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Abstract
Natural scenes contain a rich variety of contours that the visual system extracts to segregrate the
retinal image into perceptually coherent regions. Covert spatial attention helps extract contours by
enhancing contrast sensitivity for 1st-order, luminance-defined patterns at attended locations,
while reducing sensitivity at unattended locations, relative to neutral attention allocation.
However, humans are also sensitive to 2nd-order patterns such as spatial variations of texture,
which are predominant in natural scenes and cannot be detected by linear mechanisms. We assess
whether and how exogenous attention—the involuntary and transient capture of spatial attention—
affects the contrast sensitivity of channels sensitive to 2nd-order, texture-defined patterns. Using
2nd-order, texture-defined stimuli, we demonstrate that exogenous attention increases 2nd-order
contrast sensitivity at the attended location, while decreasing it at unattended locations, relative to
a neutral condition. By manipulating both 1st- and 2nd-order spatial frequency, we find that the
effects of attention depend both on 2nd-order spatial frequency of the stimulus and the observer’s
2nd-order spatial resolution at the target location. At parafoveal locations, attention enhances 2nd-
order contrast sensitivity to high, but not to low 2nd-order spatial frequencies; at peripheral
locations attention also enhances sensitivity to low 2nd-order spatial frequencies. Control
experiments rule out the possibility that these effects might be due to an increase in contrast
sensitivity at the 1st-order stage of visual processing. Thus, exogenous attention affects 2nd-order
contrast sensitivity at both attended and unattended locations.
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Introduction
To efficiently guide perception and behavior, the visual system must extract contours and
parse the retinal image into perceptually coherent regions. Consider the natural scene
presented in Fig. 1A. Many regions in this picture are bounded by luminance-defined
contours such as the borders of the two people on the walkway. Much of the early visual
system from the retina to primary visual cortex is dedicated to detecting such changes in
luminance (DeValois & DeValois, 1988). Linear spatial filters that are selective for spatial
frequency and orientation, akin to simple cells in V1, are effective for signaling such
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contours (Graham, 1989). However, humans are also sensitive to changes in visual attributes
other than luminance, which cannot be detected by linear mechanisms. For example, the
different sections of the walkway differ in the local orientation of the wooden slats (that is,
by textural attributes), but the average luminance is relatively constant across the different
sections. As a result, large-scale linear filters tuned to luminance variations are ineffective
for segregating the walkway into different sections. Patterns defined by changes in textural
attributes (e.g., local orientation, contrast, and spatial frequency) that are not visible to linear
filters are commonly referred to as 2nd-order patterns, to distinguish them from 1st-order,
luminance-defined patterns. Texture information is vital for segmenting the retinal image
into distinct regions as an initial step in object recognition. Successfully segmenting an
image, however, is a computationally expensive process.

The high metabolic cost of neuronal activity involved in cortical computation renders it
impossible to process the overwhelming amount of information arriving at our retinae
(Lennie, 2003). Covert spatial attention enables us to manage limited resources by selecting
a relevant location or aspect of the visual scene and prioritizing its processing even without
directing the eyes to that location (Posner, 1980). Attention affects 1st-order processing,
improving behavioral performance in various tasks (see Carrasco, 2006, for a review) and
enhancing neural processing of sensory information (see Reynolds & Chelazzi, 2004, for a
review). Some of these changes are mediated by an increase in contrast sensitivity of 1st-
order linear spatial filters at the attended location and a decrease at unattended locations
(Pestilli & Carrasco, 2005; Pestilli, Viera, & Carrasco, 2007). However, little is known
about the effects of attention on the processing of 2nd-order texture patterns. Texture
perception is usually considered to be pre-attentive (Braun & Sagi, 1990; Julesz, 1981;
Schubo & Meinecke, 2007). However, many studies have shown an effect of attention on
performance with texture stimuli (Casco, Grieco, Campana, Corvino, & Caputo, 2005;
Talgar & Carrasco, 2002; Yeshurun & Carrasco, 1998, 2000, 2008; Yeshurun, Montagna, &
Carrasco, 2008).

In this study, we investigate whether and how exogenous attention—the involuntary and
transient capture of attention to a location by a peripheral uninformative visual cue—affects
contrast sensitivity for 2nd-order patterns at both attended and unattended locations.

Visual perception of 2nd-order texture patterns
Texture patterns—homogenous regions of repeated structures that cannot be detected by
linear mechanisms—are predominant in natural scenes (Johnson & Baker, 2004; Schofield,
2000). Detecting a boundary between two texture regions is analogous to detecting a 1st-
order, luminance-defined edge (Nothdurft, 1985). Unlike locating a change in luminance
(i.e., a typical light/dark edge), finding a 2nd-order texture boundary requires locating
changes in local textural properties (e.g., contrast, orientation, or scale) of an underlying
fine-scale pattern, which is often referred to as the 1st-order carrier. Because the average
luminance may be the same on either side of the texture boundary, 2nd-order edges cannot
be detected by a linear mechanism such as those used to detect 1st-order, luminance-defined
edges.

Several lines of evidence suggest that 1st- and 2nd-order pattern processing require different
neural mechanisms (Ellemberg, Allen, & Hess, 2004; Larsson, Landy, & Heeger, 2006;
Morgan, Mason, & Baldassi, 2000; Schofield & Georgeson, 1999; Scott-Samuel &
Georgeson, 1999). Like their 1st-order counterparts, 2nd-order channels are tuned for
orientation (Arsenault, Wilkinson, & Kingdom, 1999; Dakin, Williams, & Hess, 1999;
Graham & Wolfson, 2001) and spatial frequency (Landy & Oruç, 2002; Scott-Samuel &
Georgeson, 1999), but have wider bandwidths (Landy & Oruç, 2002). Although the contrast
sensitivity function (CSF) for 1st-order patterns is bandpass, peaking for mid-range spatial
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frequencies (Robson & Graham, 1981), the 2nd-order CSF has been shown to be essentially
flat (Landy & Oruç, 2002).

A number of investigators have described edge-based texture segregation models to account
for texture segregation performance (Bergen & Adelson, 1988; Graham, 1991; Graham,
Beck, & Sutter, 1992; Landy & Bergen, 1991; Malik & Perona, 1990; Sutter, Beck, &
Graham, 1989), see Landy and Graham (2004) for a review. A typical model of 2nd-order
visual processing (Fig. 1B) comprises two layers of bandpass spatial linear filters separated
by a point-wise nonlinearity. The first spatial filter is tuned for orientation and spatial
frequency, thus responding strongly to one of the carrier patterns. The output of this first
stage is rectified so that spatial regions with large response variability (i.e., regions with
large 1st-order linear-filter response, both positive and negative) are mapped to large
average response (Bergen & Adelson, 1988). Finally, a second set of larger-scale linear
filters performs a more global analysis of the rectified outputs of the 1st-order filters.
Appropriately tuned 2nd-order filters will respond robustly to boundaries between regions
with different average response strength. Such models of 2nd-order processing are referred
to as filter-rectify-filter (FRF), linear-nonlinear-linear (LNL), or “back-pocket” models
(Landy & Graham, 2004).

Although originally developed to explain psychophysical data, these models provide an
architecture that maps well onto the cortical visual processing cascade. The physiological
substrate for the first stage linear filters is likely to correspond to simple cells in area V1 that
are selective for spatial frequency and orientation (Graham, 1989). The intermediate point-
wise nonlinearity (i.e., rectification) might correspond to the neuronal spiking threshold of
1st-order neurons. Finally, 2nd-order, texture-selective neurons that represent the second
stage of filtering are likely to be located in higher extrastriate areas beyond V1 (Baker &
Mareschal, 2001; Landy & Graham, 2004). fMRI studies have shown that responses to 2nd-
order texture boundaries (Kastner, De Weerd, & Ungerleider, 2000) and 2nd-order
orientation-selective adaptation effects (Larsson et al., 2006) are stronger in downstream
visual areas, providing support for the notion that 2nd-order processing takes place
subsequent to 1st-order filtering.

Effects of covert attention at the 1st-order stage of visual processing
Spatial attention can be allocated overtly, by directing one’s gaze towards a position within
the visual scene, or covertly, by attending to an area in the periphery without actually
directing gaze towards it, allowing one to selectively process information at a given location
in the absence of eye movements (Posner, 1980). Covert spatial attention can be further
divided into two types: endogenous and exogenous, which follow different time courses and
are triggered by different cues. Endogenous attention is voluntary, conceptually driven, and
has a sustained effect, which takes about 300 ms to be deployed and can last several
seconds. In contrast, exogenous attention is involuntary, driven by a briefly displayed
peripheral cue, and has a transient effect that peaks at about 100 ms and decays shortly
thereafter (Cheal & Lyon, 1991; Jonides & Irwin, 1981; Ling & Carrasco, 2006a; Liu,
Stevens, & Carrasco, 2007; Muller & Findlay, 1988; Muller & Rabbitt, 1989; Nakayama &
Mackeben, 1989; Posner, 1980; Remington, Johnston, & Yantis, 1992). The involuntary
transient shift of exogenous attention occurs even when the cues are uninformative
(Giordano, McElree, & Carrasco, 2009; Montagna, Pestilli, & Carrasco, 2009; Muller &
Rabbitt, 1989; Pestilli & Carrasco, 2005; Pestilli et al., 2007; Posner, 1980) and can impair
as well as improve performance (Carrasco, Loula, & Ho, 2006; Talgar & Carrasco, 2002;
Yeshurun, 2004; Yeshurun & Carrasco, 1998, 2000; Yeshurun et al., 2008). In this study, we
focus on the effects of exogenous attention, the involuntary component of covert spatial
attention, on 2nd-order contrast sensitivity.
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Many behavioral and neurophysiological studies indicate that exogenous attention improves
performance on detection, discrimination, and localization tasks that are primarily limited by
stimulus contrast (see Carrasco, 2006; Reynolds & Chelazzi, 2004, for reviews). Compared
to a neutral condition, attention enhances contrast sensitivity for 1st-order, luminance-
defined patterns at the attended location and decreases sensitivity at unattended locations
(Cameron, Tai, & Carrasco, 2002; Carrasco, Penpeci-Talgar, & Eckstein, 2000; Dosher &
Lu, 2000; Ling & Carrasco, 2006b; Lu & Dosher, 1998; Pestilli & Carrasco, 2005; Pestilli,
Ling, & Carrasco, 2009). These effects of attention on 1st-order processing occur across a
wide range of spatial frequencies (Carrasco et al., 2000) and occur early in the visual stream
(e.g., Brefczynski & DeYoe, 1999; Gandhi, Heeger, & Boynton, 1999; Herrmann,
Montaser-Kouhsari, Carrasco, & Heeger, 2010; Huk & Heeger, 2000; Liu, Pestilli, &
Carrasco, 2005; McAdams & Reid, 2005; Reynolds & Chelazzi, 2004; Störmer, McDonald,
& Hillyard, 2009). Moreover, many other aspects of 1st-order processing are affected by
exogenous attention including spatial resolution (Carrasco & Yeshurun, 2009; Yeshurun &
Carrasco, 1998, 1999, 2000), acuity (Carrasco, Williams, & Yeshurun, 2002; Montagna et
al., 2009), speed of information accrual (Carrasco, Giordano, & McElree, 2004, 2006;
Carrasco & McElree, 2001) and stimulus appearance (Anton-Erxleben, Abrams, &
Carrasco, 2010; Anton-Erxleben, Henrich, & Treue, 2007; Carrasco, Ling, & Read, 2004;
Fuller & Carrasco, 2006; Gobell & Carrasco, 2005).

Effects of attention at the 2nd-order stage of visual processing
Although selective attention and texture processing have been widely investigated in the
past, very few studies have addressed the influence of attention on the processing of 2nd-
order patterns. Much of the literature assumes that texture segregation is truly effortless and
immediate (Braun & Sagi, 1990; Julesz, 1981; Schubo & Meinecke, 2007). There is a debate
regarding whether selective attention is necessary for and whether and how it modifies
texture segregation. Consistent with the existence of a pre-attentive texture-segmentation
mechanism, fMRI studies have shown that texture segmentation occurs in the absence of
perceptual awareness (Kastner et al., 2000; Schira, Fahle, Donner, Kraft, & Brandt, 2004).
Although there is some evidence that texture segregation occurs without attention, some
textures require substantial time to be processed (Sutter & Graham, 1995), undermining the
notion that texture segregation is immediate and effortless. Furthermore, orientation
discrimination based on grouping of elements along a texture boundary has been shown to
require attention (Casco et al., 2005) and EEG/MEG studies revealed that while texture
processing shows some degree of automaticity, it also depends on attentional resources
(Appelbaum & Norcia, 2009; Schubo, Meinecke, & Schroger, 2001). These studies,
however, manipulated attention by having observers perform tasks on the texture stimuli or
not (i.e., passive viewing compared to active processing of texture stimuli), rather than
manipulating spatial attention selectively, which makes it difficult to interpret how attention
affects texture perception at attended and unattended locations.

Very few studies have systematically manipulated spatial attention to investigate the effects
of attention on the processing of 2nd-order patterns. Two studies have shown that
endogenous attention affects sensitivity to 2nd-order motion patterns (Allen & Ledgeway,
2003; Lu, Liu, & Dosher, 2000). Detection of 2nd-order motion is based on a filter-rectify-
filter mechanism similar to 2nd-order static texture processing (Fig. 1B). However, evidence
has shown that these two types of 2nd-order information are detected and represented by
separate mechanisms localized in distinct cortical areas (Baker, 1999; Baker & Mareschal,
2001; Larsson et al., 2006). Only one study has directly assessed the effects of exogenous
attention on texture segmentation. Using textures composed of narrow-band stimuli to
stimulate either 1st- or 2nd-order filters of various scales, Yeshurun and Carrasco (2000)
showed that attentional effects on spatial resolution depend on 2nd-order spatial frequency,
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suggesting that exogenous attention can operate at the second stage of linear filtering.
Whether exogenous attention is able to affect the contrast sensitivity of 2nd-order filters is,
however, an open question that has not been directly investigated, and is independent of the
previous findings concerning spatial resolution.

In the present study, we examine whether and how attention affects contrast sensitivity for
2nd-order, texture-defined patterns at both attended and unattended locations. Observers
performed an orientation-discrimination task using 2nd-order, orientation-defined stimuli.
We used a classic exogenous cueing paradigm as has been used previously to study the
effects of exogenous attention on 1st-order contrast sensitivity (e.g. Carrasco et al., 2000;
Pestilli & Carrasco, 2005; Pestilli et al., 2007).

Given that exogenous attention affects spatial resolution depending on the 2nd-order spatial
frequency content, regardless of the 1st-order spatial frequency content (Yeshurun &
Carrasco, 2000), we measured the effects of exogenous attention on contrast sensitivity for
2nd-order patterns while independently varying both the 1st- and 2nd-order spatial
frequency content of the stimuli. Whereas the attentional effects on 2nd-order contrast
sensitivity (if any) should not depend on the 1st-order content, they may differ when the
2nd-order spatial frequency is varied.

Experiment 1
Method

Participants—Five graduate students and postdoctoral fellows (3 females) at New York
University participated as observers in Experiment 1. Four were experienced psychophysical
observers, but all (except one author) were naive as to the purposes of the experiment. All
participants had normal or corrected-to-normal vision. The Institutional Review Board at
New York University approved the experimental procedures and all participants gave
informed consent.

Apparatus—Stimuli were generated using Matlab (MathWorks, Natick, MA) and MGL
(http://justingardner.net/mgl) and were displayed on a 21” CRT monitor (1600×1200 at 100
Hz). The display was calibrated using a Photo Research (Chatworth, CA) PR650
SpectraColorimeter to produce linearized lookup tables for the experiment. Eye position was
monitored using an infrared video camera system (ISCAN, Burlington, MA) to ensure that
all observers were able to maintain steady fixation.

Stimuli—Texture patterns were constructed by spatially modulating two orthogonal
gratings (1st-order carriers C1 and C2 oriented ±45°) using a second horizontal or vertical
grating with lower spatial frequency (2nd-order modulator M). The resulting stimulus was
defined as follows (Fig. 2A):

(1)

where L0 is the mean luminance of the display and E is a circular stimulus envelope with
raised-cosine edges (4 deg diam., raised-cosine width: 0.2 deg). There was a fixed
orientation difference of 45° between the modulator and each of the carriers. For each
stimulus, the value of C was set to yield the desired peak luminance contrast for each
experiment (70% contrast for Experiments 1 and 2). 2nd-order modulator contrast ranged
from 8 to 96%. There were four different texture conditions formed by combining two
carrier spatial frequencies (‘low’: 2 cycle/deg; ‘high’: 4 cycle/deg) and two modulator

Barbot et al. Page 5

Vision Res. Author manuscript; available in PMC 2012 May 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://justingardner.net/mgl


spatial frequencies (‘low’: 0.5 cycle/deg; ‘high’: 1 cycle/deg), designated as LL, HL, LH and
HH (Fig. 2B). Note that frequencies that are an octave away activate different channels
(Graham, 1989; Landy & Oruç, 2002). Similar patterns have been used in psychophysical
and neuroimaging studies of texture segmentation (Landy & Oruç, 2002; Larsson et al.,
2006).

Procedure—Fig. 3 depicts the trial sequence. Each trial began with a 300 ms fixation cross
at the center of the screen. Observers were instructed to fixate the cross throughout each
trial. Next, exogenous attention was manipulated via peripheral cues preceding stimulus
presentation. The advantage of using an exogenous cue is that it results in a highly
controlled manipulation of attention, not dependent on the observer’s strategy (Giordano et
al., 2009; Montagna et al., 2009; Nakayama & Mackeben, 1989; Pestilli & Carrasco, 2005;
Pestilli et al., 2007). On 2/3 of the trials (cued trials), one black rectangle (width: 0.3 deg,
length 1.6 deg, orientation: 45°) was flashed for 60 ms 3.5 deg from one stimulus location
(i.e., 1.5 deg border-to-border from the upcoming stimulus). On the remaining 1/3 of the
trials (neutral trials), four black rectangles were presented next to the four possible stimulus
locations, distributing observers’ exogenous attention across space. After an inter-stimulus-
interval (ISI) of 40ms, two 2nd-order texture stimuli were presented simultaneously for 100
ms at two of the four possible locations. Orientation and phase of the 2nd-order modulator
were independently randomized across trials for each 2nd-order stimulus in a pair. Goal-
directed saccades require about 250 ms (Leigh & Zee, 1991; Mayfrank, Kimmig, & Fischer,
1987). Thus, no eye movements to the stimulus could occur between precue onset and
stimulus onset (100 ms). 100 ms after stimulus display, a white response cue was presented
near the fixation cross, pointing at one of the two stimuli (the target). Response cues
considerably reduce location uncertainty by indicating the exact target location (e.g,
Kinchla, Chen, & Evert, 1995; Lu & Dosher, 2004; Luck et al., 1994; Pestilli & Carrasco,
2005; Yeshurun et al., 2008).

On cued trials, one stimulus was located at the cued location, and the other was equally
likely to be in any of the remaining three locations. Observers were told that the precue was
uninformative and that it would not be advantageous to move their eyes to the cued location:
the target was equally likely to be the cued (a valid trial) or uncued (an invalid trial)
stimulus, and the precue gave no information about target orientation; the precue only
indicated stimulus onset, as was the case in the neutral trials (e.g, Lu & Dosher, 2004; Lu et
al., 2000; Montagna et al., 2009; Pestilli & Carrasco, 2005; Pestilli et al., 2007). Given that
the peripheral cue automatically draws attention to the cued location (Giordano et al., 2009;
Jonides & Yantis, 1988; Yantis & Jonides, 1984), even an uninformative cue should affect
performance.

The task was a two-alternative, forced-choice, 2nd-order-orientation-discrimination task.
Observers were instructed to report the orientation (vertical or horizontal) of the 2nd-order
sine wave grating presented at the location indicated by the response cue. Observers were
required to respond within 1200 ms after the onset of the response cue by pressing one of
two possible keys. Auditory feedback was given. About 2,530 trials per stimulus condition
(LL, HL, LH and HH) were collected for each observer in 16 blocks (in 4 experimental
sessions)—an equal number of trials for each of 9 2nd-order modulator contrast levels—for
a total of ~10,120 experimental trials per observer. The order of the sessions was
counterbalanced across stimulus conditions.

The relation between the peripheral precue and the response cue defined the validity of the
cue (Downing, 1988; Lu & Dosher, 2004; Luck et al., 1994; Montagna et al., 2009; Pestilli
& Carrasco, 2005). The use of a non-predictive precue allows us to isolate the automatic
orienting of attention. On valid trials, the location indicated by the precue and the response
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cue matched, and observers reported the orientation of the cued (‘attended’) stimulus. On
invalid trials, the precue and response cue did not match, and observers reported the
orientation of the uncued (‘unattended’) stimulus. On neutral trials, all four potential
stimulus locations were precued. The spatiotemporal characteristics of the response cue
were identical across the three cueing-conditions (valid, invalid, and neutral).

If attention increases 2nd-order contrast sensitivity at the attended location and decreases it
at unattended locations, it should improve and worsen performance, respectively, because
varying 2nd-order modulator contrast alters performance in this orientation-discrimination
task.

Analysis—For each observer, performance was assessed separately for each combination
of stimulus condition (LL, LH, HL and HH), 2nd-order modulation contrast and cueing
condition (valid, invalid and neutral). We use signal detection theory, treating the vertical
2nd-order stimulus as the signal-present and horizontal 2nd-order stimulus as the signal-
absent trials. Performance was evaluated as d′ = z(hit rate) - z(false alarm rate). d′ values
were averaged over observers. The data were fit with a Naka-Rushton function:

(2)

using a least-squares criterion, where d′(c) represents performance as a function of contrast,
d′max is the asymptotic performance at high contrast values, c50 is the contrast at which the
observer achieves half the asymptotic performance, and n determines the slope of the
psychometric function. For each stimulus condition (e.g., LH), we simultaneously fit the
data from the three attention conditions, allowing distinct values of d′max, c50 and n for each
attention condition. Confidence intervals and p-values were computed by bootstrapping.
Specifically, individual psychophysical trials were randomly resampled with replacement to
generate resampled data sets, which were refitted using the same procedure. We repeated
this procedure of resampling and refitting 10,000 times to generate bootstrap distributions of
the psychometric data and of the fitted parameters. Confidence intervals for the fitted
parameters and p-values were extracted from these bootstrap distributions to test if there was
a benefit for valid and a cost for invalid, compared to neutral cues either in d′max or c50.
Specifically, we used the bootstrap distribution of the differences between the conditions
(e.g., valid minus invalid trials) to determine the percentage of the values in the tail of the
distribution of the differences greater than zero for changes in d′max, or lower than zero for
changes in c50. The use of one-tailed statistical tests is based on previous studies, reporting a
benefit for valid and a cost for invalid, compared to neutral cues (Carrasco, 2006; Giordano
et al., 2009; Herrmann et al., 2010; Ling & Carrasco, 2006b; Pestilli & Carrasco, 2005;
Pestilli et al., 2009; Pestilli et al., 2007).

Results
Fig. 4 shows psychometric functions averaged across observers for each of the four texture
conditions. The effects of exogenous attention depended on the spatial frequency of the 2nd-
order modulator. When the spatial frequency of the 2nd-order modulator was low (Fig. 4A-
B), the three psychometric functions (valid, neutral and invalid) were indistinguishable and
no effect of cueing was observed on d′max (pvalid-invalid > 0.5 in both cases), c50 (pvalid-invalid
> 0.5 in both cases) or slope (n) (pvalid-invalid > 0.1 in both cases). However, when the spatial
frequency of the 2nd-order modulator was high (Fig. 4C-D), performance was consistent
with response gain, i.e., attention increased the value of d′max. Compared to the neutral
condition, a valid cue to the target enhanced 2nd-order contrast sensitivity, as indicated by
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an increase in d′max (LH: p < 0.005; HH: p < 0.05), whereas an invalid cue decreased
sensitivity, reducing d′max (LH: p < 0.05; HH: p < 0.001). No change of c50 (pvalid-invalid >
0.5 in both cases) or slope (n) (pvalid-invalid > 0.5 in both cases) was observed.

Fig. 5 shows the values of d′max and c50 for individual observers in the valid and invalid
attention conditions in which each value is normalized by (i.e., divided by) the
corresponding parameter values from the neutral condition. The effect of attention on 2nd-
order contrast sensitivity is consistent across observers. For the stimulus conditions with
high 2nd-order spatial frequency (Fig. 5C-D), all of the valid d′max values were higher than
the neutral d′max values (i.e., the squares fell above the unity line), and all invalid d′max
values were lower than the neutral d′max values (i.e., the diamonds fell below the unity line).
However, for the two conditions with low 2nd-order spatial frequency conditions there was
no clear pattern across valid and invalid conditions, reflecting the absence of attentional
modulation.

To characterize how exogenous attention affects 2nd-order contrast sensitivity, we used
nested hypothesis tests to compare the full model fit with a pure response gain (c50
parameter constant across attention conditions) and a pure contrast gain (d′max parameter
constant across attention conditions). The slope (n) parameter was free to vary across the 3
attention conditions. The full model fits better than one with d′max constrained (for both LH
and HH: nested hypothesis test, p < 0.001) but not than one with c50 constrained (for both
LH and HH: nested hypothesis test, p > 0.5). This finding supports the conclusion that the
effects of exogenous attention on contrast sensitivity for high 2nd-order spatial frequencies
are better explained with a response-gain mechanism.

Discussion
The present results indicate that exogenous attention affects contrast sensitivity for 2nd-
order, orientation-defined patterns in a manner that depends on 2nd-order spatial frequency.
When 2nd-order modulator spatial frequency was high (1 cycle/deg), exogenous attention
robustly improved asymptotic performance at high contrasts (d′max), consistent with a
response-gain mechanism, with no evidence for contrast gain (i.e., changes in c50). These
two types of attentional gain-control mechanisms, contrast gain and response gain, have
been considered previously for responses to 1st-order luminance-modulated stimuli (Ling &
Carrasco, 2006a; Pestilli et al., 2009). Some studies indicate that exogenous attention affects
1st-order contrast sensitivity mainly via response gain (Ling & Carrasco, 2006a; Pestilli et
al., 2009; Pestilli et al., 2007). Our results indicate that the mechanisms of exogenous
attention on contrast sensitivity are similar at the 1st- and 2nd-order stages of visual
processing.

The absence of attentional effects for patterns with low 2nd-order spatial frequency is
intriguing. For 1st-order patterns, exogenous attention has been shown to improve
performance at all spatial frequencies tested, with no systematic interaction between the
effect of attention and the spatial frequency of the stimulus (e.g., Carrasco et al., 2000).
However, our results suggest that exogenous attention affects only the sensitivity of 2nd-
order channels tuned to high spatial frequency, without affecting the population tuned to
lower 2nd-order spatial frequency. One possible explanation for this is that exogenous
attention may only affect the sensitivity of channels tuned to high 2nd-order spatial
frequency. This pattern of attentional effects would indicate a difference between the
mechanisms of exogenous attention at the 1st- and 2nd-order processing stages.

Alternatively, perhaps the absence of an effect of exogenous attention on contrast sensitivity
for low 2nd-order spatial frequencies was specific to the parafoveal location (5 deg
eccentricity) used in this experiment. Counter-intuitively, exogenous attention does not
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benefit performance across all eccentricities in texture segmentation tasks. Attention instead
improves performance where resolution is low (i.e., at peripheral locations) and hinders
performance where resolution is already high (i.e., at central locations). For instance,
Yeshurun and Carrasco (2000) found that in a texture segmentation task, the range of
eccentricities in which exogenous attention improved or impaired performance depended on
the scale of the 2nd-order pattern as well as the average size of the filters at a given
eccentricity. Specifically, performance was impaired for a larger range of eccentricities for
textures with low than with high 2nd-order spatial frequency. This finding supports the
resolution hypothesis, which postulates that exogenous attention increases spatial resolution
at the attended location, even when it impairs performance (Carrasco, Loula et al., 2006;
Carrasco & Yeshurun, 2009; Talgar & Carrasco, 2002; Yeshurun & Carrasco, 1998, 2000;
Yeshurun et al., 2008). One mechanism by which exogenous attention may enhance spatial
resolution is by increasing the sensitivity of the smallest possible filters at the attended area,
reweighting the population response in favor of higher-spatial-frequency filters (Balz &
Hock, 1997; Carrasco, Loula et al., 2006; Carrasco et al., 2002; Carrasco & Yeshurun,
2009). The absence of attentional effects for the low 2nd-order spatial frequency patterns in
Experiment 1 may reflect the fact that exogenous attention enhances contrast sensitivity at
the 2nd-order stage of filtering by increasing the sensitivity of the smallest filters at the
attended area. As a result, we could expect attentional effects that depend on the scale of the
2nd-order pattern and the average size of the filters at the attended area.

Physiological and behavioral studies indicate that there are more cells tuned to high than low
1st-order spatial frequencies at the fovea (Robson & Graham, 1981) and that the ratio of the
number of neurons tuned to high vs. low spatial frequencies decreases with eccentricity
(Azzopardi, Jones, & Cowey, 1999; DeValois & DeValois, 1988). The number of 2nd-order
spatial frequency channels at the fovea is the same as for 1st-order channels for spatial
frequencies up to about 2 cycle/deg, but they are tuned to lower spatial frequencies, with
fewer channels tuned to higher spatial frequencies relative to 1st-order (Ellemberg, Allen, &
Hess, 2006). Importantly, sensitivity for 1st- and 2nd-order stimuli show a similar spatial
frequency-dependent fall-off with eccentricity (Hess, Baker, May, & Wang, 2008).

At the parafoveal location we used, an increase in response of the smallest 2nd-order filters
may have resulted in improved contrast sensitivity for patterns with high, but not with low,
2nd-order spatial frequency. Correspondingly, we would expect a benefit of attention on
contrast sensitivity for patterns with low 2nd-order spatial frequency located farther in the
periphery where the average size of the filters is larger.

Experiment 2
In Experiment 2, we tested the hypothesis that attention had no effect for low second-order
frequencies due to the parafoveal location used in Experiment 1. To do so, we measured the
effects of exogenous attention on contrast sensitivity for patterns with low 2nd-order spatial
frequency at peripheral (10 deg eccentricity) rather than parafoveal (5 deg eccentricity)
locations.

Method
Participants, stimuli and procedure were the same as in Experiment 1 except for the
following: (1) Only the two spatial-frequency conditions were tested for which no effect of
attention on 2nd-order contrast sensitivity was observed in Experiment 1 (LL and HL). (2)
Stimulus eccentricity was increased from 5 to 10 deg. (3) To ensure that the precue was still
able to efficiently capture observers’ attention, precue size was increased (width .45 deg,
length 2.5 deg eccentricity). (4) The distance between the precue and the border of the
stimulus was increased from 1.5 to 3 deg to avoid crowding due to the greater eccentricity
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and larger precue. Each observer completed a total of 5,184 experimental trials in 16 blocks
(in 4 experimental sessions), with 2,592 trials per stimulus condition. Data were analyzed
using the same procedure as for Experiment 1.

Results and discussion
As shown in Fig. 6, at 10 deg eccentricity, we now find reliable effects of attention for
patterns with low 2nd-order spatial frequency. Compared with the neutral condition, the
psychometric function for the valid condition is shifted to the left, whereas in the invalid
condition it is shifted to the right. Exogenous attention altered performance primarily for
intermediate contrasts, leading to robust differences in c50, consistent with a change of
contrast gain (LL and HL: pvalid-invalid < 0.05). No significant change in asymptotic
performances (d′max) was observed (LL: pvalid-invalid = 0.08; HL: pvalid-invalid > 0.5), which
may have resulted from the fact that for some observers, the psychometric functions did not
reach asymptote within the available contrast range. The pattern of results for c50 and d′max
was consistent across observers (Fig. 7). All (but one for the HL condition) of the valid c50
values (squares) were lower than the neutral c50 values, and all (but two for the LL
condition) invalid c50 values (diamonds) were higher than the neutral c50 values.
Furthermore, nested hypothesis tests indicated that the full model did not fit better than one
with d′max constrained (nested hypothesis tests, p > 0.1 in both cases) nor with c50
constrained (nested hypothesis tests, p > 0.1 in both cases). This finding suggests that the
effects of attention in Experiment 2 are explained by either a contrast- or a response-gain
mechanism, or a combination of both.

These results indicate that exogenous attention can affect 2nd-order contrast sensitivity for
stimuli with low 2nd-order spatial frequency when the stimuli appear in the periphery (10
deg eccentricity). This finding supports the hypothesis that the absence of attentional effects
for patterns with low 2nd-order spatial frequency in Experiment 1 was due to the effects of
attention on spatial resolution at parafoveal locations (5 deg eccentricity). In sum, from
Experiments 1 and 2 we conclude that exogenous attention affects contrast sensitivity at the
2nd-order stage for both patterns with high and low spatial frequency in a manner that
depends on the spatial scale and the eccentricity of the texture.

Experiment 3
Experiments 1 and 2 revealed that exogenous attention improves texture discrimination at
the attended location and impairs it at unattended locations. Because we used 2nd-order
stimuli that cannot be detected by spatial filters sensitive to 1st-order luminance signals, this
finding suggests that exogenous attention affects the sensitivity of linear filters at the 2nd-
stage of visual processing directly. However, 2nd-order sensitivity can increase with 1st-
order contrast at both central and peripheral locations (Hess et al., 2008), and exogenous
attention can increase contrast sensitivity of filters at the 1st-order stage of visual processing
(e.g., Dosher & Lu, 2000; Herrmann et al., 2010; Ling & Carrasco, 2006b; Lu & Dosher,
1998; Pestilli & Carrasco, 2005; Pestilli et al., 2009). Thus, it is important to rule out the
possibility that our results might reflect the indirect consequence of an increase in sensitivity
at the 1st-order stage of visual processing.

In this experiment we examined directly whether an increase in effective 1st-order contrast
—similar to an increase in 1st-order contrast sensitivity with attention—could explain the
results observed with attention in Experiments 1 and 2. We varied 1st-order contrast without
cueing attention to a particular location to determine whether this caused shifts of the 2nd-
order contrast sensitivity functions similar to those observed in the previous experiments.
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Method
Participants, stimuli and procedure were the same as in Experiments 1 and 2 except for the
following: (1) Only neutral cues were used. (2) Five different values of C were used,
yielding 1st-order peak luminance contrasts ranging from 60 to 80%. (3) Two stimulus
conditions were used: HH at 5 deg eccentricity as in Experiment 1, and LL at 10 deg
eccentricity as in Experiment 2. Each observer completed a total of 5,760 experimental trials
in 16 blocks (in 4 experimental sessions), with 2,880 trials per stimulus condition.

Results and discussion
Varying the contrast of the 1st-order content had no consistent effect on 2nd-order contrast
sensitivity (Fig. 8). One-way ANOVAs revealed no significant effect of 1st-order contrast
on either d′max [in both cases F(2,12) < 1] or c50 [LL: F(2,12) = 1.5, p > 0.1; HH: F(2,12) <
1]. This was true for both conditions HH at 5 deg eccentricity (Fig. 8A) and LL at 10 deg
eccentricity (Fig. 8B). An effect of 1st-order contrast was found for the HH condition on the
slope (n) [F(2,12) = 4.59, p < 0.01], but post-hoc comparisons revealed no clear pattern
across 1st-order contrast values. Moreover, no change in slope was observed with
exogenous attention in the previous experiments.

It has been shown that 2nd-order contrast thresholds increase with 1st-order contrast (Hess
et al., 2008). Our present result does not contradict this previous finding. The changes in
2nd-order sensitivity reported in their study were observed for changes in 1st-order contrast
that were larger than the possible consequences of attention. Furthermore, they used
contrast-modulated 2nd-order stimuli as opposed to the orientation-modulated 2nd-order
stimuli used here.

We conclude that exogenous attention directly affects the sensitivity of 2nd-order channels
and that our results from Experiments 1 and 2 are not due to attentional modulation of
sensitivity to the 1st-order content of our stimuli.

General discussion
We have shown that exogenous attention increases 2nd-order contrast sensitivity at the
attended location and decreases it at unattended locations. The effect of attention was
dependent on 2nd-order spatial frequency and eccentricity. Exogenous attention affected
contrast sensitivity at parafoveal locations for patterns with high, but not low, 2nd-order
spatial frequency (Experiment 1). However, exogenous attention did affect contrast
sensitivity for patterns with low 2nd-order spatial frequency when the stimuli were
presented at a peripheral location (Experiment 2). We have also shown that these effects on
2nd-order sensitivity were not the indirect consequence of a change in sensitivity at the first
stage of visual processing (Experiment 3). The present results provide the first experimental
evidence that exogenous attention affects the contrast sensitivity of 2nd-order channels; it
increases it at the attended location and decreases it at the unattended location.

Exogenous attention affects 2nd-order contrast sensitivity at both attended and
unattended locations

Similar to the effects of attention on 1st-order contrast sensitivity, we showed that
exogenous attention increases 2nd-order contrast sensitivity at the attended location and
decreases it at unattended locations. The existence of both benefit and cost is consistent with
mechanisms of signal enhancement and distracter exclusion that affect contrast sensitivity
concurrently (Carrasco, 2006; Carrasco et al., 2000; Dosher & Lu, 2000; Herrmann et al.,
2010; Ling & Carrasco, 2006b; Lu et al., 2000; Pestilli & Carrasco, 2005; Pestilli et al.,
2009). Whereas the sensory representations of relevant stimuli are boosted at the attended
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location, consistent with signal enhancement, the strength of stimuli outside the attentional
focus is reduced at unattended locations, consistent with distracter exclusion. Exogenous
attention affected 2nd-order contrast sensitivity at parafoveal locations via response gain,
similar to the effects of exogenous attention on 1st-order contrast sensitivity (Carrasco,
2006; Ling & Carrasco, 2006a; Pestilli et al., 2009; Pestilli et al., 2007). This result may be
interpreted as evidence for a common attentional gain-control mechanism at the first and
second stages of visual processing. However, in Experiment 2 attention seemed to affect
contrast sensitivity at peripheral locations via contrast gain. We do not take this as evidence
for different attentional gain-control mechanisms for patterns with high vs. low 2nd-order
spatial frequency. Rather, this difference can be explained by the change in eccentricity.
First, due to the greater eccentricity used in Experiment 2, contrast sensitivity functions for
individual observers did not always reach asymptote, which may have obscured a possible
significant change in response gain. Indeed, nested hypothesis tests support the conclusion
that in Experiment 1 the effects of exogenous attention on 2nd-order contrast sensitivity are
better explained with a response-gain mechanism. However, in Experiment 2 the full model
did not fit better than one with either d′max constrained or with c50 constrained, suggesting
that the effects of attention are better explained by either a contrast- or a response-gain
mechanism or by a combination of both. Second, eccentricity itself may be a factor in how
attention affects contrast sensitivity of 2nd-order channels. There has been conflicting
evidence regarding the mechanism underlying the effects of attention on contrast sensitivity
to 1st-order patterns, with evidence for response gain, contrast gain, or a mixture of both
(Cameron et al., 2002; Huang & Dobkins, 2005; Ling & Carrasco, 2006a; Morrone, Denti,
& Spinelli, 2004; Pestilli et al., 2009; Pestilli et al., 2007). Recently, the normalization
model of attention (Reynolds & Heeger, 2009) has been proposed to reconcile these
seemingly conflicting findings. In this model, two critical factors determine how attention
affects contrast-response functions: the stimulus size and the attention field size. By
changing the relative sizes of these two factors, the model can exhibit response-gain
changes, contrast-gain changes, and various combinations of response- and contrast-gain
changes. Specifically, when the stimulus is large and the attention field small, attention
increases contrast sensitivity via response gain. In contrast, when the stimulus is small and
the attention field is large, the model predicts contrast-gain changes. The predictions of this
model have been confirmed experimentally by manipulating conjointly the stimulus size and
the size of the attention field (Herrmann et al., 2010).

Exogenous attention corresponds to an involuntary capture of attention to a particular
location. Three factors in Experiment 2 could have induced a larger attentional window than
in Experiment 1: (1) the peripheral precue was at a greater eccentricity; (2) the increased
distance between the precue and the stimulus; and (3) although the stimulus size was
constant at both eccentricities, they yielded a smaller cortical representation for the
peripheral stimuli. According to the normalization model of attention, any or a combination
of these three factors could explain a shift from response gain to contrast gain between
Experiments 1 and 2.

In sum, our results reveal that exogenous attention affects 2nd-order contrast sensitivity at
both attended and unattended locations and that the mechanisms involved at the first and
second stages of visual processing may be similar.

Effects of attention on 1st-order contrast sensitivity and early nonlinearities
Could an increase in 1st-order contrast sensitivity with attention (Carrasco, 2006; Pestilli &
Carrasco, 2005) affect sensitivity to 2nd-order patterns in Experiments 1 and 2 without a
change in the sensitivity of 2nd-order channels? We ruled out this possibility by varying the
1st-order contrast without manipulating attention (Experiment 3). Another issue that must be
considered is the possible effects of early nonlinearities. Early luminance nonlinearities,
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prior to the first stage of linear spatial filtering, can sometimes reveal 2nd-order patterns to
the first linear stage. This is particularly true of contrast-modulated stimuli, for which an
early nonlinearity can lead to distortion products resulting in Fourier energy (after the
nonlinearity) at the frequency of the 2nd-order modulator. However, we used orientation-
defined stimuli for which early nonlinearities are ineffective; the distribution of luminance
values is identical in the two carrier patterns so that any point-nonlinearity cannot result in
differential mean response to the two textures. In addition, if an early nonlinearity were able
to demodulate the stimulus, then we would predict an effect of attention in all texture
conditions, independent of 2nd-order spatial frequency. Our results were inconsistent with
this prediction (Experiment 1). We conclude that exogenous attention directly affects the
sensitivity of linear filters at the second stage of visual processing.

Effects of exogenous attention on 2nd-order contrast sensitivity depend on 2nd-order
spatial scale

One of our most interesting findings is the dependence of attentional effects on 2nd-order
spatial scale. We suggest that the effects of exogenous attention on spatial resolution can
explain the absence of attentional modulation for patterns with low 2nd-order spatial
frequency at parafoveal locations (Experiment 1).

In a texture segregation task, performance improves as a target texture moves from the fovea
into the periphery, with performance peaking at mid-peripheral locations, and then falling at
larger eccentricities. The poor performance at central locations is commonly referred to as
the central performance drop (CPD). The eccentricity at which performance is best depends
on the scale of the texture; enlarging a texture shifts the performance peak to more eccentric
locations (Kehrer, 1989). Second-order mechanisms are scale invariant (Kingdom, Keeble,
& Moulden, 1995; Landy & Bergen, 1991; Sutter & Graham, 1995), which implies the
existence of a link between the scales of the corresponding 1st- and 2nd-order spatial
channels (Kingdom & Keeble, 1999), and suggests that the preferred 2nd-order scale
depends on eccentricity.

Several studies demonstrate the effects of exogenous attention on acuity and texture
segmentation performance. Directing exogenous attention to a target location reduces the
differences in performance between foveal and peripheral stimuli in visual search tasks
(Carrasco, McLean, Katz, & Frieder, 1998), improves performance in tasks limited by acuity
or hyperacuity (Carrasco et al., 2002; Golla, Ignashchenkova, Haarmeier, & Thier, 2004;
Montagna et al., 2009; Yeshurun & Carrasco, 1999), and improves or impairs texture
segmentation performance depending on both the eccentricity and the scale of the texture
target (Carrasco, Loula et al., 2006; Carrasco & Yeshurun, 2009; Talgar & Carrasco, 2002;
Yeshurun & Carrasco, 1998, 2000; Yeshurun et al., 2008). These findings support the
hypothesis that exogenous attention enables us to resolve finer details by increasing spatial
resolution at the attended location, even when it results in impaired performance.

There are several ways attention could enhance spatial resolution and yet harm central
performance (i.e., the CPD). First, attention may narrow the size of 2nd-order receptive
fields at the attended area. This hypothesis is compatible with several neurophysiological
studies on endogenous attention that indicate receptive fields contract around an attended
stimulus (Anton-Erxleben, Stephan, & Treue, 2009; Moran & Desimone, 1985; Reynolds &
Desimone, 1999; Womelsdorf, Anton-Erxleben, Pieper, & Treue, 2006).

Alternatively, resolution may be enhanced by increasing the sensitivity of the smallest
receptive fields at the attended location (Balz & Hock, 1997). Consequently, overall
population sensitivity of 2nd-order spatial filters at the attended area would be shifted
toward higher spatial frequencies (Abrams, Barbot, & Carrasco, 2010; Carrasco, Loula et
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al., 2006). Sensitivity to high spatial frequencies decreases with eccentricity, whereas
sensitivity to low spatial frequencies is fairly constant across the visual field (DeValois &
DeValois, 1988; Graham, Robson, & Nachmias, 1978; Rovamo, Virsu, & Näsänen, 1978).
As a result, the strong responses of filters tuned to high spatial frequencies at central
locations may, because of cross-frequency inhibition, weaken responses of lower-spatial-
frequency filters that are more useful for the texture segmentation task, leading to the CPD
(Carrasco, Loula et al., 2006; Carrasco & Yeshurun, 2009; Morikawa, 2000; Yeshurun &
Carrasco, 2000). By increasing the sensitivity of the smaller-scale filters, exogenous
attention combined with normalization seems to reduce the sensitivity of larger-scale filters
at the attended area, accentuating the CPD (Talgar & Carrasco, 2002; Yeshurun & Carrasco,
1998, 2000). Consistent with this cross-frequency-inhibition hypothesis, removing high
spatial frequencies from the texture stimulus by low-pass filtering the display (Morikawa,
2000) or having observers adapt to high spatial frequencies (Carrasco, Loula et al., 2006)
eliminates the CPD. Moreover, adapting to high spatial frequencies eliminates the
impairment of performance by attention at central locations and diminishes the benefits of
attention at peripheral locations (Carrasco, Loula et al., 2006).

Our results strongly support the hypothesis that exogenous attention mediates performance
in texture segmentation tasks by increasing the sensitivity of smaller-scale filters that
participate in the normalization process. At parafoveal locations (Experiment 1), peripheral
cues improved performance for high frequencies, suggesting that attention enhances the
sensitivity of small-scale 2nd-order filters. As a result, the sensitivity of 2nd-order filters
tuned to patterns with relatively high (1 cycle/deg) 2nd-order spatial frequency was
increased, resulting in an enhancement of contrast sensitivity at the attended area. However,
the sensitivity of larger-scale filters tuned to patterns with relatively low (0.5 cycle/deg)
2nd-order spatial frequency was not altered, leading to the absence of attentional effects for
these stimuli. In contrast, in the periphery, the preferred spatial frequency for filters tuned to
the highest spatial frequency at that eccentricity may have been already well matched for the
relatively low 2nd-order spatial frequency textures we used. By increasing the sensitivity of
the higher-spatial-frequency filters, attention would have therefore increased the contrast
sensitivity for the patterns with low 2nd-order spatial frequency. Thus, cross-frequency
inhibition can explain the pattern of attentional effects observed in Experiments 1 and 2.

In sum, our results indicate that exogenous attention increases contrast sensitivity of 2nd-
order channels whose frequency preference depends on the spatial resolution at the target
location. This supports the hypothesis that exogenous attention acts on spatial resolution by
increasing the sensitivity of the filters with the highest preferred 2nd-order spatial frequency
at the attended area (Carrasco, Loula, et al., 2006; Yeshurun & Carrasco, 2000).

Implications for visual segmentation and object perception
Robust segmentation of the visual scene into distinct perceptually coherent regions is crucial
for the reliable detection and identification of objects. By segregating objects from their
background contexts, the visual system considerably reduces the complexity of interpreting
the retinal input. Object segmentation begins with the detection of discontinuities
representing boundaries between adjacent regions, rather than immediate detection of
objects per se (Appelbaum, Wade, Pettet, Vildavski, & Norcia, 2008; Li, 2003). Naturally
occurring edges are generally defined by spatially coincident changes in both 1st-order
luminance and 2nd-order texture information (Johnson & Baker, 2004; Johnson, Kingdom,
& Baker, 2005). Access to multiple perceptual cues generally improves performance, and
this is the case with 1st- and 2nd-order contours. The presence of both 1st- and 2nd-order
cues significantly improves texture segmentation (Smith & Scott-Samuel, 2001), but only
when the two cues are correlated in an ecologically valid manner (Johnson, Prins, Kingdom,
& Baker, 2007). Perceived edge location is a compromise between the position signaled by
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texture cues and by other cues such as luminance or motion (Rivest & Cavanagh, 1996).
Moreover, when an edge is defined by multiple cues, the cues are combined using a
weighted average, with greater weight given to the more reliable cues (Landy & Kojima,
2001).

In natural scenes, 2nd-order texture information may provide a more reliable signal of
discontinuities between adjacent surfaces. Indeed, natural scenes contain many luminance
edges that do not indicate the presence of an object boundary, generally originating from
non-uniform illumination of the surfaces (Kingdom, 2003; Schofield, Hesse, Rock, &
Georgeson, 2006; Schofield, Rock, Sun, Jiang, & Georgeson, 2010; Sun & Schofield, 2011).
Consequently, by increasing the sensitivity to 2nd-order texture information, exogenous
attention can serve to highlight region boundaries in visual scenes, improving object
detection and identification.

Conclusion
This study demonstrates that exogenous attention affects contrast sensitivity at the second
stage of cortical processing, increasing sensitivity at an attended location and decreasing it at
unattended locations. The present findings offer evidence that exogenous attention affects
intermediate processes of form vision, thus playing a role in object perception. Together
with the effects of covert attention on 1st-order contrast sensitivity (Cameron et al., 2002;
Carrasco, 2006; Carrasco et al., 2000; Dosher & Lu, 2000; Herrmann et al., 2010; Ling &
Carrasco, 2006b; Lu et al., 2000; Pestilli & Carrasco, 2005; Pestilli et al., 2007), this study
suggests that performance tradeoffs between attended and unattended visual attributes may
be a general mechanism of selective attention. Our results support the idea that spatial covert
attention helps regulate the expenditure of cortical computation at both the first and second
stages of visual processing.
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Figure 1.
(A) Natural scene containing 1st- and 2nd-order contours. The boundary between the two
pedestrians and walkway in the lower right is defined by a change in luminance, hence it is
1st-order. The texture-defined boundaries between the different regions of the walkway are
2nd-order. (B) A typical model of visual processing with parallel pathways for 1st- and 2nd-
order stimuli. In the top path, luminance-defined stimuli are signaled by a linear filter. The
bottom path is a filter-rectify-filter cascade sensitive to 2nd-order stimuli. Both 1st- and 2nd-
order information are combined in a later decision stage (Baker & Mareschal, 2001).
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Figure 2.
(A) Stimulus construction. Texture patterns were computed by modulating two orthogonal
luminance gratings (the carriers, with ±45° orientations) with a third vertical or horizontal
modulator grating of lower spatial frequency. A fixed orientation difference of ±45°
separated the carriers and modulator. The contrast-modulated carrier patterns were summed,
and the result was multiplied by a circular window with raised-cosine smoothed edges.
Mean luminance was constant across the stimulus. (B) Stimulus conditions. Two spatial
frequencies were used for both the 1st-order carrier (low/L and high/H: 2 and 4 cycle/deg)
and 2nd-order modulator (low/L and high/H: 0.5 and 1 cycle/deg), resulting in four texture
conditions: LL, HL, LH, and HH.
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Figure 3.
Trial sequence. The trial sequence was the same for Experiments 1 and 2. For Experiment 3,
only neutral trials were used.
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Figure 4.
Experiment 1: Effects of exogenous attention on performance (d′) as a function of 2nd-order
modulator contrast for the four different texture conditions at 5 deg eccentricity (A: LL; B:
HL; C: LH; D: HH; see Fig. 2). Each panel shows psychometric functions and parameter
estimates (c50: 2nd-order contrast yielding half-maximum performance; d′max: asymptotic
performance) for each cueing condition (valid, neutral and invalid). Each data point
represents the mean across observers (n=5). Error bars correspond to ±1 SEM for data points
and 68%-confidence intervals obtained by bootstrapping for parameter estimates.
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Figure 5.
Experiment 1: Effects of exogenous attention on individual observers’ normalized parameter
estimates (c50 and d′max; A: LL; B: HL; C: LH; D: HH; see Fig. 2). Each plot displays
individual observers’ parameter estimates in the valid (open squares) and invalid (open
diamonds) cue conditions normalized by the corresponding values in the neutral-cue
condition. Filled symbols indicate mean across observers (±1 SEM).
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Figure 6.
Experiment 2: Effects of exogenous attention on performance (d′) as a function of 2nd-order
modulator contrast for the two low 2nd-order modulator spatial frequency texture conditions
at 10 deg eccentricity (A: LL; B: HL). Both panels plot psychometric functions and
parameter estimates (c50 and d′max) for each cueing condition (valid, neutral and invalid).
Plotting conventions as in Fig. 4.
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Figure 7.
Experiment 2: Effects of exogenous attention on individual observers’ normalized parameter
estimates (c50 and d′max; A: LL; B: HL). Each plot displays individual observers’ parameter
estimates in the valid (open squares) and invalid (open diamonds) cue conditions normalized
by the corresponding values in the neutral-cue condition. Filled symbols indicate mean
across observers (±1 SEM).
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Figure 8.
Experiment 3: Effects of 1st-order peak luminance contrast on performance (d′) as a
function of 2nd-order modulator contrast (A: HH at 5 deg eccentricity; B: LL at 10 deg
eccentricity). Plotting conventions as in Fig. 4, except that the different curves represent
different 1st-order peak luminance contrasts in the neutral condition.
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