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We investigated psychophysically whether feature-based attention modulates the percep-
tion of figure–ground (F–G) segregation and, based on the results, we investigated compu-
tationally the neural mechanisms underlying attention modulation. In the psychophysical
experiments, the attention of participants was drawn to a specific motion direction and
they were then asked to judge the side of figure in an ambiguous figure with surfaces
consisting of distinct motion directions.The results of these experiments showed that the
surface consisting of the attended direction of motion was more frequently observed as
figure, with a degree comparable to that of spatial attention (Wagatsuma et al., 2008).These
experiments also showed that perception was dependent on the distribution of feature con-
trast, specifically the motion direction differences.These results led us to hypothesize that
feature-based attention functions in a framework similar to that of spatial attention. We pro-
posed a V1–V2 model in which feature-based attention modulates the contrast of low-level
feature in V1, and this modulation of contrast changes directly the surround modulation of
border-ownership-selective cells in V2; thus, perception of F–G is biased.The model exhib-
ited good agreement with human perception in the magnitude of attention modulation and
its invariance among stimuli. These results indicate that early-level features that are mod-
ified by feature-based attention alter subsequent processing along afferent pathway, and
that such modification could even change the perception of object.

Keywords: feature-based attention, figure–ground segregation, border-ownership, early vision, psychophysical
experiment, computational model

INTRODUCTION
Among the numerous objects that are projected onto the retina,
attention selects objects that come into our perception (Posner,
1980; Itti and Koch, 2001). Such selection can be made based on
space, feature, and object. In all cases, attention modulates the
activity of neurons in the visual cortex (McAdams and Maun-
sell, 1999; Treue and Maunsell, 1999; Martinez-Trujillo and Treue,
2004; Gregoriou et al., 2009; Cohen and Maunsell, 2011; Wagat-
suma et al., 2011), thus enhancing perception or even changing
the perception (e.g., Palmer et al., 1993; Solmon et al., 1997; Has-
son et al., 2001; Carrasco et al., 2004; Mitchell et al., 2004). For
example, Tzvetanov et al. (2006) have shown psychophysically
that motion direction acts as a feature and motion-discrimination
is enhanced around an attended motion direction. Physiological
studies have reported that a majority of cells in V2 are selective
to border-ownership (BO; Zhou et al., 2000), which is a precur-
sor of figure–ground (F–G) segregation, and that spatial attention
modulates the activities of the cells (e.g., Qiu et al., 2007).

Although the neural mechanisms underlying the modulation of
perception by attention have been studied extensively (e.g., Deco
and Lee, 2004; Liu et al., 2007a; Ling et al., 2009; Reynolds and
Heeger, 2009; Baluch and Itti, 2011), the manner via which the
top-down signal mediating attention affects the bottom-up flow
of F–G segregation has not been clarified. Top-down attention

appears to modulate lower-level features, with modulation of con-
trasts in V1 at the lowest level (Lee et al., 1999; Paradiso, 2002;
Carrasco, 2011). The afferent transmission beginning in the low-
level features should gradually establish the perception as the signal
progresses through the hierarchy of the visual pathway. Our pre-
vious computational study suggested that the luminance contrast
in V1 within an attended location is modified by spatial atten-
tion, so that further processing in V2 is altered, to modulate the
perception of F–G (Wagatsuma et al., 2008). Specifically, spatial
attention strengthens the low-level feature contrast extracted in
V1, followed by the feeding of this modified contrast to BO-
selective cells in V2 via the surround modulation. As BO is
determined based on the balance of surround low-level feature
contrast between the sides with respect to its Classical Recep-
tive Field (CRF) (Sakai and Nishimura, 2006), the response of
a BO-selective cell is enhanced if spatial attention is directed to
its preferred direction. Our model of spatial attention accounted
for the mechanism of F–G switching and reproduced the human
perception. It is natural to expect that a neural mechanism sim-
ilar to this spatial attention underlies feature-based and object-
based attention, as a common mechanism for which attention
affects bottom-up flow. Recent studies support this expectation.
A physiological study has implied that spatial- and feature-based
attention affect local populations of cells in similar ways (Cohen
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and Maunsell, 2011). A large-scale simulation study has suggested
that the differences between spatial and feature-based attention
emerge from differential top-down influences on visual cortical
networks rather than from the presence of different neural cir-
cuits specialized for the two types of attention (Wagatsuma et al.,
2012).

We investigated whether and how feature-based attention
modulates F–G segregation. First, we conducted psychophysi-
cal experiments to examine whether BO perception is modified
by feature-based attention. In these experiments, the attention
of participants was drawn to a specific motion direction via a
motion-discrimination task similar to Tzvetanov’s et al. (2006)
experiments (Figure 1), and participants were then asked to judge
the side of figure in an ambiguous figure with surfaces consist-
ing of distinct motion directions. The results of these experi-
ments showed that feature-based attention alters perception, lead-
ing to the observation of the figure on the surface consisting
of the attended direction of motion, with a degree compara-
ble to that of spatial attention. Furthermore, these experiments
showed that perception is dependent on the distribution of the
motion direction difference along the border between figure and
ground, and independent of the object size. Second, we examined
computationally whether a neural mechanism similar to that of
spatial attention underlies the perception. Specifically, based on
the results of the psychophysical experiment, we proposed that
feature-based attention modulates the feature contrast or edge,
specifically motion direction differences, in early vision and that
this modulation of the low-level feature contrast changes the activ-
ities of BO-selective cells directly via the surround modulation,
thus modifying the perception of BO. We constructed a V1–V2
model and performed simulations of the model with ambiguous
figures mimicking our psychophysical experiments. The model
exhibited good agreement with human perception regarding the
magnitude of attention modulation and reproduced its invari-
ance among stimuli. These results suggest that early-level features
that are modified by feature-based attention alter subsequent
processing along the afferent pathway, and that such modifica-
tion could even change the selection of an object during F–G
segregation.

MATERIALS AND METHODS
PSYCHOPHYSICAL EXPERIMENTS
Stimuli
We used two types of stimuli consisting of a moving Random
Dots Patterns (RDP): a cue stimulus for drawing attention to
a specific motion direction (Figure 1A) and a test stimulus for
examining the perception of Direction Of Figure (DOF, Sajda
and Finkel, 1995) (Figure 1B). The cue stimulus aimed to lead
the feature-based attention of participants to a specific motion
direction (Figure 1A). Two circular surfaces of moving RDPs
were transparently superimposed in space within a diameter of
8˚ (degree of the visual angle). One surface included an RDP
moving toward the right and upward (35˚, 45˚, or 55˚ clockwise
from the vertical) and the other surface included an RDP moving
toward the left and upward (−35˚, −45˚, or −55˚). We superim-
posed two surface with distinct directions of motion to effectively
yield motion-based attention (Tzvetanov et al., 2006). All RDPs

FIGURE 1 | Stimuli used in the psychophysical experiments. (A) An
illustration of stimulus settings for the motion-discrimination task aimed at
directing attention to a specific motion direction. The two superimposed
surfaces of the RDP moving toward orthogonal directions (shown by white
arrows) are presented within a circular region (indicated by the white
dashed line). These two circular surfaces are transparently overlapping in
space. The two black bars (reference bars) drawn outside the circular region
provided the reference for motion directions. Participants were asked to
judge the motion direction of an RDP that moved toward (but not exactly to)
one of the reference bars. Specifically, the participants were instructed to
answer whether the RDP moved clockwise or counterclockwise with
respect to the reference bar. (B) An illustration of stimulus settings for the
DOF-discrimination task. The stimulus consisted of two random-block
objects in which the DOF was ambiguous at the boundary. The two objects
were segregated from each other and from the circular background by
difference in motion direction. The white arrows indicate the motion
direction of the RDP within each region (boundaries are indicated by white
dashed lines). Participants were instructed to report on which side of the
fixation aid (a small square at the center) appeared in front (figure). (C)
Mirror images of an example stimulus with respect to the vertical midline,
horizontal midline, and both. Black and white arrows indicate the motion
direction of the RDP within each object. A set of stimuli with a polarity that
was opposite to that of motion directions (right panel) was also presented.
We used these mirror images and two motion polarities to cancel biases in
the perception of DOF.

had a luminance of 3.84 cd/m2 and a speed of 4˚/s (for Exper-
iments 1 and 2) or 5˚/s (for Experiment 3). We adopted faster
speed for Experiment 3 in order to cancel out stimulus complexity
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that may lower the effect of attention. Diagonal bars (11˚× 11˚,
3.84 cd/m2) oriented either right and upward (45˚) or left and
upward (−45˚) were chosen and drawn outside the circles, as
references. Participants were instructed to fixate a small square
(0.2˚× 0.2˚, 162.4 cd/m2) located at the center of the screen and
judge whether the motion direction of RDP was more “coun-
terclockwise” or “clockwise” with respect to the reference bars
that were presented at the time (motion-discrimination task).
This method for drawing attention to a specific direction of
motion has been utilized by Tzvetanov et al. (2006). They showed
that spatial interactions among sensory information were elim-
inated as far as attention was directed to a target direction of
motion.

The DOF of a test stimulus was designed to be ambiguous
along the vertical through a fixation point (Figure 1B). Ambigu-
ous figures were generated from the combinations of pseudo
white-noise random-block objects (see the Appendix for the gen-
eration algorithm; Sakai and Nishimura, 2006; Wagatsuma et al.,
2008; Sakai et al., 2012). The shape of each object was gener-
ated from up to six square blocks that were placed within a
4× 4 grid, for Experiments 1 and 2, or eight square blocks placed
within a 6× 6 grid, for Experiment 3. The RDP within one object
moved toward +45˚ and the other toward −45˚, surrounded by
a RDP moving upward with a diameter of 12˚. Differences in
motion direction at borders evoked the segregation of regions
and generated two surfaces in the shape of random-block objects
against the background. The luminance and speed of RDPs were
identical to those used for the cue stimulus. Participants were
instructed to judge which side, the left or right, appeared in front
of the other with respect to the fixation point, i.e., to report
the DOF at the fixation point (DOF-discrimination task). To
cancel any biases in the perception of DOF, we utilized mir-
ror images with respect to the vertical and horizontal midlines
and images with a polarity that was opposite to that of motion
directions (Figure 1C; Wagatsuma et al., 2008). We prepared 40
test stimuli in total (five types of ambiguous figures× four mir-
ror images× two motion polarities). The combination of four
types of cue stimuli yielded 160 trials, which was considered
as one set in this experiment. We performed two sets for each
subject.

Experimental procedure
Figure 2 shows the procedure used to perform Experiments 1 and
2, which aimed to examine feature-based attention in the percep-
tion of DOF. The experiments started with the presentation of a
fixation aid (0.2˚× 0.2˚) at the center of the screen for 470 ms.
Participants were instructed to gaze at the fixation aid during the
experiment. A pair of reference bars for motion-discrimination
was presented along either the left/upward or right/upward diag-
onals for 360 ms. A cue stimulus appeared within a circle of 8˚
for 360 ms with the simultaneous presentation of the diagonal
reference bars (Figure 1A). Participants were instructed to judge
the direction of dot motion with respect to the reference bars
(clockwise or counterclockwise) while ignoring the RDP moving
orthogonally to the reference bars, and to report this judgment
at the end of the trial. This task aimed to direct attention to
a specific motion direction. Subsequently, a blank screen was

FIGURE 2 | Procedure used in Experiments 1 and 2. Participants were
asked to carry out a motion-discrimination task (the stimulus is shown
during the “Cue” screen) and a DOF-discrimination task (during the “Test”
screen). Participants were instructed to respond to both tasks at the end of
each trial using a two-alternative forced choice (2AFC) paradigm. See text
for details.

presented for 235 ms and a test stimulus for DOF-discrimination
(Figure 1B) was presented inside a circle of 12˚ for 360 ms. Par-
ticipants were asked to report which of the left or right object
was perceived as figure in the test stimulus by clicking mouse but-
tons sequentially. At the end of each trial, participants were told
whether the response regarding motion-discrimination was cor-
rect or not; a blue square (5.7˚× 5.7˚) was displayed for 180 ms
for a correct response and a red square was displayed for 180 ms
for an incorrect response. This feedback aimed to enhance the
attention of individuals to a specific motion direction. The order
of presentation of each condition (the combination of the ori-
entation of reference bars and the directions of moving dots in
cue and test stimuli) was randomized. This method allowed us
to examine the perception of DOF while attending to a specific
direction of motion. This procedure was similar to our previous
psychophysical experiments for testing whether the behaviors of
the model for spatial attention agreed with human perception
of attention modulation in BO determination (Wagatsuma et al.,
2008).

Observers and apparatus
Six male and two female participants in their twenties with
normal or corrected-normal vision participated in the experi-
ments. They were familiar with visual psychophysics but not
aware of the aim of the experiments. The experiment was con-
ducted using a 21′′ CRT monitor (GDM8411; Silicon Graphics
Inc.) at a refresh rate of 85 Hz, controlled by a PC (Precision
360-n; Dell). The monitor was placed at a distance of 57 cm in
front of the participants in Experiments 1 and 2, and at 85.5 cm
in Experiment 3. Shapes of random-block objects in Experi-
ment 3 were more complex than those in Experiments 1 and
2 (see Difference in Motion Direction for the Attention Mod-
ulation of DOF – Experiment 3 and the Appendix for details)
thus we drew them slightly larger to assure similar resolution on
the monitor. For presenting their entire shapes within the same
visual angle as in Experiments 1 and 2, the distance between
the monitor and participants for Experiment 3 were set slightly
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longer than Experiments 1 and 2. Note that we did not com-
pare directly the degree of attention modulation among the
Experiments.

THE MODEL
Model architecture
The computational study (Sakai and Nishimura, 2006) proposed
that the cortical mechanism underlying BO coding and F–G
segregation involved the surrounding contrasts and surround
modulation observed in early visual areas (Jones et al., 2001, 2002).
Although this model was rather abstract model in the sense that
BO was determined solely from contrast balance without biophys-
ical details, the model not only reproduced the characteristics of
BO-selective cells but also was supported by psychophysical exper-
iments (Sugihara et al., 2007; Sakai et al., 2012). Based on this BO
signaling mechanism depending on surrounding contrasts and
edges, we proposed the model of spatial attention for BO modula-
tion (Wagatsuma et al., 2008). In our previous model, spatial atten-
tion modulates luminance contrast in V1, which then alters the
activities of BO-selective cells in V2. This spatial attention model
explained the mechanism of the switch of F–G and reproduced
qualitatively and quantitatively the human perception of DOF. It
is expected that a common framework to this spatial attention
model underlies the mechanism of different types of attention.
Our proposed model for feature-based attention shared the frame-
work used for spatial attention. We developed the present model
to investigate the role of feature-based attention in the modulation
of DOF that was observed in our psychophysical experiments. The
proposed model was composed of two stages: V1 and V2, as illus-
trated in Figure 3A. In this proposed abstract model, top-down
feature-based attention from higher visual areas, presumably MT,
was directed to a specific feature such as the motion direction,
which led to selective enhancement of the low-level feature con-
trasts or edges presented in V1 stage. This alternation resulted in
the modulation of model BO-selective cells in V2 stage, because
the responses of the cells were based on the surrounding modu-
lation by the low-level feature contrast extracted in early vision
(Figure 3B; Jones et al., 2001; Jones et al., 2002; Ozeki et al., 2009;
Sakai and Nishimura, 2006; Sugihara et al., 2007; Sakai et al., 2012).
Here, we consider local, component feature that appeared to be
processed in V1, rather than complex pattern presentation appar-
ent in MT. In the case of our experimental stimuli, edges or feature
contrast are formed by the differences in motion directions. Note
that there is no direct attention effect for the BO determination in
V2 stage.

V1 stage
We consider local, component feature contrast that appeared to
be processed in V1, rather than patterns apparent in MT. In our
model, the low-level feature contrast in the V1 stage played a key
role for the determination of the DOF, i.e., the responses of the
V2 stage was independent of the distribution of the features itself.
The V1 stage modeled the primary visual cortex, in which local
edges or low-level feature contrasts, specifically the motion direc-
tion differences, are presented and are modulated by the top-down
feature-based attention. The input to the V1 stage is provided by
a stimulus map composed of edge detector Eθ(x, y), akin to the

FIGURE 3 |The proposed model. (A) An illustration of the model
architecture. The abstract model consists of V1 and V2 stages, together
with the source of top-down feature-based attention, presumably MT. The
activities of BO-selective cells in V2 stage are determined by the low-level
feature contrasts or edges, specifically the motion direction differences,
from V1 stage. Top-down, feature-based attention operates on V1 only and
enhances feature contrast or edge at object boundaries. (B) An illustration
of the mechanism for a BO-Right selective model cells (Sakai and
Nishimura, 2006; Sakai et al., 2012). This example cell has suppressive
region (shaded ellipse) on the left of the CRF. If a figure (square) falls onto
the left side, the edge within the surrounding suppressive region inhibits
the activity of the cell. Therefore, the activity of the cell is stronger if a
figure is placed on the right of the CRF, indicating BO-right selectivity.

topographic representation in V1 cells (Craft et al., 2007; Mihalas
et al., 2011). Indices x and y are spatial positions. Orientations,
θ, were selected among 0˚, 90˚, 180˚, and 270˚. Input to the V1
stage, Eθ, had a resolution of 112× 112 pixels. The activities of Eθ

depended on the magnitude of the local contrast of the feature. In
the case of our psychophysical stimuli, the activities of Eθ on the
border between two objects are higher than that between objects
and backgrounds.

Top-down feature-based attention was applied to the V1 stage
and modulated the feature contrast or edge, specifically the motion
direction differences, Eθ(x, y). The modulated edges, I V 1

θ , are given
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by the following equation, as proposed by Lee et al. (Lee et al., 1999;
Peters et al., 2005):

I V 1
θ

(
x , y

)
=

Eθ(x , y)γI
Attn

SδI
Attn
+
∑
θ

(
1

(2M+1)(2N+1)

N∑
n=−N

M∑
m=−M

Eθ(x + n, y +m)

)δIAttn

(1)

where I Attn implies whether top-down feature-based attention is
directed to this feature and represents the magnitude of attention.
If Eθ(x, y) were the edges formed by motion direction differ-
ences with respect to the attended direction of motion, we used
I Attn
= 1.0. In the case of the attention to the opposite feature, we

set I Attn
= 0.0. γ and δ are constants. S is a semisaturation con-

stant that prevents the denominator to be zero. The constant S is
relatively sensitive to the simulation results. However, this semi-
saturation constant ranging between 2.0 and 3.5 showed marked
attention modulation of model BO-selective cells. In our simula-
tions, we used γ= 4.0, δ= 3.0, and S= 3.05. If the ratio of γ to δ is
fixed, simulation results are almost the same even when these two
constants are doubled. These constants were determined based
on our previous model (Wagatsuma et al., 2008) and were fixed
throughout all simulations. Equation 1 indicates that top-down
feature-based attention in V1 stage enhances the edges such as
the differences in the motion direction with respect to the specific
feature.

V2 stage
A mathematical description of the surround suppression of a
model BO-selective cell in V2 stage is given here. The activity of
the model BO-selective cells is determined from the edge signals
formed by motion direction differences transmitted from V1 stage
(Figure 3B; Sakai and Nishimura, 2006; Sakai et al., 2012).

First, V2 stage pools the edge signals that are transmitted from
V1 stage and have been modulated by top-down feature-based
attention over space and orientation:

O1 (x , y
)
= I V 1

0

(
x , y

)
+ I V 1

90

(
x , y

)
+ I V 1

180

(
x , y

)
+ I V 1

270

(
x , y

)
(2)

where O1 represents the pooling of the modulated edge signals
from V1 stage.

Second, the surrounding signal, O2
N , is given by a linear combi-

nation of edge signals from suppressive regions, which are defined
by Gaussian functions, as illustrated in Figure 3B:

O2
N

(
x , y

)
=

c
kx∑

i=1

ky∑
j=1

(
RN

(
i, j
)

O1
(

x −
kx

2
+ i

)(
y −

ky

2
+ j

))
(3)

where the index N represents the type of model BO-selective
cells, which are distinguished by the size and the location of their
surrounding suppressive regions; RN represents the suppressive
regions of the model BO-selective cells. Physiological studies have

reported a diversity of characteristics of BO-selective cells in V2
(Zhou et al., 2000; Qiu et al., 2007). The size and location of these
suppressive regions determine the properties of and reproduce
various BO selectivity. We implemented 10 types of suppressive
regions from a pool of Gaussians generated randomly (Sakai and
Nishimura, 2006; Sakai et al., 2012). These are common to a previ-
ous spatial attention work (Wagatsuma et al., 2008); kx and ky

indicate the spatial extent of suppressive regions; and c is the
connection strength.

Third, the response of model BO-selective cells, I V 2
N , was com-

puted from the linear summation of the CRF signal, O1, and the
surround signal, O2

N .

If O1(x , y)− O2
N (x , y) > 0,

I V 2
N

(
x , y

)
= O1 (x , y

)
×
(
O1 (x , y

)
− O2

N

(
x , y

))
(4)

otherwise

I V 2
N

(
x , y

)
= 0 (5)

For the determination of DOF, the activities of model BO-
selective cells were pooled, for representing the population activ-
ities. For the sake of simplicity, we took the summation of all
activities of BO-selective cells that prefer right side and those
prefer left side, respectively. Based on the magnitude of the two
values, the dominant population was considered to own the bor-
der. Note that feature-based attention did not act directly on the
model BO-selective cells in V2 stage.

RESULTS
FEATURE-BASED ATTENTION IN THE PERCEPTION OF
DOF – EXPERIMENT 1
We investigated psychophysically the influence of feature-based
attention on the determination of DOF. Participants judged DOF
at the border between two adjacent regions (each consisting of
an RDP moving toward a distinct direction) while directing their
attention toward a particular direction of motion. All subjects
reported the correct response in over 90% of the cue task. We
expected that the region with the attended direction of motion
would be chosen as figure more frequently. Figure 4A illustrates
the shapes of the test stimuli (ambiguous figures comprising two
objects) used in Experiment 1. Figure 4B shows the measured
perceptual ratio of DOF, indicating the region that tended to be
perceived as a figure. Note that we combined the data for each
test stimulus from all mirror images and polarities of motion
directions and from all participants who showed sensitivity to
attention, to extract the effect of attention. To quantify the effect
of feature-based attention on the perception of DOF, we carried
out three-way ANOVA using two attention conditions (attend to
the motion direction of left or right object), five ambiguous figures
(types 1–1 through 1–5), and six participants (A, B, C, D, E, and F;
five males and one female). There were significant main effects on
attention (P < 0.001) and participants (P < 0.05) and significant
interactions among the three factors (P < 0.005). The interac-
tions led us to examine the simple main effects of each factor.
Four participants (A, D, E, and F) showed significant differences
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in the perception of DOF with regard to two attention condi-
tions (P < 0.001). The other two participants (B and C) did not
exhibit significant differences (P = 0.48 and 0.12). We excluded
the data of participants B and C from further analyses, because
subsequent examinations focused on the nature of the modu-
lation for the determination of DOF afforded by feature-based
attention. The results obtained for all six participants, including
individual data, are shown in Figure A1 in Appendix. Note that
the tendency of the attention modulation of participants B and
C was similar to other four participants although their magni-
tudes were small. Tzvetanov’s et al. (2006) experiment with RDP
stimuli also reported the inter-subject variability while the aver-
aged data of all subjects exhibited expected effects. The interaction
between the attention condition and four participants (A, D, E, and
F) was significant (two-way ANOVA, P < 0.001). The modulation
afforded by attention was significant on all types of ambiguous
figures (pairwise t -test, P < 0.005). These results indicate that the
mean of all six participants exhibited a significant modulation by
feature-based attention in the perception of DOF (with depen-
dence on subject and stimulus type), and that four out of six
participants exhibited a significant modulation that was indepen-
dent of stimulus type (with dependence on subject). The amount
of perceptual modulation by spatial attention in a similar experi-
ment (Wagatsuma et al., 2008) was around 30–40%, whereas the
amount of perceptual modulation by feature-based attention in
the present experiment was around 45–65%. Although a direct
comparison between the experiments is difficult, it appears that
the modulation by feature-based attention is similar to (or maybe
slightly larger than) the modulation by spatial attention.

THE PERCEPTION OF DOF AND THE SIZE OF THE
OBJECT – EXPERIMENT 2
The result of Experiment 1 indicated that feature-based attention
modulates the perception of DOF, so that participants tended to
judge the region with an attended motion as figure. In this section,
we investigated the features that are modulated by feature-based
attention in the perception of DOF. Specifically, we examined
whether the mount of the attended motion direction directly mod-
ulates the perception of DOF. The test stimuli used in Experiment 1
consisted of two random-block objects with the same area, aiming
at canceling the imbalance of the object size. If the motion-selective
cells directly underlie the modulation of DOF, larger objects will
be perceived more frequently as figures and show more attention
modulation. In this section, we examined whether the modulation
of DOF depends on the imbalance of the size between the objects.

The test stimuli used in Experiment 2 are illustrated in
Figure 5A: the ratio of the areas between the two objects ranged
between 0.5 and 1.0. The shapes of the objects were identical
to those used in the previous study of spatial attention (Wagat-
suma et al., 2008; see Appendix). Six participants (all males)
participated in the experiment. Figure 5B shows the measured
perceptual ratio of DOF for all participants who indicated sensi-
tivity to attention, using conventions that were identical to those
shown in Figure 4B. Three out of six participants (A, B, and C)
were excluded from further analyses and Figure 5B because they
did not exhibit significant attention-based modulation (ANOVA,
P = 0.34, 0.10, and 0.09, respectively). The results obtained for

FIGURE 4 |Test stimuli and results of Experiment 1. (A) Five base-type
random-block stimuli with an ambiguous DOF at the center. The black and
white regions indicate the distinct motion direction of the RDP. The areas of
the black and white regions are equal. (B) Results of Experiment 1, using
four participants. The black bars indicate the apparent perception of DOF
toward the left with respect to the center for each base-type stimulus
(bottom panel). The white bars (above the black bars) represent the
perception of DOF toward the right. The black solid and gray dashed
contours around the bars indicate that black and white objects, respectively,
were attended. Arrows on the bottom panel also present the attention
conditions. The regions with attended motion direction were perceived
more frequently as figure than were the alternative regions. Error bars
represent the standard error. See main text for details.

the six participants, including individual data, are presented in
the Appendix (Figure A2 in Appendix). Note that the mean of
all six participants exhibited a significant modulation by feature-
based attention in the perception of DOF. The results suggest
that the objects with attended motion are perceived more fre-
quently as figure. To quantify the data, we performed three-way
ANOVA using two attention conditions (attention to the left or
right side motion direction), five types of ambiguous figures (type
2–1 through 2–5), and the three participants who exhibited signif-
icant attention modulation (D, E, and F). We observed a significant
main effect of attention (P < 0.005), but no significant main
effect on types of ambiguous figures (P = 0.439) and participants
(P = 0.229). These results indicate that the significant modulation
of the perception of DOF originates from feature-based atten-
tion and suggest the independence of modulation from stimulus
type. Although we observed a significant interaction between par-
ticipants and attention (P < 0.01), the tendency observed among
the participants was identical (with different levels of magnitude).
These results indicate that the modulation by feature-based atten-
tion is independent of the object size. To verify the modulation of
the perception of DOF for each ambiguous figure and each subject,
we carried out pairwise t -tests for each type of test stimulus and
each subject. For all types of stimuli, all participants showed a sig-
nificant difference in the perception of DOF between the attention
conditions (all stimulus types, P < 0.01). This result further sup-
ports the irrelevance of the object size to attention modulation in
the perception of DOF. The results of Experiment 2 indicate that
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FIGURE 5 |Test stimuli and results of Experiment 2. (A) Five base-type
random-block stimuli. The areas of two objects (shown in black and white)
were unbalanced. (B) Results of Experiment 2 with three participants and
using the same conventions as those shown in Figure 4. The regions with
attended motion direction were perceived more frequently as figure than
were the alternative regions. The magnitude of modulation was
independent of stimuli, indicating the irrelevance of the object size. See
text for details.

the size of the object does not directly underlie the modulation
of BO.

DIFFERENCE IN MOTION DIRECTION FOR THE ATTENTION
MODULATION OF DOF – EXPERIMENT 3
In the previous section, we showed that the modulation of DOF
by feature-based attention was independent of the object size. In
this section, we examined the role of motion direction differences
in the modulation afforded by feature-based attention regarding
the perception of DOF. As described above, we defined motion
direction difference as the difference in motion direction along
the border between figure and ground. In our experiments, the
difference in motion direction was set to 90˚, thus the length of
the border was proportional to the motion direction differences
(Figures 6A,B). Recent accumulative data indicate that attention
modulates the responses of early visual areas (Ito et al., 1998;
Posner and Gilbert, 1999) and enhances feedforward processing
(Wagatsuma et al., 2008; Zhang and Luck, 2009). Furthermore,
computational models imply that the distribution of low-level
feature contrast extracted in early vision is the basis of the deter-
mination of DOF (Sakai and Nishimura, 2006; Sakai et al., 2012).
These works suggest that a factor extracted in the early vision, such
as the edge or contrast of low-level features, plays an important
role in attention modulation. We designed two sets of test stimuli: a
balanced stimulus, with an equal amount of motion direction dif-
ference on the border between two objects (1:1; Figures 6A,C), and
an unbalanced stimulus, with unequal amounts of motion direc-
tion difference on each side (1:4; Figures 6B,D). If feature-based
attention had an effect on motion direction difference, the side
with a higher amount of (or stronger) motion direction difference

would be modulated effectively; thus, participants would tend to
perceive this side as figure more frequently (Figure 6E). On the
other hand, the side with a lower amount of (or weaker) motion
direction difference would be modulated ineffectively; thus, par-
ticipants would tend to perceive this side as a figure less frequently.
The comparison between the two sets of stimuli aimed to clarify
whether attention modulation of BO depends on difference in
motion direction. See Appendix for the generation algorithm of
balanced and unbalanced stimuli. The test stimuli used in Exper-
iment 3 consisted of two random-block objects with the same
size.

The two sets of test stimuli used in Experiment 3 are shown
in Figures 6C,D. These stimuli have more complex shapes than
those used in Experiments 1 and 2, because of greater diversity
in the combination of block squares. Accordingly, we modified
slightly the experimental procedure to yield perceptual clarity
similar to that used in the preceding experiments. The modi-
fied procedure is illustrated in Figure 7. The secondary task of
size-discrimination was added to achieve a greater level of con-
centration by the participants (Figure A3 in Appendix). After
the cue stimulus, in half of the trials participants were asked to
report on the object (right or left) that was bigger. This mod-
ification led participants to concentrate on the whole stimulus
display. To cancel any biases in the perception of DOF, the “Task
select” screen was presented just prior to “Response” screen. One
single set of the experiment consisted of 160 trials: 80 trials for
DOF- and 80 trials for size-discrimination tasks. The experiment
comprised eight sets (160× 8= 1280 trials). Five participants with
normal or corrected-normal vision (two females and three males)
participated in this experiment.

We carried out this experiment to investigate the role of
motion direction difference in attention modulation. If difference
in motion direction underlies this modulation, as illustrated in
Figure 6E, it is expected that the side with a higher amount of
motion direction difference evokes more modulation and tends
to be perceived as figure more frequently. Figure 8 shows the
results obtained for three participants (D, E, and F). Because
this experiment focused on the cause of attention modulation,
we excluded two of the five participants, as they did not show
significant modulation by attention (ANOVA, P = 0.52 and 0.49,
respectively). The results obtained for all five participants, includ-
ing individual data, are given in the Appendix (Figure A4 in
Appendix). Note that the mean of all five participants exhibited a
significant modulation by feature-based attention in the percep-
tion of DOF. To analyze whether difference in motion direction
is essential for attention modulation, we carried out three-way
ANOVA using the factors of attention (attention to the left or
right), motion direction difference (balanced and unbalanced),
and participants (D, E, and F). We observed a significant main
effect of attention (P < 0.001), indicating the modulation by atten-
tion for these stimuli. We also observed the presence of significant
interactions between attention and participants (P < 0.001) and
between attention and motion direction difference (P < 0.001).
The interaction between attention and subject led us to exam-
ine the simple main effects of attention and subject. This analysis
indicated the presence of significant differences in the magnitude
of attention modulation among participants, with all participants
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FIGURE 6 |Test stimuli and expected results of Experiment 3. Two sets
of stimuli with 1:1 (A,C) and 1:4 (B,D) motion direction differences,
respectively. Examples of a balanced (A) and an unbalanced (B) stimulus.
The center on the ambiguous figure was shown by the gray dashed line.
Motion direction difference was equivalent to the length of border between
black and white objects, which was shown by the red solid and dashed
ellipses on (A,B). The red dashed ellipses presented the motion direction
difference on the left side. The solid ellipses indicated the right side’s
motion direction difference. The motion direction difference of the stimuli in
(A,C) was balanced, so that the border lengths of the left [dashed ellipse in
(A)] and right [solid ellipse in (A)] side with respect to the center were
identical, whereas those in (B,D) were unbalanced {the border lengths
were 1 and 4 in the left [dashed ellipses in (B)] and right [solid ellipses in
(B)] sides, respectively}. (E) Illustration of the expected results. The left and
right panels show the expected results for stimuli with balanced (Group 1:1)
and unbalanced (Group 1:4) motion direction difference, respectively. If the
motion direction difference underlay the modulation of DOF, participants
would perceive a figure more frequently in the direction with more motion
direction difference. In the example of Group 1:4, the right side included
more motion direction difference than the left side; thus, participants would
tend to observe white objects as a figure more frequently. The red and blue
arrows indicate the modulations evoked by the difference in motion
direction differences, and i to iv indicate the types of modulation. See text
for details.

showing significance in attention modulation (P < 0.001). Simi-
larly, we examined the interaction between attention and motion
direction difference. The analysis of simple main effects showed
that motion direction difference was a significant factor when

FIGURE 7 | Procedure used in Experiment 3. Participants were asked to
carry out a motion-discrimination task (stimulus shown during the “Cue”
screen) and either a DOF-discrimination task or a size-discrimination task
(stimulus shown during the “Test” screen). The instruction to judge DOF or
size was given in the “Task Select” screen (red and green squares for DOF
and size task, respectively). The participants were instructed to respond to
tasks at the end of each trial, via 2AFC. The stimuli used in the
size-discrimination task are shown in Figure A3 in Appendix.

attending to the side with a lower amount of motion direction
difference, but not to the side with a higher amount of motion
direction difference. This implies, based on the illustration pre-
sented in Figure 6E, that the red arrow was significant, whereas the
blue arrow was not. This result indicates that the effect of atten-
tion is significantly smaller in the direction of a lower amount
of motion direction difference (iii in Figure 8) compared with
the effects of stimuli with balanced motion direction difference
(i= ii). On the other hand, the magnitude of attention modulation
was indistinguishable between the directions of a higher amount
of motion direction difference and balanced stimuli (P = 0.086).
These analyses show that a higher amount of motion direction
difference (iv) is effective in attention modulation, whereas a
lower amount of motion direction difference (iii) is significantly
less effective. The cause of this asymmetry is discussed below
(see Discussion). The results of Experiment 3 indicate that the
feature contrast arising from the differences between two direc-
tions of motion plays a crucial role in the modulation of DOF
by feature-based attention. These results do not conflict with
the computational model that BO signaling is determined based
on the balance of surround low-level feature contrast between
both sides of its CRF, not the feature itself (Sakai and Nishimura,
2006).

NEURAL MECHANISMS UNDERLYING THE MODULATION OF BO BY
FEATURE-BASED ATTENTION – THE ABSTRACT V1–V2 NETWORK
MODEL
The results described in the previous section showed the cru-
cial role of motion direction difference in the modulation of BO.
This result led us to hypothesize that feature-based attention acts
on low-level feature contrast extracted in early vision; thus, the
modulated contrast changes the activities of BO-selective neu-
rons in V2. Given that BO-selective cells signal the side of BO
based on surround contrast (Sakai and Nishimura, 2006; Sakai
et al., 2012), the modified contrast would modify directly the
response of the cells. If this modification was strong, the side of BO
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FIGURE 8 | Results of Experiment 3, which was performed using the
same conventions as those shown in Figure 4. The two bars in the left
panel indicate the results obtained using balanced motion direction
difference (Group 1:1) as a control. The two bars in the right panel indicate
the results obtained using unbalanced (Group 1:4) motion direction
difference, with a higher amount of motion direction difference in the right
half of stimuli (the side of the white object) than in the alternative half (the
side of the black object). Gray dashed lines on the stimulus icons mean the
center of the each of them. Participants perceived figure more frequently in
the direction with a higher amount of motion direction differences when
attending the region with a lower amount of motion direction difference
[white in the left bar surrounded by black solid contour of Group 1:4 (b) is
higher than that of Group 1:1 (a)]. No such difference was observed when
attending the region with a higher amount of motion direction difference
[white in the bar surrounded by gray dashed contour shown by (ii) and (iv)].
See text for details.

could even be flipped, as observed for ambiguous figures. Essen-
tially, this mechanism shares the framework of spatial attention
for the determination of BO (Wagatsuma et al., 2008). Further-
more, if attention modulation of low-level feature contrast played
a key role for the modulation of the responses of BO-selective
cells and the switching of the perception of figure, it is expected
that the magnitude of the perceptual modulation on the DOF is
invariant among types of stimuli since attention in early vision
might change low-level feature contrast prior to the binding to
or perception of stimulus shapes. To investigate the plausibility
of the mechanism of feature-based attention, we constructed an
abstract V1–V2 network model (as shown in Figure 3A) and ana-
lyzed its behavior. In this model, feature-based attention presum-
ably originates in higher visual areas such as MT. The top-down
feature-based attention act on V1 cells, to increase edge or fea-
ture contrast, specifically the differences in motion direction. The
increased feature contrast in V1 is fed to BO-selective cells in V2
and modifies their activities according to the modulation of con-
trast (Figure 3B). In short, dots with attended direction of motion
have increased motion direction difference, and such “easy-to-see”
dots tend to attract the direction of BO toward them. A detailed
description of the model is given in the Section “Materials and
Methods.” Parameters of this model were fixed through all simu-
lations. The modulation of the responses of our model with a type
of stimulus emerged from the attention conditions. We exam-
ined whether the model BO-selective cells reproduced the results

of our psychophysical experiments, which were described in the
preceding sections.

Feature-based attention in early vision for the modulation of
BO-selective neurons
The results of the psychophysical experiments showed the sig-
nificant modulation of DOF by feature-based attention. To test
whether the model BO-selective cells behave in a manner that
is similar to perception, we performed simulations of the model
with the edge maps mimicking the shapes of test stimuli used
in Experiments 1 and 2 and compared the magnitude of atten-
tion modulation observed in the model BO-selective cells with
that obtained for human responses. The activities of the model
BO-selective cells in response to individual stimuli are shown in
Figure 9. The magnitude of attention modulation is defined as the
difference in the proportion of the BO-left model cells between
two attention conditions, which is presented by black arrows in
Figure 9. We observed attention modulation that was similar to the
human responses, as shown in Figures 4B and 5B and Figures A1
and A2 in Appendix. Note that there was no direct feature-based
attention effect for the BO determination in V2 stage. These atten-
tion modulations of model BO-selective cells solely emerged from
a change in the activities of model cells in V1 stage. There was
no significant difference in the magnitudes of attention modula-
tion between the model and human responses of six participants
average (ANOVA, P = 0.500), suggesting the plausibility of the
model as representative of the modulation of BO by feature-based
attention. According to the model, no significant difference was
observed in the magnitude of the attention modulation among
stimuli (ANOVA, P = 0.137), indicating the shape invariance of
the modulation. To quantify the shape variance in the psychophys-
ical experiments, we carried out two-way ANOVA of the results of
Experiments 1 and 2 using factors of stimulus type (n= 9) and
participants (n= 6). The results of this analysis did not show sig-
nificance for the main factors, indicating the invariance of shape
and subject in attention modulation. The shape invariance shown
for both simulations and human perceptions supports the hypoth-
esis that feature contrast modulation in early vision is crucial for
the modulation of the activities of BO-selective neurons. Shape
invariance has also been reported in spatial attention (Wagatsuma
et al., 2008). The agreement between the model and psychophysical
results suggests that the modulation of low-level feature contrast
in early vision underlies the modulation of BO-selective neurons
in V2.

Feature contrast dependence in the modulation of BO
Experiment 3 showed the presence of motion direction difference
dependence in the modulation of DOF by feature-based attention.
We performed simulations of the model with edge maps mimick-
ing the shapes of test stimuli used in Experiment 3, to investigate
whether the activities of model BO-selective cells depend on the
amount of edge formed by motion direction difference. Figure 10
shows the computed responses of model BO-selective cells, as cat-
egorized by difference in motion direction (Group 1:1 and 1:4).
We observed attention-based modulation in the determination of
BO. Two-way ANOVA using the factors of attention and motion
direction difference (with the repetition of individual stimuli)
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FIGURE 9 | Simulation results for the stimuli used in Experiments 1
and 2. Black bars indicate the ratio of the activities of BO-left model cells
compared with BO-right model cells. The black solid and gray dashed
contours around the bars indicate that black and white objects,

respectively, were attended. Black arrows represent the magnitude of
attention modulation. There was no significant difference in the magnitude
of attention modulation among the stimuli, which was in agreement with
human perception.

FIGURE 10 | Simulation results for the stimuli used in Experiment 3.
The left and right panels show the simulation results for stimuli with
balanced (Group 1:1) and unbalanced (Group 1:4) edge or contrast of
feature. Black arrows represent the total of the magnitude of attention
modulation. The model reproduced the characteristics observed in
Experiment 3, with the exception of the asymmetry in attended objects
regarding strong and weak contrast. See text for details.

was significant for the main factors (P < 0.001), but not for the
interaction (P = 0.67), indicating the dependence of the model
cell activities on attention and motion direction difference. These
results suggest that the model determines BO on a specific side
if that side includes a large amount of edge formed by motion
direction difference compared with the other side, and if the side
is attended.

Experiment 3 showed the asymmetry in the attention modula-
tion with respect to the amount of motion direction difference: the
modulation was less effective if attended to the side with a small
amount of motion direction difference, but was similarly effec-
tive if attended to a large amount of motion direction difference
compared with the equal motion direction difference in balanced

stimuli. The model did not show this asymmetry. The analysis of
the simple main effect of attention showed the significance inde-
pendent of edge formed by motion direction difference (ANOVA,
P = 0.66). This result indicates that the amount of the modula-
tion is similarly independent of the strength of edge formed by
motion direction difference to which attention is directed. After
the description of Experiment 3, we speculated that a large amount
of edge based on motion direction difference did not alter the
modulation because the regular edge formed by motion direction
difference in balanced stimuli reaches the level at which the mod-
ulation is saturated. As our model did not include the compressive
non-linearity that establishes saturation, a large amount of edge
formed by motion direction difference yielded enhancement in
modulation. The issue of this asymmetry is discussed below (see
Discussion). The simulations of the model with the stimuli used in
the psychophysical experiments supported the hypothesis that the
mechanism based on the modulation of low-level feature contrast
by attention, presumably in early vision, plays a crucial role in the
modulation of DOF by feature-based attention, similarly to spatial
attention.

DISCUSSION
We investigated whether and how feature-based attention mod-
ulates F–G segregation. Using ambiguous figures consisting of a
combination of RDPs moving toward orthogonal directions, we
conducted psychophysical experiments to examine whether the
perception of BO is modified by directing feature-based attention
to the direction of motion. Our results showed that feature-based
attention alters the perception with a degree that is comparable to
that of spatial attention. Furthermore, the modulation of percep-
tion was independent of stimulus types. These results support a
crucial contribution of the early visual areas to the modulation of
attention. Subsequent experiments showed that F–G perception is
dependent on the distribution of difference in motion direction,
but independent of the object size. Based on these results, we con-
structed a computational model for modulation by feature-based
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attention. In the model, top-down feature-based attention mod-
ulates the low-level feature contrast, specifically edge formed by
motion direction difference, in V1, and this modulation of the
feature contrast changes directly the surround contrast of BO-
selective cells in V2. The simulations of the model showed good
agreement with human perception regarding the magnitude of
attention modulation and its invariance among stimuli. These
results indicate that the contrast of early level features that are
modified by feature-based attention alter subsequent processing
along afferent pathways, and that such modification could even
change the selection of an object during F–G segregation. This
mechanism is essentially identical to that observed in spatial atten-
tion, with the exception that spatial attention modulates cells
that share a retinotopic location, whereas feature-based attention
modulates cells that share a feature.

The results of our psychophysical experiments indicated that
the magnitude of feature-based attention for DOF perception
is independent among the types of stimuli. This shape invari-
ance suggests the influences of attention in early visual areas
for the modulation of DOF perception (Wagatsuma et al.,
2008). The attention effects of the proposed network model
for BO-selective cells were limited to the V1 stage. However,
this model not only showed the modulation of the activities
of BO-selective cells and the flip of DOF perception, but also
reproduced the shape invariance on the magnitude of atten-
tion modulation. The agreement between the psychophysics
and the corresponding simulations supports the validity of
the proposed model and suggests that attention modulation
of low-level feature contrast in early visual area underlies the
flip of BO determination. These results predict that atten-
tion modulation of DOF perception originates, at least in part,
from modulation of low-level feature contrast in early vision
sensitivity.

Our main result was that motion-based attention modulates the
perception of DOF. Participants directed their attention toward a
specific direction of motion through the motion-discrimination
task utilized by Tzvetanov et al. (2006). Their study indicated
the validity of this task for regulating participants’ motion-based
attention. Followed by this cue stimulus, we presented the blank
screen for 235 ms until the presentation of test stimulus (Figure 2).
The presentation of such interval (blank screen) is crucial to
assure the effect of feature-based attention. A physiological study
reported that the effects of both spatial and feature-based atten-
tion were apparent with a randomized interval of 200–400 ms
(Cohen and Maunsell, 2011). The recent psychophysical work
reported that motion-based attention took 300–500 ms to exert its
effect (Liu et al., 2007b). Other studies often used 200–3000 ms
of ISI or SOA for studying feature-based attention (Lu and
Itti, 2005; Katzner et al., 2009). These works suggest the behav-
ioral latency of feature-based attention, supporting that motion-
based attention underlies our observation of the modulation of
DOF.

It is the main purpose of this work to understand how
feature-based attention modulates the F–G segregation, so that
we statistically analyzed the data of participants with sensitiv-
ity to attention. Some of participants did not exhibit significant
effects of attention. Other psychophysical works also reported

the inter-subject variability (Grunewald, 2004; Tzvetanov et al.,
2006). However, the average of all participants showed signifi-
cant attention modulation on DOF perception (Figures A1, A2,
and A4 in Appendix), which suggested the validity of feature-
based attention. We found that stable effects of attention were
observed from the expert or well trained subjects (D, E, and
F). The possible explanations for this difference among partic-
ipants are the difficulty of the experiments and the training of
participants. The procedure of the present experiments is sim-
ilar to our previous experiments on spatial attention (Wagat-
suma et al., 2008). In these previous experiments, a flashing
dot directed the attention toward a specific location, without
an additional task or a response to this cue stimulus. However,
the present experiments consisted of dual tasks, motion- and
DOF-discrimination tasks. The increase of the complexity and
difficulty of the experiments might decrease the performance of
naïve subjects.

The result of Experiment 2 showed the irrelevance of object
size to attention modulation in the perception of DOF. This
result led to the hypothesis that the modulation by feature-
based attention is independent of motion energy that is con-
sidered a crucial, low-level feature processed in early visual
areas (Adelson and Bergen, 1985; Landy and Bergen, 1991;
DeAngelis et al., 1993). The amount of motion energy is pro-
portional to the amount of area, because larger areas include
a greater number of moving RDPs. However, the result of
Experiment 2 indicated the independence of object size for
the feature-based attention modulation, suggesting that motion
energy does not underlie the modulation by feature-based atten-
tion. Although this prediction appears to be key for under-
standing the mechanism of visual attention, our present exper-
imental methods appear to be not appropriate to discuss atten-
tion effects for the motion energy. A further study is neces-
sary to understand the attention modulation of the motion
energy.

Our Experiment 3 indicated that the modulation of DOF
by attention was dependent on the distribution of differences
in motion direction and that the modulation was asymmetric
between balanced and unbalanced stimuli (Figure 8). Specifi-
cally, a large amount of motion direction differences was effective
in attention modulation, whereas a small amount of motion
direction difference was significantly less effective. It was not
clarified whether this asymmetry is essential for attention mod-
ulation. The possible explanations for this asymmetry include
the saturation of modulation. The modulation to the direc-
tion of a large amount of motion direction differences reached
80%; thus, further modulation may be difficult to measure. It
could also be considered that a small amount of motion direc-
tion differences is less effective for the determination of DOF
rather than the attention modulation. This alternative explana-
tion could be examined by measuring the ratio of DOF perception
for the present stimulus sets without directing attention. How-
ever, this measurement is sensitive to other cues, such as the
shape and size of block stimuli, and would not help support
this explanation. Our model did not reproduce this asymmetry,
possibly because the model did not include either the mecha-
nism of the saturation or the dependence of DOF on low-level
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feature contrast. The investigation on the quantitative behav-
ior of the modulation may lead to further understanding of the
mechanisms underlying the selection of surface by feature-based
attention.
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APPENDIX
GENERATIONS OF PSEUDO RANDOM-BLOCK OBJECTS AND
AMBIGUOUS FIGURES
We carried out psychophysical experiments with pseudo white-
noise random-block objects to investigate whether feature-based
attention modulates the perception of F–G segregation. The
pseudo white-noise random-block objects approximate all pos-
sible shapes under certain conditions. The method for the gen-
eration of pseudo white-noise random-block objects is given
here.

A block object consisted of n square blocks placed on m×m
grids, with center 2× 2 grids were fixed with the two blocks placed
on one side of the center so that contrast within the CRF was kept
identical for all stimuli. The other blocks (n−2) were placed ran-
domly adjacent to the existing blocks except for the CRF region.
We call this set of stimuli as n-block stimuli. Stimulus shape is more
complex with a larger number of blocks and grids. In this paper,

the number of grid for Experiment 1 was fixed to 4× 4 and that
of blocks were 6. That of grid for Experiment 2 was 4× 4 and that
of blocks were 3, 4, 6, and 8. Stimulus shape used in Experiment 3
is more complex. The number of grid was 6× 6 and that of blocks
were 8.

We brought together two block stimuli to produce a stimu-
lus with ambiguous BO at the center as illustrated in Figures 4A,
5A, and 6C,D. Ambiguous random-block stimuli were comprised
of a combination of the block stimulus with BO left and that
with right. All combinations of these stimuli were prepared, and
if there was an overlap of blocks, we excluded such combination.
For Experiment 1 and 2, because this method generated a number
of stimuli, we selected five stimuli that appears most ambiguous
from visual inspection of several people who did not participate
in the experiments. For Experiment 3, we randomly selected 10
balanced (Group 1:1) and unbalanced (Group 1:4) stimuli from
all generated combinations.
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FIGURE A1 | Results of the Experiment 1 with total of six subjects (A)
and each of them (B). Black bars show the apparent perception of DOF
left for each base-type ambiguous figures indicated at the bottom of (A).
Two conditions for attending to the direction of motion are indicated by
black solid and gray dashed contours on bar graphs, which show that black
and white objects, respectively, were directed to attention. (A) The
averaged perception of DOF from all six subjects. Error bars showed the

standard error. In all types of test stimuli, significant differences were
found between attention conditions (P < 0.01). (B) Results of the
Experiment 1 for each subjects. The conventions were same to (A).
Subjects A, D, E, and F indicated the significant modulations of the DOF
perception with dependence on attention conditions (A, D, F: P < 0.01, E:
P < 0.05). We did not find the significant attention modulation on other
subjects (B: P=0.48, C: P=0.12).
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FIGURE A2 | Results of the Experiment 2 with six subjects (A) and each
of them (B), with the same conventions as those for Figure A1. (A) The
averaged perception of DOF from all six subjects. In all test stimuli, significant
differences were found between attention conditions (P < 0.01). (B) Results

of the Experiment 2 for each subjects. Subjects D, E, and F indicated the
significant modulations of the DOF perception with dependence on attention
conditions (D, F: P < 0.01, E: P < 0.05). We did not find the significant attention
modulation on other subjects (A: P= 0.34, B: P=0.097, C: P=0.086).
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FIGURE A3 |The stimulus for the size-discrimination task of
Experiment 3. This was presented with the green square by way of
compensation of the DOF-discrimination task (see Figure 7 in the main
text). This task leaded subjects to see the whole of the stimulus display
with more concentration. Subjects were required to answer which object
was bigger through the mouse click. All subjects reported precious
answers for the size-discrimination tasks over 90%.
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FIGURE A4 | Results of Experiment 3 from all five subjects (A) and
each of them (B), with the same conventions as those for
Figures A1 and A2. The two bars in the left panel presented the results
obtained using balanced edge formed by motion direction differences
(Group 1:1). The two bars in the right panel were results obtained using
unbalanced (Group 1:4) edge formed by motion direction differences,
with more feature contrast in the right half of stimuli (the side of the
white object) than in the alternative half (the side of the black object).
Note that data for all stimuli of one group, mirror images, and polarities

of motion directions for were combined for each bar. (A) The averaged
perception of figure from all five subjects. There was significant
modulation on the DOF perception with dependence on attention to
the specific direction of motions regardless of the sets of test stimuli
(P < 0.01). (B) Results of the Experiment 3 for each subjects. Subjects
D, E, and F indicated the significant modulations of the DOF perception
with dependence on attention conditions (D, E, F: P < 0.01). Other
subjects did not show the significant attention modulations for DOF
perception (G: P=0.53, H: P=0.49).
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