation of separate co-
herent objects. When the scene is dynamic, the visual
system must also integrate information across different
time slots (or "frames™) to construct a more complex rep-
resentation, in which several objects may be moving in
different orbits, while others remain stationary. Both
forms of integration, within and between frames, en-
counter the difficulty that some of the visual features are
often missing from the image(s). Because depth infor-
mation is lost in the projection from the environment
onto the retina, and some of the information may also be
missing because of accidental occlusion and visual
noise, some aspects of the scene must be inferred in con-
structing a distal representation from a proximal projec-
tion (see Nakayama, Shimojo, & Silverman, 1989).

The present study concerns two phenomena that reveal
the way that the visual system makes such inferences—
perceptual grouping and apparent motion. These dis-
close the operation of two mechanisms that are designed
to exploit regularities in the proximal visual array to fill
in some of the missing links. In perceptual grouping,
some organization is imposed on an image—visual seg-
ments that presumably belong to the same object are as-
sembled, and connectivity and coherence are restored. In
apparent motion, on the other hand, the correspondence
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between two successive images results in the subjective
experience that they depict two phases in the history of
the same object as it is undergoing transformation. In the
present study, the relationship between these two mech-
anisms was examined through an investigation of the na-
ture of the representation underlying apparent motion.

Perceptual grouping must solve the problem of what
features belong together, which is particularly critical
when there are several occluding objects and when some
of the object contours are missing. Thus, in extracting a
three-dimensional (3-D) distal representation, some of
the missing information in the proximal 2-D image itself
must be inferred and filled in through a process of com-
pletion or restoration. Biederman demonstrated that ob-
ject recognition can be effective even when a large pro-
portion of the contours is deleted (Biederman, 1987;
Biederman & Cooper, 1991b; Blickle, 1989). According
to his recognition-by-components model (Biederman,
1987; Hummel & Biederman, 1992), objects can be rec-
ognized on the basis of a small number of volumetric
primitives, called geons, which can be directly extracted
from the 2-D image independently of viewing position.
Because of the redundancy in their image features,
geons can be readily identified under moderate degrees
of degradation and occlusion, when only part of their vi-
sual features are available.

Perceptual grouping and contour restoration may be
guided by Gestalt principles, such as good continuation,
closure, and symmetry (Koffka, 1935), which operate on
the edge information itself (Grossberg & Mingolla,
1985). Apparently, these processes takes time (Kellman
& Shipley, 1991; Sekuler & Palmer, 1992; Snodgrass &
Feenan, 1990). Biederman observed that when the miss-
ing visual features could be readily recovered through
routines of collinearity or curvature that restore con-
tours, object recognition was much easier than it was
when deletion destroyed recoverability. Nevertheless, at
brief exposure durations, deleted recoverable versions of
an object took longer to recognize than intact versions,
suggesting again that the completion process takes time,
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and it is needed for shape recognition (Biederman,
1987; Blickle, 1989).

Perceptual grouping and closure operate to fill in dis-
continuities in space within a single visual frame, but
apparent motion interpolates discontinuities over time
by establishing correspondence between successive Vi-
sual frames. Under suitable conditions, alternating static
images that are related by a shape-preserving similarity
transformation produce the perception of a rigid motion
over a specific trajectory. A minimum temporal separa-
tion between the two images is required for such motion,
and this minimum increases linearly as a function of the
spatial separation between them (Bundesen, Larsen, &
Farrell, 1983; Farrell, 1983; Farrell, Larsen, & Bunde-
sen, 1982; Farrell & Shepard, 1981; Korte, 1915; Shep-
ard & Judd, 1976). It is generally assumed that the in-
tercept of this function measures the time it takes to
encode the two successive stimuli as different views of
the same object, and that the slope reflects the maximum
speed of interpolating a path between them (McBeath &
Shepard, 1989; Shepard, 1984).

Apparent motion must solve the correspondence
problem of identifying the matching elements in the two
views (Ullman, 1979). There is debate, however, as to
whether correspondence matching is a low-level process
that matches elements point-for-point according to their
distances in the 2-D projection (Anstis, 1970; Mutch,
Smith, & Yonas, 1983; Ullman, 1978,1979), or whether
it represents a high-level process that is based on global
correspondence between objects as they are interpreted
in 3-D space (Attneave & Block, 1973; Green & Odom,
1986; Shepard & Cooper, 1982; Shepard & Judd, 1976).
A related issue is whether apparent motion precedes the
extraction of form or follows such extraction (Petersik,
1989). A resolution of the conflicting views has been
proposed. This resolution is based on the distinction be-
tween short- and long-range processes in apparent mo-
tion, but some of the issues pertaining to this distinction
are not yet settled (Braddick, 1980; Cavanagh & Mather,
1989; Petersik, 1989; Shepard & Cooper, 1982).

In the present study, the representation underlying ap-
parent motion was examined by the investigation of ap-
parent rotational motion between contour-deleted views
of objects. Assuming that the visual system must inte-
grate information both within and across visual frames,
the question, then, is whether the cross-frame corre-
spondence matching can be performed on the outcome
of the within-frame completion process. If correspon-
dence matching can be performed at the level of object
representations, then, under some conditions, apparent
motion may be expected to take place at the level of the
restored objects, between two fragmentary views that
cannot be directly matched by any similarity transfor-
mation.

Indeed, previous work suggests that apparent motion
is modulated by an earlier stage of figure-ground seg-
regation (see Ramachandran & Anstis, 1986), even
when such segregation depends on occlusion cues in-
volving "modal™ (occluding) or "amodal™ (occluded)
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subjective contours (see Kanizsa, 1979). Thus, apparent
motion can be obtained between illusory shapes: When
two figures are presented in succession, so that the illu-
sory shape occupies different positions in the two fig-
ures, good apparent motion is generally reported (Mather,
1988; Ramachandran, Rao, & Vidyasagar, 1973). Ap-
parent motion has also been reported in cases in which
an "invisible" object is seen to be moving behind a larger
occluding object (Anstis & Ramachandran, 1985). Sev-
eral observations suggest that the correspondence pro-
cess underlying apparent motion is also influenced by
the completion of "amodal," occluded contours (Shi-
mojo & Nakayama, 1990). Although these observations
suggest a high-level motion process in which the ex-
traction of form cues precedes motion detection, there
are indications that apparent motion, in itself, can help
segment a scene into coherent visual entities (e.g., Mather,
1988; Nakayama et al., 1989; Shimojo, Silverman, &
Nakayama, 1989) and generate the perception of occlu-
sion (e.g., Anstis & Ramachandran, 1985).

In the present study, the relationship between form ex-
traction and motion detection was investigated with the
use of pairs of complementary, contour-deleted images,
similar to those employed by Biederman and colleagues
(Biederman & Cooper, 1991b; Blickle, 1989). It was
hoped that this approach would help to tie the study of
apparent motion to some of the current issues in object
recognition (e.g., Hummel & Biederman, 1992; Srini-
vas, 1993). In the complementary pairs, each image de-
picted a fragmentary view of the same object, from
which the full object could be readily recovered through
processes of completion. Note that the missing contours
in these images (see Figure 1) are like those produced by
occluding surfaces, but there are few depth or form cues
that could allow the demarcation and segregation of a
coherent occluding shape (see, e.g., Shimojo & Naka-
yama, 1990). The two complementary images were gen-
erated so that the line segments deleted from one image
would be retained in the other image, and vice versa.
Thus, if it is found that the alternating presentation of the
two images in different orientations yields apparent ro-
tational motion of the depicted object, this motion could
not be explained on the basis of a partial or complete
point-to-point matching between the two images (see
Cavanagh & Mather, 1989; Ramachandran, 1990).

A rotational transformation was deliberately chosen
in the present study, because it has been found to be par-
ticularly sensitive to the figural properties of the stimu-
lus (e.g., Farrell et al., 1982; Farrell & Shepard, 1981;
Shepard & Judd, 1976). Two successively presented
shapes can give rise to the phenomenal experience of a
single object in motion when they are related by a shape-
preserving transformation (Warren, 1977; but see Pit-
tenger & Shaw, 1977). Even when the two shapes are
nonalignable in 2-D space, they can be experienced as
two points in the history of a single object when the vi-
sual system specifies their shape-preserving trans-
formability in 3-D space (e.g., Shepard & Judd, 1976).
Rotational apparent motion, then, appears to be geared
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to the extraction of shape-invariant properties of objects.
Note, however, that a plastic, nonrigid motion can also
be perceived between two shapes that are not trans-
formable. This occurs particularly in the most com-
monly studied type of apparent motion—translation
through space. Thus, an object can appear to change its
shape as it moves, or even "change into" a different ob-
ject. These observations have led some researchers to
argue that shape makes little contribution to apparent
motion (see, e.g., Kolers, 1972; Kolers & Pomerantz,
1971; Victor & Conte, 1990; but see Warren, 1977; War-
ren & Shaw, 1978).

The present study does not bring into question the
possibility that apparent motion can be based on local
correspondence and can occur between objects with dif-
ferent shapes. Rather, it examines the question of whether
apparent motion can also occur at the level of object rep-
resentations when it is not supported (but also not coun-
teracted) by local-level correspondence. Accordingly,
the experiments were deliberately designed to seek out
those conditions that would be beneficial for the occur-
rence of object-based apparent motion. Line drawings of
simple geometric shapes (e.g., a rectangle) were used as
"objects." In creating two complementary images for
each such object, an attempt was made (1) to assure that
the object would be recoverable from each of its two im-
ages (but see Experiment 5), and (2) to minimize the
possibility of local-level matches that would conflict
with alignment at the object level.

The general methodology of Experiments 1—4 was as
follows. On each trial, two views of the same object
were presented in rapid alternation, for a total of eight
frames. The stimulus onset asynchrony (SOA) was ini-
tially set at a value, SOA\;. that was too short to give rise
to smooth apparent rotational motion between the two
images. Each right keypress increased SOA by 10% of
SOA,- (SOAj-35) msec, where SOA, was the previ-
ously presented SOA. A left keypress reduced it by the
same amount. The subjects were instructed to increase

Full

Sides

SOA gradually until a smooth rigid motion was per-
ceived between the two views. Then they terminated the
trial, and the final SOA value was recorded. They were
instructed not to proceed beyond the point at which a
smooth rigid motion was perceived. If they did so, they
were to speed up the rate of alternation until the motion
was destroyed, and try again. The dependent variable
was the minimum SOA required for rigid apparent
motion.

EXPERIMENT 1 Apparent
Rotation in the Frontal Plane

Previous experiments, in which the same shape was
alternately presented at different orientations, have es-
tablished that the minimum SOA for apparent shape-
preserving rotational motion increases linearly with the
angular separation between the two stimuli (Farrell,
1983; Farrell et al., 1982; Shepard & Judd, 1976). In Ex-
periment 1, a full (intact) rectangle was used, together
with two fragmentary versions, the sides and corners
versions (see top row of Figure 1). The latter two ver-
sions represented complementary images that created a
rectangle when properly superimposed on each other.
For example, on some trials, the subjects saw the sides
and corners images in alternation, so that one of these
appeared at the "upright" orientation (top row of Fig-
ure 1), while the other appeared rotated 40°, 60°, or 80°
to the right or to the left (for an example, see the bottom
row of Figure 1). Note that the angular distance between
the two complementary rectangles was defined as the
(shortest) angular deviation between their presumed
completed versions.

The first aim of the experiment was to determine
whether a rigid apparent motion can be produced by the
sequential alternation of two visually incongruent im-
ages of the same object, and, if so, whether it exhibits
the same type of relationship to angular distance that
was found for a repetition of the same exact stimulus at

Cornars

3

A

Figure 1. Stimuli used in Experiment 1. The top row illustrates the full, sides, and
corners versions of a 0° rectangle; the bottom row illustrates a complementary pair

with a 60° angular deviation.



different orientations. The second aim was to explore the
possibility that the encoding of two complementary fig-
ures as depicting the same object takes time. Therefore,
the intercept of the function relating minimum SOA to
angular deviation should be higher for alternating com-
plementary images than for alternating identical images.
This prediction is based on findings suggesting that the
recognition of contour-deleted or contour-occluded ob-
jects requires more time than the recognition of their cor-
responding intact versions (Biederman, 1987; Blickle,
1989; Sekuler & Palmer, 1992). To examine this possi-
bility, additional conditions were included, in which two
identical versions (i.e., both full, both corners, or both
sides) were alternately presented.

Method

Apparatus and Stimuli. All the experiments were conducted on
a computerized graphics display unit (Apollo Domain 4000). The
stimuli appeared as black lines on a light-blue background, cen-
tered and rotated about the center of the screen. The stimuli for Ex-
periment 1 were three images of a rectangle—full, sides, and cor-
ners—as illustrated in the top row of Figure 1. Each rectangle
subtended 1 X 5 cm (visual angles: 0.7° X 3.6°).

Procedure. The subjects viewed the screen at a distance of
80 cm, so that the longest side of the rectangle subtended a visual
angle of approximately 3.6°. Two images of the rectangle were used
on each trial; they were displayed in sequential alternation at dif-
ferent orientations on the computer terminal. There were five types
of pairs: full-full (FF), corners-corners (CC), sides-sides (SS),
corners-sides (CS), and sides-corners (SC). Odd-numbered frames
always consisted of horizontal (0°) displays (as in the top row of
Figure 1); in the remaining frames, the rectangle appeared rotated
40°, 60°, or 80° clockwise or counterclockwise. Thus, for an SC
pair, for example, the sequence was SCSCSCSC, with all "sides"
stimuli horizontal. The eight frames were separated by blank in-
terstimulus intervals of 45 msec. The bottom row of Figure 1 il-
lustrates a complementary (SC) pair with a 60° angular deviation.

Each pairing of two images appeared in six different combina-
tions of orientations (defined by the signed angular deviation be-
tween them), yielding a block of 30 different sequences. These se-
quences were presented in a random order, except that each group
of five successive trials included all five pair types, and that none
of the pair types were repeated in immediate succession. Two
blocks were administered in each of three sessions, which took
place on different days (no more than 2 days apart). The first ses-
sion also included a practice block, in which 5-cm-long lines were
used instead of rectangles.

On each trial, frame duration was initiated at 80 msec, thus set-
ting SOA at 125 msec. The subjects could increase SOA by in-
creasing stimulus duration, while interframe interval remained
constant throughout the experiment.' They were told to repeatedly
press the right-side key until they could perceive a continuous to-
and-fro rigid rotational motion between the two shapes. The lim-
iting value of SOA was recorded by pressing the Y key (for "yes"),
which also terminated the trial. The subjects were instructed not
to proceed beyond the point at which a smooth apparent motion
was perceived. If they did so, they were to speed up the rate of al-
ternation (by pressing a left-side key) until the rigid rotational mo-
tion was destroyed, and try again. In this manner, the limiting SOA
value was always attained by slowing down (rather than by speed-
ing up) the alternation rate. The subjects were free to review the
sequence of stimuli at any stage by pressing the space bar.

Subjects. Ten University of Haifa students were paid for par-
ticipating in the experiment. They were naive as to the purpose of
the experiment.
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Results

Figure 2 presents mean minimum SOA as a function
of angular deviation for the five sequence types. It can
be seen that minimum SOA increased with angular de-
viation for all pairs, but identical pairs (FF, CC, and SS)
evidenced shorter SOAs than complementary pairs (CS
and SC). A two-way analysis of variance (ANOVA), se-
quence type (identical vs. complementary) X angular
deviation (3), yielded F( 1,9) = 12.31, p < .01 for se-
quence type; F(2,18) = 17.53, p<. 0001 for angular de-
viation; and ,F(2,18) = 3.45,p < .10 for the interaction.
The effects of angular deviation were significant for
both sequences, [identical, F(2,18) = 13.96,p < .0005;
complementary,F(2,18) = 12.17,p<.0005]. The linear
function relating minimum SOA to angular deviation
had an intercept of 122.6 and a slope of 0.59 for the iden-
tical pairs. The respective values for the complementary
pairs were 160.4 and 0.40.

Discussion

The results of Experiment 1 indicate that shape-
preserving apparent motion can transpire between two
complementary images of the same object, and that this
motion evidences a relationship between SOA and an-
gular deviation that is the same as that found for the pre-
sentation of two identical images. These results suggest
that apparent motion can establish correspondence at the
level of the object representation. However, the results
also disclose a higher intercept for complementary than
for identical pairs, which is consistent with the idea that
perceptual completion takes time (Biederman, 1987;
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Figure 2. Mean minimum stimulus onset asynchrony as a function
of angular deviation for the five pair types used in Experiment 1
(F, full; S, sides; C, corners).
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Kellman & Shipley, 1991; Sekuler & Palmer, 1992;
Shodgrass & Feenan, 1990).

The distinction between image-based and object-based
apparent motion parallels the distinction between first-
order and second-order motion (Cavanagh & Mather,
1989). First-order motion is assumed to respond to color
and luminance, but second-order motion is said to be sen-
sitive to differences in stimulus attributes such as spatial
structure, movement, and disparity, even in the absence
of first-order differences. According to Cavanagh and
Mather, similar comparator mechanisms underlie both
types of motion perception. The observation in Experi-
ment 1, which indicated that apparent motion between
complementary images yields a relationship between
SOA and angular deviation that is the same as that found
for intact or complete images (e.g., Farrell et al., 1982;
Shepard & Judd, 1976), is consistent with this view. The
results also suggest that image-based and object-based
apparent motion share the same mode of operation.

The higher intercept obtained for complementary
than for identical pairs suggests, perhaps, that corre-
spondence matching may be achieved either at the image
level or at the object level. Presumably, motion detection
takes more time when it can be achieved only at the level
of the recovered object than when it can be based di-
rectly on image features as well.

EXPERIMENT 2 Separating
Obijects in Apparent Motion

Experiment 2 addressed the question of whether the
type of object-based apparent motion observed in the
previous experiment can also be used to establish corre-
spondence for two separate objects recovered from the
same dynamic scene. As noted earlier, a fundamental
problem facing the visual system is how to group to-
gether contours that presumably belong to the same ob-
ject while segregating the visual scene into separate en-
tities. Each of the fragmentary stimuli presented in the
bottom row of Figure 3 contains sufficient cues to sup-

Full
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port the recovery of two separate objects (or geons)—a
rectangle and a triangle. The question is whether appar-
ent motion would preserve this grouping, thus sup-
porting the segregation of a dynamic scene into sepa-
rately moving objects. Note that there is no simple
global transformation that can bring the two images
into alignment with each other; the same holds true for
their respective constituent parts (triangles and rect-
angles). Therefore, object-based apparent motion
would entail different interpolating paths for each of
the two objects. Note also that a close scrutiny of the
stimuli (Figure 3) is needed to infer the type of trans-
formation required to bring the corresponding objects
into alignment.

Method

Stimuli and Procedure. The stimuli are depicted in Figure 3.
They form two pairs: a full pair, depicting intact triangles and rect-
angles, and a complementary pair, consisting of fragmentary ver-
sions of these shapes. The experiment included four trials with the
full pair and four trials with the complementary pair. The two trial
types were alternated, and choice of leading stimulus (A or B) was
counterbalanced. Interframe interval was 60 msec throughout, and
SOA was initialized at 125 msec.

Subjects. Ten University of Haifa students were paid for par-
ticipating in the experiment. None had participated in Experi-
ment 1.

Results and Discussion

It was found that the full and complementary pairs
both produced an apparent motion that was described by
some of the subjects as a "scissors motion." Minimum
SOA averaged 275.6 msec (SE = 34.8 msec) for the com-
plementary pair and 205.5 msec (SE = 21.7 msec) for the
full pair [F(1,9) = 6.27,p < .05]. These results suggest
that object-based apparent motion can establish conti-
nuity for two separate objects, each moving in its own
separate orbit.

Taken together, the results of Experiments 1 and 2
support the idea that, under some conditions, cross-
frame matching can be performed on the outcome of the

=
-

Figure 3. The full and complementary versions of the two stimuli (A and B) used in Experiment 2.



within-frame grouping. Thus, it seems that apparent mo-
tion preserves the integration of visual features that be-
long to the same object, as well as the segregation of a
scene into separate objects.

EXPERIMENT 3 Rotation of
Planar Objects in the Depth Plane

In Experiment 3, the rotation of two surfaces in depth
was examined. Previous work, in which two views of the
same object were used, indicated that the minimum SOA
required for apparent motion is nearly equal for dis-
tances in the picture plane and in depth. This has been
shown for rectilinear motions (Corbin, 1942; Attneave
& Block, 1973), as well as for rotational motions (Shep-
ard & Judd, 1976). Also, when a stimulus has two neigh-
bors of different apparent depths but similar 2-D dis-
tances, objects appear to move toward the neighbor with
the same apparent depth (Green & Odom, 1986). The re-
sults from experiments in which the effects of occlusion
and shading cues on apparent motion were examined
also suggest that apparent motion can occur after a 3-D
representation is formed (Anstis & Ramachandran,
1985; Kleffner & Ramachandran, 1992; Shimojo &
Nakayama, 1990). The question that was addressed in
Experiment 3 was whether apparent motion can estab-
lish correspondence at the level of the object represen-
tation in 3-D space when the two perspective views rep-
resent complementary images of the same object. Note
that, here, complementarity must be defined at the level
of the 3-D object, as will be explained shortly.

Consider the pairs of complementary figures de-
picted in Figure 4. These images are generally inter-
preted as perspective drawings that portray the same
planar object (e.g., a floor-like surface). Although the
members of each pair cannot be mapped onto each other
by any similarity transformation, they are complemen-
tary at the object level; when properly rotated in depth,
their superimposition produces a "full,” or intact,

Sides

20°
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image. Would such stimuli produce apparent motion in
depth when displayed in alternation?

Method

Stimuli. The stimuli depicted in Figure 4 illustrate the comple-
mentary perspective views used in the experiment. The two images
in the top row are related by a 20° rotation in depth; those at the
bottom are related by a 40° rotation in depth. They were created
by first rotating a square around the x-axis to produce a slant-in-
depth view; then the slanted square was rotated either 10° or 20°
clockwise or counterclockwise around its center. The longest side
of the 20° image (bottom row) subtended 6.8 cm on the screen.

Three versions were prepared for each view: full (not shown in
the figure), sides, and corners.

Procedure. On each trial, either a 20° pair or a 40° pair was pre-
sented, using the five sequence types that were defined in Exper-
iment 1: FF, CC, SS, CS, and SC. The procedure and instructions
were similar to those of Experiment 1. The experiment was con-
ducted in two sessions that took place on 2 different days, no more
than 2 days apart. Three blocks were presented in each session,
with a 5-min break between the blocks. Each block consisted of
10 trials, which represented all combinations of sequence type (5)
X angular deviation (2), randomly ordered. The leading stimulus
in a sequence (rotated clockwise or counterclockwise) was deter-
mined at random. The first session also included 10 practice tri-
als—6 consisting of FF sequences—followed by one pair each of
the remaining sequence types.

The subjects viewed the screen at a distance of 80 cm, so that
the longest side of the 20° quadrangle subtended a visual angle of
4.9°. Interframe interval was 100 msec, and stimulus duration was
initialized at 60 msec.

Subjects. Ten University of Haifa students were paid for par-
ticipating in the experiment. They were naive as to the purpose of
the experiment, and none had participated in any of the previous
experiments.

Results

The results for the four sequence types suggested that
SOA increased with increasing angular deviation; they
were somewhat shorter for identical pairs than for com-
plementary pairs (see Figure 5). A two-way ANOVA,
however, yielded F(4,36) = 1.46, n.s. for pair type; F < 1
for angular deviation; and F < 1 for the interaction.

Corners

-

ToxoA
4 X A
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Figure 4. Pairs of complementary perspective views representing 20° and 40°

angular deviations (Experiment 3).
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When the stimulus sequences were collapsed into iden-
tical (FF, CC, and SS) and complementary sequences
(CS and SC), a two-way ANOVA vyielded F(1,9) = 2.44,
n.s. for sequence type; F < 1 for angular deviation; and
F <1 for the interaction.

Discussion

The experiment failed to yield an effect of angular
deviation, possibly because of the small range of de-
viations sampled. However, a smooth apparent motion
was obtained even with the complementary images,
showing SOAs that were only slightly longer than
those of the identical images. In fact, an informal sur-
vey indicated that when apparent motion was per-
ceived between two fragmentary images, the ob-
servers could not tell, without close scrutiny, whether
the two images were identical or complementary. A
similar observation was made by Biederman and
Cooper (1991b), who found that complementary im-
ages of common objects are subjectively experienced
as equivalent, and that they require scrutiny before
their differences become apparent.

In sum, the results of Experiment 3 suggest that ap-
parent motion can establish correspondence between
complementary views of planar objects as they are inter-
preted in 3-D space. This suggests that correspondence
matching can be performed after a 3-D representation of
a "restored" object has been generated (see Anstis & Ra-
machandran, 1985; Shepard & Judd, 1976; Shimojo &
Nakayama, 1990).
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Figure 5. Mean minimum stimulus onset asynchrony as a function

of angular deviation for the five pair types used in Experiment 3
(F, full; S, sides; C, corners).

EXPERIMENT 4
Apparent Rotational Motion in Depth of
a 3-D Object

In Experiment 3, 3-D motion of a 2-D object was ex-
amined; in Experiment 4, line drawings of a rectangular
polyhedron (block) were used to examine 3-D motion of
a 3-D object. The stimuli (A and B in Figure 6, bottom
row) portray two complementary perspective views of a
block. Like the stimuli used in Experiment 3, they are
complementary in the sense that when properly aligned
at the level of the apparent 3-D object representation,
they create an intact perspective drawing of a block. The
question was whether these figures would produce the
same type of apparent rigid rotation in depth as that pro-
duced by their corresponding intact versions.

Method

Stimuli The stimuli were the full, sides, and corners versions
of two perspective views of a block. The top row of Figure 6 il-
lustrates the three versions of one view, and the bottom row illus-
trates a complementary pair. Each member depicts a different
view. The two views are related by a 10° rotation about each of the
three axes. The longest side of the block subtended 3.5 cm.

Procedure. The experiment was divided into two parts. Part 1
consisted of one practice and one experimental block. Each block
included five trials that represented a random ordering of the five
pair types: FF, CC, SS, CS, and SC. Part 2 was exploratory, and it
included four pairs in which only one member was fragmentary:
FS, SF, FC, and CF, in a random order.

The subjects sat 80 cm from the screen so that the longest side
of the block subtended 2.5°. Interframe interval was 100 msec, and
stimulus duration was initialized at 60 msec.

Subjects. Ten University of Haifa students participated for course
credit. They were not aware of the purpose of the experiment, and
none of them had participated in the previous experiments.

Results and Discussion

For Part 1, SOAs averaged 254.7 msec for FF,
277.7 msec for SS, 250.0 msec for CC, 287.9 msec for
SC, and 307.6 msec for CS. Overall, complementary
pairs required longer mean SOAs (297.8 msec; SE =
28.1 msec) than identical pairs (260.8 msec; SE =
17.4 msec) [F( 1,9) = 5.88," <.05], but they, too, clearly
produced apparent motion in depth.

For Part 2, SOAs averaged 265.1 msec for FS,
257.7 msec for SF, 291.5 msec for FC, and 270.5 msec
for CF. A one-way ANOVA yielded F < 1. Overall mean
SOA for Part 2 (271.2 msec) was intermediate between
that of the identical and the complementary pairs of
Part 1, and it did not differ significantly from that for ei-
ther of the pair types.

In sum, apparent motion in depth was found for the
complementary versions of a 3-D object, requiring some-
what longer SOAS than the identical versions.

EXPERIMENTS Subjective
Ratings of Apparent Motion

Experiment 5 was designed primarily to convey to the
reader some information about the goodness of apparent
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Figure 6. Stimuli used in Experiment 4 comprising two perspective views (A and B in
bottom row). The top row illustrates the full, sides, and corners versions of perspective

view B only.

motion associated with complementary images of the
same object, particularly in comparison with the appar-
ent motion obtained between images depicting different
objects. An important question is whether the motion
perceived between two fragmentary images depends on
whether or not they depict the same object. As noted ear-
lier, previous studies, in which (intact) shapes that were
related by a rotation transformation were used, yielded
a systematic increase in minimum SOA with increased
angular deviation between the shapes. This relationship
suggested that apparent rotational motion is sensitive to
figural properties (e.g., Farrell & Shepard, 1981; Shep-
ard & Judd, 1976). However, there is sufficient evidence
that apparent motion can also occur between objects that
do not match in shape. Therefore, it is necessary to show
that the kind of apparent motion observed between com-
plementary images cannot be produced by two images
that do not depict the same object. In Experiment 5,
then, fragmentary pairs were included which in some
cases depicted the same object, whereas in other cases
the two images depicted two different objects.

A second question concerns the extent to which
object-based apparent motion depends on the object's
being readily recoverable from each of the two images.
In all of the previous experiments, the complete object
was readily recoverable from each of the images. To ob-
tain some preliminary information regarding the impor-
tance of recoverability, Experiment 5 included high-
recoverability (HR) fragmentary images of a rectangle
as well as low-recoverability (LR) images, in which the
rectangle was less readily recoverable from each image.
The distinction between the HR and LR stimuli was
made intuitively.

Method
Stimuli. The experiment included six pair types (see Figure 7).
Three types involved identical shapes: full, fragmentary-HR, and

fragmentary-LR. Two additional types were complementary: one
involved HR images (as in Experiment 1), and the other involved
LR images, in which the complete rectangle was less readily per-
ceived. The rectangles subtended 4.6 X 2.3 cm. Finally, the "dif-
ferent" pair consisted of fragmentary images of a square and a tri-
angle; the sides in each image subtended 2.3 cm.

Procedure. The subjects viewed the screen at a distance of
80 cm. On each trial, two images were displayed in sequential al-
ternation, for a total of eight frames, as in the previous experi-
ments, so that odd-numbered frames always consisted of a 0° angle
(i.e., as in Figure 7). In the remaining frames, the image appeared
40°, 60°, or 80°, rotated clockwise or counterclockwise. SOA was
either 210 or 250 msec, and stimulus duration was 100 msec in
both cases.

The experiment included six blocks. Each block consisted of 36
trials each, which represented all combinations of pair type (6),
angular deviation (+40°, +60°, +80°), and order (i.e., which of
the two images was the first in the sequence). Choice of rotation
direction (clockwise or counterclockwise) was random. Also, be-
cause the two fragmentary pair types were each represented by two
pairs of images (see Figure 7), the choice between them was de-
termined randomly.

On each trial, the subjects saw the stimulus pair alternating.
They were required to rate the goodness of the apparent motion on
a 9-point scale, in which 1 designated very poor, and 9 designated
very good. A "good" motion was defined as one in which a single
object was perceived as moving smoothly from one position to an-
other while preserving its overall shape. A “poor" motion was de-
fined as one that was either jumpy and discontinuous, or one in
which the object did not preserve its rigid shape when moving—
for example, when parts of the object jumped or twisted. The sub-
jects initiated each trial by pressing the space bar. They were free
to review the sequence as many times as they wished before mak-
ing their ratings. The order of stimuli within each block was ran-
dom, with the restriction that each set of six successive trials in-
cluded one stimulus of each pair type.

In each block, only one 210- or 250-msec SOA was used. SOAS
were changed between blocks, but for each block they were coun-
terbalanced across subjects. The experiment also included a prac-
tice block of 12 trials, in which 5-cm-long lines were used.

Subjects. Ten University of Haifa students participated for
course credit. They were naive as to the purpose of the experi-
ment.
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Results

The first two blocks of the experiment served as prac-
tice, and they were not included in the following analy-
ses. Preliminary analyses indicated a very similar pat-
tern of results for both SOAs, so the results for both
SOAs were collapsed. Figure 8 presents mean subjective
ratings as a function of angular deviation for the six pair
types. Overall, the highest ratings were assigned to the
three pair types involving identical shapes. A two-way
ANOVA (pair type X angular deviation) for these pairs
yielded F(2,18) = 3.59, p < .05 for pair type; F(2,18) =
53.84, p < .0001 for angular deviation; and F(4,36) =
2.07, ns., for the interaction. The full pair yielded
somewhat better apparent motion than the fragmentary
pairs, but the quality of apparent motion improved sys-
tematically with decreasing angular separation for all of
the pairs.

A two-way ANOVA that contrasted the HR and LR
pairs yielded F< 1 for pair type; F(2,18) = 7.14, p< .01
for angular deviation; and F(2,1 8) = 1.23, n.s., for the in-

teraction. Thus, the complementary pairs also evidenced
improved apparent motion with decreasing angular de-
viation, but the recoverability of the rectangle from its
fragmentary images made no contribution to the quality
of object-based apparent motion between them.

When the data across the two complementary pairs
and the three identical pairs were collapsed, a two-way
ANOVA of pair type (identical vs. complementary) X
angular deviation yielded F(1,9) = 24.98,;? < .001 for
pair type; /'(2,18) = 29.23, p < .0001 for angular devi-
ation; and F(2,18) = 14.89,/>< .001 for the interaction.
Thus, under the same conditions, identical pairs evi-
denced better apparent motion than complementary
pairs, with the difference between them being most pro-
nounced for small angular deviations.

Finally, the complementary pairs yielded consider-
ably better apparent motion than the different pairs. A
two-way ANOVA contrasting the complementary and
different pairs yielded F( 1,9) = 56.74, p<. 0001 for pair
type; F(2,18) = 7.54,p< .01 for angular deviation; and
F(2,18) = 5.80," < .05 for the interaction. In fact, 7 of
the subjects assigned a rating of 1 (very poor motion) to
the "different" sequence throughout the entire experi-
ment. Altogether, across all subjects and conditions, dif-
ferent pairs were assigned a rating of 1 in 95.0% of the
cases, compared with 14.2% for complementary pairs
and 2.6% for identical pairs.

[+
-
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Figure &. Mean ratings of the goodness of apparent mation as a
function of angular deviation for the seven sequence types used in Ex-
periment 5 (LR, Wow recoverability; HR, high recoverability).



Discussion

The results of Experiment 5 indicated that comple-
mentary images of the same object produce apparent
motion that differs in quality from that which may tran-
spire between fragmentary images of different objects.
It seems that a shape-preserving apparent motion is pro-
duced only when two fragmentary images can be seen
as depicting the same object. Object-based apparent
motion, then, seems to signal a process that is specifi-
cally concerned with the extraction of object represen-
tations.

The comparison between the LR and HR pairs failed
to support the hypothesis that object-based apparent mo-
tion occurs only when the object can be readily recov-
ered from the two images. However, the manipulation of
recoverability may not have been adequate; in any case,
it was not as strong as that achievable with images of
real-life objects (see Biederman & Cooper, 1991b). Note,
though, that recent evidence suggests that, even with the
latter type of objects, the amount of priming is about the
same for both recoverable and nonrecoverable frag-
ments (Srinivas, 1993).

Identical pairs produced better apparent motion than
complementary pairs. Because completion is required
for the interpretation of complementary images, it is
possible that a longer SOA is needed to achieve appar-
ent motion with a quality that is the same as that evi-
denced for the identical pairs. The observation that an-
gular deviation exerted a stronger effect on identical
pairs than it did on complementary pairs may indicate
that the completion process and the correspondence-
matching process operate in parallel.

GENERAL DISCUSSION

The present study demonstrated that apparent motion
can occur at the level of object representations between
successive images that cannot be matched on the basis
of their explicit visual features. Assuming a within-
frame assembly process that helps to define one or more
coherent units, apparent motion can then use the output
of this process as the basis for cross-frame correspon-
dence matching (see Cavanagh & Mather, 1989). The
present results do not deny that apparent motion is often
based on local correspondence, and may be so even
when such correspondence conflicts with within-frame
organization (Anstis, 1970; Ullman, 1979). Rather they
add more support to the claim that long-range apparent
motion may also follow the extraction of form (Petersik,
1989; Ramachandran & Anstis, 1986) and may be based
on higher level, derived visual representations. What is
interesting about the apparent motion produced by some
of the complementary images (e.g., Figure 1) is that
each visual segment in one image is, in fact, aligned with
its missing (albeit inferred) partner in the other image.
The experiments with complementary images in the
depth plane further suggest that object-based apparent
motion rests on correspondence at the level of the 3-D
interpretation, rather than at the level of the projected
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2-D image, so the 3-D interpretation must be formed be-
fore correspondence matching.

The apparent motion produced by complementary im-
ages accords with what Cavanagh and Mather (1989)
designated as second-order motion. Such motion can re-
spond to spatiotemporal correlations of texture or binoc-
ular disparity in the absence of any first-order correla-
tion (e.g., Ramachandran et al., 1973). They have shown
that the motion of a form can be perceived despite
changes in the attributes that define it. According to Ca-
vanagh and Mather, the same mechanism underlies
lower level and higher level motion, except that each re-
sponds to different stimulus properties. The observation
that SOA tended to increase with angular disparity for
both identical and complementary images of the present
study may be construed as supporting this claim.

It is instructive to compare the results of the present
study with those obtained with the priming technique. In
general, the naming of an object is facilitated by the
prior presentation of that object a few minutes earlier.
Importantly, priming occurs even when different frag-
ments of the object are presented at study and at test
(Biederman & Cooper, 199la, 1991b; Cooper, Bieder-
man, & Hummel, 1992; Snodgrass & Feenan, 1990;
Srinivas, 1993). In Biederman and Cooper's (1991b) study,
naming a contour-deleted image of an object was
equally facilitated by the prior presentation of its com-
plementary image as it was by a presentation of an iden-
tical image, but other studies have indicated stronger
priming when the same images were used both at study
and at test (Jacoby, Baker, & Brooks, 1989; Snodgrass
& Feenan, 1990; Srinivas, 1993). The apparent-motion
results of the present study are consistent with the latter
findings; motion was perceived between two comple-
mentary images, but it generally required longer SOAS
than when two identical images were used.

In Biederman 's studies, the magnitude of the priming
effect was also unaffected by several visual properties,
including reflection and orientation. This suggests that
priming is mediated by the activation of viewpoint-
invariant structural descriptions. Although Srinivas's
(1993) recent findings indicate that priming is sensitive
to viewpoint, significant transfer was also observed
across two views of the same object. Thus, Srinivas con-
cluded that priming is mediated by a structural descrip-
tion of objects. Apparent rotational motion, in contrast,
seems to operate on viewpoint-specific representations.
It is possible that object recognition is mediated by a vi-
sual representation that is different from that underlying
the establishment of visual correspondence between
events. Object naming seems to tap access to long-term
object representations, whereas apparent motion entails
comparison processes that are concerned with the ex-
traction of invariance across episodic events (see Bie-
derman & Cooper, 1992; Cooper et al., 1992). Indeed,
in a recent unpublished study, | found that backward
alignment is also obtained between two complementary
images of the same orientation-invariant shape. Back-
ward alignment (see Koriat & Norman, 1988, 1989; Ko-
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riat, Norman, & Kimchi, 1991) is a process that tran-
spires in the context of a mental rotation task, in which
the response is based on bringing the current stimulus
into alignment with the preceding stimulus, rather than
on comparing it with its internal, canonical representa-
tion. Like apparent motion, backward alignment also
appears to be concerned with the extraction of invari-
ance across successive events.

Although the results of the present study were gener-
ally consistent across the five experiments, the experi-
ments themselves were largely demonstrative in nature,
documenting a phenomenon that apparently occurs under
some circumscribed conditions. Several important ques-
tions remain open, and they should be pursued in future
research. First, still unclear is the nature of the within-
frame unit formation process that is assumed to precede
cross-frame correspondence matching or to go hand in
hand with it. Contour completion may be accomplished
by visual routines that operate on the image features
themselves, or it may be mediated by the activation of
object/geon representations that help to assemble the vi-
sual fragments into coherent units, without the missing
contours ever having to be restored (Biederman &
Cooper, 1991b; Blickle, 1989). In fact, in the apparent
motion between two complementary images, the im-
pression was that of a moving surface or body rather
than the motion of outline figures.

Whatever the case, there is evidence suggesting that
the processing of fragmentary images takes more time
than the processing of intact, nonoccluded images (Bie-
derman, 1987; Biederman & Cooper, 1991b; Blickle,
1989; Sekuler & Palmer, 1992). This might indicate ei-
ther that the restoration/completion of fragmentary im-
ages takes time, or that objects/geons are more effi-
ciently activated from intact than from contour-deleted
images. Also, Enns and Rensink (1991) observed that
preattentive processes cannot operate on contour-
deleted images, and they depend on explicit connectiv-
ity of the line segments to afford rapid search. These ob-
servations may explain why SOAs for apparent motion
were somewhat higher for complementary pairs than for
identical pairs. The former pairs could be matched only
at the level of the restored or recovered object represen-
tation, whereas the latter pairs could also be matched on
the basis of the explicit visual features, before the im-
ages had been perceptually completed. If this interpre-
tation is correct, correspondence matching ought to
occur at the image and object levels in parallel, and
image matching should be faster than object matching.

A second question pertains to the conditions under
which object-based alignment can occur. As noted earlier,
in the present study, a deliberate effort was made to use
stimuli and procedures that favor the occurrence of object-
based apparent motion. It is critical, however, to specify
the boundary conditions of this phenomenon. Several ob-
servations from exploratory work may be instructive.

First, apparent rotational motion has also been ob-
served for complementary images of complex objects
(e.g., an airplane similar to that depicted in Figure 22 in

Biederman, 1987). However, close scrutiny indicated
that although the object as a whole was perceived as ro-
tating, some of its parts were sometimes twisted or de-
formed, due to local alignments between noncorre-
sponding fragments. Presumably, such accidental local
alignments are less likely to occur when the intact im-
ages are used.

Note that in Experiments 1-4 of the present study, the
complementary images were produced by having all
edges in one image and all vertices in the other image.
This was intended to rule out an explanation of the re-
sults in terms of apparent motion that is partly based on
local matching. However, the results of Experiment 5 in-
dicated that object-based apparent motion was no more
likely to occur when each of the two images included a
mixture of edges and vertices, and thus allowed more
opportunities for competing local matches.

Second, apparent motion was not found with com-
plementary areas of an enclosed shape (e.g., two black
fragments of a triangular area, which, when aligned ap-
propriately, created a black triangular area). This failure
may be explained in terms of the proposition (Blickle,
1989; Nakayama et al., 1989) that fragmentary patches,
such as Bregman's (1981) Bs and Leeper's (1935) stim-
uli, contain added misleading contours that prevent
proper grouping and obstruct recognition. Blickle dem-
onstrated that when the inappropriately added contours
were removed from these stimuli, object recovery was
much easier.

Third, apparent motion failed to recover a pattern that
was not already perceived in each of the two images.
Thus, the alternating display of two complementary im-
ages of a handwritten English word did not produce the
impression of a rotating word when that word could not
be identified from each of the individual images. This
suggests that object-based apparent motion is obtained
only with fragmentary figures that are recoverable (Bie-
derman, 1987; Blickle, 1989). Although this suggestion
may seem incompatible with the results of Experiment 5,
it should be noted that, even in the LR fragmentary im-
ages of that experiment, the object (rectangle) could be
perceived in each of the two images.

A final question concerns the underlying process. Ca-
vanagh and Mather (1989) have detailed a model of
second-order motion, and that model can be extended to
account for the present findings by adding assumptions
regarding the within-frame completion process. An-
other possibility that should be explored is that the type
of object-based apparent motion observed in the present
study is due to a process that constructs a sensible tra-
jectory between two images after correspondence has
occurred. Such a process may be sensitive to top-down
activations, such as those that may be responsible for fa-
voring the perception of motion along plausible biolog-
ical trajectories (e.g., Shiffrar & Freyd, 1990). If so,
object-based apparent motion may be telling us less
about the process by which correspondence itself is
computed than about the process of interpreting such
correspondence after it occurs.



In conclusion, the apparent-motion results of the pres-
ent study are consistent with the view that apparent mo-
tion occurs at a level that is concerned with the internal
modeling of distal objects in the external world (Shep-
ard & Cooper, 1982). These results join with several
recent trends in cognitive psychology that emphasize
the role of ecologically relevant, object-centered rep-
resentations in perceptual organization and attention
(Baylis & Driver, 1993; Enns & Rensink, 1991; Farah,
Brunn, Wong, Wallace, & Carpenter, 1990; Kahne-
man, Treisman, & Gibbs, 1992; Kanwisher & Driver,
1992; Kramer & Jacobson, 1991; Tipper, Driver, &
Weaver, 1991).
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