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PAPER

Perception and Saccades during Figure-Ground Segregation and
Border-Ownership Discrimination in Natural Contours

Nobuhiko WAGATSUMA†a), Mika URABE††, Nonmembers, and Ko SAKAI††b), Fellow

SUMMARY Figure-ground (FG) segregation has been considered as a
fundamental step towards object recognition. We explored plausible mech-
anisms that estimate global figure-ground segregation from local image fea-
tures by investigating the human visual system. Physiological studies have
reported border-ownership (BO) selective neurons in V2 which signal the
local direction of figure (DOF) along a border; however, how local BO sig-
nals contribute to global FG segregation has not been clarified. The BO and
FG processing could be independent, dependent on each other, or insepa-
rable. The investigation on the differences and similarities between the BO
and FG judgements is important for exploring plausible mechanisms that
enable global FG estimation from local clues. We performed psychophys-
ical experiments that included two different tasks each of which focused
on the judgement of either BO or FG. The perceptual judgments showed
consistency between the BO and FG determination while a longer distance
in gaze movement was observed in FG segregation than BO discrimina-
tion. These results suggest the involvement of distinct neural mechanism
for local BO determination and global FG segregation.
key words: eye movements, border-ownership, figure-ground segregation,
grouping, visual perception

1. Introduction

When we view a scene and recognize an object within, we
need to determine a region where the object occupies in
the scene [1]. This problem is known as figure-ground seg-
regation, which has been generally considered to require
global scene understanding to solve the problem. From a
view point of robot vision, the necessity of global scene
understanding appears to be burden for the system. It ap-
pears to be beneficial if local image features can be used
for the global figure-ground estimation. To explore plausi-
ble mechanisms that enable global figure-ground estimation
from local image features, we investigated human strategies
for global and local judgements in the segregation of an ob-
ject from background.

Physiological studies have reported that the responses
relevant to figure-ground arise from early- to intermediate-
level visual areas [2]–[5]. A recent physiological study re-
ported that figure-ground-dependent modulation in the pri-
mary visual cortex (V1) follows each fixation saccade, indi-
cating autonomous bottom-up processing of figure-ground
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segregation originating from an early stage [6]. von der
Heydt and his colleagues reported that a majority of neu-
rons in the monkey secondary visual area (V2) showed the
selectivity to border-ownership (BO), their responses de-
pending on which side of a border owns the contour [7]–
[10]. BO is considered as a contour-based, local representa-
tion of the direction of figure (DOF). Note that we consider
figure-ground (FG) as a global representation unless other-
wise noted in the following sections. Carlson et al. [11] re-
ported that the responses of the curvature-selective neurons
in monkey visual area 4 (V4) showed the dependence on
the FG organization of stimuli, i.e. the cells responded only
when its preferred curvature was the contour of figure. It is
expected that a surface-based local representation of FG is
available in the intermediate-level visual areas.

Although BO signals could underlie the neural repre-
sentation of FG, how the local BO signals contribute to
global FG segregation has not been clarified. The extent
of the receptive fields of the cells provides a crucial clue
for understanding the mechanisms of BO and FG determi-
nation. Although the determination of FG needs a certain
extent of view around an object, sometimes across a scene,
the receptive fields of the BO-selective neurons reported in
V2 extend only 4◦ in visual angle [7]. These neurons appear
to code the DOF along a local contour with the influence
from regions surrounding the receptive field [12]. The in-
tegration of the population responses of BO-selective cells
might underlie FG segregation because the spatial pooling
provides an access to global information which would make
possible the cortical representation of a figural region [13]–
[17]. However, little has been clarified on the link between
BO and FG determination. An alternative could be possible
that mechanisms independent of BO discrimination evoke
FG segregation. It could also be possible that a mechanism
takes place in addition to BO processing for the perception
of FG. The perceptual and behavioral characteristics of BO
and FG determination are expected to provide crucial in-
formation for the investigation of the neural and perceptual
mechanisms underlying the figure-ground segregation. For
instance, it would be crucial for prospective psychophysical
experiments if the difference in the instruction for partici-
pants, whether to judge BO or FG, changes the behavior. It
is important to clarify the differences and similarities in the
determination of local BO and global FG.

The eye movement in the determination of BO and FG
would provide important evidence in the investigation of FG
segregation. Indices based on eye movements are used in a
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variety of fields [18], [19]. Eye movements and microsac-
cades reflect the strategy of visual processing [20]. The de-
termination of BO is essentially local processing while that
of FG could be global. The perception of local BO as-
signment often contradicts that of the global FG segrega-
tion, depending on instruction, window size, or direction
of gaze [21], [22]. Other psychophysical studies have re-
ported that FG segregation can occur without focal attention
near the point of fixation [23], and that human development
shows differences in detecting local and global configura-
tions [24]. If the determination of BO is local processing
while that of FG is global, the strategy of eye movement
could be different. Because few studies have reported the
eye movement in BO and FG determination, the analyses of
the characteristics of the eye movement are expected to pro-
vide insightful evidence for the investigation of the mecha-
nisms underlying FG segregation.

We investigated the perceptual responses and the spa-
tiotemporal characteristics of eye movements for local BO
discrimination and global FG segregation with filled natural-
image patches. The patches were systematically selected to
include a wide variety in contour shapes available in natu-
ral scenes [25]. First, we examined whether the perceptual
DOF between the BO and FG tasks differ, and whether their
difficulties differ. Specifically, we presented participants
the patches of natural images in which figural regions were
filled with either black or white. The participants judged ei-
ther BO or FG in a trial and repeated the trials with different
patches. The participants showed consistent judgement and
similar difficulties between BO and FG determination for
the most of stimuli, indicating similar perception between
BO discrimination and FG segregation. Next, we examined
the difference between the determination of BO and FG in
eye movement including the distance of gaze and duration
of fixation. Our result showed that gaze moves to farther
locations in the FG segregation task compared to that in the
BO discrimination task. This result appears natural because
FG segregation requires the inspection of farther locations
than local BO discrimination. The measured duration of the
first fixation showed no significant difference between the
BO and FG determination, but significantly longer duration
while the fixation stayed on a figural region rather than a
ground region. These results indicate the consistency in the
perception between BO discrimination and FG segregation,
but suggest the additional pooling strategies in saccades for
FG segregation. Our analyses based on the perceptual re-
sponses and eye movements to a variety of the natural im-
age patches would provide useful information in the investi-
gation of the mechanisms underlying global FG segregation
from local BO judgement.

2. Method

2.1 Participants

We investigated the perception and the spatiotemporal char-
acteristics of eye movements in the FG segregation and BO

discrimination. Although the number of participant often
vary across the visual psychophysical experiments that mon-
itor eye movements, four to 35 observers participated in the
previous reports that included the procedure similar to our
experiments [18], [26]. In the present experiments, seven
participants, five male and two female, in their twenties of
age (mean age = 23, SD = 2) volunteered for the exper-
iments. All participants had 20/20 visual acuity or bet-
ter after correction. They were familiar with visual psy-
chophysics but not aware of the purpose of the experiments.
The present experiments were approved by the Research
Ethics Committee. Prior to the experiment, all participants
gave written informed consent approved by the Research
Ethics Committee.

2.2 Apparatus

The stimuli were presented on a 24.1” LC monitor
(ColorEdge CG242W; EIZO Corporation) that was placed
in a dark room and refreshed at 60 Hz. The monitor was
placed at a distance of 60 cm in front of the participants.
Eye movements were monitored by the eyetracker machine
(Tobii Eye Tracker X60; Tobii Technology AB) at a sam-
pling rate of 60 Hz, controlled by MATLAB through
Psychotoolbox [27], [28]. Given the 60 Hz sampling rate,
our measurement reflects large shifts of eye-fixation. We
obtained 51.4 points of eye position per second (SD = 13.1)
via this machine. In order to compute and analyze charac-
teristics of eye movements more precisely, we excluded the
trials from the analysis that failed to provide enough points
of eye position during the presentation of a test stimulus
(n > 10).

2.3 Stimuli

We presented black-and-white stimuli that were generated
from the patches of natural images so that a variety of figu-
ral shapes were included. The generation of the stimuli was
identical to Sakai et al. [25] except for filling regions. The
patches of 69 × 69 pixel were selected from a set of human-
marked contours of natural scenes (Berkeley Figure/Ground
Dataset, BFGD) [29] so as to assure a wide distribution of
the contour features such as convexity, closure, and sym-
metry. Because of the wide distribution, the set of stim-
uli has a diversity in the contour features and their combi-
nations. If we had chosen randomly patches from natural
images, a number of the patches were similar to others ac-
cording to the natural, non-uniform distribution of the fea-
tures. A total of 105 patches were selected with the cen-
ter of a patch always placed on the contour. We filled the
one side of the contour with black and the other side with
white. The luminance of the black and white were 0.54
and 82.6 cd/m2, respectively. We measured the luminance
by using the luminance meter (LS-100, Minolta) at a dis-
tance of 60 cm from the display monitor. To smooth patch
boundaries, we multiplied the patches with a Gaussian (σ =
17 pixel). The generated stimuli are shown in Fig. 1 (a). To
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Fig. 1 Black-and-white stimuli generated from the patches of natural im-
ages (BFGD [29]). (a) Base types of black-and-white stimuli. A total of
105 patches were selected for our experiment. The generation of these
stimuli was identical to Sakai et al. [25] except for filling regions. (b) The
variations of the stimuli. The stimulus with the opposite contrast (contrast),
the mirror image with respect to the vertical midline (mirror) and that with
both (contrast-mirror). These variations yield a total of 420 stimuli.

cancel out the effects of contrast and orientation, we in-
cluded the patches with the opposite luminance and the
mirror images with respect to the vertical midline. A to-
tal of 420 types of stimuli were presented in the experi-
ments (105 base types × 2 contrast polarities × 2 mirror
images; Fig. 1 (b)). The stimulus patches were systemat-
ically selected so that their figure-ground boundary (con-
tour) included a wide variety of shapes available in natural
scenes [25]. This wide variety of visual stimuli allowed us
to investigate general characteristics of perception and eye
movements for BO discrimination and FG segregation inde-
pendent of boundary and object shapes.

2.4 Procedure

In the present study, BO discrimination is defined as the de-
termination of the DOF along a local contour at the screen
center, the task of which may need no more than the in-
spection of a local area around the stimulus center. In con-
trast, FG segregation is defined as the perception of a fig-
ure, the task of which may need the inspection of the entire
field of the stimulus. Figure 2 shows the procedure of the
psychophysical experiments. The experiment started with
the presentation of a mask at the center of the screen for
2000 ms. After the disappearance of the mask, in order to
instruct the type of task, a cue stimulus was presented at the
center of the screen for 500 ms. The BO discrimination and
FG segregation tasks were instructed by the presentation of
a red cross (2◦ ×2◦: left panel of the Cue on Fig. 2) and a red
Gaussian circle (9◦ × 9◦: right panel of the Cue on Fig. 2),
respectively. Note that the participants were instructed to
freely view the stimuli. We used a larger cue (9◦ × 9◦) for

Fig. 2 Procedure for the psychophysical experiment. In the BO discrim-
ination task, which was cued by the presentation of a red cross, the partic-
ipants were instructed to judge the direction of figure along the contour of
the filled natural-image stimulus at the screen center. In the FG segregation
task, which was cued by the presentation of a red Gaussian, the participants
were asked to report which of the black or white region was perceived in
front of the other. Participants were instructed to respond to these tasks at
the end of each trial (during the presentation of a blank screen). See text
for details.

the FG task because some participants reported that a small
cue (2◦×2◦) was somewhat difficult for distinguishing tasks.
Statistical analyses did not show the significant dependence
of perceptual responses and eye movements on the dimen-
sion of the cue (9◦ × 9◦ vs. 2◦ × 2◦). Subsequently, another
mask was presented for 500 ms, and a stimulus (9◦ × 9◦;
Fig. 1) was presented at the center for 1000 ms (Test). At
the end of each trial, a blank screen was presented until the
detection of the participants’ perceptual responses. All com-
binations (840) of the task (2), stimulus shape (105), and
stimulus type (4) were tested with three repeats in a ran-
domized order. This procedure was controlled by MATLAB
through Psychotoolbox [27], [28].

2.5 Perceptual Responses

We recorded the perceptual responses during the presenta-
tion of a blank screen at the end of each trial (Fig. 2). In the
BO task, the participants were asked to judge the local DOF,
the right or left, along the contour placed at the center of the
screen by pressing the arrow keys on the keyboard. In the
FG task, the participants were asked to judge which region,
the black or white, appeared in front of the other.

We analyzed the perception of DOF observed in the
BO discrimination task and the FG segregation task. Note
that DOF and a figural region, which are labeled by left-
and-right and black-and-white, respectively, are used inter-
changeably in the following analyses. For instance, because
the participants judged a figural region rather than DOF in
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the FG task, we transformed the chosen region into the DOF
at the center of stimulus.

First, to indicate which part in a stimulus is perceived
as figure, and how consistent is the perception, we defined
BO discrimination Index (BOI) and FG segregation Index
(FGI) by combining the four stimulus variations, seven par-
ticipants and three repeats. BOI was defined as

BOI(i) =
BBO(i) −WBO(i)

NPar
BO · NType

BO · NTrial
BO

(1)

where i indicates stimulus shape (1 ≤ i ≤ 105), BBO and
WBO indicate the number of trials in which the perceived
DOF was in the direction of black and white sides, respec-
tively. NPar, NType and NTrial represent the number of par-
ticipants (7), stimulus variations (4) and repeats (3), respec-
tively. The multiplication of the three results in the total
number of trials. Note that for those stimuli with the con-
trast reversed (e.g., the second and fourth panels from the
top (“contrast” and “contrast-mirror”) in Fig. 1 (b)), the orig-
inal contrast was registered for counting BBO and WBO. FGI
was defined similarly as

FGI(i) =
BFG(i) −WFG(i)

NPar
FG · NType

FG · NTrial
FG

(2)

where BFG and WFG indicate the number of trials in which
the perceived figural region was black and white regions, re-
spectively. In these indices, the denominator represented the
total number of trials for the stimulus shape, i. Therefore,
BOI and FGI have a value ranging between −1.0 and 1.0.
Positive BOI and FGI indicate that the black region (in the
original patches) was perceived as figure more frequently
than the white region, while negative values indicate that
the white region tend to be perceived as figure. A unity of
the indices indicates that the perception (the black region is
figure) was perfectly consistent over the participants, varia-
tions in stimulus, and repeats, while zero indicates complete
inconsistency, and a negative unity indicates the consistent
perception of the other (white) region as figure.

Second, we defined the consistencies for BO discrimi-
nation (BOC) and FG segregation (FGC) across the partici-
pants, stimulus variation, and repeats. The sign of BOI and
FGI indicates which region appeared figure (positive and
negative for black and white regions, respectively). To can-
cel out the tendency that a particular region (black or white)
is perceived as figure and clarify the consistency in the per-
ception across the participants, stimulus variation, and re-
peats, we introduced indices that were absolute values of
BOI and FGI. We defined the consistencies for BO discrim-
ination (BOC) and FG segregation (FGC) as

BOC(i) = |BOI(i)| (3)

FGC(i) = |FGI(i)| (4)

where | · | denotes absolute value. A unity of the indices in-
dicates that the perception for a stimulus shape, i, was per-
fectly consistent over the participants, variations in stimulus
and repeats, while zero indicates complete inconsistency.

2.6 Eye Movements

We recorded eye movements during the presentation of test
stimuli. Prior to each session that takes about ten minutes,
the eyetracker machine was calibrated to assure the accurate
recording of eye positions. We reran the calibration until the
machine succeeded to detect all 9 points on a grid within the
spatial extent of stimulus presentation, unless the participant
gave up the calibration. The overall accuracy (SD) of the
gaze location was 0.74◦.

We analyzed spatiotemporal characteristics of eye
movements in the BO discrimination task and the FG seg-
regation task. In this work, the distance in saccade and the
location and duration of the first fixation were used as the
indices for eye movements.

A comparison of distance in saccade is expected to
provide meaningful evidence on the differentiation of pro-
cessing between BO discrimination and FG segregation. To
compare the distances of gaze transition in BO discrimina-
tion and FG segregation tasks, we defined the mean dis-
tances in the horizontal (dx) and vertical (dy) directions:

dx =
1

NTrial

NTrial∑

t=1

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

n j∑

j=1

x j
t

nt
− cx

t

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(5)

dy =
1

NTrial

NTrial∑

t=1

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

n j∑

j=1

y j
t

nt
− cy

t

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(6)

where x j
t and y j

t represent the j-th spatial locations of gaze
during the trial t in the horizontal and vertical directions,
respectively, and cx

t and cy
t represent the centers of gravity

of the gaze locations during the trial. nt indicates the total
number of eye fixations for the trial t, and NTrial represents
the total number of trials.

In order to investigate quantitatively the spatiotempo-
ral characteristics of eye movements, we measured the lo-
cation (figure or ground) and duration of the first fixation
after the stimulus onset. We defined saccade according to
Engbert and Kligl [30] in which eye movements over a
greater velocity (deg/sec) were considered as saccade while
successive small movements were considered as fixation.
The parameter of velocity threshold for the detection of sac-
cades in Engbert and Kligl [30] was set to 6 (unitless).

For analyzing the characteristics of eye movements in
more detail, we computed the location and duration of the
first fixation during the BO and FG tasks. The analysis of
the location and duration of the first fixation provides cru-
cial information for understanding a variety of visual pro-
cessing. For example, the location and duration of the first
fixation after a stimulus onset have been reported to repre-
sent the characteristics of selective attention [26], [31], [32].
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The location of the first fixation has been reported to agree
with the region that pops out from the ground [17], [33]–
[35]. The analysis of the location and duration of the first
fixation, whether it was located in a figural or ground region
and how long it stayed, would provide important evidence
in the investigation of BO and FG determination.

3. Results

We carried out the psychophysical experiments to compare
the perceptual responses and the spatiotemporal characteris-
tics of eye movements between BO discrimination and FG
segregation. To test a variety of figural shapes, we gener-
ated a total of 420 stimuli from natural images in which fig-
ural regions are filled with black and white. The participants
judged either BO or FG in a trial followed by the next trial
with an either task (FG or BO) and one of the other stimuli.
In the analysis of the perceptual responses, we compared
the perceptual DOFs between the BO and FG tasks. In the
analysis of eye movements, we examined the differences be-
tween the two tasks in the distance of gaze and duration of
fixation. See also “Eye movements” in Method section for
more detail.

3.1 Similarity in the Perceptual Responses between the
BO and FG Tasks

We investigated the perception of DOF observed in the BO
discrimination task and the FG segregation task. We tested
whether the figural regions perceived in the BO and FG tasks
agree with each other. In this section, we compared the per-
ceptual DOFs between the BO and FG tasks for each stimu-
lus. To analyze quantitatively the perceptual DOFs between
these tasks, we used BO discrimination Index (BOI) and FG
segregation Index (FGI) (see Eqs. (1) and (2) in “Perceptual
responses” in Method section). The distribution of the mea-
sured BOI and FGI with respect to each stimulus shape are
shown in Fig. 3 (a). A dot in the Fig. 3 (a) represents the
magnitude of the indices for a particular stimulus shape. A
number of stimulus shapes showed large magnitudes close
to one, and a fraction showed small magnitudes close to zero
for both BOI and FGI, indicating confident perception of
BO and FG. A number of dots are distributed along the di-
agonal (Pearson’s correlation coefficient = 0.88). To assure
whether there is no significant difference between the BOI
and FGI, we carried out a two-way ANOVA with factors of
the task (2 levels; BO discrimination/FG segregation) and
participant (7 levels) based on a factorial design including
the interaction. The analysis showed no significance in the
main factors (p = 0.171 for task; p = 0.335 for participant)
and the interaction (p = 0.718), indicating no statistical dif-
ference between the BOI and FGI. These results indicate a
good agreement between BO and FG determinations.

Next, we examined the consistency for BO discrimi-
nation (BOC) and that for FG segregation (FGC) (see also
Eqs. (3) and (4) in “Perceptual responses” in Method sec-
tion). Specifically, we compared BOC and FGC, which

Fig. 3 Agreement in the perceptual DOF between local BO discrimina-
tion and global FG segregation. (a) The distribution of the measured BOI
and FGI. A dot represents the magnitude of the indices for a particular stim-
ulus shape. A dashed line represents the diagonal. (b, c) The distributions
of the consistency for FG segregation (FGC; (b)) and BO discrimination
(BOC; (c)). Triangles represent the median. The distributions for the in-
dices of the consistency were similar between FG and BO.

clarifies whether the difficulties of the judgements differ be-
tween the two tasks. The distributions of the indices are
shown in Fig. 3 (b) and 3 (c). The 80% and 78% of stimulus
shapes indicated FGC > 0.5 and BOC > 0.5, respectively.
Interestingly, these perceptual consistencies for BO and FG
were similar to that predicted by the model based on local
figure-ground cues [21]. We observe similar distributions in
BOC and FGC. The medians for the indices were almost
identical; 0.758 and 0.761 for FGC and BOC, respectively.
There was no significant difference in the peak location be-
tween FGC and BOC (Mann-Whitney test, p = 0.488).
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These results indicate that BO discrimination and FG seg-
regation show good agreements in the perceptual DOF and
their consistency for a variety of shape in natural images.

3.2 Longer Distances in Gaze Movements during FG
Segregation

Characteristics of saccades have been frequently analyzed
for exploring the mechanism of visual processing [36]–[38].
A comparison of the distance in saccade provides evidence
whether the strategies for saccade are different between the
BO discrimination and FG segregation. We computed the
distance of gaze transition in the horizontal and vertical di-
rections (see also Eqs. (5) and (6) in “Eye movements” in
Method section).

The mean distances in the horizontal direction (dx)
over trials for each of the seven participants are shown in
Fig. 4 (a). To examine statistically the difference between
the FG and BO tasks (dx), we performed a two-way ANOVA
with factors of the task (2 levels) and participant (7 levels).
The result showed significance in the main factors and the
interaction (p < 0.001). This result suggests the difference
in the horizontal distance of gaze movement between the

Fig. 4 The distances of the eye movements during the BO discrimination
and FG segregation tasks. (a) The mean distances among stimuli in the
horizontal direction (dx) for seven participants. Blue and red bars represent
dx for the BO and FG tasks, respectively. Error bars are the standard error
of all trials. Asterisks indicate significant differences between the two tasks
(** p < 0.01; * p < 0.05). (b) The mean distances in the vertical direction
(dy) for the two tasks. Conventions are the same as those in (a). The mean
distance of the eye movements was greater for the FG task in the horizontal
direction.

FG and BO tasks. The significant difference in dx among
participants led us to examine the simple main effects of
the task for each participant (pair-wise t-test). Four partici-
pants (A, C, E and F) showed the significantly greater dx in
the FG task than that in the BO task (p < 0.001), and the
other three participants did not exhibit significant difference
(p = 0.109 for B; p = 0.334 for D; p = 0.300 for G). Inter-
estingly, all participants consistently showed longer mean dx

in the FG task compared to that in the BO task while some
participants did not indicate significant difference in dx be-
tween two tasks. The fact that FG segregation needs a longer
movement compared to BO discrimination might be natural
because the gaze might move to farther locations during FG
segregation for the inspection of more global structure than
BO discrimination. Although not all participants (four out
of seven) reached the statistical significance, this result sug-
gests that the strategies in visual processing appear to be
different between FG segregation and BO discrimination.

Figure 4 (b) shows the mean distances in the vertical di-
rection (dy) for the seven participants. We observe a longer
distance for the FG task in six participants. A two-way
ANOVA with factors of the task and participant showed sig-
nificance in the main factors and the interaction (p < 0.001).
Further analyses with a factor of the task for each participant
(pair-wise t-test) showed significance in three participants
in which two (A and C) showed longer distances in the FG
task (p < 0.001 for A; p = 0.013 for B) while the other
showed that in the BO task (p < 0.001 for D). These results
suggest that eye movements in the vertical direction is not
markedly different in performing the FG segregation and BO
discrimination tasks. This result may be natural because the
participants were instructed to judge BO in the horizontal
direction.

3.3 Longer Durations on Figural Regions in Early
Fixations

For investigating the spatiotemporal characteristics of eye
movements in more detail, we computed the location and
duration of the first fixation for the seven participants during
the BO and FG tasks. Figure 5 (a) summarizes the results in
which the durations of the first fixation are categorized by
its location (figure and ground) and the task.

First, we analyzed the duration of the fixations to fig-
ure regions (red and blue bars in Fig. 5 (a)). To examine this
tendency, we carried out a two-way ANOVA with factors of
the task (2 levels) and participant (7 levels) for the duration
to figure regions. We found significance in the main fac-
tors and the interaction (p < 0.05). Further analyses with
a factor of the task for each participant showed no signifi-
cance for all participants (p = 0.053 for A; p = 0.072 for
B; p = 0.644 for C; p = 0.573 for D; p = 0.277 for E;
p = 0.954 for F; p = 0.307 for G), suggesting no difference
between FG segregation and BO discrimination in the dura-
tion of the fixation to figural regions. However, almost (six
out of seven) participants show longer duration of the fixa-
tions to figure regions in the BO task than that in the FG task.
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Fig. 5 The duration and location of the first fixations during the BO discrimination and FG segrega-
tion tasks. (a) Blue and red bars indicate the mean duration of the first fixation to the figural region in
the BO and FG tasks, respectively. Cyan and magenta represent those to the ground in the BO and FG
tasks, respectively. (b) The merged duration of the first fixation to the figure and ground regions for
seven participants. Black and white bars indicate the durations of the first fixation to the figural and
ground regions, respectively. Asterisks indicate significant differences between the two regions (t-test:
** p < 0.01; * p < 0.05). The first fixation stayed longer on figural regions.

Second, to quantify the duration of the fixation to ground
regions (magenta and cyan bars in Fig. 5 (a)), we performed
similarly a two-way ANOVA with factors of the task and
participant. We found the significance in the main factor
of participants (p < 0.001) but not in the task or interaction.
Further analyses for each participant showed no significance
in the task for all participants (p = 0.249 for A; p = 0.182
for B; p = 0.291 for C; p = 0.964 for D; p = 0.321 for
E; p = 0.707 for F; p = 0.584 for G), suggesting no differ-
ence between FG segregation and BO discrimination in the
duration of the fixation to ground regions.

Finally, in order to explore whether the first fixation
stays longer on a figural region in the two tasks, we per-
formed a three-way ANOVA with factors of BO discrimina-
tion/FG segregation task (2 levels), participant (7 levels) and
figure/ground location (2 levels) for the duration of first fix-
ation. The result showed significance in the location, partic-
ipant (p < 0.001) and interaction between the location and
participant. Since the participant was significant, we carried
out for each participant a two-way ANOVA with factors of
the task and location for the duration of first fixation. Six
out of seven participants showed significantly longer dura-
tions on figure regions than that on ground (p < 0.05 for A,
B, C, D, E, F; p = 0.080 for G), and no significance for the
main factor of the task and the interaction. For clarifying
the significance, the duration of first fixation for two tasks
were merged with respect to figure and ground location for
each participant. Figure 5 (b) summarizes the merged du-
ration of the fixation to figure and ground regions for each
participant. We observe longer durations of the fixation on
figural regions than that on ground. This result indicates
that the first fixation stays longer in a figural region inde-
pendent of the task. It has been reported that the first fixa-
tion often stays on a region that pops out based on bottom-
up processing [17], [34], [35]. Although the underlying

cortical mechanisms have not been clarified, our result sug-
gests that early-level bottom-up processing such as pop-out
plays an important role in both BO discrimination and FG
segregation.

4. Discussion

To examine the perceptual responses and the spatiotemporal
characteristics of eye fixations in local BO discrimination
and global FG segregation, we carried out psychophysical
experiments with black-and-white filled stimuli generated
from natural-image patches. BO discrimination was defined
as the determination of DOF along a local contour. This task
needs no more than the inspection of a local area around the
stimulus center. In contrast, FG segregation was defined as
the global perception of a figure, the task of which needs
the inspection of the entire field of the stimulus. The par-
ticipants showed consistency in the perception between the
BO and FG judgements for the most of the stimuli. We an-
alyzed the spatiotemporal characteristics of eye movements
to investigate the link between local BO discrimination and
global FG segregation. The gaze moved to farther locations
under the FG segregation task compared to that under the
BO discrimination task. The duration of the first fixation
did not show significant difference between the BO and FG
determination but the duration of the fixation to the figu-
ral region was significantly longer than that to the ground
region. These results indicate the similarities in the per-
ception and the most of tendencies of saccade between the
tasks. Only the difference we found was the longer distance
in gaze movement during FG segregation. These results sug-
gested the distinct neural mechanism for perception of local
BO determination and global FG segregation.

Our analyses of the spatiotemporal characteristics of
eye movements during the BO discrimination and the FG
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segregation suggest the involvement of distinct mechanisms
for the determination of BO and FG. A possible mechanism
might be a sequential processing from the BO determina-
tion to FG segregation: local BO is computed mainly from
the examination of a figural region, and the computed BOs
are gathered over a longer distance for the determination of
global FG. Interestingly, a recent study indicated the critical
roles of neurons in V4 for the FG segregation [39]. This evi-
dence led us to consider a mechanism that the afferent trans-
mission from V2 gradually establish the neural responses
in V4 for the perception of FG segregation. The neural re-
sponses in V4 for the FG segregation might be determined
based on the integration of the responses of BO-selective
cells in V2.

A variety of computational models have been proposed
for the investigation of the neural mechanisms underly-
ing the determination of BO and FG. Interestingly, some
computational models implied that the responses of BO-
selective neurons in V2 underlay the responses of V4 for
figure regions. Craft et al. [14] and Mihalas et al. [40] hy-
pothesized grouping neurons in V4. In their models, the
grouping neurons not only modulated the responses of neu-
rons with BO selectivity in V2 via feed-back projections but
also coded the rough sketch of object regions by integrat-
ing the local DOF given by BO-selective neurons. These
models suggest that the responses of BO-selective neurons
in V2 play important roles for the determination of global
FG segregation. These previous modeling studies appeared
to support the hypothesis of the sequential processing from
the BO determination to the FG segregation.

We found the significance in the interaction between
figure/ground location and participant for the duration of
first fixation. Previous study based on spatiotemporal anal-
ysis of eye fixations and computational model implied that
people with autism spectrum disorder (ASD) tended to have
atypical preferences for particular objects in natural im-
ages [41]. This report and our results imply the possibil-
ity that the duration of fixation might be determined de-
pending on the characteristics of neuronal network for each
participant.

The investigations of the interaction between BO and
FG appear to be important in order to further understand
neural mechanisms underlying the perception of BO and
FG. A possible method for investigating the interaction is
the utilization of stimuli in which local BO and global FG
are contradictory. The perception of local BO assignment
sometimes contradicts to that of global FG segregation, de-
pending on a variety of factors [21], [22]. For the present
experiment, we used the filled natural-image patches from
BFGD as the stimuli [29] in which BO and FG were con-
sistent by nature. Experiments with the contradictory stim-
uli would provide the characteristics of the interaction be-
tween BO and FG. For instance, if the processing of BO and
FG is sequential and the BO determination takes place prior
to that of FG segregation, saccades during FG determina-
tion may be modulated by the contradiction while saccades
during BO determination may not be. It is expected that

distances in saccades and gaze movements for the contradic-
tory stimuli might markedly reflect the interaction between
local BO and global FG. Investigations on the interaction
between BO and FG in the contradictory stimuli would pro-
vide useful evidence for understanding the mechanisms of
FG segregation.
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