
1
T
f
c
l
n
t
f
s
r
c
i
e
t
m
c
o
d
r

t
a
c
s
n
y
s
p
n

18 J. Opt. Soc. Am. A/Vol. 24, No. 1 /January 2007 Sugihara et al.
Border-ownership-dependent tilt aftereffect in
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A recent physiological finding of neural coding for border ownership (BO) that defines the direction of a figure
with respect to the border has provided a possible basis for figure–ground segregation. To explore the under-
lying neural mechanisms of BO, we investigated stimulus configurations that activate BO circuitry through
psychophysical investigation of the BO-dependent tilt aftereffect (BO-TAE). Specifically, we examined robust-
ness of the border ownership signal by determining whether the BO-TAE is observed when gestalt factors are
broken. The results showed significant BO-TAEs even when a global shape was not explicitly given due to the
ambiguity of the contour, suggesting a contour-independent mechanism for BO coding. © 2006 Optical Society
of America
OCIS codes: 330.3790, 330.5010, 330.5510, 330.7310, 330.7320.
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. INTRODUCTION
he segregation of a figural region from background is a

undamental process for the visual system serving as a
rucial step toward the identification of an object and its
ocation. Gestalt factors, such as proximity, smooth conti-
uity, and completeness, have been known as the features
hat evoke the grouping of line segments. Although such
actors have been considered sufficient for figure–ground
egregation in contour-based models, e.g., Ref. 1, their
oles in segregation processes have not been clarified. Be-
ause the extraction of contours in natural images, which
s required for contour-based models, has generally been
xtremely unsuccessful, e.g., Ref. 2, dependence on con-
our is unlikely to result in a reliable solution. Further-
ore, visual images usually contain many elements that

ould be potentially grouped together through joint action
f gestalt factors. Reliance on contours and their junctions
oes not enable a robust perception of figure–ground seg-
egation.

A neurophysiological study in the macaque has shown
hat border assignment arises in the early visual cortex
reas.3 It was reported that a majority of V2 neurons en-
ode border ownership (BO), i.e., on which side a square
timulus is located relative to the receptive field (RF) of a
euron with respect to its optimal orientation. It has not
et been clarified whether the BO coding depends on ge-
talt factors such as smooth continuity and contour com-
leteness. However, it appears unrealistic that a single
euron in early visual areas can take into account dis-
1084-7529/06/010018-7/$15.00 © 2
ant, detailed features of contours with short latency.
ather, simpler characteristics of an image are expected

o play a crucial role in the robust perception of BO. Sur-
ounding modulation that is reported in early visual cor-
ices could assist figure–ground segregation.4,5 A compu-
ational model that takes into account surrounding
ontrast, based on the surrounding modulation, has
ielded high consistency and robustness for various
timuli in BO signaling.6 Because models based on the
urrounding modulation rely neither on completeness nor
n smooth continuity, such models are consistent with the
rgument that gestalt factors might not be crucial for BO
etermination.
As a step toward the understanding of neural mecha-

isms underlying the determination of BO, we psycho-
hysically investigated the robustness of BO coding. Spe-
ifically, we examined the components of image fragments
hat are critical for activation of the BO signal, by mea-
uring the BO-dependent tilt aftereffect (TAE). TAE is a
henomenon whereby an observer perceives a bar tilted
n an opposite orientation to the bar with which the same
etinal location has been adapted. von der Heydt et al.7

resented for adaptation a tilted vertical edge of a trap-
zoid near a fixation point and examined whether the
mount of TAE depends on which side of the fixation
oint a test square is presented. TAE was observed only
hen a trapezoid and a test square were placed on the

ame side, indicating BO-dependent TAE (BO-TAE). We
xamined whether the completeness and smooth continu-
006 Optical Society of America
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ty of probe stimuli are essential for the activation of the
O signal. Specifically, we measured the amount of the
O-TAE, while the length and orientation of line seg-
ents of a probe stimulus were systematically manipu-

ated. Note that we anticipate graded effects of complete-
ess, continuity, and BO. For example, as a gap between

ines increases, completeness decreases, and BO could be
ore ambiguous. Strictly speaking, BO should be bimodal

n that it takes either side of the border. However, BO
ould be ambiguous and continuous even in natural con-
itions when, for instance, amodal completion or occlu-
ion takes place. The results of the experiments showed
ignificant BO-TAEs even when completeness and smooth
ontinuity were weakened or broken, suggesting a
ontour-independent mechanism for BO determination.
e propose a model for the neural mechanisms underly-

ng BO coding, based on our psychophysical evidence, to-
ether with neural selectivity for visual stimuli and a re-
eptive field structure of BO-selective neurons.

. METHODS
e examined the effects of contour completeness and

mooth continuity on BO-TAEs using a procedure similar
o that employed by von der Heydt et al.7 Subjects were
dapted to a pair of trapezoids, each of which was formed
y four line segments, as shown in the left panel of Fig. 1
adaptation phase). The size of the trapezoids was 89 mm
6.3 arc deg in visual angle) in height, 73 mm �5.2 arc deg�
nd 96 mm �6.8 arc deg� in top and bottom width, respec-
ively. The trapezoids were shown alternatively to the
ight or left side by flipping the trapezoid horizontally
ith respect to the vertical line near the fixation point.
his vertical line proximal to the fixation point was tilted
15° (clockwise) when the trapezoid was shown on the
ight, and +15° (counterclockwise) when shown on the
eft, and the midpoint of this line was positioned at
.86 arc deg beside the fixation point (adapted location).
ecause the trapezoid was flipped with respect to the
idpoint of the slant edge, the midpoint was always at

he adapted location with the direction of the slant alter-
ated in accordance with the position of the trapezoid.
he trapezoid was shown for 500 ms with a blank interval
f 100 ms on each side. In total, subjects were adapted to
0 pairs of the trapezoid, resulting in a total adaptation
ime of 96 s.

A test phase followed the adaptation with a delay of
000 ms. The test phase consisted of the presentation of a
air of squares as probe stimuli, followed by four pairs of
rapezoids as an additional adaptation during the test
hase (in-test adaptation), as shown in the right panel of
ig. 1 (test phase). The squares were shown alternatively
o the right or left side by flipping the square horizontally
ith respect to the adapted location. Each square

71 mm�71 mm corresponding to 5.0 arc deg
5.0 arc deg) was presented for 200 ms, with a blank in-

erval of 1000 ms. The vertical bar of the square at the
dapted location was rotated randomly at each presenta-
ion (constant stimuli method). The orientation ��test�
anged between +2.0° and −2.0° at intervals of 0.2°. The
ubjects were asked to judge the side to which the edge of
he adapted location appeared tilted (two alternative
orced choices), after each presentation of a test stimulus,
uring an interval of 1000 ms. The in-test adaptation was
omposed of four pairs of the trapezoids, shown under
onditions identical to the first adaptation phase. A pair of
robe stimuli followed by the in-test adaptation was pre-
ented repeatedly 21 times for each session. This proce-
ure was repeated five times over a few days, which re-
ulted in the presentation of 105 pairs of squares (trials)
or each configuration of test stimulus.

To examine the effects of the completeness and smooth
ontinuity of contour on the BO-TAE, we systematically
hanged the horizontal or vertical edge of the square in
he test phase. In Experiment 1, the two horizontal edges
f the square were manipulated by changing their length
nd orientation (Fig. 2). The length of the horizontal bars
as altered between 0 and 1 at intervals of 0.2 as the ra-

io to the original length (i.e., 5.0 arc deg). The orientation
f the horizontal edges was 0°, 15°, or 75° from the hori-
ontal. In Experiment 2, the vertical edge distal to the
xation point was shortened to 0.6-fold of the original

ength and rotated 45° or 90° from the vertical. Stimuli
ere white with a brightness of 40.1 cd/m2, except for the
ash in the attention experiments described later, and

ig. 1. Experimental procedure. Left: Stimulus configuration
uring the adaptation phase. Midpoint of the tilted edge (15°) of
trapezoid was situated at 0.86 arc deg beside a fixation aid (in-

icated by a small black dot). Two trapezoids were shown alter-
atively for 500 ms each, and 80 pairs were presented in total

1R, 1L, …, 80L). Right: Stimulus configuration during the test
hase. A square (probe stimulus) was shown on the left or right
ide of the adapted location for 200 ms each (first 1L and 1R).
he range of orientation of the vertical bar at the adapted loca-
ion varied randomly within ±2° at intervals of 0.2°. Subjects
ere asked to report to which side the vertical bar of the square
t the adapted location appeared tilted. In the test phase, adap-
ation with four pairs of trapezoids (1L, 1R, …, 4R) followed the
wo probes.
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resented on a 21 in. CRT monitor (DELL Inc., Texas)
ith the spatial resolution of 1600�1200 at the refresh

ate of 75 Hz. The monitor was located in a darkened
oom with a dim light. Subjects viewed the monitor from a
istance of 80 cm with their heads on a chin rest. All sub-
ects had normal or corrected-to-normal vision. While sub-
ect KS is the author of the present paper, the other sub-
ects were unfamiliar with the aim of the study.

Psychometric functions were fitted by logistic regres-
ion analysis to the plots of the response ratio to the coun-
erclockwise perception of the vertical edge of the probe
quare at a given �test. The BO-TAE was defined as the
ifference between the 50% threshold of the psychometric
unctions for each side on which the probe stimulus was
resented: �estimate

left −�estimate
right . Note that a positive 50%

hreshold, �estimate, indicates that subjects tended to per-
eive the vertical edge as tilted to clockwise as a result of
daptation; i.e., the vertical edge must have been tilted
hysically further counterclockwise to evoke the percep-
ion of vertical. The amount of BO-TAE should be positive
f there is any significant effect, because �estimate

left should be
ositive and �estimate

right should be negative by definition. In
he case that the visual adaptation in the present study
nduces negligible aftereffect, the amount of the BO-TAE
ecomes close to 0.
Because the BO-TAE is of the order of a few degrees or

ess, it is, in general, difficult to analyze whether the mea-
ured BO-TAE is significantly larger than zero. Therefore,
e used the bootstrap method8,9 to evaluate the signifi-

ance of the BO-TAE. In this procedure, the subjects’ re-
ponses for a particular condition were randomly re-
ampled with replacement followed by the estimation of
he BO-TAE with logistic regression analysis. In this way,
e minimized the possibility that the significant BO-TAE
ight be obtained precariously in a specific set of sub-

ects’ responses, and we maximized the validity of the
mount of the BO-TAE by approximating the sampling
istribution of the BO-TAE with the resampling proce-

ig. 2. Probe stimuli for TAE estimation in Experiment 1. Inset
n right: Parameter l (left) represents the ratio of the horizontal
ar with respect to its original length �5.0 arc deg� and � repre-
ents the rotation (right). Left: Two variants of the probe stimu-
us were formed by either shortening the length of horizontal
ars (first row) or by rotating horizontal lines (second and third
ows). The original square is shown at the upper-left corner in
his panel with a fixation aid (black dot). The length of the hori-
ontal bars was varied between 0.0 and 1.0 with respect to the
riginal with an increment of 0.2 (first and second rows). The ori-
ntation of horizontal lines was 0°, 15°, or 75° from horizontal as
hown in the first, second, and third row, respectively. All stimuli,
xcept that shown at the bottom-left corner, are those shown to
he right side. The stimulus shown to the left side forms the mir-
or symmetric image to that shown on the right side, with re-
pect to the vertical bar proximal to the fixation aid. An example
s shown at the bottom-left corner.
ure. For each subject, the resampling procedure was re-
eated 1000 times by test conditions, yielding 1000 esti-
ated values of the BO-TAE in each test condition. The

veraged BO-TAE over subjects and 95% confidence inter-
al were estimated by this procedure. If the 95% confi-
ence interval estimated by the bootstrap distribution of
he BO-TAE does not include zero, it means that the ob-
ained BO-TAE is significantly positive; therefore, we con-
ider the BO-TAE significant. Data analysis was per-
ormed using the S-PLUS version 6.0 (Insightful Corp.,

ash.).

. MANIPULATION OF A HORIZONTAL
AR: EXPERIMENT 1
e quantitatively examined the amount of BO-TAE for

timuli with and without contour completeness, which
as manipulated by the length of the horizontal bars. For
xample, when the horizontal bars were shortened, a gap
t each corner of a square increased, and the degree of clo-
ure was thus diminished. Note that we assume graded
ompleteness; as a gap extends, completeness decreases.
n the extreme case, horizontal bars disappeared and only
wo vertical bars remained. Figure 3(a) shows the BO-
AE for three subjects (OM, SK, and WN) as a function of
he length of the horizontal bars. The BO-TAE induced by
completed square was 2.0°, as shown at the abscissa of

.0. The mean BO-TAE and 95% confidence intervals
bootstrap percentile confidence interval) across subjects
n each condition are described in Table 1. The 95% con-
dence intervals are also shown as error bars in Fig. 3(a).
he results show that the BO-TAE was significantly

arger than 0 at the 95% confidence level for the entire
ange of the length of the horizontal bars. Thus, the short-
ned horizontal bars induced the BO-TAE, and most
trikingly, the BO-TAE was present even when the hori-
ontal bars were not shown. These results suggest that
he completeness of contour is not required to produce the
O-TAE.
Although contour incompleteness was introduced in

hese stimuli with short horizontal bars, the remaining
ine segments or even lack thereof could form subjective
ontours to complete the square. The rotation of the hori-
ontal bars eliminates this possibility as they disrupt the
ubjective completion of contours from smooth continuity
mong the remaining line segments. We investigated the
ffects of tilted horizontal bars that disrupt the smooth
ontinuity of the contour. Figure 3(b) shows the BO-TAE
hen the smooth continuity was disrupted by rotating the
orizontal bars by 15° in the test stimuli. The mean and
5% confidence intervals of the BO-TAE are shown in
able 1 �tilt=15° �, indicating significant BO-TAEs for all
onditions. The 95% confidence intervals are also shown
s error bars in Fig. 3(b). We further rotated the horizon-
al bars to 75°, and obtained significant BO-TAEs, as
hown in Table 1 �tilt=75° �, although the amount of TAE
or stimuli with a 75° tilt was smaller than for those with
15° tilt.
To further assess the influence of length of the horizon-

al bars and their orientation on the BO-TAE magnitude,
e collapsed the data obtained for the 0° and 15° tilt con-
itions, and carried out a three-way analysis of variance
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ANOVA) (three-way ANOVA: SUBJECT�LENGTH

ORIENTATION). Here, we used the original nonboot-
trapped BO-TAE from each subject. LENGTH and ORIEN-

ATION corresponded to the parameters l and � in Fig. 2.
e first made an additive model by sequentially adding

he factors. There were significant main effects of SUB-

ECT and LENGTH (p�0.002 and p�0.020, respectively),
ut no significant main effect of ORIENTATION �p�0.2�,
uggesting that the BO-TAE was independent of horizon-
al bar orientation. Next, we dropped the factor ORIENTA-

ION and ran a two-way ANOVA (SUBJECT�LENGTH) with
he consideration of a possible interaction between the
wo factors. There were main effects of SUBJECT and
ENGTH (p�0.005 and p�0.03, respectively), but there
as no effect from interaction �p�0.40�. A tendency of

light dependence on the length of the horizontal bar was
hown by fitting the continuous univariate response (BO-
AE) as a linear function of a single predictor variable,
ENGTH. The result of the linear fit showed that the inter-
ept was at 0.97° �p�0.0001� and the slope was 0.91 �p
0.02�. Horizontal bars of a square-probe stimulus that

Table 1. Mean and 95% Confidence Interval
for Tilt „�… o

�: tilt (deg)

l 0 0.2
TAE (deg) 1.1 1.0

(0.57–1.6) (0.56–1.5)
�: tilt (deg)

l 0.2
TAE (deg) 1.1

(0.61–1.8) (
�: tilt (deg)

l
TAE (deg)

al denotes the ratio of the length of the horizontal bar to the original length. The

ig. 3. (Color online) Estimated BO-TAE as a function of the rati
cons with distinct connecting lines identify the subjects. Solid c
ndicating corresponding 95% confidence intervals obtained by th
° and (b) 15°. The BO-TAE for a completed square is shown w
epresents the result for attention experiment (Experiment 3). T
dges (circle icon), a wide distal edge (triangle), and a wide prox
rror bars indicating corresponding 95% confidence intervals.
ere modified either in length or orientation did not abol-
sh the BO-TAE, though there was a general tendency of
he magnitude of the BO-TAE to increase as the degree of
ompleteness increased.

. MANIPULATION OF A VERTICAL BAR:
XPERIMENT 2
e found that the BO-TAE does not necessarily require

ompleteness or smooth continuity of the probe stimulus
hen horizontal bars are shortened or rotated. Next, we
xamined whether there was any effect of the vertical bar
f a probe stimulus on the magnitude of the BO-TAE. We
anipulated the orientation of the vertical bar distal to

he adapted location while the horizontal bars were un-
hanged. The lengths of the vertical bars were fixed at the
atio of 0.6 to the original length. The vertical bar was ro-
ated by 45° and 90°. An additional condition was intro-
uced by completely deleting the vertical bar distal to the
dapted location. Figure 4(a) illustrates the configuration
f the stimuli.

O-TAE Estimated by the Bootstrap Method
5°, and 75°a

0°

0.6 0.8 1.0
1.4 1.5 2.0

0) (0.75–2.0) (0.92–2.0) (1.0–2.9)
15°

0.6 0.8
1.7 1.9

.3) (0.90–2.6) (0.99–3.5)
75°

0.6
0.87

(0.20–1.5)

nfidence intervals are described in parentheses.

e horizontal bar length to the original length. Three types of open
show mean BO-TAE among the three subjects, with error bars
strap method. The orientation of the test horizontal bar was (a)
he abscissa is one. A star icon at the right bottom corner of (a)
an BO-TAEs among three subjects for the stimuli with narrow
ge (star) are shown where the abscissa is �0 in panel (b), with
s of B
f 0°, 1

0.4
1.4

(1.0–2.

0.4
1.5

0.90–2

95% co
o of th
ircles
e boot
here t
he me

imal ed



a
e
c
t
t
m
1
T
2
t
r
s
s
�
B
w
b
s

5
A
T
i
i
a
s
B
b
t
d
s
a
r
a
fi
a
T
s

e
r

(
o
(
m
e
o
i
t
t
p
l
v
s
b
a
p
c
t
s

6
W
B
i
R
l
t
B
t
t
B
p
n
f
n
b
c
s
s
(
−
o

F
l
c
s
o

22 J. Opt. Soc. Am. A/Vol. 24, No. 1 /January 2007 Sugihara et al.
The estimated BO-TAEs for three subjects (KS, SK,
nd WN) are shown in Fig. 4(b). The BO-TAE is observed
ven when the vertical bar is rotated to break contour
ompleteness and smooth continuity. The magnitude of
he BO-TAE for the no-vertical-bar condition was similar
o that observed for a completed square. The bootstrapped
ean BO-TAEs over three subjects were 1.7°, 1.4°, and

.3° for the no-vertical bar, 45° and 90° tilt, respectively.
he corresponding 95% confidence intervals were 1.4°–
.1°, 0.82°–2.3°, and 0.54°–2.4°, respectively, as shown by
he error bars in the figure. The two-way ANOVA without
eplication (additive model) was applied to the nonboot-
trapped BO-TAE for individual subjects and revealed no
ignificant main effects of SUBJECT or ORIENTATION (p
0.2, p�0.4, respectively). We conclude that a significant
O-TAE was induced, even when the vertical bar that
as located distally to the adapted location was rotated to
reak completeness and smooth continuity of the probe
timulus.

. EFFECTS OF COVERT SPATIAL
TTENTION: EXPERIMENT 3

he results thus far suggested that inducing the BO-TAE
s not dependent on the completeness or smooth continu-
ty of the probe stimulus. One possibility that may have
ccounted for the BO-TAE in our experiment would be
patially biased covert attention. Although we associate
O between adaptation stimuli and test stimuli, it could
e the direction of stimulus presentation with respect to
he RF. If the stimulus presentation serves as a cue to
raw bottom-up attention, because the direction of the
timulus presentation is common between the adaptation
nd test, TAE could depend on the direction of attention
ather than BO. Neural responses in the monkey area V4
re modulated by the location of attention in the visual
eld,10,11 and, more specifically, the BO signal in V2 is
lso modulated, depending on the location of attention.12

herefore, it is important to examine the effects of covert
patial attention on the BO-TAE.

To examine whether bottom-up attention to the pres-
nce of the probe stimulus on one of the two sides would
esult in a BO-TAE, we presented a small bright square

ig. 4. (Color online) (a) Probe stimuli for the measurement of B
ength of the vertical bar to the original was 0.6. The orientation
ondition, there were three conditions in total. (b) Measured BO-T
ubjects. Solid circles show mean BO-TAE among the three subj
btained by the bootstrap method. Note that data at “No vertica
151.1 cd/m2, 17 arc min side) for 100 ms at the location
f the vertical line that was distal to the fixation point
i.e., not on the adapted location) without any line seg-
ent. The vertical bar at the adapted location with its ori-

ntation randomized followed the flash without delay. No
ther line segment was present simultaneously. A blank
nterval of 1000 ms followed the presentation of the ver-
ical line. The test stimulus was composed of the flash,
he vertical bar, and the blank interval, which was re-
eated with the flash flipped on the other side and fol-
owed by the in-phase adaptation as identical to the pre-
ious experiments. All procedures, except for the test
timulus, were identical to the previous experiments. The
ootstrapped estimation of the mean BO-TAE was −0.15°,
nd the 95% confidence interval was −0.54° to 0.38°, as
lotted by a star icon and its error bar in Fig. 3(a), indi-
ating that the BO-TAE was not significant in this condi-
ion. Based on this observation, we conclude that the ob-
erved BO-TAE was not due to spatial attention.

. DISCUSSION
e studied the influence of stimulus configuration on the
O-TAE in order to examine the robustness of BO coding

n terms of contour completeness and smooth continuity.
esults showed that manipulation of the length of the

ine segments did not abolish the BO-TAE. Even when
wo horizontal bars were completely deleted, a significant
O-TAE was observed. Our results also showed that ro-

ating either horizontal or vertical bars did not abolish
he BO-TAE. The present experiments demonstrated that
O coding is robust even when gestalt factors are sup-
ressed. Note that the BO-TAE cannot be explained by a
eural mechanism that only employs neurons selective
or orientation of bars. During the adaptation phase, such
eurons are adapted to the two orientations of the slant
ars of a pair of trapezoids. In fact, this expectation was
orroborated by the additional experiment in which
ingle, proximal bars were presented as test stimuli. No
ignificant BO-TAE was observed in this experiment
mean BO-TAE=−0.066°, 95% confidence interval=
0.43° to 0.22°). This strongly indicates that the BO-TAE
riginates from the fatigue of BO-selective cells.

with variations of a vertical bar (Experiment 2). The ratio of the
e vertical bar ��� were 45° and 90°. Including a no-vertical-bar
a function of vertical slant. Three types of open icons identify the
th error bars indicating corresponding 95% confidence intervals
indicate the results for the no-vertical-bar condition.
O-TAE
s of th
AE as
ects wi
l bar”
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Simulation studies6,13 have shown that most properties
f BO-selective cells can be evoked from asymmetric dis-
ribution of facilitatory and suppressive surrounding re-
ions reported in early vision.14,15 For example, when a
timulus is placed onto a facilitatory region of a cell, it en-
ances the cell’s responses, and therefore the cell behaves
s if the contour is owned by the side where a facilitatory
egion is present. Sakai and Nishimura6 predict that this
symmetry is the key for the determination of BO, and
ells in any visual area that have this property can
chieve BO selectivity. Note that, although their model
onsists of neurons without dynamics and anatomical
lausibility, the spatial nonlinearity of V1 neurons is
eproduced.16,17 In their model, even when horizontal
ars of the probe stimulus are missing, BO is retained if
he vertical bar distal to the adapted location falls into ei-
her a facilitatory or suppressive region. Therefore, this
heory can account for the presence of BO-TAEs when
orizontal bars are completely deleted or extremely
lanted.

Recent physiological study has shown that surround
odulation can be evoked by stimuli with a combination

f the preferred spatial frequency for the classsical recep-
ive field (CRF) and a lower frequency for the outside of
he CRF.18 This frequency characteristic of the surround-
ng effect leads to an interesting prediction for a BO-TAE.
ecause the TAE is a spatial-frequency-dependent
henomenon,19 the TAE is evoked only if the width of a
ine segment shown during the test phase is the same as
hat shown for adaptation. This constraint should hold
rue for the BO-TAE; the widths of the proximal line seg-
ents should be the same or similar throughout the ad-

ptation and test phases. Therefore, if a proximal edge of
test stimulus is widened with respect to that of adapta-

ion stimuli, we predict that a BO-TAE will not be ob-
erved. However, considering the findings that surround
odulation persists for a lower frequency range, the
idth of a distal line segment could be wider to evoke a
O-TAE, if BO is determined mainly by the effect of sur-
ounding modulation. Our preliminary results indicated
hat this prediction is veridical for a test stimulus without
orizontal edges, as shown in Fig. 3(b). We widened either
proximal or a distal edge by a factor of 6, and observed
significant BO-TAE only for the latter case with the dis-

al edge widened (mean BO-TAE=0.72°, 95% confidence
nterval=0.36° to 1.11°). Although the width of the bars
oes not correspond directly to spatial frequency, our pre-
iminary results support that the surround modulation is

basis for BO selectivity.
It should be noted that completeness of the probe

timulus enhanced the magnitude of BO-TAE; as the com-
leteness of the stimulus deteriorated further, the ob-
erved BO-TAE became weak, which would suggest the
oexistence of influence from Gestalt factors. Given the
imited number of conditions of the orientation, our re-
ults did not show a significant effect of orientation on
O-TAE. However, as in the effect of length, angular de-
iation would be expected to contribute to the change in
O-TAE magnitude. Although BO should be bimodal in
ssence, either left or right in our experiments, the BO-
AE exhibits values in between the two, depending on the
egree of completeness. This continuous change in BO-
AE might suggest the continuum and probabilistic na-
ure of BO signaling. BO-selective cells could signal the
egree of BO based on its preference, which appears to be
nherent to the model based on surrounding modulation.
lternatively, but not necessarily exclusive to the graded
esponse nature inherent to individual cells, a population
f cells might represent probability of BO. Sajda and
aek20 have introduced probability of the direction of fig-
re (DOF) based on Bayesian inference, which seems to
ive a good conceptual basis for figure–ground segrega-
ion. It would be interesting to investigate the correspon-
ence of BO-TAE and the probability of DOF.
A number of BO-selective cells should participate in de-

ermining the DOF of the entire contours of an object.
everal studies have proposed the computational models
hat take a population of cells into account to determine
he DOF along the whole contours of an object.20–22 Al-
hough these models use relatively simple mechanisms to
ealize BO selectivity of single cells, such as detection of
onvexity, similarity, and proximity of contour segments,
ocal communications among neighborhoods enable the
etection of the DOF along the whole contour including
cclusion and transparency. These contour-based models
ppear to be inconsistent with our results, because the
O-TAE is observed even if horizontal bars are com-
letely deleted. However, these population models may
ccount, in part, for the decline in the magnitude of BO-
AE when the completeness of the stimulus is deterio-
ated. For example, suppose that the mechanism for the
etermination of the DOF is independent of spatial fre-
uency so that the model takes into account lower fre-
uency components that blur smaller gaps. The model
ould tend to signal smaller BO-TAE for larger gaps, be-

ause only lower frequency channels play a part in the BO
etermination for larger gaps. Neurophysiological experi-
ents that examine the receptive field structures of BO-

elective neurons, as well as their behavior as a popula-
ion, will further advance our knowledge of BO coding
nd figure–ground segregation. We studied the robust-
ess of BO coding using the tilt-aftereffect phenomenon
nd demonstrated that this coding works even when vi-
ual stimuli break gestalt factors such as contour com-
leteness and smooth continuity.
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