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Collinear facilitation is a common phenomenon in the fovea, but it has been recently challenged at the
human periphery. Since physiological studies show that facilitation is found at the periphery but only
from outside the receptive field, our hypothesis was that facilitation at the periphery exists but from lar-
ger target–flanker separations than the fovea. Here, we applied a recent paradigm (Polat & Sagi, 2007) to
probe facilitation at the periphery. We used a Yes/No detection task by measuring the false-positive
reports (false-alarm, pfa) and hit-rate (phit) for a low-contrast Gabor target (between two flankers) that
appeared randomly at the fovea or at the periphery (2� or 4�) to the right or left side. We used different
target–flanker separations and orientations at the fovea and at the periphery. Importantly, we found that
phit is affected by the target–flanker separations and orientations. Short distances show a suppression
effect, but the range of suppression increases with increasing eccentricity. A facilitation effect was found
for collinear configuration outside of the suppression range. A similar effect was found for the decisional
criterion (Cr), which was correlated with suppression (positive) and facilitation (negative). All together,
our results indicate that facilitation exists at the periphery when the target–flanker distance is properly
scaled. Thus, our results indicate that collinear facilitation is a common phenomenon that exists in both
the periphery and fovea. The suppression range indicates that the perceptual receptive field increases
with increasing eccentricity. Our results provide a working hypothesis that explains the functional differ-
ences found between the fovea and the periphery. This supports the basic phenomena underlying visual
perception, such as collinear facilitation, visual crowding, and backward masking.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Collinear flankers enhance the visibility of a local target (Gabor
patch, GP, Fig. 1) that is placed between them (Polat & Sagi, 1993).
Such detection facilitation is found when the target is presented
simultaneously with high-contrast collinear flankers (Adini & Sagi,
2001; Adini, Sagi, & Tsodyks, 1997; Bonneh & Sagi, 1998; Cass &
Alais, 2006; Polat & Sagi, 1993, 1994a, 1994b; Solomon & Morgan,
2000; Woods, Nugent, & Peli, 2002). The effect of facilitation
depends on the target-to-flanker distance. For short distances of
0–2 Gabor wavelengths (k), the target detection threshold is in-
creased compared with the isolated target threshold, resulting in
suppression (Polat & Sagi, 1993; Zenger & Sagi, 1996). For larger
distances, the threshold decreases, resulting in facilitation; the max-
imal facilitation effect is achieved at a distance of 2 and 3k and
decreases with increasing target-to-flanker distance (Polat & Sagi,
1993, 1994a, 1994b). Collinear facilitation was found in physiologi-
cal studies as well (Crook, Engelmann, & Lowel, 2002; Kapadia et al.,
1995; Kasamatsu et al., 2010; Mizobe et al., 2001). Collinear
ll rights reserved.
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facilitation was found in the primary visual cortex (V1) of anesthe-
tized cats and alert monkeys.

The physiological basis of the observed lateral interactions may
rely on the long-range connections between neurons in the
primary visual cortex along their optimal orientation (Bolz &
Gilbert, 1989; Gilbert, 1985, 1992; Gilbert & Wiesel, 1985;
Grinvald et al., 1994; Malach et al., 1993; Malonek, Tootell, &
Grinvald, 1994; Ts’o, Gilbert, & Wiesel, 1986). These connections
span long distances and may convey contextual information
(Fitzpatrick, 1996; Gilbert & Wiesel, 1983a; Schmidt et al., 1997).
The horizontal connections are assumed to mediate collinear
facilitation as well (Kapadia et al., 1995; Polat, 1999; Polat et al.,
1998; Polat & Norcia, 1996; Polat & Sagi, 1994a, 1994b). Very
importantly, anatomical findings indicate that long-range connec-
tions are not limited to cortical areas that represent the fovea
(Gilbert & Wiesel, 1989; Malach et al., 1993; Ts’o, Gilbert, & Wiesel,
1986) and that their size is equal across the visual field.

According to the classical view of the organization of the visual
cortex, neurons mediate visual information from the retina to the
visual cortex through a few successive stages; each stage elaborates
on the feature selectivity developed at earlier stages (Hubel &
Wiesel, 1968). According to this view, classical receptive fields
(CRFs) of simple cells, which have been tuned selectively for
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Fig. 1. The visual stimuli. Vertical Gabor target (center) and flankers separated by
5k with different relative orientations used in the experiments. (a) Vertical (0�)
producing the collinear configuration, (b) 11�, (c) 22.5�, (d) 45�, (e) 90�, (f) 3k
collinear, (g) 1.5k collinear, and (h) 1.5k 90� (orthogonal). The target contrast was
elevated for demonstration purposes.
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location, orientation, and spatial frequency, form the fundamental
units of analysis.

The equivalent processing unit of human visual perception to
the CRF is of great interest for theoretical and practical aspects of
vision. It has been suggested that the weighting functions of spatial
filters that most resemble those of cortical simple cells have 2–3
antagonistic spatial subunits (Polat & Tyler, 1999; Watson, 1982;
Watson, Barlow, & Robson, 1983) and that simple cells are
matched to Gabor signals (Marcelja, 1980). The calculated weight-
ing functions consist of linear filters with a large main lobe and one
or more minor lobes. A recent study, which used a reverse correla-
tion technique, found that the perceptual receptive field (percep-
tive field, PF) is similar to those found in the animal visual cortex
using a similar method (Neri & Levi, 2006). Interestingly, psycho-
physical studies of lateral masking that used Gabor patches
suggested that the suppression effect (about 2k) results from inte-
gration (or summation) within the same PF, whereas facilitation
from a target-to-flanker distance of 3k or more reflects lateral
interactions between PFs responding to the target and the mask
(Polat & Sagi, 1993; Zenger & Sagi, 1996). Thus, the suppressive
zone in which the flankers evoke suppression can serve as a good
estimate of the size of the PF, in agreement with the estimate of
previous studies (Watson, 1982; Watson, Barlow, & Robson,
1983) and the measurement in a recent study by Neri and Levi
(2006). Therefore, in this study, we will use the term PF as a per-
ceptual synonym for the physiological receptive field.

In contrast to the consistent collinear facilitation in the human
fovea and animal periphery, currently there is no agreement
whether collinear facilitation at the periphery exists. Collinear facil-
itation was not found at the human periphery when the spatial 2AFC
paradigm was used (Williams & Hess, 1998; Zenger-Landolt & Koch,
2001), but it was found when the temporal 2AFC paradigm was used
(Giorgi et al., 2004; Polat & Sagi, 1994b; Wu & Chen, 2010). More-
over, collinear facilitation was found when the isolated target was
compared, but it was not orientation specific (Shani & Sagi, 2005).
The facilitation was reduced already at eccentricities starting at
1–2�, but it can be increased by attention allocated to the target
location (Shani & Sagi, 2005). However, some subjects exhibited
facilitation in larger target–flanker separations (Shani & Sagi,
2005; Williams & Hess, 1998), or when using short line segments
(Kapadia et al., 1995). Thus, the inconsistent results regarding the
existence of collinear facilitation at the human periphery led to
the view that the functional architecture of the fovea is distinct from
the periphery. However, this view seems surprising, given that col-
linear facilitation in the physiological experiments was recorded at
the periphery (Kapadia et al., 1995; Kasamatsu et al., 2010; Polat
et al., 1998). Moreover, the long-range connections are not limited
to cortical areas that represent the fovea (Gilbert & Wiesel, 1989;
Malach et al., 1993; Ts’o, Gilbert, & Wiesel, 1986) and their size is
equal across the visual field.

Recent studies used single presentation (Yes/No method) to ex-
plore the effect of facilitation at the human fovea (Amiaz, Zomet, &
Polat, 2011; Polat & Sagi, 2007; Zomet et al., 2008). In these studies,
the subjects reported the target present while no target was pre-
sented between the two GP flankers. Thus, it was suggested that
the target location is ‘‘filled-in’’ by lateral excitation from the flank-
ers. Earlier studies also suggested that collinear flankers produce
neuronal activity, via lateral interactions, at locations correspond-
ing to the target even if the target is not directly activated by
feedforward input (Dresp & Bonnet, 1993; Ramachandran, Ruskin,
Cobb, Rogers-Ramachandran, & Tyler, 1994). Thus, the target
location is thought to be ‘‘filled-in’’ by lateral excitation from the
flankers (Amiaz et al., 2011; Polat, 1999; Polat & Sagi, 1993,
2007; Zomet et al., 2008). A recent optical imaging study provided
evidence for a filling-in effect in the visual cortex of monkeys
(Meirovithz et al., 2010). More specifically, it showed that collinear
flankers produce facilitation of the target response but also pro-
duce activity at the target location when the target is absent.
According to Polat and Sagi (2007), such increased activity at the
target location is expected to produce higher perception of a target
present for both hit rates and false-alarms, when the response cri-
terion is not allowed to be adjusted by mixing many different con-
ditions. Thus, as in the previous studies (Amiaz et al., 2011; Polat &
Sagi, 2007; Zomet et al., 2008), here the filling-in effect will refer to
the increased activity by the flankers that induced both false-alarm
and increased hit rates. However, we will focus on the effect of the
hit rate as an indicator for the facilitation and suppression effects.

Filling-in had a remarkable effect at the periphery. The fact that
we do not perceive an ‘empty’ region in our visual field corre-
sponding to the blind spot indicates that the visual system percep-
tually fills-in the blind spot with information surrounding it.
Similar types of perceptual filling-in have been reported for path-
ological or artificial scotomas (Sergent, 1988).

Based on physiological and anatomical studies, we predicted
that collinear facilitation will be found in the periphery. To test this
working hypothesis, we set up experiments using the newly devel-
oped paradigm of Polat and Sagi (2007), which may overcome the
inconsistent results found in the previous studies. This inconsis-
tency may be explained by three possibilities: (1) Collinear facilita-
tion at the periphery is sensitive to the methodological procedure
(Giorgi et al., 2004), the stimulus parameters, and is more variable
among subjects. Temporal 2AFC at the periphery may be limited by
the subjects’ ability to maintain fixation between the first and the
second interval, whereas this limitation does not exist in the
Yes/No paradigm that we used here. (2) Whereas facilitation at
the fovea is orientation specific (Polat & Sagi, 1993, 2007), at the
periphery it is not (Shani & Sagi, 2005). In this study we explored
the orientation tuning at the periphery. (3) The choice of the tar-
get–flanker separation was not optimal in previous studies (Shani
& Sagi, 2005; Williams & Hess, 1998). At the fovea, facilitation is
found when the flankers are positioned outside the PF, i.e., at more
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than 2k (Mizobe et al., 2001; Polat, 1999; Polat & Norcia, 1996;
Polat & Sagi, 1993, 2006; Watson et al., 1983; Zenger & Sagi,
1996). At the periphery, however, a target–flanker separation of
3–4k revealed no facilitation and in fact revealed suppression
(Shani & Sagi, 2005; Williams & Hess, 1998; Zenger-Landolt &
Koch, 2001), but larger separations do show facilitation (Williams
& Hess, 1998). All together, these results may suggest that the size
of the PF at the periphery is larger than in the fovea, which is
consistent with the magnification factor effect (Dow et al., 1981;
Duncan & Boynton, 2003; Levi, Klein, & Aitsebaomo, 1985).
Therefore, we set out to explore this possibility in our study.

The results of our experiments indicate that, at the periphery,
when the target–flanker distance is properly scaled, the collinear
interaction is orientation specific, as expected from the architec-
ture of the collinear facilitation (Polat & Sagi, 1993, 1994a). Facili-
tation was found for collinear configuration but not for orthogonal
configuration, in agreement with Polat and Sagi’s studies (1993,
2007).

2. Methods

2.1. Subjects

Twenty-seven subjects participated in at least one experiment.
Their ages ranged from 17 to 40 years, and they had normal or cor-
rected to normal visual acuity. All, except for the authors, were
unaware of the purpose of the study.

2.2. Apparatus

Stimuli were displayed as gray-level modulation on a Philips
107P color monitor. The experiments were controlled by a Dell
PC. Screen resolution was 1024 � 768 pixels occupying a
9.2� � 12.2� area. The mean display luminance was 40 cd/m2 in
an otherwise dark environment. Gamma correction was applied.
The stimuli were viewed from a distance of 150 cm.

2.3. Visual stimuli

The stimuli were presented as gray-level images (Gabor
patches) with a spatial frequency of 6 cycles per degree (cpd) mod-
ulated from a background luminance of 40 cd/m2, with a 100-ms
duration. The spread of the Gaussian envelope (r) was equated
with the wavelength (k, 0.166�) of the carrier (Polat & Sagi,
1993). Stimuli consisted of a low-contrast Gabor target (4–7% for
the fovea) and two high-contrast Gabor flankers (60%, fovea; 90%,
4� periphery). The target–flanker orientation differences were 0�,
11.5�, 22.5�, 45�, and 90� (Fig. 1). The target–flanker separations
varied among the experiments. The contrast of the peripheral tar-
get was scaled relative to the foveal target. The scaling for each
eccentricity was determined after pilot experiments were con-
ducted and it was consistent with other studies (Foley et al., 2007).

3. Experimental procedure

The Yes/No paradigm was used (Amiaz et al., 2011; Polat & Sagi,
2007; Zomet et al., 2008). Subjects were asked to detect the target
between the flankers while the target and the flankers appeared
randomly in the center, the left, or the right (2� and 4�) of the cen-
ter. They reported whether the target was present (Yes) or absent
(No) by pressing the left and right mouse keys, respectively. They
were informed of a wrong answer by auditory feedback after each
presentation throughout the experiment. A visible fixation circle
appeared in the center before each trial and disappeared when
the trial started.
The false alarm (FA), Miss, Hit, and correct rejection rates were
recorded and analyzed to yield the sensitivity (d0 = z(Hit) � z(FA))
and the criterion (Cr = (z(Hit) + z(FA))/2) measures, with z defined
as the inverse of the normal distribution function. This calculation
was used in the previous studies (Amiaz et al., 2011; Polat & Sagi,
2007; Zomet et al., 2008) and is based on MacMillian and
Creelman’s equation (Macmillan & Creelman, 2005), which can be
viewed as a deviation from the ideal observer’s decision criterion.

The experiments were done using the ‘‘Mix’’ procedure (Polat &
Sagi, 2007). In the ‘‘Mix’’ procedure, the trials with different
target–flanker orientations are presented in a random order. Each
orientation was presented 100 times in each location (fovea, right,
left), with the target present in about half of the trials (a probability
of 0.5). The results of the right and left sides were averaged for each
eccentricity.
3.1. Orientation tuning of the collinear facilitation

We used the same paradigm that was used by Polat and Sagi
(2007) to measure the filling-in effect in the fovea to determine
the effect at eccentricities of 2� and 4�. To measure the effect at
2�, we tested five different flankers’ orientations relative to the ori-
entation of the target (0�, 11.5�, 22.5�, 45�, and 90�, see Fig. 1),
intermixed with the trials presented to the fovea. The total number
of trials per orientation was 300 (100 trials per location). In each
session there were 150 trials; thus, ten sessions were needed to
collect the data, within 1–3 meetings. The contrast of the target
and flankers in the periphery was scaled by a factor of 1.5 relative
to the fovea. Two target–flanker separations were tested, 5k (12
subjects), and 3k was used as a control (five subjects).

To measure the filling-in effect at 4�, we tested three different
target–flanker orientations (0�, 45�, and 90�) at a target–flanker
separation of 7k, at an eccentricity of 4� mixed with the fovea.
The contrast for the target in the periphery was scaled by a factor
of 2.25 relative to the fovea. The ‘‘mix by trial’’ procedure was used
as described above. Eight subjects participated in this experiment.
We also used 5k (five subjects) and 3k (six subjects) target–flanker
distances as controls.

We also measured the filling-in effect at the fovea alone (see
Fig. 1). In these experiments we measured the effect at 1.5 and 3k
in order to compare the effect inside and outside the perceptive field.

To measure the threshold of the target alone, we used our pre-
vious procedure (Amiaz et al., 2011; Polat & Sagi, 2007; Zomet
et al., 2008) in which orthogonal flankers were positioned at a dis-
tance of 15k above and below the target; they appeared at the
same time as the target to eliminate uncertainty (in time and
space). We will use the term ‘‘target condition’’ to indicate the
measurement of the target alone.
4. Results

We first compared the collinear configuration against the target
condition and against the orthogonal configuration for an eccen-
tricity of 2� and a target–flanker separation of 5k (0.83�). In this
experiment the collinear configuration was mixed with the target
condition (orthogonal flankers positioned at 15k) or with the
orthogonal configuration (N = 5). The results, presented in Fig. 2a,
show that phit (red) for the collinear configuration was signifi-
cantly higher than for the target condition (p = 0.0016, paired
t-test) and the orthogonal (p = 0.0017, paired t-test) configurations
(Fig. 2a). The pfa was also higher for the collinear configuration
than in the target condition and the orthogonal configuration (col-
linear against target p = 0.0540, collinear against orthogonal
p = 0.0050, paired t-test). The Cr (Fig. 2b) for the collinear configu-
ration was negative, indicating that the subjects tended to report



Fig. 2. Comparison of the effect of collinear facilitation collinear against the target condition (a and c) and collinear against the orthogonal configuration (b and d). Average
results (n = 5) for a target–flanker separation of 5k at 2�. (a and b) The y axis denotes the probability: the red column for phit rates and the blue column for false alarms; the x
axis denotes the category (a) collinear, target, (b) collinear, orthogonal, (c and d) criterion (y axis) against categories. (c) Collinear, target (d) collinear orthogonal. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the target present, and it was significantly lower than in the target
condition (p = 0.0064, paired t-test) and the orthogonal configura-
tion (p = 0.0017, paired t-test). The results of the orthogonal config-
uration were not significantly different from those in the target
condition for phit, pfa, and Cr. d0 for the collinear configuration
was significantly different (p = 0.0300, paired t-test) from the tar-
get condition (1.8 vs. 1.1). d0 of the orthogonal configuration was
not significantly different from the collinear configuration and
the target condition. All together, the results at 2� for 5k are consis-
tent with those of Polat and Sagi (2007) at the fovea for 3k, which is
consistent with facilitation of contrast detection relative to the tar-
get condition (Polat & Sagi, 1993, 1994a) and that no facilitation
exists for the orthogonal configuration.

4.1. Specificity and orientation tuning of the collinear facilitation

We investigated whether the orientation tuning effect of the
collinear facilitation observed in Polat and Sagi’s study (2007) also
holds for the periphery. They probed different target–flanker orien-
tations at a separation of 3k at the fovea. The results of that exper-
iment indicate that the filling-in effect is configuration dependent,
as expected from the architecture of the collinear facilitation (Polat
& Sagi, 1993, 1994a). It is also known that lateral facilitation dimin-
ishes as the orientation differences between the target and flankers
is increased (Polat & Sagi, 1993). Thus, in the present experiment
we kept the target–flanker distance constant at 3k or 5k, at eccen-
tricities of 2�, and changed the flankers’ orientation, while keeping
the target orientation vertical (the orientation between the target
and flankers was 0�, 11�, 22.5�, 45�, and 90�; see Fig. 1). The flank-
ers’ orientation was randomized between trials (‘‘Mix’’ procedure),
with each orientation presented 100 times per orientation.

4.2. The effect of facilitation – 5k (2�)

The results for 5k are presented in Fig. 3a–d. The phit and pfa
rates are higher when the target and flankers have the same orien-
tation (collinear), with a rapid decline for increasing target–flanker
orientation differences. Because of this effect, the criterion (Cr)
changed from �0.31 (0 orientation difference) to 0.006 (22.5� ori-
entation difference) and 0.46 (90� orientation difference). The dif-
ferences between the collinear and orthogonal configurations were
highly significant (phit, p = 0.0000; pfa, p = 0.0034). The difference
between the Cr values was also significant (p = 0.0020). At the
periphery, d0 was slightly, but significantly affected by the orienta-
tion difference (1.47 collinear, 1.08 orthogonal, p = 0.0379). At the
fovea, however, the difference was not significant, consistent with
the previous results (Amiaz et al., 2011; Polat & Sagi, 2007; Zomet
et al., 2008). Overall, these results, obtained by mixing different
target–flanker orientations at the periphery, are very similar to
those obtained in the fovea for 3k. Note that there is a narrow ori-
entation tuning of the phit and pfa rates that induces narrowly
tuned orientation changes in the Cr. The result at the fovea, 5k, is
similar but lower than at the periphery, an effect that is similar
to the same distance at the fovea (Polat & Sagi, 2007) and is ex-
pected from the larger target–flanker separation than the optimum
at the fovea (Polat & Sagi, 1993) when the orientation was changed.
Interestingly, the results show that the collinear facilitation disap-
peared at a target–flanker separation of 3k, at an eccentricity of 2�
(data not shown here, see Fig. 9 for 4�). These results are consistent
with previous studies (Shani & Sagi, 2005; Williams & Hess, 1998).
4.3. The effect of larger eccentricity – 4� (3, 5, 7k)

The above experiment was performed at an eccentricity of 2� for
target–flanker separations of 3 and 5k. The results indicate no effect
of collinear facilitation at 3k, but a strong effect at 5k, suggesting
that collinear facilitation exists at the periphery. However, previous
studies found that the effect of facilitation is different across eccen-
tricities. Shani and Sagi (2005) found that facilitation decreases
with increasing eccentricity, but Giorgi et al. (2004) found facilita-
tion up to 6�. Thus, to determine whether the effect is similar for
different eccentricities, we tested the effect of collinear facilitation
at 4�. Three flankers’ orientations relative to the target were
intermixed (0�, 45�, and 90�) at target–flanker separations of 7k
(1.16�), 5k (0.83�), and 3k (0.5�). The results indicate that the effect
of collinear facilitation is dependent on the target–flanker
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Fig. 3. Periphery (2�) compared with the fovea. Average results (n = 12) for a target–flanker separation of 5k. (a and b) The y-axis denotes the probability and the x-axis
denotes the orientation of the flankers in degrees. Red-filled diamonds and the red line represent phit and the open squares and the blue line denote pfa. The solid lines
represent the trend lines (polynomial second order) (a) for the periphery 2� and (b) for the fovea. In both cases there was a significant tuning of the collinear facilitation. (c)
The y-axis denotes the decision criterion and the x-axis denotes the orientation tuning in degrees. Red-filled diamonds and the red line denote the periphery and the black
open squares and the blue line denote the fovea. The solid lines denote the trend lines for the periphery 2� and (d) for the sensitivity (d0). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Phit ,Pfa Criterion(a) (b)

Fig. 4. Effect at an eccentricity of 4� (7k). Average results (n = 8) for a target–flanker separation of 7k. (a) The y-axis denotes the probability and the x-axis orientation of the
flankers is in degrees. Red-filled diamonds and the red line represent phit and the black open squares and the blue line represent pfa. The solid lines represent the trend lines
(polynomial of second order). (b) Decision criterion (Cr, y-axis) against flanker orientation (x-axis). There was a significant tuning of the collinear facilitation as shown by phit,
pfa, and Cr. The error bars denote ± se. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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separation. Suppression was found for a short target–flanker sepa-
ration (3k) and facilitation for a larger separation (7k).

4.4. Facilitation at 7k (Fig. 4)

The phit and pfa rates were higher for the collinear configura-
tion, and declined with increasing target–flanker orientation
differences. phit was reduced significantly from 0.79 for the collin-
ear configuration to 0.56 for the orthogonal (t-test p = 0.0005).
Similarly, pfa was reduced significantly from 0.28 for the collinear
configuration to 0.16 for the orthogonal (t-test p = 0.0060). Conse-
quently, the criterion (Cr) was changed significantly (t-test
p = 0.0005). d0 was not significantly affected by the orientation dif-
ference between the target and the flankers.



Fig. 5. Effect at 3k-suppression in the periphery (4�) but facilitation at the fovea. Average results (n = 6) for a target–flanker separation of 3k in the fovea and at 4�. The x-axis
denotes the orientation of the flankers in degrees. The trend lines are represented by solid lines. The results from periphery are denoted in red and the results from the fovea
are denoted in blue, (a) The y-axis denotes phit. The periphery is represented by red-filled diamonds and the red line and the fovea is represented by black open squares and
blue lines. (b) Decision criterion (Cr). (c) Sensitivity (d0). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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4.5. Inconsistent facilitation at 5k

The results do not follow a consistent trend as for 7k; for two
out of five subjects, the tuning of the collinear facilitation was
opposite that found for 7k, i.e., the phit rate was lower for the col-
linear than for the orthogonal configuration. For the other three
subjects, the phit rates were similar to those found for 7k, i.e.,
the phit was higher for the collinear than for the orthogonal con-
figuration. The criterion was minimal for the collinear configura-
tion. We assumed that for some subjects, 5k might reflect effects
from inside the suppressive zone, whereas for others this separa-
tion would still be outside the suppressive zone. Thus, we tested
the three subjects that show ‘‘normal’’ tuning at 5k, with a target–
flanker separation of 3k. The results changed dramatically in the
opposite way: the phit rate was reduced for the three subjects
and is significantly lower for all subjects tested at 3k (N = 6, see
Fig. 9). The FA rate and criterion did not change significantly.
These results are consistent with the results of the other two sub-
jects at 5k. We suggest that the variability between the subjects is
due to variability of the size of the suppressive zone. For some
subjects a separation of 5k (eccentricity 4�) already falls inside
the suppressive zone, whereas for others the suppressive effect
is smaller and falls at shorter distances (see also Fig. 9). Thus,
the border between collinear facilitation and suppression is not
sharp for both the fovea and the periphery, but since the PF is
smaller in the fovea, the transition is steeper, whereas in the
periphery the PF is larger and the transition is shallower – an ef-
fect that may increase the variability between subjects (see also
Fig. 9).
4.6. Suppression at 3k (Fig. 5)

The phit rates were lower for the collinear configuration, and in-
crease with increasing target–flanker orientation differences. phit
increased significantly from 0.58 for the collinear configuration
to 0.807 for the orthogonal configuration (t-test p = 0.0052). The
changes in Cr were not significant, 0.2265 for the collinear and
0.0097 for the orthogonal (t-test p = 0.1480). The phits and the Cr
behave exactly the opposite way than for 3k at the fovea and 7k
at the periphery (4�). Here we noted that d0 decreases significantly
at the collinear configuration (0.95) but is higher for the orthogonal
configuration (2.109). This effect is significant (p = 0.00084) and is
consistent with a suppression effect from inside the PF. Also note
that an effect of 3k at the periphery is different from the effect at
the fovea (Polat & Sagi, 2007; Zomet et al., 2008).

Our results indicate that in the periphery, like the fovea, the
facilitation effect is target–flanker separation dependent. However,
the optimal target–flanker separation for the facilitation effect at
the periphery is larger than at the fovea. Moreover, at 3k, an opti-
mal separation for facilitation at the fovea revealed suppression at
the periphery. This effect suggests that in the periphery the sup-
pression zone is larger, revealing the opposite effect. Therefore,
we decided to measure the effect at the fovea for closer separation
where usually suppression is found.

4.7. Facilitation (3k) and suppression (1.5k) effects at the fovea

We conducted two experiments at the fovea at two target–
flankers’ separations, at 3k (the facilitation zone) and at 1.5k (the
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suppression zone). In each experiment we mixed different target–
flankers’ orientations (0�, 11.5�, 22�, 45�, and 90�; see Fig. 1). The
results are presented in Fig. 6.

The effect at 3k at the fovea shows a facilitation effect, as ex-
pected from the previous results of Polat and Sagi (2007). The phit
is higher for the collinear (0.8366) and lower for the orthogonal
(0.3417) configurations. Similarly, Cr changed significantly from
�0.2394 (collinear) to 0.8427 (orthogonal) (t-test p = 0.0081).
However, the effect at 1.5k was the opposite. The phit rates were
lower for the collinear configuration, and increased significantly
from 0.4774 to 0.8946 for the orthogonal (t-test p = 0.0008). Cr
changed significantly from 0.2184 (collinear) to �0.4404 (orthogo-
nal) (t-test p = 0.0029). Thus, the Hit rates for the collinear and the
orthogonal at 1.5k and 3k for the collinear and orthogonal configu-
rations are significantly different (p = 0.0002, collinear; p = 0.0000,
orthogonal; t-test). Here the d0 value for 1.5k is opposite than that
of 3k at the fovea; in addition, it decreased significantly at the col-
linear configuration (0.35) and was higher for the orthogonal con-
figuration (1.87). This effect is significant (p = 0.0013) and is
consistent with the suppression effect and is similar to the
suppression found at 3k at an eccentricity of 4�. All together, the re-
sults show that the fovea, like the periphery, with a closer target–
flanker separation, has a suppression effect.
Phit(a) (

Fig. 6. Fovea – suppression from inside and facilitation from outside the PF. Average
overlapping RF). The x-axis denotes the orientation of the flankers in degrees. The solid bl
the regular line without fitting (the correlation of the fitted line was unacceptable). (a) T
1.5k and the blue open squares and the blue line represent the results of 3k. (b) Decision
reader is referred to the web version of this article.)

Phit Pfa(a) (

Fig. 7. A comparison of the facilitation effect in the fovea and periphery. Fovea 3k (circles
7k (4�, squares). The solid line represents the fit (second order) of the average of the data
(red). The y-axis denotes the probability and the x-axis orientation of the flankers in deg
cases there was a significant tuning of the collinear facilitation at different eccentriciti
referred to the web version of this article.)
The results for 5k and 7k in the fovea are similar to those of
Polat and Sagi’s (2007) study and are less optimal for collinear
facilitation at the fovea (Polat & Sagi, 1993, 1994a). Therefore,
the phit and pfa rates in the fovea are lower than at the periphery
for these separations. Consequently, Cr in the fovea is shifted up-
ward compared with Cr at the periphery. d0 at the fovea, like at
the periphery and like in Polat and Sagi’s study (2007), did not
change when configurations were changed. The differences in the
phit and pfa rates between collinear and orthogonal configurations
were significant for 5k (see Figs. 3 and 4, p = 0000, p = 0.0024) and
for 7k (p = 0.0007, p = 0.0240). These results suggest that 5k and 7k
at 2� and 4�, respectively, at the periphery behave like 3k in the fo-
vea (Polat & Sagi, 2007).

To emphasize the similar effect at different eccentricities when
scaling the target–flanker separations, in Fig. 7, we present the re-
sults showing collinear facilitation at the fovea (3k) and periphery
(5k, 2�; 7k, 4�). As the results show, the data points of each eccen-
tricity and target–flanker separation are similar and closely follow
the average line. Thus, it is clear that collinear facilitation can be
revealed when the target–flanker separation is accurately in-
creased with increasing eccentricity.

Similar to the facilitation effect, the suppression effect was
found at different eccentricities and at different target–flanker
Criterionb)

results (n = 7) for a target–flanker separation of 1.5k (overlapping RF) 3k (non-
ue line represents the trend lines (polynomial second order) and the red solid line is
he y-axis denotes phit. Red-filled diamonds and the red line represent the results of
criterion (Cr). (For interpretation of the references to color in this figure legend, the

Criterionb)

) is presented together with the data from the periphery at 5k (2�, open squares) and
points in each orientation from the fovea and the periphery. (a) phit (blue) and pfa
rees. (b) Decision criterion (Cr, y-axis) against the target–flanker orientation. In all

es. (For interpretation of the references to color in this figure legend, the reader is



Fig. 8. A comparison of the effect from inside and outside the perceptive field. The
data from inside the PF (red) (fovea 1.5k, circles; 4�, 3k) are presented together with
the data from the periphery measured at 3k (4�, squares). Data from outside the PF
(blue symbols); fovea 3k (circles) are presented together with the data from the
periphery at 5k (2�, open squares) and 7k (4�, squares). The solid line represents the
fit (second order) of the average of the data points in each orientation from the
fovea and the periphery. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Phit ratio against target flanker’s separation

Fig. 9. Effect of the phit ratio (collinear/orthogonal) in the fovea and periphery (4�).
The data from the fovea (target–flanker separations 1.5k, 3k; blue circles) are
presented together with the data from the periphery (4�, target–flankers’ separa-
tions 3k, 5k, 7k; red circles). Each data point represents the phit ratio (collinear/
orthogonal configurations). The blue line represents the fit to the average result of
the fovea and the red line represents the fit to the average results of the periphery.
The x axis represents the target–flanker separation and the y axis represents the log
of the phit ratio. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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separations. The results are presented in Fig. 8, showing collinear
suppression at the fovea (1.5k) and periphery (3k, 4�). As the re-
sults show, the data points of each eccentricity and target–flanker
separation are very similar and follow very closely the average line.

Fig. 9 presents the phit ratio as log(collinear/orthogonal) for the
different target–flanker separations at the fovea and periphery. The
results clearly show that whereas the ratio is negative (the collin-
ear is lower than the orthogonal) inside the PF (1.5k fovea, 3k
periphery), it is shifted to positive outside the PF (3k fovea, 7k
periphery). The crossing point of the x-axis of the solid line (the
trend line of the average results) may be used for estimating the
size of the PF (2k fovea, 5k periphery 4�). Fig. 10 presents the Cr
for the collinear and orthogonal configurations inside and outside
the PF in the fovea and the periphery. The Cr for the collinear is
shifted from positive inside the PF (1.5k fovea, 3k periphery) to
negative outside the PF (3k fovea, 7k periphery). The sign of Cr
for the orthogonal configuration is opposite. Thus, the phit ratio
and Cr clearly show that collinear suppression is revealed when
using target–flanker separations smaller than 2k at the fovea (over-
lapping target–flankers, suppressive zone) but that this zone is lar-
ger at the periphery (non-overlapping target–flankers). Thus, the
results show that the suppressive zone increases with increasing
eccentricities. The collinear facilitation is evident outside the sup-
pressive zone at the fovea and the periphery.
5. Discussion

We predicted that collinear facilitation exists in the human
periphery. We found that the effect of collinear facilitation at the
periphery and in the fovea are similar when the target–flanker sep-
aration is scaled with eccentricity. Our results are consistent with
our prediction based on physiological and anatomical results that
collinear facilitation at the periphery should exist. In addition,
our results provide a working hypothesis that explains the func-
tional differences found between the fovea and the periphery. This
supports the basic phenomena underlying visual perception, such
as collinear facilitation, visual crowding, and backward masking.
5.1. The decision criterion

Signal Detection Theory (SDT) assumes that sensitivity (d0) is
determined by the strength of the sensory input and the back-
ground noise (the signal-to-noise ratio), but that the decision crite-
rion (Cr) is affected by internal properties that are not directly
related to the sensory input (Macmillan & Creelman, 2005). How-
ever, here we found, consistent with previous results (Amiaz
et al., 2011; Polat & Sagi, 2007; Zomet et al., 2008) that the Cr
changes and follows the pattern of collinear facilitation across dis-
tances and orientations, suggesting that the Cr is affected by sen-
sory input. However, it still may be possible that the Cr effect,
and hence the facilitation, is a cognitive effect due to bias changes
with the stimulus pattern.

One important outcome of our and the previous results is the
direct evidence showing the inability of observers to adjust their
decision-making criteria in a fast-changing environment (mixing
trials). The results strongly show that the false-positive responses
reflect a genuine increase of neuronal activity in the neurons that
process the stimuli at locations not directly stimulated by the input
but instead are activated by lateral interactions within the net-
work. Thus, all together, the results suggest that collinear facilita-
tion imposes ‘‘non-optimal’’ decision criteria on the high cortical
areas. A detailed argument for the relationships between the Cr
and collinear interactions is provided in Polat and Sagi (2007)
and is summarized here. They showed that the effect is found in
mix-by-trial testing, but it is less pronounced when measured
using long blocks of similar stimuli. This result reflects the inability
to employ independent response criteria when different stimuli
are mixed, even under conditions where the different stimuli are
clearly identifiable (Gorea & Sagi, 2000). It is important to note that
the same results were found in two recent studies (Amiaz et al.,
2011; Zomet et al., 2008) as well as in this study, making it unlikely
that the decision bias will be the same among so many different
subjects and experimental conditions (fovea, periphery). This indi-
cates that the collinear effect has a very reliable pattern. Moreover,
here we show (Fig. 9) that different measures of phit alone have
the same effect as the Cr (Fig. 10). When we plotted the collin-
ear/orthogonal ratio that represents a measure of orientation spec-
ificity of the collinear facilitation, it was clear that this effect is
similar to the Cr effect. Thus, there are several measures that sup-
port the notion that the Cr is affected by the sensory input.

Moreover, the study of Amiaz et al. (2011) is directly designed
to test whether the effect of the Cr change is cognitive. This study
used rTMS over the left dorsolateral prefrontal cortex (LDLPFC),
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Effect of target-flanker’s separation on criterion - eccentricities 0  4 
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Fig. 10. Effect of the criterion in the fovea and periphery (4�). The data from the fovea (target–flanker separations 1.5k, 3k) presented with the data from the periphery (4�,
target–flankers’ separations of 3k, 5k, 7k; red circles). Blue bars represent the collinear configuration and red bars represent the orthogonal configuration (a) fovea (b)
periphery 4�. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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known as the area involved in decision making. There were two
groups, rTMS and Sham, which were tested using a similar test
as in this study. The results indicate that the changes in phit and
pfa were not significantly different between the groups. However,
the reaction time was significantly reduced in the rTMS group but
not in the Sham group. Thus, the results suggest that neural pro-
cessing in this area is not critical in the processing of the effect
of collinear facilitation, probably because this process is mediated
by lower-level visual processing. Support for this idea is also found
in a recent study (Zomet et al., 2008) that shows that patients with
major depression did not have the collinear effect. This result is
correlated with the level of depression, which is linked with the
high level of cortical inhibition that may prevent the lateral excita-
tion from facilitating the target (Chen et al., 2001). Thus, all to-
gether, we believe that the close relationship between Cr and the
known collinear facilitation is due to low-level lateral facilitation
that imposes non-optimal decision criteria under the Mix
procedures.
5.2. Estimating the size of the perceptive field (PF)

An important factor that determines whether the effect of lat-
eral interactions will be facilitation or suppression is the overlap
between the PFs of the responding units. Several studies developed
models to account for the center-surround effect. They mostly as-
sume that visual response is normalized by the pooled activity
from neighboring neurons and that the response to a central patch
is determined by two major components, local and surround; each
component includes excitation and inhibition. These components
interact nonlinearly (Cavanaugh, Bair, & Movshon, 2002a, 2002b;
Chen & Tyler, 2001; Walker, Ohzawa, & Freeman, 2002; Xing &
Heeger, 2001). However, the border between the local and the sur-
round components is critical for the sign of the interactions, sup-
pression or facilitation. Similarly, as we mentioned before, the
overlap between the PFs may determine whether suppression or
facilitation is revealed.

At the fovea, the PF’s size is estimated to be about 2–3k (Mizobe
et al., 2001; Polat, 1999; Polat & Norcia, 1996; Polat & Sagi, 1993,
2006; Watson et al., 1983; Zenger & Sagi, 1996). Thus, flankers sep-
arated by 3k or more activate non-overlapping receptive fields
responding to the target and the mask. Our results are consistent
with this estimate at the fovea.

At the periphery our results indicate that collinear facilitation is
orientation specific at optimal target–flanker separations for each
eccentricity. The optimal target–flanker separation for collinear
facilitation at an eccentricity of 2� is 5k and for an eccentricity of
4� it is 7k, whereas in the fovea the optimal target–flanker separa-
tion is 3k. Thus, the optimal target–flanker separation for collinear
facilitation, which may result from interactions between two adja-
cent non-overlapping PFs (Figs. 3, 4 and 9), increases with increas-
ing eccentricity. This idea is supported by separations closer than
the optimal ones: 1.5k at the fovea, compared with 3k at an eccen-
tricity of 4� (Fig. 8), showing a reduced phit rate, which is consis-
tent with the effect of suppression from overlapping receptive
fields (Polat & Sagi, 1993; Zenger & Sagi, 1996). Therefore, there
is a transition from suppression to facilitation when the flankers
are shifted from inside to outside the PFs. At the fovea the transi-
tion occurs from 1.5k to 3k; at an eccentricity of 2� from 3k to 5k
and from 5k to 7k at an eccentricity of 4� (see Figs. 9 and 10).

Thus, it appears that the optimal target–flanker distance for
collinear facilitation increases with increasing eccentricity. It is
known that the spatial sampling in the cortex is highly non-
uniform: the amount of cortex devoted to a unit area of retina
decreases with increasing retinal eccentricity, so in that way the
cortical representation of the fovea is much larger than that of
the periphery. This sampling property can be quantified by the lin-
ear cortical magnification factor (F = 1 + E/E2), which is expressed
in terms of millimeters of cortex per degree of visual angle (Daniel
& Whitteridge, 1961). The eccentricity at which peripheral thresh-
olds double their foveal value (E2) was found to be about 2 (Klein,
Casson, & Carney, 1990; Makela, Whitaker, & Rovamo, 1993;
Rovamo & Virsu, 1979) but can vary, based on various experimen-
tal approaches (Beard, Levi, & Klein, 1997). The estimated size of
the PF for 6 cpd stimuli (k = 0.1660) at the fovea is 0.33� (2k) (Polat
& Sagi, 1993; Zenger & Sagi, 1996), which is in agreement with our
study. Our estimate of the PF at an eccentricity of 2� is about 0.66�
(4k, double that at the fovea), and at an eccentricity of 4� it is about
1� (6k). Thus, we estimate that the size of the PF is doubled at 2�,
which reveals a magnification factor of about 2, in agreement with
the estimate of the magnification factor that was reported in ear-
lier studies (Klein, Casson, & Carney, 1990; Makela, Whitaker, &
Rovamo, 1993; Rovamo & Virsu, 1979).
5.3. Comparisons with previous studies

We found evidence of collinear facilitation using the filling-in
paradigm (Polat & Sagi, 2007) for an optimal target–flanker separa-
tion. Shorter separations than the optimal one resulted in a dimin-
ished facilitation effect that even turned into suppression for closer
separations. The finding of facilitation is in agreement with the
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previous reports (Giorgi et al., 2004; Polat & Sagi, 1994b; Shani &
Sagi, 2005) and with one subject at 6k (Williams & Hess, 1998).
We believe that the reason why a lack of facilitation was reported
in some of the previous studies stems from choosing short
target–flanker separations that may stimulate overlapping PFs,
which in turn, may cancel the facilitation and/or be replaced with
suppression. This may explain, for example, the results of Williams
and Hess (1998), with target–flanker separations of 3k at 3� and
those of Zenger-Landolt and Koch (2001) at target–flanker separa-
tions of 4k at 4�. These distances seem to be within the suppressive
zone, as revealed from our study and the results of Shani and Sagi
(2005). This is also supported by the results of Williams and Hess
(1998) for one of the three subjects. Shani and Sagi (2005) also ob-
served that at close distances there was a suppressive effect at the
periphery, whereas for larger separations there might be a facilita-
tion effect.

5.4. Model for collinear interactions across the visual field

We suggest a model that can account for the collinear interac-
tions over the entire visual field, fovea, and periphery. In this mod-
el, we suggest that suppression occurs when part of the flankers
are present inside the same hypercolumn as the CRF, thus inducing
suppression. In contrast, collinear facilitation occurs when the
flankers and the target activate CRFs at different (adjacent) hyper-
columns. Therefore, the optimal distance for facilitation can be
invariant if expressed in terms of the distance between the adja-
cent hypercolumns that are fixed at the visual cortex. A similar
model was suggested for perceptual crowding (Levi, Klein, &
Aitsebaomo, 1984).

The optimal target–flanker separation for facilitation at the fo-
vea was found to be about 2–3k for different spatial frequencies,
though the retinal distance increased with decreasing spatial fre-
quencies (Polat & Sagi, 1993). It is known that each hypercolumn
contains receptive fields whose response is optimal for different
spatial frequencies. Thus, though the retinal distance of the opti-
mal facilitation is different for different spatial frequencies, the
cortical distance may be fixed and equal to the distance between
two adjusted hypercolumns. Indeed, it was shown that the size
of the horizontal connections between adjacent hypercolumns is
constant (Angelucci et al., 2002). The physiological basis of the ob-
served lateral interactions may result from a network of long-range
connections that exist between similar orientation columns (Bolz &
Gilbert, 1989; Gilbert & Wiesel, 1985; Grinvald et al., 1994; Ts’o,
Gilbert, & Wiesel, 1986) and extend for elongated distances that
seem to match the collinear configuration (Fitzpatrick, 1996;
Gilbert & Wiesel, 1983b; Schmidt et al., 1997).

The center-to-center distance of the optimal facilitation in-
creases from the fovea to the periphery owing to the increasing
size of the PF, suggesting that there is a shift toward lower spatial
frequencies that are activated with increasing eccentricity, an ef-
fect that is consistent with earlier experimental and theoretical
data (Gelb & Wilson, 1983a, 1983b; Graham, 1989). Thus, at the fo-
vea our stimuli activated optimal PFs, whereas at the periphery,
the stimuli may be suboptimal, activating PFs of larger sizes. Nev-
ertheless, it was shown that stimuli smaller than optimal do elicit
collinear facilitation (Woods, Nugent, & Peli, 2002).

Studies suggest that ordinary masking and crowding are related
(Petrov & McKee, 2006; Polat & Sagi, 1993). Both crowding and lat-
eral masking depend on the distance between the target and flank-
ers, and their effect increases with increasing eccentricity. Our
results indicate that the target–flanker separation needs to be in-
creased at the periphery with increasing eccentricity in order to re-
veal the collinear facilitation (see Figs. 7 and 9), otherwise there is
a suppressive effect. It was suggested that crowding may occur
only when the stimuli fall within the same (or adjacent) cortical
‘‘perceptive hypercolumn’’ as the target (Levi, Klein, & Aitsebaomo,
1984); therefore, larger PFs in the periphery may be presented in
one hypercolumn. Thus, the effect of reducing facilitation for close
separations in the periphery may indicate that it occurs within the
same hypercolumn that represents the size of PF in the periphery.
Apparently crowding, masking, and filling-in effects may be simi-
larly affected by the same lateral interactions.
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