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Abstract Tomaintain stable object representations as our eyes
or the objects themselves move, the visual system must deter-
mine how newly sampled information relates to existing object
representations. To solve this correspondence problem, the
visual system uses not only spatiotemporal information (e.g.,
the spatial and temporal proximity between elements), but also
feature information (e.g., the similarity in size or luminance
between elements). Here we asked whether motion correspon-
dence relies solely on image-based feature information, or
whether it is influenced by scene-based information (e.g., the
perceived sizes of surfaces or the perceived illumination con-
ditions). We manipulated scene-based information separately
from image-based information in the Ternus display, an am-
biguous apparent-motion display, and found that scene-based
information influences how motion correspondence is re-
solved, indicating that theories of motion correspondence that
are based on “scene-blind” mechanisms are insufficient.
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Ternus display

Imagine that you are at a busy skating rink trying to follow
your friend. Being a good skater, your friend moves rapidly
over the ice, one second being visible close to the entrance of
the ice rink, but disappearing the next second, as he is occlud-
ed by other skaters that pass between the two of you, and then
reappearing again at a completely different location. How do
you know that the person reappearing again is the same person
that you saw somewhere else one moment ago?

One way to understand this correspondence problem (e.g.,
Ullman, 1979)—that is, how the visual system is able to make
connections between different images across time—is in terms

of objects (e.g., Enns, Lleras, & Moore, 2010). Within this
framework, the visual system represents the continuous pres-
ence of an object, even when it is not always visible, by
linking together isolated glimpses that correspond to the same
object representation within the scene. Specifically, if corre-
spondence is established between two separate instances, the
existing object representation that is associated with the first
stimulus will be updated to accommodate the information
from the more recently sampled stimulus. In contrast, if no
correspondence is established, a new representation must be
created to accommodate the new information, and the old
representation will be left unchanged (Fig. 1).

Another way that correspondence can be understood is in
terms of the interpretation of the output ofmotion energymodels
(e.g., Adelson & Bergen, 1985; Van Santen & Sperling, 1985;
Werkhoven, Sperling, & Chubb, 1993). The idea of these
models is that the visual system computes motion energy on
the basis of changes in the activation of low-level motion
detectors, due to the change of the stimulation at a certain
location over time, and determines correspondence on the basis
of the direction in which the most motion energy occurs.

Motion-energy-based and object-based accounts of corre-
spondence imply different levels of visual processing at which
correspondence is resolved. From the viewpoint of motion
energy models (e.g., Adelson & Bergen, 1985; Van Santen &
Sperling, 1985; Werkhoven et al., 1993), correspondence is
established between relatively “raw” representations of stimulus
information (i.e., features that are represented directly in the
retinal image, or “image features”). These include features like
luminance and retinal size. In contrast, according to object-based
models (e.g., Enns, Lleras, & Moore, 2010), although corre-
spondence can be established between “raw” representations if
nothing else is available, it is more likely to be established
between representations of stimuli that have been processed to
take into account scene characteristics, such as differences in
illumination conditions, leading to lightness rather than lumi-
nance, and relative depth, leading to perceived size rather than
retinal size. This contrast is the focus of the present study.

One way to assess how correspondence is resolved is to use
ambiguous apparent-motion displays in which different
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solutions to the correspondence problem lead to different mo-
tion percepts (e.g., Navon, 1976; Ramachandran & Anstis,
1983; Ullman, 1979). For example, in the Ternus display
(Pikler, 1917; Ternus, 1926) three equally spaced discs, hori-
zontally aligned, are presented in alternation with a second set
of discs that are shifted horizontally by one position, so that the
second and third discs of the first set line up with the first and
second discs of the other set (see Fig. 2, left panel). This display
is ambiguous with regard to the motion that is perceived and
how the correspondence can be resolved. Specifically, under
some conditions—that is, for example with long interstimulus
intervals (ISIs, or the time between two frames of stimuli)—the
discs appear to move together as a group (group motion).

Alternatively, under other conditions—that is, for example with
short ISIs—one disc appears to “jump” from one end to the
other, whereas the other discs remain stationary (element
motion). Notice that which type of motion is perceived—group
or element—indicates how the visual system has resolved the
correspondence, and that the two alternatives are very different
(see the left panel of Fig. 2).

Although ISI is the longest-known factor to influence
whether group or element motion is perceived in the Ternus
display (e.g., Pantle & Picciano, 1976; Petersik & Pantle,
1979), other factors, such as the discs’ surface color, texture
and shape, or perceptual organization, can also determine
which type of motion is perceived (e.g., Adelson & Bergen,
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Fig. 1 Illustration of the representational consequences of establishing
correspondence (or not) between two stimuli. A black element is present-
ed on a gray screen at two different locations and two different points in
time. The time interval between the two elements is supposed to be small
in the left graph (a) and large in the right graph (b). The dotted ovals
represent the content of the corresponding object representations at the
two points in time. If correspondence is established, then the old

representation of the object (A) will be updated on the basis of the more
recently sampled information (a). Alternatively, if no correspondence is
established, then the old representation of object Awill be left unchanged
by the newly sampled information, and a representation of a new object
representation (B) will be established to accommodate the newly sampled
information (b)
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Fig. 2 Illustration of two possible solutions to the correspondence prob-
lem in the Ternus display, which lead to two alternative motion percepts:
“element” or “group.” One possible solution (upper left panel) is that
correspondence is established between the second and third discs (B and
C) in the first frame and the first and second discs (B′andC′) in the second
frame, whereas the first disc in the first frame (A) is associated with the
last disc in the second frame (A′). This solution leads to the perception of
two stationary discs (B and C) and one disc jumping from the leftmost
position to the rightmost position (“element motion”). Another possible

solution (lower left panel) is that correspondence is established between
the first, second, and third discs in the first frame and the first, second, and
third discs in the second frame, respectively. This solution leads to the
perception of the three discs moving together as a group (“group mo-
tion”). Which type of motion observers report provides a measure of how
correspondence was resolved. The right panel shows two examples of
how correspondence can be biased in the Ternus display, using either size
or luminance
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1985; Alais & Lorenceau, 2002; Boi, Oğmen, Krummenacher,
Otto, & Herzog, 2009; Casco, 1990; Dawson, Nevin-
Meadows, & Wright, 1994; He & Ooi, 1999; Kramer &
Rudd, 1999; Kramer & Yantis, 1997; Ma-Wyatt, Clifford, &
Wenderoth, 2005; Petersik & Rice, 2008; Pooresmaeili,
Cicchini, Morrone, & Burr, 2012; Van Santen & Sperling,
1985; Wallace & Scott-Samuel, 2007; Werkhoven, Sperling,
& Chubb, 1994), even to the point of overriding the influence
of ISI (e.g., Hein & Moore, 2012).

One account of Ternus displays is that how they are per-
ceived is determined by a combination of within-frame spatial
grouping and across-frame temporal grouping (He & Ooi,
1999; Kramer & Yantis, 1997). Specifically, the idea is that
the more the elements group spatially within a frame, the more
likely it is that group motion will be perceived, whereas the
more the elements group temporally across frames, the more
likely it is that element motion will be perceived. This expla-
nation accounts for how differences in the appearances of the
individual Ternus elements can influence motion perception, in
that the within-frame spatial grouping of elements will be less
when the elements are different (e.g., squares and circles) than
when they are identical (Kramer & Yantis, 1997). Similarly, if
the Ternus elements can be grouped within a stationary con-
text—for example, with a row of the same elements extending
vertically along the central Ternus elements—this context will
serve to group the central Ternus elements away from the first
Ternus element, thereby decreasing within-frame spatial group-
ing, and thus increasing the probability of perceiving element
motion (He & Ooi, 1999; Kramer & Yantis, 1997).

In the present study, we used the Ternus display to ask
whether correspondence is established on the basis of image-
level information only (i.e., taking into account only image
features, such as retinal size and luminance), or whether it is
established at the level of scene-based information (i.e., taking
into account information that depends on scene context, such
as perceived depth and illumination conditions). Specifically,
we manipulated the scene context so that differences in image
size (Exp. 1) and luminance (Exp. 2) either did or did not have
a scene-based reason for why they occurred. In both experi-
ments, when a scene-based reason was provided for the dif-
ference in image features, the correspondence was resolved
more often as if there were no differences than as if a differ-
ence had occurred. This suggests that correspondence can be
resolved at the level of scene-based representations, which is
consistent with previous studies showing that the perceptual
organization of the scene affects motion perception in the
Ternus display (He & Ooi, 1999; Kramer & Yantis, 1997).

Experiment 1: scene-based versus image size

Previous work has shown that differences in element size can
be used to bias either element- or group-motion percepts in

Ternus displays, thus showing that object correspondence
takes stimulus size into account (Casco, 1990; Hein &
Moore, 2009a; Kramer & Yantis, 1997). In order to examine
whether it is image size only that influences the correspon-
dence process, or whether the perceived size of objects within
the scene may also influence correspondence, we used biased
Ternus motion displays with differences in sizes of the ele-
ments (Fig. 2, right panel). In some conditions we added a
scene-based reason for the change in image size. Specifically,
we added an occluding surface with a small window in it, such
that the discs were perceived to move back and forth behind
this surface, and to be partially shown through the window as
they moved (Fig. 3, lower display). In this critical condition,
although the size of the image projected by the disc changed
as it appeared to move behind the occluding surface, the
implied size of the disc did not change. Rather, the disc
appeared to be only partially visible through the hole in the
occluding surface, thereby providing a reason for the small
stimulus and image size. This critical condition was compared
to two conditions in which the occluder window was large
enough to reveal the difference in size at both image and scene
levels, and also to two conditions in which no occluder was
present (Fig. 3, upper displays).

If correspondence is determined at least in part by infor-
mation at a level of representation at which scene-based
information has been taken into account, then the critical
small-window condition should produce results similar to
the no-bias conditions, in which all of the discs are clearly
the same size throughout the display. In contrast, if correspon-
dence is determined only on the basis of image features
(retinal size, in this case), prior to taking into account scene-

No Bias Element Bias

Small window

Perceived size? Image size?occluder

Fig. 3 Illustration of the five different conditions used in Experiment 1
and the two hypotheses. If correspondence is solved at the level of
perceived size (scene-based), the critical small-occluder-window condi-
tion should be more similar to the no-bias conditions. If, however,
correspondence is solved at the level of image size (image-based), the
small-occluder-window condition should be more similar to the element-
bias conditions
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based information, then this condition should produce results
similar to the element-bias conditions, in which no scene-
based reason is provided for the change in image size.

Method

Participants A group of 14 observers participated in this
experiment in fulfillment of a course requirement. All were
naïve as to the purpose of the experiment prior to participating.
All reported normal or corrected-to-normal visual acuity and
color vision. Two who showed no increase or a decrease of
groupmotion responses as a function of ISI in the standard no-
bias condition were replaced. Thus a total of 12 participants
(mean age = 20; eight female and four male) contributed data
to the results reported here.

Apparatus The experiment was controlled by a Macintosh
Pro computer (Mac OS X, Version 10.4.10) driving a 17-in.
color monitor with a spatial resolution of 1,024 × 768 and a
refresh rate of 100 Hz, using MATLAB software (Version 7.4,
release 2007a, The MathWorks, MA) with the Psychophysics
Toolbox extensions (Version 3.0.8, flavor beta; Brainard,
1997; Pelli, 1997). The viewing distance was fixed at 64 cm.
The experiment was conducted in an individual testing room
that was dimly lit (39 cd/m2).

Stimuli In the no-bias condition, the Ternus display consisted
of two sets of three discs with a diameter of 1.5º, separated by
0.5º gaps. In the element-bias conditions, the middle disc in
the first Ternus frame and the first disc in the second Ternus
frame were 0.7º in diameter. All discs were black (5 cd/m2) on
a gray background (63 cd/m2). The occluding surfaces were
2.1º × 3.9º red (22-cd/m2) rectangles drawn on top of the
Ternus display. The occluder had a circular window that was
either 20 % larger than the standard Ternus disc (1.9º diame-
ter) or exactly the same size as the small Ternus disc (0.7º
diameter).

Task On each trial, participants made a forced choice decision
and pressed the “j” or “f” key on the keyboard to indicate that
they had perceived either all of the elements moving together
as a group (group motion) or one of the elements moving
separately from the others, jumping from the left to the right
while the other two elements remained stationary (element
motion).

Procedure Each 45-min session began with a set of written
instructions that included two illustrations of clear group
motion (300-ms ISI, no bias, no occluder) and element motion
(0-ms ISI, no bias, no occluder). After a block of 16 familiar-
ization trials, during which the experimenter was present and
could answer questions, participants completed 12 experimen-
tal blocks of 48 trials each.

Each trial began with a blank screen for 1,500 ms, followed
by the first set of three discs for 200 ms at Position 1, and the
occluder, if present (Fig. 4). After a variable ISI of 0, 20, 40,
80, 120, 160, 200, or 300 ms, the second set of three discs
appeared for another 200 ms at Position 2, followed again by
the same ISI. The display continued to cycle until a response
was recorded. The next trial started after 1,000 ms. The
occluder, when present, was present throughout the entire
trial, including during the ISIs.

Design A 5 (display type: small-window occluder; large-
window occluder, element bias; no occluder, element bias;
large-window occluder, no bias; no occluder, no bias) × 8 (ISI:
0, 20, 40, 80, 120, 160, 200, or 300 ms) within-subjects design
was used. In order to present the small-window occluder
condition on the same number of trials as the large-occluder
condition, this condition was presented twice as often as each
of the other conditions. All factors were fully crossed and
randomly mixed within blocks of trials, resulting in 24 obser-
vations for each ISI in the small-window conditions, and 12
observations for each ISI in all of the other display conditions.

Results and discussion

Figure 5 shows the mean percentages of group motion re-
sponses as a function of display type and ISI for Experiment
1. The individual means were submitted to a two-factorial
analysis of variance (ANOVA) with the factors Display Type
and ISI. As is typical, ISI had a significant effect on perceived
motion—ISI, F(7, 77) = 48.05, p < .001, ε = .313—with group
motion responses strongly increasing from short to long ISIs.
Perceived motion also depended, however, on the details of the
display, as was confirmed by a significant main effect of display
type, F(4, 44) = 21.82, p < .001, ε = .362, and the Display
Type × ISI interaction, F(28, 308) = 7.52, p < .001, ε = .122.

To understand the impact of display on perceived motion in
more detail, we considered perceived group motion collapsed
across ISIs in the various display conditions. On average, only
26 % of the trials in the element-bias (no-occluder) condition
were perceived as group motion, whereas 84 % were per-
ceived as group motion in the corresponding no-bias condi-
tion, t (11) = 6.46, p< .001, Cohen’s d= 1.86. Similarly, in the
big-window conditions, in which the discs were fully visible
through the occluder, 30 % of the trials were perceived as
group motion in the element-bias condition, whereas 72 %
were perceived as having group motion in the no-bias condi-
tion, t(11) = 4.64, p < .001, Cohen’s d = 1.34. These differ-
ences confirm previous demonstrations that feature differ-
ences among elements can drive the correspondence process
(e.g., Hein & Moore, 2012). The small-window condition,
which was identical to the element-bias condition at the level
of image-size bias, but identical to the no-bias condition at the
level of scene-based or perceived size, was the critical
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condition. Here, 62 % of the trials were perceived as group
motion. This is 32 % more than in the corresponding big-
window element-bias condition, t (11) = 3.09, p< .05, Cohen’s
d = 0.89, and only 10 % less than in the corresponding big-
window no-bias condition, t (11) = 2.85, p < .05, Cohen’s d =
0.82. This difference in differences of 22 % showed a trend,
t (11) = 1.77, p = .10, Cohen’s d = 0.51, suggesting that the
critical small-occluder condition was processed more like the
no-bias condition than the element-bias condition.

Interestingly, looking at the time course of the differences
between the no-bias large-occluder condition and the no-bias
condition, on one hand, and the no-bias condition and the critical

small-occluder condition, on the other, it is noticeable that the
difference between the former two conditions seems to be
present a short ISIs but to disappear at longer ISIs, whereas the
opposite is the case for the latter two conditions. We can only
speculate what the reason for these two differences might be.

One possibility for the early difference between the no-bias
large-occluder condition and the no-bias condition is that
participants perceived the Ternus discs surrounded by the
large occluder as being larger than they were, since they might
have integrated part of the background that was visible
through the occluder into the percept of the Ternus disc,
introducing a small element bias, and thus decreasing the
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Fig. 4 Illustration of the basic trial sequence (large-occluder-window,
small-disc condition). Each trial started with a blank screen for 1,500 ms,
followed by the first frame of the Ternus display and one of the two types
of occluder, if an occluder was present, for 200 ms. After a variable
interstimulus interval between 0 and 300 ms, the second frame of the

Ternus display was presented (the set of discs shifted one position to the
right) for another 200 ms, followed by the same interstimulus interval.
These two Ternus disc displays continue to cycle until a response key was
pressed. The participants’ task was to decide whether they perceived
element or group motion
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amount of group motion perceived. This is possible, but
unlikely, since the background and the occluder were present
all the time, whereas the black discs appeared, disappeared,
and reappeared, thus giving a strong figure–ground segrega-
tion cue. In addition, participants were familiar with the size of
the small and large discs due to the other conditions, and it is
therefore very likely that they also perceived the discs as such
in the occluder conditions.

Another possible explanation of the difference between the
no-bias large-occluder condition and the no-bias condition is
in terms of the spatial-and-temporal-grouping hypothesis re-
ferred to above (He & Ooi, 1999; Kramer & Yantis, 1997).
Under this hypothesis, the occluder may have weakened the
spatial grouping of elements within frames, and strengthened
the temporal grouping of elements across frames, by separat-
ing the central Ternus element with the occluder from the first
element within a frame, thereby decreasing the number of
group motion responses. Although this is possible, we think
that because the occluder was present continuously through-
out the trial, whereas the elements appeared and disappeared,
it is unlikely that the occluder was grouped with the elements.
It seems more likely that the difference between the no-bias
and the no-bias large-occluder condition was that the occluder,
when present, drew attention to the disc that it surrounded,
thereby anchoring this disc to its location, and thereby de-
creasing the probability of perceiving group motion.

The difference between the no-bias large-occluder condition
and the critical small-occluder condition at longer but not at
very short ISIs could have something to do with the fact that the
complete interpretation of the scene might take some time,
and that differences in the interpretation—for example, that
participants might sometimes see a small disc behind the
occluder in the critical small-occluder condition, instead of a
large disc—might therefore only appear at longer ISIs (>40 ms).

As we noted in the introduction, it has been shown that
low-level feature effects (e.g., element orientation, luminance,
or size) can be explained in terms of differences in motion
energy, without appealing to higher-level representations
(Adelson & Bergen, 1985; Pooresmaeili et al., 2012; Van
Santen & Sperling, 1985; Werkhoven et al., 1993). These
models predict that perceived motion is determined by the
direction in which there is the greatest motion energy. Motion
energy is determined by image-level statistics and can be
modeled by analyzing the distribution of energy in the
Fourier spectrum that describes changes in contrast values
over space and time (e.g., Adelson & Bergen, 1985; Watson,
Ahumada, & Farrell, 1986). To assess whether motion energy
strength is sufficient to account for the present pattern of
results, we conducted these analyses on the stimuli from
Experiment 1. We first converted the stimuli from that exper-
iment to grayscale. We then took a one-pixel-wide cross-
section at the midpoint of each of the three displays (Ternus
Frame 1–blank screen–Ternus Frame 2; see the first image in

Fig. 6, bottom) for each condition (no bias; no bias, large
occluder; small occluder; element bias, large occluder; ele-
ment bias). Next, we repeated each cross-section by a constant
value to mimic the temporal dimension (Fig. 6, bottom). We
then did a two-dimensional Fourier transformation on these
images and used the power spectra to compare the spatiotem-
poral frequencies of the Fourier components that
corresponded to vertically oriented sinusoids drifting in oppo-
site directions. In order to identify in which direction (leftward
or rightward) the stronger motion energy occurred (and, there-
fore, in which direction perceived motion was predicted by
motion energy models of correspondence), we computed the
sum of this difference image of the Fourier power spectra for
each spatiotemporal frequency (with positive values indicat-
ing motion to the right, and negative values indicating motion
to the left). The sum of this sum provides an indicator of how
much motion energy to the right was predicted. This, in turn,
provides an estimation of the degree of perceived group
motion that motion energy alone would predict for each
condition (bar graph in Fig. 6).

As Fig. 6 illustrates, the motion energy model predicted
less group motion—that is, motion to the right—in the
element-bias conditions than in the no-bias conditions, which
is consistent with the experimental results. However, it also
predicted the same amount of group motion in the small-
window occluder condition and in the other two, element-
bias conditions. This is inconsistent with the results.
Participants reported much more group motion in the critical
small-window occluder condition (79 %) than in the two
element-bias conditions (element bias, no occluder, 34 %;
element bias, large occluder, 40 %). The present results,
therefore, rule out at least this simple motion energy model
of correspondence.

To summarize, we found that the critical small-window
condition was reliably different from the element-bias condi-
tion, even though both conditions were identical in size at the
image level, and though the same motion energy was predict-
ed for both conditions following our Fourier analyses. Thus,
these results suggest that scene-based perceived motion can
influence the correspondence process.

Experiment 2: lightness versus luminance

In Experiment 2, we tested the analogous question with regard
to luminance versus lightness (i.e., the perceived reflectance
of stimuli having taken into account differences in illumina-
tion conditions). Previous studies (e.g., Dawson et al., 1994;
Hein &Moore, 2012; Petersik & Rice, 2008) have shown that
reducing the luminance of one of the Ternus discs can bias
correspondence toward the percept of element or group mo-
tion (Fig. 2, right panel). To distinguish luminance from
lightness, we presented a dark transparent filter in front of
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the Ternus display using binocular disparity cues, such that it
appeared to float out in front of the Ternus display and the
discs were perceived to move back and forth behind it as they
moved (Fig. 7, lower display). This filter reduced the lumi-
nance of the Ternus discs under the filter, but given lightness
constancy processes, the discs were still matched in lightness.
Thus, in this condition, there should be no perceived differ-
ences in lightness (i.e., perceived reflectance or apparent
color/gray level) of the discs across the frames of the Ternus
display. Rather, discs with lower luminance were simply
perceived as being viewed through a dark transparent surface
as they moved behind it. This critical filter condition was
compared to luminance-based element-bias and group-bias
conditions, as well as to a no-bias condition (Fig. 7, upper
displays).

If correspondence can be determined by scene-based infor-
mation, and not by image-based information alone, then the
critical filter condition should produce results more similar to
the no-bias condition, in which all of the discs were identical
in luminance throughout the display, than to the element-bias
condition. In contrast, if correspondence is determined only
on the basis of image features (luminance, in this case), then
this condition should produce results similar to the element-
bias condition, in which no scene-based reason was provided
for the change in luminance.

Method

Participants A new set of 15 observers from the same pool as
in Experiment 1 participated in this experiment. All were

naïve as to the purpose of the experiment prior to participating.
All reported normal or corrected-to-normal visual acuity and
normal color vision. Three of the participants were replaced
using the same criterion as in Experiment 1. A total of 12
observers (mean age = 19; four female and eight male) con-
tributed to the data reported here.
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in the different experimental conditions of Experiment 1 (with interstim-
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each condition (gray bars), as well as the percentage of group motion

responses that we obtained experimentally for the 200-ms ISI (gray line).
We used the 200-ms ISI condition as a comparison because this is the
condition in which the duration of the discs was equal to the duration of
the ISI, as we assumed in our motion energy model
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Fig. 7 Illustration of the four different conditions used in Experiment 2
and the two hypotheses. If correspondence is solved at the level of
lightness (scene-based), the critical filter condition should bemore similar
to the no-bias condition. If, however, correspondence is solved at the level
of luminance (image-based), the filter condition should bemore similar to
the element-bias condition
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Apparatus The apparatus used was the same as in Experiment
1. We also used a pair of Crystal Eyes 3 shutter glasses from
Stereographics (www.stereographics.com) to present the
“filter” stereoscopically in front of the Ternus display.

Stimuli A Ternus display was presented at the center of the
screen as in Experiment 1. The Ternus discs’ surfaces had
different levels of luminance depending on the stimulus con-
dition. In the no-bias conditions, all discs were filled with the
same medium gray with a luminance of 13.4 cd/m2. In the
group-bias condition, the center discs in both Ternus frames
had a darker gray, with a luminance of 6.6 cd/m2. The same
luminance was used for the center disc in the first Ternus
frame and the first disc in the second Ternus frame in the
element-bias and filter conditions. The Ternus discs were
presented on a light gray (19.1 cd/m2) background rectangle
(10º × 6º) surrounded by a darker gray (5.6 cd/m2) 1º-thick
frame. This background rectangle was in turn presented on a
dark gray background (2.4 cd/m2) filling the whole monitor.
In the filter condition, an additional 1.5º × 8º rectangle was
rendered stereoscopically in front of the Ternus display, cen-
tered on the center disc of the first Ternus frame, such that all
of the display parts that appeared to fall behind that rectangle
(the filter) were reduced in luminance by 50 %. The Ternus
display and all other surfaces were presented at the horopter
(i.e., 0 binocular disparity), and the filter was presented in
front of horopter, appearing to be closer to the observer than
the other stimuli. This was achieved by introducing a binoc-
ular disparity of ±0.1º between the two images of the rectangle
for the two eyes, respectively.

Task and procedure The task and the general procedure were
the same as in Experiment 1. The trial events were identical to
those in Experiment 1. As in Experiment 1, when a filter was
present, it was present throughout the entire trial.

Design A 4 (display type: element bias, no bias, group bias, or
filter) × 8 (ISI: 0, 20, 40, 80, 120, 160, 200, or 300 ms) within-
subjects design was used. The element, group, and no-bias
conditions were randomly mixed within blocks of trials and
were collected in the first 16 blocks of 24 trials each. The filter
condition was blocked at the end of the experiment, presented
in four blocks of 32 trials each. This resulted in a total of 16
observations in each display type and ISI condition.

Results and discussion

Figure 8 shows the mean percentages of group motion re-
sponses as a function of display type and ISI for Experiment 2.
The individual means were submitted to a two-factorial
ANOVAwith the factors Display Type and ISI. As is typical,
group-motion responses increased with ISI, F (7, 77) = 30.42,
p < .001, ε = .256. In addition, however, the pattern depended

on the details of the display, as was confirmed by a reliable
main effect of display type, F(3, 33) = 21.13, p < .001,
ε = .765, and a reliable interaction between ISI and display
type, F (21, 231) = 8.67, p < .001, ε = .262.

On average, the element-bias, no-bias, and group-bias con-
ditions yielded 20 %, 63 %, and 77 % group motion, respec-
tively. The difference of 43 % between the element-bias and
no-bias conditions, t (11) = 6.53, p < .001, Cohen’s d = 1.88,
and the difference of 15 % between the group-bias condition
and the no-bias condition, t(11) = 2.21, p < .05, Cohen’s
d = 0.64, replicate previous findings that luminance-based
feature differences among elements can drive the correspon-
dence process (e.g., Dawson et al., 1994; Hein & Moore,
2012; Petersik & Rice, 2008). The critical filter condition,
which was matched to the element-bias condition in terms of
image-level (i.e., luminance) differences across the elements
of the Ternus display, but was matched to the no-bias condi-
tion in terms of scene-level (i.e., lightness) differences across
the elements of the display, yielded 46 % group motion. This
is 26 % greater than the element-bias condition, t(11) = 3.08,
p< .05, Cohen’s d= 0.89, and only 17 % less than the no-bias
condition, t(11) = 3.38, p < .01, Cohen’s d = 0.98. This
difference in differences of 9 % was, however, not reliable,
t (11) = 0.72, p = .48.

One could argue again that the introduction of a filter might
have changed low-level stimulus characteristics, such that
models that simply compute motion energy on the basis of
luminance differences could have predicted the increase of
group motion responses in the filter condition (e.g., Adelson
& Bergen, 1985; Van Santen & Sperling, 1985; Werkhoven
et al., 1993). We did the same Fourier transformation analysis
as in Experiment 1 (e.g., Adelson & Bergen, 1985; Watson
et al., 1986), in order to compare the output of a motion energy
model with the amounts of group motion responses in the
different conditions. Themodel predicted less group motion in
the critical filter condition than in the element-bias condition,
which was opposite to the experimental findings (Fig. 9),
suggesting that motion energy alone cannot account for our
findings.

Another alternative explanation could potentially account
for our findings: It is possible that due to the introduction of an
object at another depth layer—the filter—participants may
have perceived the Ternus elements as being farther away
than they were without this object. If the elements were
perceived as being farther away, this could have made them
appear somewhat larger than in the conditions without a filter,
due to size constancy. Breitmeyer and Ritter (1986a, 1986b)
have shown that more group motion is seen with larger
elements. However, they changed the element size consider-
ably, from 0.2º to 0.7º. It is unlikely that a small difference in
perceived depth would have the same effect. In addition,
Breitmeyer and Ritter (1986a, 1986b) kept the spacing be-
tween elements constant, which could also have increased the
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amount of group motion perception in the Ternus display, as
findings by Pantle and Petersik (1980) would suggest. In
contrast, to the extent that perceived depth differences led to
perceived disc size differences, the perceived distance be-
tween elements would similarly change, and therefore one
might not expect the motion percept to chance. In a separate
experiment, we presented Ternus displays at different depths
by manipulating binocular disparity, we indeed found that
perceived depth had no effect on the pattern of group versus
element motion as a function of ISI Hein, E., & Moore, C. M.
(2009b), unpublished raw data.

The difference between the critical filter condition and the
no-bias condition could also be explained in terms of the
spatial-and-temporal-grouping hypothesis, as we have consid-
ered before (He & Ooi, 1999; Kramer & Yantis, 1997).
Specifically, the filter might have weakened the within-
frame spatial grouping and strengthened the between-frame
temporal grouping, leading to fewer group-motion responses

in the filter than in the no-bias condition. Although this is
possible, we again think that it is unlikely that the filter would
be grouped with the Ternus elements, because the filter was
presented continuously, whereas the Ternus elements were
presented intermittently. This should have decreased the pos-
sibility that they would be grouped together.

Finally, it is possible that due to simultaneous contrast
processes, the local luminance contrast of the central element
that was covered by the filter was reduced, making it more
similar to the luminance of the neighboring discs, and thus
making the whole display more similar to the no-bias condi-
tion than to the element-bias condition. Such an effect could
cause more group motion perception in the filter condition
than in the element-bias condition, without the need to rely on
the filter as an explanation. The question is, though, if such an
effect would be large enough to produce a difference of group-
motion responses between the filter condition and the
element-bias condition of about 40 %, as we observed. We
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know from other studies that, even when no differences occur
in perceived luminance contrast between elements, but just a
difference in hue, strong feature effects can be obtained
(Green, 1989; Hein & Moore, 2012). We therefore would
expect that the system should be very sensitive to even small
feature differences. In addition, the interpretation of the scene
seems to be important. When the filter condition was not
presented blocked at the end of the experiment, but mixed with
the other display conditions, the element-bias condition and the
filter condition converged together, with the filter condition
showing a smaller increase in group-motion responses, and
the element-bias condition showing a larger increase in
group-motion responses with ISI, even though the exact same
stimuli were presented as in the blocked experiment Hein, E.,
&Moore, C.M. (2010), unpublished raw data.We suggest that
the reason for this difference is that when the filter condition
was mixed in with the other conditions, the element-bias con-
dition was interpreted as having an “invisible” filter, and the
filter itself was perceived as being less convincing. These data
suggest that an alternative interpretation in terms of changes to
simultaneous contrast is less likely to be true.

In summary, even though a motion energy model predicted
even less group motion responses in the filter condition than in
the element-bias condition, we observed significantly more
group-motion responses in the filter condition than the
element-bias condition, reflecting an impact of scene-based
(lightness) information, rather than just image-based
(luminance) information on the correspondence process.

General discussion

Using Ternus motion as a venue to assess the correspondence
process, this study showed that correspondence can depend on
perceived features of the scene, in addition to simple image-
level information. Specifically, we found that when a scene-
based reason was provided for a change in image size—using
an occluder with a small window—what would have been an
element bias in the display given the image sizes of the discs
was substantially reduced (Exp. 1). Similarly, when a scene-
based reason for a reduction in luminance was provided—
using a transparent filter in front of the display—what would
have been an element bias in the display at an image level was
again substantially reduced (Exp. 2). Motion correspondence
must have been resolved at least in part on the basis of scene-
level information for these results to have occurred.

More generally, the present results contribute to a growing
number of studies showing that scene-based information—such
as, for example, completed surfaces behind and in front of other
surfaces, size constancy, and 3-D shape—contributes to what
might otherwise be considered basic low-level visual process-
ing—as, for example, in visual search (e.g., Aks & Enns, 1996;
Davis & Driver, 1994; He & Nakayama, 1992; but see

also Moore & Brown, 2001), apparent motion (e.g., He &
Nakayama, 1994; Mamassian & Sinha, 2001; Ramachandran
& Anstis, 1983; Yantis, 1995), grouping (e.g., Palmer, Neff, &
Beck, 1996; Rock, Nijhawan, Palmer, & Tudor, 1992), and
backward masking (Yantis & Nakama, 1998),

The present results also strengthen earlier claims regarding
the importance of feature information, in general, for the
correspondence process (e.g., Hein & Moore, 2012;
Hollingworth & Franconeri, 2009; Hollingworth, Richard, &
Luck, 2008; Hollingworth & Rasmussen, 2010; Moore,
Stephens, & Hein, 2010; Richard, Luck, & Hollingworth,
2008; Tas, Dodd, & Hollingworth, 2012), as contrasted with
the claim that only spatiotemporal factors are relevant (e.g.,
Flombaum, Scholl, & Santos, 2009; Scholl, 2001). Contrary
to this hypothesis of spatiotemporal dominance in resolving
correspondence (e.g., Flombaum et al., 2009; Scholl, 2001),
the present results indicate that the visual system flexibly
weighs all available information—spatiotemporal, image fea-
ture, and even scene-based feature information—to find the
most plausible solution to the correspondence problem (Hein
& Moore, 2012; Moore et al., 2010; Richard et al., 2008).

Finally, the present results indicate that low-level motion
detectors (e.g., Adelson &Bergen, 1985; Nishida & Takeuchi,
1990; Reichardt, 1961) that are triggered by specific spatio-
temporal changes in stimulus contrast (i.e., without regard to
the functional organization of the information within the dis-
play) alone cannot account for the perception of apparent
motion (see also Hein & Cavanagh, 2012). This follows
because the nature of the perceived motion (i.e., element vs.
group motion) varied across different scene organizations,
without changes in the image-level information, at least as
was suggested by our analysis using Fourier transformations
to predict motion energy. The present findings are consistent
with the assertion that, by means of an additional motion
process such as that proposed by Cavanagh (1992), an atten-
tional pointer provides information about displacements of
attention in space, which in turn leads to the perception of
motion, rather than a specialized motion detector that operates
on the retinal features, which are then selected by attention.
These attentional pointers could also be the mechanisms for
determining correspondence in ambiguous displays based on
perceived similarity between elements.

In summary, in two experiments we found that correspon-
dence in the Ternus display can be influenced by scene-based
representations that include perceived size and lightness in-
formation. These results strongly suggest that in order to
resolve correspondence, the visual system does not operate
only at the level of simple features, but instead relies at least in
part on higher-level representations, which may be facilitated
by attention.
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