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We investigated the binocular properties of curvature-encoding mechanisms using the shape-frequency
and shape-amplitude after-effects (or SFAE and SAAE). The SFAE and SAAE refer to the shifts observed in,
respectively, the shape-frequency and shape-amplitude of a sinusoidal test contour following adaptation
to a contour with different shape-frequency/shape-amplitude. We examined (i) the contribution of mon-
ocular versus binocular mechanisms to the SFAE and SAAE by measuring the interocular transfer of these
after-effects, (ii) the stereo-depth selectivity of the after-effects and (iii) the depth selectivity of the
reduction in the after-effects from texture-surround inhibition. Our results reveal that (i) both SFAE
and SAAE have a high degree of interocular transfer (on average >90%), suggesting that they are mediated
primarily by binocular mechanisms, (ii) neither SFAE nor SAAE are selective to stereo-defined depth and
(iii) the reduction in the SFAE and SAAE from texture-surround inhibition is selective for stereo-depth.
We conclude that the SFAE and SAAE are mediated by binocularly driven curvature-selective neurons
that are not disparity selective in themselves but which receive inputs from neurons that are subject

to depth- and orientation-selective texture-surround inhibition.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Several studies have revealed that shape encoding mechanisms
are located at various levels in the visual cortex, from oriented line
and edge detectors in V1 (DeValois & DeValois, 1988; Hubel & Wie-
sel, 1968; Wilson, 1991), to curvature-sensitive detectors in V1 and
V2 (Koenderink & Richards, 1988; Wilson & Richards, 1989), to
parts-of-shape detectors in V4 (Gallant, Braun, & van Essen,
1993; Gallant, Connor, Rakshit, Lewis, & van Essen, 1996; Habak,
Wilkinson, Zahker, & Wilson, 2004; Keeble & Hess, 1999; Levi &
Klein, 2000; Pasupathy & Connor, 2002; Regan & Hamstra, 1992)
and finally to whole-shape detectors in IT and LOC (Gross, 1992;
Ito, Fujita, Tamura, & Tanaka, 1994; Tanaka, 1996).

In this communication we provide new psychophysical evi-
dence concerning the binocular properties of the mechanisms
encoding contour curvature. Although numerous studies have
examined curvature-encoding mechanisms, one issue that has
not been addressed is whether curvature-encoding is mediated
by monocular or binocular mechanisms. It is well established that
neurons in the primary visual cortex (V1), where the left and right
eyes’ signals converge, show various degrees of binocularity, from
completely monocular to completely binocular (Hubel & Wiesel,
1962, 1968). Neurophysiological recordings from neurons in areas
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beyond V1 have shown that a large proportion of neurons in areas
V2, V3, V4 and MT are binocular (Felleman & van Essen, 1987; Kas-
kan, Lu, Dillenburger, Kaas, & Roe, 2008; Maunsell & van Essen,
1983; Shipp & Zeki, 2002; Zeki, 1978). Several studies report that
very few MT (Maunsell & van Essen, 1983) and IT (Janssen, Vogels,
& Orban, 2000a, 2000b; Uka, Tanaka, Yoshiyama, Kato, & Fujita,
2000) neurons are driven monocularly; thus for higher visual areas
binocularity appears to be the rule. If curvature is encoded at the
earlier stages in cortical processing, then some or even all the
mechanisms could be monocular, whereas if curvature is encoded
at a relatively late stage of cortical processing then the mecha-
nisms will almost certainly be binocular. One aim of the present
study is to determine the relative importance of monocular and
binocular curvature-encoding mechanisms.

We use the term ‘encoding’ to refer to mechanisms that repre-
sent rather than discriminate curvature. We have argued previously
that curvature discrimination is probably mediated by mecha-
nisms different to those mediating curvature representation (Ghe-
orghiu & Kingdom, 2007a, 2008, 2009). Specifically we have argued
that curvature discrimination likely involves relatively simple neu-
ral machinery, such as end-stopped neurons (Dobbins, Zucker, &
Cynader, 1987, 1989) or neurons that compare responses from
two orientation-selective V1 simple cells positioned at different
points along the curve (Anzai, Peng, & van Essen, 2007; Hedge &
van Essen, 2000; Kramer & Fahle, 1996; Tyler, 1973; Wilson,
1985; Wilson & Richards, 1989). However the representation of
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curvature probably involves more complex neural machinery, per-
haps neurons receiving inputs from a set of orientation-selective
units whose receptive fields are arranged along a curve (Gheorghiu
& Kingdom, 2009; Poirier & Wilson, 2006). The issue of curvature
representation versus curvature detection/discrimination has been
addressed in more detail elsewhere (Gheorghiu & Kingdom, 2009).

An important tool in the study of shape representation is the
shape after-effect, the phenomenon in which the perceived shape
of an object is altered following adaptation to a slightly different
shape (Anderson, Habak, Wilkinson, & Wilson, 2007; Blakemore
& Over, 1974; Gheorghiu & Kingdom, 2007a, 2007b, 2008; Hancock
& Peirce, 2008; Regan & Hamstra, 1992; Suzuki, 2001, 2003; Suzuki
& Cavanagh, 1998). Two shape after-effects, the shape-frequency
and shape-amplitude after-effects, or SFAE and SAAE, have been
recently used to study the visual coding of curvature (Gheorghiu
& Kingdom, 2007a, 2007b, 2008). The SFAE and SAAE are the
perceived shifts in, respectively, the shape-frequency and
shape-amplitude of a sinusoidal test contour following adaptation
to a sinusoidal contour of slightly different shape-frequency/
shape-amplitude. We have shown that the SFAEs/SAAEs are medi-
ated by mechanisms that encode curvature, rather than local orien-
tation, periodicity, luminance spatial-frequency, position and
global shape. However, the relative contribution of monocular ver-
sus binocular mechanisms to the SFAE/SAAE is at present
unknown.

To examine whether the SFAE and SAAE are mediated by pri-
marily monocular or primarily binocular mechanisms, we have
measured the amount of their interocular transfer. Interocular
transfer refers to the relative size of the after-effect when the adap-
tor and test are presented to opposite eyes compared to when pre-
sented to the same eyes. An interocular transfer of 100% means
that the different-eye and same-eye after-effects are of the same
magnitude, and is indicative of a purely binocular process (Blake,
Overton, & Lema-Stern, 1981; Moulden, Patterson, & Swanson,
1998). An interocular transfer that is small (e.g. <50%) suggests that
the mechanisms involved are primarily monocular. Intermediate
levels of interocular transfer are best explained in terms of a mix-
ture of monocular and binocular mechanisms, perhaps implying
processing in low-level visual areas where the range of binocular-
ity is mixed (Moulden, 1980; Moulden et al., 1998). Interocular
transfers greater than 100% reflect simultaneous adaptation of
both partly monocular and completely binocular high-level neu-
rons (Nishida & Ashida, 2001). Examples of measured interocular
transfers include 40-60% for the tilt after-effect (Paradiso, Shimojo,
& Nakayama, 1989), 50-70% for the size after-effect (Bjorklund &
Magnussen, 1981; Blake et al., 1981), 70-100% for the motion
after-effect (Moulden et al., 1998; Nishida, Ashida, & Sato, 1994,
Raymond, 1993; Steiner, Blake, & Rose, 1994), 100-1000% for the
flicker-motion after-effect (Nishida & Ashida, 2001) and about
75% for the global-form after-effect obtained with Glass patterns
(Vreven & Berge, 2007). However, to our knowledge no study has
investigated interocular transfer for curvature after-effects.

If at least some curvature-encoding mechanisms are binocular
then this raises the possibility that the mechanisms are tuned, or
selective for retinal disparity and hence stereoscopic-depth. Recent
neurophysiological studies have shown that disparity-selective
neurons in area IT are also selective for shape (Uka et al., 2000). Ta-
naka, Uka, Yoshiyama, Kato, and Fijita (2001) found that IT neurons
responded to shapes defined solely by binocular disparity. Dispar-
ity-tuned neurons are also found in area V4 (DeYoe & van Essen,
1985; Hinkle & Connor, 2001, 2002, 2005; Watanabe, Tanaka,
Uka, & Fujita, 2002), an area known to be involved in curvature
and object representation (Pasupathy & Connor, 1999, 2001,
2002). However, no neurophysiological or behavioral studies have
examined directly the effects of binocular disparity on the encod-
ing of curvature.

Recently, Kingdom and Prins (2009, 2005) found that the SFAE
for a single contour test was roughly halved when the adaptor con-
tour was surrounded by parallel but not orthogonal texture orien-
tations. This phenomenon, called texture-surround inhibition,
suggests that contours and textures interact in the brain in an
important way. It is well known that a sub-set of V1 neurons that
are sensitive to lines of a particular orientation are suppressed by
oriented lines placed outside of their classical receptive field
(Blakemore & Tobin, 1972; Cavanaugh, Bair, & Movshon, 1997,
Jones, Grieve, Wang, & Sillito, 2001; Knierim & van Essen, 1992; Le-
vitt & Lund, 1997; Nelson & Frost, 1978; Nothdurft, Gallant, & van
Essen, 1999; Yao & Li, 2002). The suppression is maximal when the
orientations are the same as the preferred orientation of the neu-
ron, and minimal when the orientations are orthogonal to the pre-
ferred orientation of the neuron. These V1 neurons are said to
exhibit ‘iso-orientation surround suppression’ or 10SS. Almost 80%
of the orientation-selective V1 neurons exhibit 10SS. Petkov and
Westenberg (2003) and Grigorescu, Petkov, and Westenberg
(2004) have simulated the responses of these neurons to natural
scenes and found them to be sensitive to isolated contours, such
as the edges of objects, but relatively unresponsive to lines in
dense textures. Kingdom and Prins (2009) argued that the orienta-
tion-selective texture-surround inhibition they demonstrated with
SFAE was probably a manifestation of 10SS, and therefore that I10SS
neurons in area V1 feed their responses into shape-encoding neu-
rons in higher visual areas. They also showed that texture-sur-
round inhibition of the SFAE was not a result of the disruption of
‘good continuity’ in the central adapting contour or due to a reduc-
tion in the degree to which it ‘popped-out’. Kingdom and Prins
(2009) concluded that texture-surround inhibition is directly in-
volved in contour-shape coding. Besides the importance of local
orientation however, little is known about the properties of tex-
ture-surround inhibition.

In this study we consider what happens when the inhibitory
texture-surround is placed in a different stereo-depth plane to that
of the central adaptor contour. If the SFAE/SAAE is unchanged, this
suggests that texture-surround inhibition is agnostic to stereo-
depth. However if the SFAE/SAAE increases to the level obtained
with no texture-surround, this suggests that texture-surround
inhibition is selective to stereo-depth.

To summarize: we have investigated the relative involvement of
monocular versus binocular mechanisms in curvature-encoding by
measuring (i) interocular transfer of the SFAE/SAAE, (ii) stereo-
depth-selectivity of the SFAE/SAAE and (iii) stereo-depth-selectivity
of texture-surround inhibition. A large amount of interocular trans-
fer would suggest that the after-effects are mediated primarily by
binocular mechanisms located beyond V1, whereas a small amount
of interocular transfer would suggest that the after-effects are med-
iated primarily by monocular mechanisms in V1. If the after-effects
are significantly greater when the adaptors and tests are positioned
in the same compared to different stereo-depth planes, this suggests
that curvature-encoding mechanisms are selective for stereo-depth.
Finally, if the reduction in after-effect from texture-surround inhibi-
tion is eliminated when the adaptor contour and texture-surround
are placed in different stereo-depth planes, this suggests that tex-
ture-surround inhibition is selective for stereo-depth.

Readers who are able to free-fuse may experience same-depth
adaptor/test versions of the SFAE and the SAAE in Fig. 1a and b,
by first moving their eyes back and forth along the horizontal
markers on the left for about a minute, and then transferring their
gaze to the central spot on the right. The two test contours, which
are identical, should appear different in shape-frequency or shape-
amplitude. Both after-effects survive shape-phase randomization
during adaptation, as can be experienced in the flat, non-static-
adaptor versions on http://www.mvr.mcgill.ca/Fred/research.
htm#contourShapePerception.
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Fig. 1. Stimuli used in the experiments. The contour-shape stimuli can be viewed stereoscopically by cross fusing the left and right eye’s images. One can experience (a) the
shape-frequency after-effect (SFAE) and (b) the shape-amplitude after-effect (SAAE) by moving one’s eyes back and forth along the markers located midway between the pair
of adapting contours (left) for about 90 s, and then shifting one’s gaze to the middle of the test contours (right). The two test contours, which are identical, should appear

different in shape-frequency or shape-amplitude.

2. General methods
2.1. Observers

Six subjects with normal or corrected-to-normal visual acuity
and good stereoscopic vision participated in different experiments.
Two of them (EG and FK) were experienced stereoscopic observers.

2.2. Stimuli

The stimuli were generated by a VSG2/5 video-graphics card
(Cambridge Research Systems) with 12-bits contrast resolution,
presented on a calibrated, gamma-corrected Sony Trinitron moni-
tor, running at 120 Hz frame rate and with a spatial resolution of
1024 x 768 pixels. The mean luminance of the monitor was
40 cd/m?. The two stereo-halves were presented on either side of
the monitor screen separated by 3.75° and combined optically by
a modified 8-mirror Wheatstone stereoscope. All mirrors were ce-
mented into position except for the two front mirrors whose posi-
tion along the line of sight of the subject could be adjusted until
fusion was accomplished. Viewing distance, as measured by the
length of the path of light from the monitor screen to the eyes
was 105 cm. The mean luminance as measured through the stereo-
scope was 34 cd/m2

Example stereoscopic stimuli are shown in Fig. 1. Adaptation
and test stimuli consisted of pairs of sine-wave-shaped contours.
Unless otherwise stated, the adaptor pair for the SFAE consisted
of contours with a shape-amplitude of 0.43° and shape frequencies
of 0.25 and 0.75 c/deg, giving a geometric mean shape-frequency
of 0.43 c/deg. For the SAAE, the shape-frequency of the adaptor pair
was 0.43 c/deg, while the shape-amplitudes were 0.25° and 0.75°,
giving a geometric mean shape-amplitude of 0.43°. The two adapt-
ors and tests stereo-halves were presented on either side of the
monitor screen at 3.5° above and below the fixation marker. The
cross-sectional luminance profile of the contours was odd-sym-
metric and was generated according to a first derivative of a Gauss-
ian function:

L(d) = Lnean + Linean - C - €xp(0.5) - (d/0) - exp[—(d*)/(26°)] (1)

‘where d is the distance from the midpoint of the contour’s lumi-
nance profile along a line perpendicular to the tangent, L;,c,n mean
luminance of 40 cd/m?, C contrast and ¢ the space-constant. Un-
less otherwise stated, contrast C was set to 0.5 and ¢ to 0.044°.
The + sign determined the polarity of the contour. Our contours
were designed to have a constant cross-sectional width, and the
method used to achieve this is described in Gheorghiu and King-
dom (2006).

2.3. Procedure

Each session began with an initial adaptation period of 90 s, fol-
lowed by a repeated test of 0.5 s duration interspersed with top-up
adaptation periods of 2.5s. During the adaptation period, the
shape-phase of the contour was randomly changed every 0.5 s in
order to prevent the formation of afterimages and to minimize
the effects of local orientation adaptation. The presentation of
the test contour was signaled by a tone. The shape-phase of the
test contour was also randomly assigned in every test period. Sub-
jects were required to fixate on the marker placed between each
pair of contours for the entire session.

A staircase method was used to estimate the PSE. For the SFAE
the geometric mean shape-frequency of the two test contours was
held constant at 0.43 c/deg while the computer varied the relative
shape-frequencies of the two tests in accordance with the subject’s
response. At the start of the test period the ratio of the two test
shape-frequencies was set to a random number between 0.71
and 1.4. On each trial subjects indicated via a button press whether
the upper or lower test contour had the higher perceived shape-
frequency. The computer then changed the ratio of test shape-fre-
quencies by a factor of 1.06 for the first five trials and 1.015 there-
after, in a direction opposite to that of the response, i.e. towards
the PSE. The session was terminated after 25 trials. Six measure-
ments were made for each condition, three in which the upper
adaptor had the higher shape-frequency and three in which the
lower adaptor had the higher shape-frequency. The shape-fre-
quency ratio at the PSE was calculated as the geometric mean
shape-frequency ratio of the test that followed the adaptor with
the lower shape-frequency to the test that followed the adaptor
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with the higher shape-frequency, averaged across the last 20 trials.
In addition we measured for each condition the shape-frequency
ratio at the PSE in the absence of the adapting stimulus (the no-
adaptor condition). To obtain an estimate of the size of the SFAE
we calculated the difference between the log with-adaptor
shape-frequency ratio at the PSE and the mean log no-adaptor
shape-frequency ratio at the PSE, for each with-adaptor measure-
ment. We then calculated the mean and standard error of the dif-
ferences across measurements and these are the values shown in
the graphs.

The procedure for measuring the SAAE followed the same prin-
ciple as for the SFAE. The computer varied the relative shape-
amplitudes of the two tests in accordance with the subject’s re-
sponse, while the geometric mean shape-amplitude of the two test
contours was held constant at 0.43°.

3. Experiments and results
3.1. Experiment 1: interocular transfer of curvature-encoding

In this experiment we examine the monocular versus binocu-
lar properties of curvature-encoding mechanisms by measuring
interocular transfer of the SFAE and SAAE. This will tell us
whether curvature-selective mechanisms are purely monocular,
purely binocular or a combination of both monocular and
binocular.

We used adaptor and test sine-wave-shaped contours pre-
sented (i) binocularly, (ii) monocularly to the left or to the right
eye and (iii) interocularly. For the interocular presentation, the
adaptor was presented to one eye, and the test to the other eye.
The fixation marker was always presented binocularly. The magni-
tude of interocular transfer was defined as the log shape-frequency
(or shape-amplitude) ratio obtained under the interocular condi-
tion divided by the log shape-frequency (or shape-amplitude) ratio
obtained under the monocular condition. This definition is similar
to that used for the measurement of motion-after-effect nulling
strength by Nishida and Ashida (2000).

Fig. 2 shows SFAEs and SAAEs for binocular (black bars), monoc-
ular (light gray bar) and interocular (dark gray bars) adaptor-test
conditions. The results indicate that SFAEs/SAAEs are slightly lower
for the interocular condition in some conditions and some subjects.
Fig. 3 shows the interocular transfer for SFAE (Fig. 3a) and SAAE
(Fig. 3b). For each individual subject, the interocular transfer of
the after-effects was larger than 80%. On average, the interocular
transfer was 89.4% for SFAE and 95% for SAAE, indicating that the
mechanisms mediating the SFAE and SAAE are located predomi-
nantly at the binocular level.

3.2. Experiment 2: stereo-depth selectivity of curvature-encoding

Here, we examine the stereo-depth selectivity of the SFAE and
SAAE. If curvature mechanisms are selective for stereoscopic depth,
we would expect the SFAE and SAAE to be reduced when the adap-
tor and test contours differ in stereo-depth.

Each pair of adapting and test contours consisted of one con-
tour with +15 (arcmin) crossed disparity and another contour
with —15’ uncrossed disparity. This resulted in a depth separation
of 30’ between the two contours. There were two contour
arrangements: contour above fixation of +15’' and contour below
fixation of —15’, and vice-versa. Example contours are shown in
Fig. 1a and b. There were two adaptor-test conditions: (i) adaptor
and test with the same depth sign and (ii) adaptor and test with
different depth sign. A similar experiment was carried out for
pairs of contours separated by 15’ in depth, that is one contour
at +7.5' crossed disparity and another contour at —7.5’ uncrossed
disparity.

Fig. 4 shows the SFAE (Fig. 4a) and SAAEs (Fig. 4b) for same
(light gray bars) and different (dark gray bars) adaptor-and-test
depth-sign conditions for £15’ (upper panels) and +7.5’ (lower pan-
els) disparity. The results show comparable size after-effects ob-
tained with adaptor and test contours that have either the same
or different depth-sign. A one-way ANOVA (analysis of variance)
with Combination (same versus different stereo-depth) as factor,
on both the SFAE and SAAE data showed that the effect of Combi-
nation was not significant (SFAE: F(1)=0.1538, p > 0.05; SAAE:
F(1)=0.21; p>0.05). These results offer no evidence that SFAEs
and SAAEs are selective for stereo-depth.

3.3. Experiment 3: stereo-depth selectivity of texture-surround
inhibition

Here we examine whether texture-surround inhibition of con-
tour-shape encoding is selective to stereo-depth. The adaptors con-
sisted of a central contour flanked by arrays of similar contours
making a parallel-texture surround. Because a parallel-textured
surround might narrow the luminance spatial-frequency band-
width of the central contour the contours were constructed from
Gabor patches which are narrowband, as in Kingdom and Prins
(2009). The Gabors were odd-symmetric and hence d.c. balanced,
with a spatial-frequency bandwidth of 1.5 octaves and center spa-
tial frequency of 5 c/deg. The spacing between the Gabor patches
along each contour was 0.4°. The orientation of each Gabor patch
was collinear to the tangent of the curve of the contour, i.e. co-
aligned with it. Example contours with and without texture-sur-
rounds are shown in Fig. 5c-f. We used three types of adaptors:
(i) a single central contour (Fig. 5a), (ii) a central contour flanked
by surround contours in the same depth plane (Fig. 5b) and (iii)
a central contour with surround contours in a different depth
plane. In the last condition the disparity between center and sur-
round contours was +10' (Fig. 5¢ and d). In all experiments the
contour was in the plane of fixation and the texture was located
10’ either behind (see Fig. 5c) or in front of the contour (see
Fig. 5d). For all three adaptation conditions, the test contours were
always single contours consisting of Gabor patches those orienta-
tions were collinear to the tangent of the curve of the contour
(see Fig. 5a). The test contours were always located at the same
depth as the central contour of the adaptor.

The adaptor pair for the SFAE consisted of contours with a
shape-amplitude of 0.35° and shape frequencies of 0.2 and 0.6 c/
deg, giving a geometric mean shape-frequency of 0.35 c/deg. For
the SAAE, the adaptor pair consisted of contours with a shape-fre-
quency of 0.35 c/deg and shape-amplitudes of 0.2 and 0.6°, giving a
geometric mean shape-amplitude of 0.35°.

Fig. 6 shows the SFAEs (Fig. 6a) and SAAEs (Fig. 6b) for contour-
only (light gray bars), contour and surround in the same depth
plane (white bars) and contour and surround in different depth
planes (dark gray bars). There were no significant differences be-
tween the +10 and —10 disparity conditions, so the results were
combined. The results show that while the presence of a same-
depth surround reduces both after-effects, a different-depth sur-
round has little effect (compare light and dark gray bars). To com-
pare the reduction in the size of the after-effects between
observers, we normalized the results to the single-contour-adap-
tor condition for each observer. Fig. 7a shows the average normal-
ized results across observers for the SFAE (left) and SAAE (right).
On average the after-effect is only 45% and 50% in the same-depth
surround SFAE and SAAE, but 92% and 71%, respectively, with the
different-depth surround. A one-way within-subjects ANOVA on
the non-normalized data, Bonferroni corrected to allow for multi-
ple comparisons, indicated that the three conditions (single-con-
tour, same-depth-surround and different-depth-surround) were
significantly different from each other (F(2,3)=13.51, p<0.05
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Fig. 2. Results for Experiment 1 - interocular transfer. (a) SFAEs and (b) SAAEs for binocular (black bars), monocular (light gray bar) and interocular (dark gray bars) adaptor-
test conditions. Error bars represent standard errors of the mean difference between the with-adaptor and no-adaptor conditions calculated across six measurements.

for SFAE; F(2,3)=62.16, p < 0.05 for SAAE). All pair-wise compar- 4. General discussion

isons were significantly different (p < 0.05) except for the single-

contour versus different-depth conditions for the SFAE (t=1.076, We found that SFAEs and SAAEs (i) showed a high degree of
p > 0.05). interocular transfer (on average 89.4% for the SFAE and 95% for
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interocular transfer was 89.4% for SFAE and 95% for SAAE, indicating that the mechanisms mediating the SFAE and SAAE are located predominantly at the binocular level.
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Fig. 4. Results for Experiment 2 - stereo-depth selectivity. (a) SFAEs and (b) SAAEs for same (light gray bars) and different (dark gray bars) adaptor-and-test depth-sign
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Fig. 5. Types of adaptors used in Experiment 3 - stereo-depth selectivity of texture-
surround inhibition. (a) Single central contour; (b) central contour flanked by
surround contours in the same depth plane and (c and d) central contour with
surround contours in a different depth plane. The disparity between center and
surround contours was +10'. The parallel-texture surround could be located either
(c) behind or (d) in front of the contour. In all conditions, the test contours were
single contours consisting of Gabor patches those orientations were collinear to the
tangent of the curve of the contour.

the SAAE), (ii) showed no selectivity to stereo-depth, but (iii) were
selective to the stereo-depth of an inhibitory texture-surround.

A large amount of interocular transfer argues for a predomi-
nance of binocular mechanisms. Given our evidence that the
SFAE/SAEE are mediated by curvature-sensitive mechanisms (Ghe-
orghiu & Kingdom, 20073, 2008) it follows that curvature-encoding
mechanisms appear to be predominantly binocularly-driven. How-
ever the lack of selectivity to stereo-depth suggests that although
binocularly-driven, curvature-encoding mechanisms are not tuned
to disparity.

How does this square with the neurophysiology? A large num-
ber of studies have demonstrated that disparity-tuned neurons are
found throughout the visual system, e.g. V1, V2, V3, V4 and MT
(Cumming & Parker, 1999; Hinkle & Connor, 2001, 2002; Hinkle
& Connor, 2005; Hubel & Livingstone, 1987; Maunsell & van Essen,
1983; Peterhans & von der Heydt, 1993; Prince, Cumming, & Par-
ker, 2002; Prince, Pointon, Cumming, & Parker, 2002; Poggio &
Fischer, 1977; Watanabe et al., 2002; Roy, Komatsu, & Wurtz,
1992). Other studies have shown that neurons in area V4 are in-
volved in coding angles and curves (Pasupathy & Connor, 1999,
2001, 2002) as well as high-level shape information (Desimone &
Schein, 1987; Kobatake & Tanaka, 1994; Gallant et al., 1993,
1996). Have any of these neurons been shown to be selective to
both disparity and curvature? Hinkle and Connor (2001) recently
tested 93 neurons in V4 that were stimulated by oriented bars
(57 cells), angles (25 cells), circles (7 cells) and ellipses (4 cells).
Of these, 80% were also selective for stereoscopic disparity. More
recently, Hinkle and Connor (2005) found that V4 neurons were
mainly stimulated by drifting oriented bars (409 from 452 neurons
tested), were selective for disparity and that the degree of dispar-
ity-tuning was positively correlated with the degree of orientation-
and color-tuning. Our negative finding with respect to the stereo-
scopic-depth tuning of the SFAE/SAAE appears at first sight to be
inconsistent with the Hinkle and Connor (2001, 2005) findings.
However the majority of V4 neurons in the Hinkle & Connor stud-
ies were stimulated with drifting oriented bars rather than curves,
angles or simple shapes, so it is still possible that curvature-sensi-
tive neurons in V4 are non-selective for disparity. Unfortunately to
our knowledge there are no neurophysiological studies that have
directly examined the selectivity to binocular disparity of neurons
selective for curvature.

The results of our third experiment on the other hand indicate
that contour-shape encoding mechanisms are primarily inhibited
by parallel-texture-surrounds that lie in the same stereoscopic-
depth plane. It is worth dwelling for a moment on this remarkable
texture-surround-inhibition phenomenon. In the ‘same-depth’
condition, the parallel-surround adaptors (Fig. 5b) consisted of
multiple contours covering most of the region of visual space con-
taining the test contour, so one might expect the adaptive effect to
be greater than that of a single-contour adaptor. However the
opposite this is found; the SFAE and SAAE are reduced (compare
white and light gray bars in Fig. 6). This forcefully demonstrates
the impact that parallel-texture-surrounds have on contour-shape
processing, and suggests that V1 neurons that exhibit 10SS feed
their responses into those high-level visual areas that are directly
involved in processing contour shape. The near-complete restora-
tion of both after-effects when the adaptor’s central contour and
parallel-surround were positioned in different depth planes (com-
pare dark and light gray bars in Fig. 6) implies that the disparities
of the inhibitory extra-receptive field surrounds in I0SS neurons
are the same as those of their classical receptive-field centers.

Although we are assuming here that IOSS operates in V1, it is
possible that it also operates in higher visual areas. There is some
evidence that in V4, neurons sensitive to oriented bars have a pro-
nounced near-disparity bias (Hinkle & Connor, 2001, 2005; Watan-
abe et al., 2002), which Hinkle and Connor (2001, 2005) suggest
might reflect their involvement in figure-ground segregation. It is
possible therefore that these neurons might be subject to 10SS,
and hence might mediate the results found here with texture-
surrounds.

What other visual attributes besides disparity has texture-sur-
round inhibition been found to be selective? Kingdom and Prins
(2009) demonstrated that texture-surround inhibition is orienta-
tion-selective — hence the reason why we have referred to the inhi-
bition as coming from parallel texture-surrounds. On the other
hand Gheorghiu, Kingdom, and Varshney (2009) have recently
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Fig. 6. Results for Experiment 3 - stereo-depth selectivity of texture-surround inhibition. (a) SFAEs and (b) SAAEs for contour-only (light gray bars), contour and surround in
the same depth plane (white bars) and contour and surround in different depth planes (dark gray bars) conditions. Error bars are standard errors of the mean difference
between the with-adaptor and no-adaptor conditions calculated across six measurements.

found that texture-surround inhibition does not appear to be selec-
tive for the direction of motion of the micropatterns in stimuli con-
structed from them. Further experiments are needed to elucidate
further the properties of texture-surround inhibition of contour-
shape coding.

Why then is contour-shape encoding itself not stereo-depth
selective? If texture-surround inhibition accentuates isolated con-
tours for subsequent shape analysis, it would make sense for the
inhibition to be depth-selective in order that an isolated contour
would not be inhibited by a texture lying in another depth plane.
However when it comes to the analysis of contour-shape itself,

depth information might be discarded in order to make shapes
invariant to dimensions such as viewing angle and position in
depth (Desimone, 1991; Kingdom, Field, & Olmos, 2007; Wallis &
Rolls, 1997; Wiskott, 2004).

How therefore have the findings of this study advanced our
knowledge of curvature processing? Since we find that curvature
is encoded predominantly by binocular neurons, and hence most
likely in higher visual areas, this reinforces the view that the mech-
anisms involved in representing curves are mediated by more
complex, higher-level neural machinery than those involved in
detecting and discriminating curves. In this regard the evidence
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from this study is consistent with the view that contour curvature
is encoded by neurons that take as input V1 cells whose receptive
fields are arranged in a curvilinear fashion. These afferent inputs to
curvature-encoders are apparently orientation-selective (Ghe-
orghiu & Kingdom, 2008) and multiplied (Gheorghiu & Kingdom,
2009).
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