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Abstract

Sudden changes in the visual periphery can automatically draw attention to their locations. For
example, the brief flash of a single object (a “cue”) rapidly enhances contrast sensitivity for
subsequent stimuli in its vicinity. Feature singletons (e.g., a red circle among green circles) can
also capture attention in a variety of tasks. Here, we evaluate whether a peripheral cue that
enhances contrast sensitivity when it appears alone has a similar effect when it appears as a color
singleton, with the same stimuli and task. In four experiments we asked observers to report the
orientation of a target Gabor stimulus, which was preceded by an uninformative cue array
consisting either of a single disk or of 16 disks containing a color or luminance singleton.
Accuracy was higher and contrast thresholds lower when the single cue appeared at or near the
target’s location, compared with farther away. The color singleton also modulated performance
but to a lesser degree and only when it appeared exactly at the target’s location. Thus, this is the
first study to demonstrate that cueing by color singletons, like single cues, can enhance sensory
signals at an early stage of processing.
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Imagine driving on a congested highway in a thunderstorm. In this scene, your retinas are
bombarded with light emanating from many objects, some of which are vitally relevant
(vehicles ahead, traffic signals) and some of which are inconsequential (bumper stickers,
shrubs in the median). By making precise eye movements and “covertly” monitoring objects
in the periphery, you can devote your visual system’s limited processing resources primarily
to those retinal inputs that are relevant to safe driving. This selection of inputs is achieved by
the mechanisms of voluntary, or endogenous, visual spatial attention.

You do not have complete control over the distribution of your visual attention, however.
Transient changes in the peripheral visual field can automatically capture attention to their
location, whether they are relevant—such as a blinking turn signal on the car ahead—or
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irrelevant—such as a flash of lightning on the horizon. Such a change can automatically
trigger an eye movement toward its location, or, with steady fixation, shift attention covertly
in the periphery. For instance, immediately after the lighting flash, you would be better at
perceiving details on the horizon near the lightning than on the other side of the road, even if
you maintain fixation on the car ahead. This is an example of exogenous covert attention,
which is shifted transiently and automatically by salient changes to the retinal image.

The goal of this study was to compare two types of salient events in the periphery—the
sudden onset of a single object (a single cue), and the appearance of an array with a single
unique element (a color singleton, like a red Ferrari in a line of green minivans)—in terms of
their ability to capture attention exogenously to a particular location and modulate low-level
visual processing. More specifically, we measured psychophysically whether a color
singleton can, like a single cue, enhance processing of a target with no external noise,
distractors, or spatial uncertainty, and even when it shares no attributes with the task-
relevant target.

In the laboratory, exogenous spatial attention has been systematically studied using variants
of the Posner cueing paradigm (Posner, 1980; reviewed by Carrasco, 2011). Typically,
observers begin a trial by fixating at the center of a computer monitor. Then a single small
shape, the cue, appears briefly at one of several possible locations on the screen. After a
brief delay of ~100 ms, a stimulus array is presented. One of these stimuli (if there are more
than one) is the target that observers must respond to. The cue is valid if it had appeared near
the target’s location, and invalid if it had appeared farther away. Neutral trials, in which the
cue appears at fixation or at all locations simultaneously, allow for the assessment of
benefits and costs in processing.

In a wide range of perceptual tasks, observers are typically faster and more accurate to
respond to the target on valid than on invalid trials (reviewed by Carrasco, 2011). These
shifts of attention are involuntary, because they occur even when the cues are completely
task-irrelevant and uninformative, and even when they impair performance (e.g., Carrasco,
Loula & Ho, 2006; Yeshurun & Carrasco, 1998). They also occur faster, and are shorter-
lived, than voluntary shifts of attention (e.g., Liu, Fuller & Carrasco, 2006; Miller &
Rabbitt, 1989; Nakayama & Mackeben, 1989).

Attention can improve vision via a variety of mechanisms, including signal enhancement,
external noise exclusion, internal noise reduction, and changes in decision criteria (for a
review see Carrasco, 2011). Single exogenous cues may affect performance via both
external noise exclusion and signal enhancement (e.g., Lu & Dosher, 2000). In line with
signal enhancement, contrast sensitivity increases at the cued location and decreases at
uncued locations (e.g., Carrasco, Penpeci-Talgar & Eckstein, 2000; Ling & Carrasco, 2006;
Pestilli & Carrasco, 2005). Correspondingly, neural responses are stronger to validly cued
targets than to invalidly cued ones (e.g., Herrmann et al., 2010; Hopfinger & Mangun, 1998;
Lietal., 2008; Liu, Pestilli & Carrasco, 2005).

In sum, these cueing studies demonstrate that the abrupt onset of a single object in the
periphery can capture attention and enhance visual processing. Another pattern of visual
input thought to automatically capture attention is local feature contrast. This notion can be
traced to studies of visual search, which is easy when the target differs from other elements
in the set along only a single feature dimension and is unique in that dimension (such as a
red circle among green ones; e.g., Treisman & Gelade, 1980). This effect is termed “pop-
out” because of the immediate perceptibility of the target stimulus, which remains
conspicuous even as more distractor stimuli are added.
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According to saliency-based models of visual selection, “popout” is driven by feature
contrast. Computation of salience initially builds on local feature contrast for every feature
dimension (e.g., the difference of each image element from its neighbors in terms of color,
orientation and motion). This information is represented in separate topographic feature
maps that highlight locations where feature values are not homogenous. These maps then
converge into a nonspecific saliency map that expresses the overall salience of objects in the
visual field. Whatever element carries the strongest salience captures attention of the
observer to its location (Itti & Koch, 2000; Koch & Ullman, 1985; Nothdurft, 2006; Wolfe,
2007).

In the aforementioned case of popout visual search, the target is a feature singleton. A
feature singleton is the only object with a given feature value in a set of objects otherwise
homogenous in that feature dimension, and therefore has high visual salience. Feature
singletons can seize attentional resources when they are task-irrelevant. For instance, in the
“additional singleton” paradigm, participants perform an orientation judgment on a line
segment presented inside a target green diamond that appears among several green circles.
Response times are slower when one of the circles is red than when all of the shapes are
green (Theeuwes, 1991, 1992). This may be because spatial attention is directed toward the
most salient object, in this case the singleton red circle, before it reaches the target stimulus.
Given that this occurs when the color singleton is completely irrelevant to the task, some
authors have concluded that attentional capture is purely stimulusdriven and out of the
observer’s control (e.g., Giordano, McElree & Carrasco, 2009; Theeuwes, 1994, 2010;
Theeuwes & Chen, 2005). However, other lines of research have demonstrated attentional
capture by feature singletons only when the target shares some attributes with the irrelevant
singleton, leading to the conclusion that capture is dependent on the top-down attentional
state of the observer (e.g., Bacon & Egeth, 1994; Becker, Folk & Remington, 2013; Egeth,
Leonard & Leber, 2010; Folk, Remington & Johnston, 1992; Folk & Remington, 1998,
1999; Folk, Remington, & Wright, 1994; Lamy, Tsal & Egeth, 2003; Yantis & Egeth, 1999).

Regardless of whether attentional capture by feature singletons is purely stimulus-driven, the
allocation of attention once it is captured resembles, in some ways, covert exogenous
capture by single cues. Several studies report that just after the appearance of a color or
orientation singleton, responses are speeded to subsequent targets near the singleton and
slowed to more distant targets (Burnham & Neely, 2008; Donk & Soesman, 2010; Folk et
al., 1992; Kim & Cave, 1999; Mounts, 2000b). Discrimination accuracy is also higher at the
singleton’s location than others (Joseph & Optican, 1996; Hsieh, Colas & Kanwisher, 2011,
Mounts, 2000a; Theeuwes & Chen, 2005), and higher when there is no distracting singleton
present compared with when there is one far from the target (Caputo & Guerra, 1998; Folk,
Leber & Egeth, 2002; Theeuwes, Kramer & Kingstone, 2004).

The specific mechanism by which singletons alter perception (e.g., signal enhancement,
external noise exclusion, uncertainty reduction) is unknown. Furthermore, no study to date
has investigated this issue by directly comparing capture by feature singletons to capture by
cues that onset alone.

We conducted four experiments to compare these two types of exogenous cues with the
same stimuli, task, and observers. The cues themselves were all the same simple shapes that
appeared either one at a time or as color singletons in an otherwise homogenous set of
similar shapes. We also equated the cue colors in subjective luminance, and counterbalanced
the assignment of colors to the singleton or background elements. These measures ensure
that any effect of the singleton is in fact attributable to the singleton’s feature contrast with
the other elements in the set, and not to the singleton by chance having higher local contrast
against the background than the other elements.
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Our study specifically investigated whether the appearance of a color singleton—TIike the
appearance of a single cue—enhances subsequent sensory signals arising from its location.
In doing so we bring together two extensive lines of research that have seldom overlapped.
To measure signal enhancement psychophysically the target stimulus should be presented
with no external noise, no distracting stimuli, no local or global masks, and no spatial or
temporal uncertainty (Cameron, Tai & Carrasco, 2002; Carrasco et al., 2000; Carrasco,
Williams & Yeshurun, 2002). We used this approach (in all but one experiment) to
determine whether color singleton cues as well as single cues enhance contrast sensitivity. In
contrast, previous studies on capture by singletons often present the target in a field of
distractors (exceptions: Hsieh, Colas & Kanwisher, 2011; Kim & Cave, 1999; Theeuwes et
al., 2004), and with much spatial uncertainty regarding the target’s location.

All our cues were entirely task-irrelevant and presented briefly before the target, thus likely
to elicit only automatic shifts of attention. Furthermore, although our experimental
manipulations were not designed to test theories of contingent capture, our color singleton
cues had little in common with the task-relevant target (a grayscale grating which was not a
singleton). Therefore, any cueing effects would demonstrate that a match between the cue
and the observer’s top-down set is not strictly necessary for lowlevel capture by irrelevant
color singletons, and therefore would constrain theories of attentional capture.

In addressing these issues we also investigated whether the two types of cues differ in the
spatial profile of attention that they evoke. The profiles could differ in how far from the cued
location the attentional benefit extends. They could also differ in terms of whether, and to
what magnitude, there is a region of attentional suppression around the cued location (e.g.,
Bahcall & Kowler, 1999; Caputo & Guerra, 1998; Cutzu & Tsotsos, 2003; Hopf et al., 2006;
Mounts, 2000a, 2000b; Mdller & Kleinschmidt, 2004; Muller, Mollenhauer, Résler &
Kleinschmidt, 2005; Slotnick, Hopfinger, Klein, & Sutter, 2002; Steinman, Steinman &
Lehmkuhle, 1995; Turatto & Galfano, 2001).

We used a simple orientation discrimination task to index attentional effects on visual
processing (e.g., Carrasco et al., 2000; Ferneyhough et al., 2013; Herrmann et al., 2010;
Pestilli & Carrasco, 2005). The four experiments differ in the primary measure (thresholds
vs. percent correct), the presence of distracting stimuli along with the target, and the
distances between the cue and the target. Altogether, the data indicate that color singletons
can enhance visual signals, but to a lesser degree and within a narrower spatial region than
single cues that onset alone.

Experiment 1A

Method

Observers—Ten observers (8 male, ages 19-30) with normal or corrected-to-normal
vision participated. Four were graduate students in the NYU Psychology Department and
seven were experienced in psychophysical tasks. All observers (but two authors, A.W. and
R.L.) were naive to the purposes of the study.

Apparatus—Stimuli were presented in a darkened room with an Apple Macintosh iMac on
a calibrated and linearized CRT monitor (ViewSonic P810) with a refresh rate of 85 Hz and
mean luminance of 45 cd/m2, viewed at a distance of 57 cm with a chin rest. Stimuli were
programmed in MATLAB (The MathWorks, Natick, MA) using the MGL toolbox (http://
gru.brain.riken.jp/mgl).

Stimuli and procedure—Figure 1 depicts an example trial sequence. Each trial began
with a small black fixation cross (0.3 x 0.3 degrees of visual angle) on the center of the
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screen. Two target locations diametrically opposed on a 45° diagonal 6 degrees of visual
angle (dva) in the periphery were each marked with four black dots at the vertices of an
imaginary diamond 2.45 dva across. After a variable period of fixation (500-800 ms), a cue
array briefly appeared (71 ms). The elements of the cue array were disks 0.5 dva in
diameter, each 7.75 dva from fixation. On a random half of trials the cue array was a single
red or green disk (the single cue condition). In the remaining trials the cue array was a ring
of 16 equally spaced, isoeccentric disks, 15 of which were all red or green and one of which
was the opposite color (the color singleton cue condition). Color assignment was
randomized across trials. The red was created using only the monitor’s red gun at full power
(CIE x=0.62, y = 0.33, luminance = 26.9 cd/m?). The green disks used only the green gun,
with intensity set by each observer to be subjectively isoluminant with the red using the
minimum flicker method (see below). The cue (either the single disk or the color singleton)
appeared just outside (1.75° more eccentric) one of the two potential target locations
(randomly intermixed). After a blank interstimulus interval (1SI, 35 ms), a Gabor stimulus (4
cycles/dva sinusoidal grating modulated by a Gaussian envelope with 0.28 dva standard
deviation, 2 dva total diameter) appeared for 35 ms. Note that the delay between the cue
onset and the Gabor offset was too short for saccades to occur.

The Gabor appeared with equal probability in one of the two target locations, either near the
cue (on valid trials) or at the opposite location (invalid trials). The Gabor’s contrast varied
randomly across trials within a set of 9 values equally spaced in logarithmic units from
4.69% to 80.5%. Immediately after the disappearance of the Gabor, a small black line (the
response cue, 0.8 dva long) appeared at fixation, pointing toward the location occupied by
the Gabor. This response cue resolved any spatial uncertainty and prompted the observer to
report with a keypress whether the Gabor had been tilted left or right of vertical. As soon as
the observer responded, the response cue disappeared and an auditory tone indicated
whether the response was correct.

Over the course of 5 1-hr-long sessions, each observer completed 60 blocks of 112 trials.
Two sets of target positions (polar angles of 45° and 215° or of 135° and 315°) alternated
from block to block. Cue types (single cue vs. color singleton), colors (red vs. green), and
validities (valid vs. invalid) were randomly intermixed within blocks with equal
probabilities.

At the start of the first 3 sessions observers set the luminance of the green disks to be
isoluminant with the red. Observers fixated in the center while a ring of the same 16 disks as
used in the main experiment alternated between red and green at 14.2 Hz. By using the up
and down arrows, observers adjusted the intensity of the green until the apparent flicker was
minimized. The starting intensity was randomized. Adjustments from 4 trials were averaged
to acquire the green gun intensity level to be used in the experiment. The intensity from the
third session was reused for the remaining sessions.

The first session began with practice trials until the observer could perform the task above
chance with a tilt <40°. Accuracy was emphasized, and the experimenter stressed that the
red and green circles (the cues) were irrelevant and uninformative. In the first three sessions,
before continuing to the main experiment observers did a pretest to set the difficulty of the
task by adjusting the number of degrees by which the Gabor was tilted from vertical. The
trial sequence in the pretest (2 blocks of 60 trials) was the same as above, except the cue
array always consisted of 16 cues all of the same color, and the Gabor’s contrast was always
14.06%. The tilt was adjusted with a Quest adaptive staircase (Watson & Pelli, 1983) to
converge on a 75% correct threshold. Between blocks of the main experiment, if overall
performance drifted below 70% or over 90%, the tilt level was manually adjusted. After the
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first 3 sessions the tilt level from the 3rd session was reused without additional pretests (on
average, 7.2°).

Data analysis—Trials were excluded with response times (from the onset of the response
cue) <200 ms or =5 standard deviations above the observer’s median (<1% of trials
excluded on average). In this experiment, and all that follow, we found no differences
between cues of different colors (or different polarities, Experiment 1b), and so collapsed
them together in the analyses presented here. We fit Weibull curves to the patterns of
performance as a function of Gabor contrast (Figure 2A), using the maximum likelihood
algorithm provided by the Palamedes Toolbox version 1.5.0 (Prins & Kingdom, 2009; http://
www.palamedestoolbox.org/). The position (a) and lapse rate (\) parameters of each curve
were free to vary. We found that slope () did not differ between valid and invalid
conditions, so in the analyses presented here, each condition (e.g., singleton cue) was fit
with valid and invalid trials collapsed together, and then the slope from that fit was used for
both valid and invalid trials fit separately. The same statistical pattern of thresholds was
obtained when slopes were free to vary independently. We also note that the risks and
benefits of fitting lapse rates are controversial (Wichmann & Hill, 2001; Prins, 2012).
However, we found the same statistical pattern of thresholds when we fixed the upper
asymptotes of the curves to the average percent correct at the top 2 contrast levels, similar to
a suggestion by Prins (2012).

We evaluated goodness of fit by bootstrapping the fits’ deviance scores and testing whether
the empirical deviance exceeded a 95% confidence interval (using the Palamedes toolbox,
following Wichmann & Hill, 2001). From the fits we then extracted 75% correct contrast
thresholds separately for the valid and invalid trials of the single and singleton cue
conditions.

Error bars on plots are +1 SEM computed after removing each observer’s global mean
across conditions, and then scaled by J/(J — 1), where J is the number of within-subject
conditions in the analysis, following Morey (2008).

We analyzed contrast thresholds (Figure 2B) with a 2 x 2 repeated-measures ANOVA,
which revealed a significant interaction between cue type and cue validity: F(1, 9) = 18.91,
p =.002, as well as significant main effects of cue validity, F(1, 9) =5.72, p = .04 and cue
type, F(1, 9) = 7.44, p = .023. Consistent with the interaction, valid thresholds were
significantly lower than invalid thresholds only for the single cue, t(9) = 3.41, p = .008, but
not for the color singleton, t(9) = 0.59, p = .57. The position (a) parameter of the Weibull
fits showed the same statistical pattern, as did overall percent correct.

On average, the fit quality as assessed by R was high (~96%). Excluding the few fits (5/40)
that were significantly “deviant” (p < .05) yielded the same results: a significant effect of the
single cue (p = 0.004), but not of the color singleton cue (p = .58) on threshold.

The geometric means of correct response times (RTs; Figure 2C) were also significantly
modulated by cue type and validity, with a significant interaction, F(1,9) = 42.5, p =.0001,
as well as main effects of type, F(1, 9) = 16.97, p = .003 and validity, F(1,9) = 117.7,p<.
0001. RTs were faster on valid than invalid trials with single cues, t(9) = 9.70, p < .0001, but
not with color singleton cues (t(9) <1, p=.37).
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This first experiment clearly demonstrates that the onset of a single cue in the periphery
draws attention in a way that increases contrast sensitivity and speeds RTs for subsequent
stimuli near that location, compared with the opposite side of fixation. Given that no
distracting stimuli, no external noise, and no masks were presented along with the target,
and that any spatial and temporal uncertainty about the target was resolved by the postcue
immediately after its appearance, we conclude that the single peripheral precue enhanced the
magnitude of sensory signals arising from its vicinity (Cameron et al., 2002; Carrasco et al.,
2000; Ling & Carrasco, 2006; Liu et al., 2005; Lu & Dosher, 2000; Pestilli & Carrasco,
2005).

In contrast, the onset of an array of items containing a color singleton did not modulate
contrast sensitivity or response times in a spatially specific manner, even though the task and
stimuli were matched. Curiously, thresholds were low (sensitivity was high) in both valid
and invalid color singleton conditions—just as low as in the valid single cue condition. We
might have predicted performance with the 16-element cue arrays to be in between the valid
and invalid single cue conditions, as if the appearance of cue elements at all locations
“distributes” attention roughly equally across space (Barbot, Landy & Carrasco, 2011, 2012;
Carrasco et al., 2002; Talgar, Pelli & Carrasco, 2004). However, 16 items flashing on the
screen may cause a general alerting or arousing affect that improves task performance.
Alternatively, the appearance of any item in the periphery could boost sensory signals at its
location through a local process that is not influenced by salient events in the rest of the
visual field. That could account for the equivalently high sensitivity in the valid single cue,
valid singleton and invalid singleton conditions, because in all of those a cue disk flashed at
the target location 100 ms before its appearance. See the General Discussion for further
consideration of this issue.

Some authors have argued that feature singletons only capture attention when they are task-
relevant, or have some attributes in common with the task-relevant target—for instance
when the target is also a feature singleton (e.g., Egeth et al., 2010; Bacon & Egeth, 1994;
Folk et al., 1992). Based on that literature, a discerning reader could argue that we should
not be surprised that our color singleton failed to capture attention.

We must consider another potential reason for the lack of color singleton cueing, however. It
is possible that exogenous spatial attention is driven by brief changes in luminance contrast,
but not hue (Theeuwes, 1995; Cole, Kentridge & Heywood, 2005; Lambert, Wells & Kean,
2003; Lu, 2006; but see Lu & Zhou, 2005; Snowden, 2002). In Experiment 1A, the single
cue always created an isolated, sudden increase in luminance contrast against the local
background. In contrast, when the color singleton appeared, there was equal luminance
contrast relative to the local background at all 16 locations around the circle, and no
luminance contrast across the items in the cue array. Were luminance contrast necessary for
a cue to capture attention and modulate contrast sensitivity, this would explain why we
found no effect of the color singleton. In the second experiment we tested this possibility by
using grayscale cues and singletons defined by contrast polarity (and luminance), rather than
hue.

Experiment 1B

Method

Observers—Thirteen observers (6 male, ages 19-30) with normal or corrected-to-normal
vision participated. Two were graduate students in the NYU Psychology Department and

seven were experienced in psychophysical tasks. All observers (but two authors, A.W. and
R.L.) were naive to the purposes of the study. Three had also participated in Experiment 1.
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An additional observer was excluded from analysis because of an inability to learn the task:
her final tilt threshold was more than 2 standard deviations above the mean.

Apparatus—Stimuli were presented in a darkened room with an Apple Macintosh iMac on
a calibrated and linearized CRT monitor (IBM P260) with a refresh rate of 100 Hz and mean
luminance of 88 cd/m2, viewed at a distance of 57 cm with a chin rest.

Stimuli and procedure—All stimuli were the same as in Experiment 1A except the cues
were achromatic. The cue disks were light (127.7 cd/m?) and dark (55.06 cd/m?). On a
random half of the trials the cue was a single disk (either light or dark from trial to trial) and
on the other half it was a singleton defined by its contrast polarity (light among dark or vice
versa). Because the refresh rate was higher on this display, the timing of the stimuli was
slightly different: 70 ms cue, 40 ms delay, and 40 ms Gabor. Eight contrast values were
used, spaced equally in log units from 4.69% to 73.44%. As before, the tilt was adjusted for
each observer in pretests using a middle contrast (15.6%) to reach 75% accuracy (average =
7.1°).

Contrast thresholds (Figure 2B) were affected both by cue validity, F(1, 12) = 6.95, p = .022
and cue type, F(1, 12) = 7.35, p = .019, and there was a significant interaction between
them, F(1, 12) = 6.23, p = .028. The single cue significantly lowered thresholds on valid
compared to invalid trials, t(12) = 3.06, p = .01, but the polarity singleton cue did not, t(12)
=0.24,p=.81

Excluding the 7 of 52 fits that were significantly “deviant” (p < .05), neither the effect of the
single cue nor of the polarity singleton were significant (both p = > .1). However, we found
the same statistical pattern for overall percent correct as for thresholds: interaction between
cue type and validity: F(1, 12) = 9.80, p = .009); effect of single cue validity: t(12) = 4.47, p
=.001; effect of singleton cue validity: t(12) = 0.32, p = .75. Furthermore, we found the
same pattern on percent correct when we only included the middle contrast (15.6%, the
value used to set task difficulty in the pretest): interaction between cue type and validity:
F(1, 12) = 4.51, p = .055; effect of single cue validity: t(12) = 3.13, p = .009; effect of
singleton cue validity: t(12) = 0.51, p = .62. Thus, despite some deviant fits, we conclude
that the single cue enhanced contrast sensitivity (mainly by increasing performance at low to
midrange contrast levels), but the polarity singleton did not.

RTs (Figure 2C) mirrored the accuracy data: main effect of cue validity: F(1, 12) = 60.6, p
<.00001; effect of cue type: F(1, 12) = 23.23, p < .001; interaction: F(1, 12) =80.22, p<.
00001). Single cues lowered RTs on valid trials by an average of 34 ms (t(12) = 8.51; p<.
00001). The effect of polarity singleton cue on RTs was also significant, t(12) =3.74; p=.
003, although RTs were lower on valid than invalid trials by an average of only 5 ms.

The pattern of results in Experiment 1B was similar to the pattern in 1A: the single cue
captured spatial attention and increased contrast sensitivity at its location, whereas the
polarity singleton did not. This occurs whether the singleton is defined by hue or by
luminance contrast polarity.

Previous studies demonstrating attentional effects of feature singletons usually present the
target along with distractors.1 An effect of the cue in a display with distractors could be
attributable to changes in how well external noise in the distractors is excluded from the
perceptual template, or excluded from the decision-making process, rather than to signal
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enhancement at the target location (e.g., Davis, Kramer & Graham, 1983; Eckstein, 1998;
Eckstein et al., 2009; Foley & Schwartz, 1998; Kinchla, 1980; Montagna, Pestilli &
Carrasco, 2009; Pestilli & Carrasco, 2005; Sperling & Dosher, 1986). It is therefore possible
that color singletons capture attention mainly via distractor exclusion.

Accordingly, we conducted Experiment 2 to determine whether our color singleton cues
could modulate performance when the target was presented among distractors. Experiment 2
was very similar to Experiment 1A except that four gratings appeared simultaneously, one
of which was indicated as the target at the end of the trial. Rather than measuring full
psychometric functions, we evaluated performance at an intermediate contrast where
exogenous attention should have a large effect. In addition, we assessed the relative salience
of the two cue types with an independent cue localization task.

Experiment 2

Method

Results

Observers—Twelve observers (4 male, ages 19-30) participated in the study. All had
normal or corrected-to-normal vision and were naive to the purposes of the task. None had
participated in Experiments 1A or 1B.

Stimuli and procedure—Methodological details were the same as in Experiment 1A,
except as indicated below. Figure 3A illustrates the display. The four target locations that
were used in alternating pairs in Experiment 1 were all used together on each trial of this
experiment, each with the same landmark dots around it. After the cue array and blank
delay, 4 Gabor patches appeared simultaneously, one in each of those locations. The Gabors
always had the same contrast, either 30% or 35%, depending on the observer’s ability. They
were all tilted from vertical by the same magnitude, which was determined by pretest
staircases as in Experiment 1 (M = 15.4°), and each Gabor was randomly and independently
tilted left or right of vertical. The response cue pointed toward a randomly selected location,
designating the Gabor that had appeared there as the target. The observer pressed one of four
keys to report its orientation: z or x with the left hand if the target was on the left half of the
screen, and < or > with the right hand if the target was on the right half of the screen. Each
observer completed 16-17 blocks of 112 trials over two 1-hr sessions.

In addition, at the end of their second sessions, 9 observers completed two blocks of a cue
localization task. The display was identical to the main experiment except no Gabors were
presented, and no response cue. The task was to press a key with the left hand if the cue
(single cue or color singleton) was on the left side of the screen, or a key with the right hand
if the cue was on the right side of the screen. Observers were instructed to respond as
quickly as possible without sacrificing accuracy.

Cueing effects—For percent correct (Figure 3B), a 2 x 4 repeated-measures ANOVA
revealed a main effect of cue type, F(1, 11) = 35.82, p < .001, but no main effect of cue-
target distance (F(3, 33)<1), and a marginal interaction (F(3, 33) = 2.48, p = 0.078).
Separate one-way ANOVAs for each cue type found no effect of cue-target distance for
single cues (F(3, 33)<1), but a significant effect for color singletons, F(3, 33) =5.10, p=.
005. For the color singleton cue, pairwise comparisons revealed that performance at 0° cue-

IThere are three exceptions, each of which differs significantly in the timing or measure from our study: one that measured accuracy
with no delay between the singleton and target (Theeuwes, Kramer & Kingstone, 2004); another measured accuracy with a 2250 ms
delay between a subliminal singleton and the target (Hsieh, Colas & Kanwisher, 2011); and a third that only measured RTs (Kim &

Cave, 1999).
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target distance was significantly worse than 90° away in the same hemifield, t(11) = 3.48, p
=.03, and marginally worse than 90° away in the opposite hemifield, t(11) = 2.477, p = .09.
Performance at 0° was also worse than at —90° and 90° collapsed together, t(11) = 3.13, p=.
01. Therefore, contrary to our expectation, the color singleton suppressed sensitivity in its
vicinity. All pairwise tests were corrected for multiple comparisons by the False Discovery
Rate procedure (Benjamini & Hochberg, 1995), and no other comparisons were significant.

For RTs (Figure 3C), the 2 x 4 ANOVA yielded significant main effects of cue type: F(1,
11) =70.9, p <.00001; cue-target distance: F(3, 33) = 16.08, p < .00001; and their
interaction: F(3, 33) = 20.4, p <.000001). For single cues, cue-target distance modulated
RTs, F(3, 33) = 22.34, p <.00001, which were faster at 0° cue-target distance than at the
other 3 locations (all ps< 0.001, corrected). However, for color singleton cues, distance did
not modulate RTs, F(3, 33) < 1.

Cue localization task—In the cue localization task, observers were significantly faster to
locate the single cue than the color singleton (366 vs. 405 ms; t(8) = 16.92, p <.001), and
similarly accurate (99.6 vs. 97.8% correct; t(8) = 1.73, p = 0.12). The reaction time (RT)
data suggest that the single cue was inherently more salient than the color singleton.

This experiment demonstrates that single cues and color singleton cues do not have the same
effects on visual performance, and in some surprising ways. First, accuracy was significantly
impaired for targets that appeared near the color singleton (while RTs were unaffected). It is
as if the color singleton created a ring of suppression around it (up to at least 1.75 dva). Note
this comparison was between distances 0° and 90°, but that performance near the cue was
not significantly different from performance 180° (13.75 dva) away, which was the only
comparison we had in Experiment 1, when we also found no effect.

The single cue failed to significantly modulate orientation discrimination accuracy, unlike in
Experiment 1. However, the single cue did greatly speed responses to nearby targets, more
so than in Experiment 1. Although they received the same instructions as in Experiment 1,
observers in this experiment may have emphasized speed more than accuracy.

Although perhaps surprising, the suppressive effect of the color singleton is consistent with
some previous research: impaired perception (and neural responsiveness) at locations
flanking the focus of attention has been reported in a wide range of experimental contexts
before. In the selective tuning model of Tsotsos et al. (1995), a “Mexican hat” profile of
attentional modulation is a consequence of top-down feedback, and may function to segment
the target from the surrounding background. This phenomenon has been reported
empirically with both color singletons (Caputo & Guerra, 1998; Hopf et al., 2006; Mounts,
2000a, 2000b; Turatto & Galfano, 2001) as well as with single exogenous precues (Cutzu &
Tsotsos, 2003; Mounts, 2000b; Steinman et al., 1995). However, Mounts (2000b) found the
ring of suppression around color singletons only when the target was itself a feature
singleton, and suppression around a single abrupt onset cue when the target was defined by a
conjunction of features. In contrast, we only found evidence for suppression near the color
singleton, but not the single cue, and in neither case was the target Gabor a singleton (except
on a random 12.5% of trials, when distractors happened to all be tilted the other way).

In this experiment, we do not have evidence for the full “Mexican hat” profile, only for
worse performance near the color singleton cue (0° polar angle, 1.75 dva) than farther away
(90° polar angle, 9.8 dva). What we lack is evidence for enhancement at the singleton’s
exact location, which other studies showing flanking suppression have found (e.g., Mounts,
2000a). In the first two experiments the target never got closer than 1.75 dva to the cue and
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may have fallen partially in a region of suppression, which could explain the null effect of
singletons in Experiment 1 (comparing 0° and 180° polar angle). In Experiment 3, we
measured performance at exactly the cued location. We hypothesized that with this
arrangement of stimuli we would find a positive cueing effect of the color singleton.

Experiment 3

Method

Results

The display in Experiment 3 was similar to Experiment 1 in that only a single Gabor patch
was presented on each trial, but similar to Experiment 2 in that there were 4 potential target
locations on each trial. The novel aspect was the form of the cues: rather than solid disks
slightly more eccentric than the Gabors, they were hollow rings centered at the same
eccentricity as the Gabors. This was to avoid forward masking by the cues when they were
centered on the target’s location (Breitmeyer & Ogmen, 2006), which could obscure cueing
effects (Yeshurun & Carrasco, 1998; Luck et al., 1996).

Observers—Sixteen observers (9 male; ages 19-30) with normal or corrected-to-normal
vision participated in the experiment. All but one (author A.W.) were naive as to the
purposes of the experiment, and two had participated in Experiment 2.

Stimuli and procedure—Methodological details were the same as in Experiment 2,
except as indicated below. The display is depicted in Figure 4A. The cues were hollow rings
0.2 dva thick with an outer diameter of 1.75 dva. They were centered at 6 dva eccentricity
where they could fit just inside the landmark dots at target locations. To fit inside the area
enclosed by the cues, the Gabors were made slightly smaller than in previous experiments
(Gaussian envelope’s standard deviation = 0.25 dva). The placement of the stimuli was like
in Experiment 2, except there was only one Gabor present on each trial. We used only one
contrast level per observer (25-35%, depending on their ability in the first practice session).

QUEST staircases in pretest blocks adjusted the tilt magnitude for 80% correct performance
(M = 15.37°). Each observer completed 20 blocks of 112 trials over two 1-hr sessions. In
addition, at the end of their second sessions, 13 observers completed two blocks of the cue
localization task, which was just like that in Experiment 2, but with the ring-shaped cues.

Cueing effects—A 2 x 4 repeated-measures ANOVA on percent correct (Figure 4B)
revealed significant main effects of cue type, F(1, 15) = 19.90, p = 0.0005, cue-target
distance, F(3, 45) = 35.70, p < 0.00001, and a significant interaction, F(3, 45) = 7.75, p =
0.0003.

For the single cue, cue-target distance significantly affected accuracy, F(3, 45) =33.01, p<.
00001, which was higher at the cued location than at the other three locations (all t(15) > 6,
all ps < 0.0001, corrected). Performance at 90° was marginally higher than at 180°, t(15) =
2.03, p = 0.09. The color singleton also affected accuracy, F(3, 45) = 3.70, p = .018, which
was significantly higher at 0° than 180°, t(15) = 4.06, p = .006. The significant interaction
between cue type and cue-target distance reflects the fact that the cueing effect of the color
singleton was smaller than that of the single cue. To ensure that this was not an artifact of
the overall higher accuracy rates for the color singleton, we applied two transformations to
the data: (1) we computed accuracy in units of d’, which is unbounded; (2) we applied the
arcsine-square-root transformation to the proportion correct data, which expands the upper
range. Analyses of both transformations revealed the same statistical patterns as described
above for proportion correct.
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The RT data (Figure 4C) mirrored the accuracy data, with all effects of the ANOVA
significant (cue-target distance: F(3, 45) = 37.06, p < .00001; cue type: F(1, 15) = 63.53, p
<.00001; interaction: F(3, 45) = 27.57, p <.00001). For the single cue, responses were
faster at the cued location than at the other three locations, all t(15) > 6, all ps < 0.0001, and
faster at —90° than 180°, t(15) = 3.05, p = .012. For the color singleton, responses were
faster at the cued location than at the other three locations, all t(15) > 3.5, all ps < 0.01, but
the differences were not as pronounced as those for the single cue.

Cue localization task—In the cue localization task, observers were significantly faster to
locate the single cue than the color singleton (367 vs. 413 ms; t(12) = 11.21, p <.00001),
and marginally more accurate (98.8 vs. 97.9% correct; t(12) = 1.92, p = 0.08).

This experiment showed that a color singleton is able to capture attention like a single cue
does, increasing visual sensitivity at its retinal location. The key was to place the color
singleton cue exactly at the location of the upcoming target—in fact, to have the singleton
surround the space the target will occupy. The effect of the color singleton (comparing the
cued location to other locations) was reliable but small—much smaller than the effect of the
single cue, which was also bolstered with this arrangement of cue and target. The results of
the cue localization tasks in Experiments 2 and 3 are consistent with the notion that a
uniquely colored item in a large set of items that onset simultaneously is inherently less
salient (and attention-capturing) than just one of those items appearing on its own.

Taken together, Experiments 1-3 demonstrate that whereas a single cue enhances sensitivity
within its general vicinity up to a few degrees of visual angle away, the color singleton only
enhances sensitivity at exactly its location. In Experiments 1A and 1B, there was no
difference in sensitivity between locations 1.75 dva and 13.75 dva from the center of the
color singleton cue (0° and 180° polar angle, respectively). In Experiment 2, sensitivity 1.75
dva from the color singleton was worse than sensitivity 9.80 dva from the singleton. In
Experiment 3, sensitivity 0 dva from the singleton was better than sensitivity 12 dva away—
the only significant positive effect of the color singleton we have obtained so far.

In the fourth and final experiment, we used a finer sampling of cue-target distances to better
characterize any differences in the spatial profiles of the attentional shifts triggered by single
cues and color singletons.

Experiment 4

Method

The design of this experiment was much like Experiment 3, except the cues (single cues or
color singletons) could appear at any one of 16 locations on each trial. This yielded 9 cue-
target distances (unsigned). We also included two neutral conditions: one in which a single
cue appeared around the fixation mark, and one in which all 16 cues appeared and all were
of the same color. The neutral conditions allowed us to evaluate the extent to which the cues
enhance sensitivity at the cued location, or suppress it at other locations, or both.

Observers—Fourteen observers (6 male, ages 19-27) with normal or corrected-to-normal
vision participated in the experiment. All but one (author A.W.) were naive as to the
purposes of the experiment. Five observers had participated in Experiment 3, and three in
Experiment 1b.
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Stimuli and procedure—The stimuli (Figure 5A) were like in Experiment 3 except that
the cue (the single item or the color singleton) could appear at any of the 16 locations around
the circle (polar angles from 0° to 337.5° in 22.5° steps). This yielded 9 unsigned cue-target
distances. When we divided the data by whether the cue and target were in the same
hemifield or not, we found no reliable differences between hemifields, so the analyses
presented below use unsigned distances.

We also added two neutral conditions: one with a single cue centered on the fixation mark;
the other with all 16 peripheral rings, all of the same color. These cue conditions were
equally likely as all the others and intermixed with them. Each observer completed ~40
blocks of 132 trials in 3 1-hr sessions.

Accuracy in percent correct (Figure 5B) was modulated by cue-target distance, F(9, 117) =
8.52, p <.00001, cue type, F(1, 13) = 75.98, p = .000001, and their interaction, F(9, 117) =
2.97, p =.0032. Analyzed separately, both the single cue, F(9, 117) = 8.52, p < .00001 and
the color singleton cue, F(9, 117) = 2.16, p = .030 significantly affected accuracy. Accuracy
in the single cue neutral condition was significantly worse than in the 16-cue neutral
condition, t(13) = 3.82, p = .0021.

To further investigate these patterns of accuracy, for each cue type we conducted two sets of
pairwise comparisons: (1) between the respective neutral condition and each of the 9 cue-
target distances; (2) between the 180° distance and each of the other cue-target distances.
The first set identifies locations of enhancement or suppression caused by the cue, and the
second tests for significant modulation of sensitivity across space, reflecting both
enhancement and suppression, as we did in Experiments 1-3. For each cue type, p values for
these 17 comparisons were corrected with the False Discovery Rate procedure (Benjamini &
Hochberg, 1995).

For the single cue, performance differed from the neutral condition only at 0° distance, t(13)
=4.49, p = .005. Compared with 180° away from the single cue, performance was better at
0°, t(13) = 6.08, p=.0007, 22.5°, t(13) = 3.18, p=.031, and 45°, t(13) = 4.10, p=.007. For
the color singleton cue, performance at 0° was significantly higher than at 180°, t(13) =
4.01, p =.025. No other comparison was significant. As in Experiment 3, we found the same
pattern of results in units of d’, or arcsine-square-root transformed proportion correct, which
indicate that the smaller cueing effect of the singleton is not due to the overall higher level
of performance.

Mean RTs (Figure 5C) were also modulated by cue-target distance, F(9, 117) = 16.15,p <.
00001, cue type, F(1, 13) = 113.76, p < .000001, and their interaction, F(9, 117) = 13.49, p
<.00001. Analyzed separately, the single cue affected RTs, F(9, 117) = 21.47, p <.00001,
but the color singleton cue did not, F(9, 117) = 1.60, p = .124.

Pairwise comparisons for the single cue revealed that compared with the neutral condition,
responses were faster at 0°, 22.5°, and 45°, all t(13) > 4.5, all ps < 0.01. Compared with
180° from the single cue, response were faster at 0°, 22.5°, 45°, 67.5°, 90° and 112.5°, all
t(13) > 2.5, all ps < 0.05). Response times were slower in the single cue neutral condition
than the 16-cue neutral condition, t(13) = 11.32, p < .00001. Thus, the RT data qualitatively
mirror the accuracy data, with the exception that the color singleton only significantly
modulated accuracy and not RTs. There was no sign of any speed—accuracy trade-offs.
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The single cue increased sensitivity in a wide area around it, up to ~5.5 dva from its center.
In comparison, the color singleton cue improved sensitivity to a lesser degree and only at its
exact location (compared to the location directly opposite fixation). These data confirm the
conclusion reached in the previous three experiments.

By comparing with their respective neutral conditions, we found that both cue types enhance
sensitivity in their vicinity, but do not suppress sensitivity farther away. This is in contrast to
several previous studies with single exogenous cues that measured both benefits and costs in
contrast sensitivity relative to a neutral condition (Barbot, Landy & Carrasco, 2011;
Herrmann et al., 2010; Pestilli & Carrasco, 2005; Pestilli, Viera & Carrasco, 2007).
Furthermore, as in Experiments 1-3, discrimination performance was generally higher when
the Gabor was preceded by 16 cue elements than just 1.

From this experiment alone, it is difficult to determine whether the attentional profiles truly
differ in their shapes, and not only in their magnitude. We found no evidence for a region of
suppression flanking either type of cue, as we had for the color singletons in Experiment 2.
Several differences between the displays in those two experiments could account for the
discrepancy: In Experiment 2, we found relatively poor performance for a Gabor positioned
in the empty space 1.75 dva from a small disk-shaped color singleton, and the Gabor was
presented along with distractors. In Experiment 4, the smallest nonzero distance between the
Gabor and the color singleton was 2.34 dva (22.5° polar angle), and the Gabor appeared on
its own, inside an area that had been encircled by another ring-shaped cue element. The lack
of flanking suppression in Experiment 4 could be related to any of those differences or to a
combination of some of them.

General Discussion

We compared how spatial attention is automatically drawn to two different types of
irrelevant peripheral stimuli: an object that appears on its own (single cue), and a uniquely
colored object in an otherwise homogenous array (color singleton cue). We found that both
types of exogenous cues enhance subsequent sensory signals at their location, with the same
timing and task. However, the color singleton has a weaker spatial cueing effect (in terms of
how strongly sensitivity differs between cued and uncued locations) and only enhances
sensory signals coming from its precise location. In contrast, the single cue has a robust
effect that improves visual performance in a wide region around its location.

In all four experiments we found that overall performance was higher for cue arrays with 16
elements than cue arrays with just 1 element. It may be surprising that performance on
invalid color singleton trials was not worse than performance on valid single cue trials,
despite the presence of many other potentially distracting transients across the screen. This
could be attributable to a general arousing effect of the 16-cue array flashing, or because in
the color singleton conditions each location is, in a sense, “cued” by an object’s onset.

To further investigate this issue, in Experiment 4 we added neutral cue arrays of 1 and 16
elements to evaluate relative degrees of spatially specific enhancement and suppression.
Compared to the 16-cue neutral condition, performance was slightly elevated at the location
of the color singleton, and not suppressed at the other locations. Compared with the neutral
condition with the single cue at fixation, performance was strongly elevated at the location
of the peripheral single cue, and not suppressed at other locations.

These data can be qualitatively summarized as follows: the sudden appearance of any object
in the periphery automatically enhances sensitivity at its location, either if it appears alone or
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simultaneously with many other isoeccentric objects. However, an object that is unique gets
a small additional boost in its attentional strength. Thus, with singleton cue arrays
performance was high for every cue-target distance because each location was stimulated
with a cue element. Performance at the exact location of the uniquely colored element was
elevated slightly further because of the unique feature contrast that had appeared there.

Our findings that single cues have a greater attentional capture effect (comparing valid to
invalid conditions) than color singletons are consistent with several previous studies
showing that single cues/abrupt onsets are especially difficult to ignore (e.g., Giordano et al.,
2009; Jonides & Yantis, 1988; Lamy & Egeth, 2003; Montagna et al., 2009; Pestilli &
Carrasco, 2005; Schreij, Owens, & Theeuwes, 2008; Yeshurun & Carrasco, 1998). The
results of our cue localization tasks also demonstrate that a color singleton is less
conspicuous or less salient than a single item flashing alone. Salience as measured this way,
when the cue elements themselves are the targets, seems to correspond to the magnitude of
the automatic spatial cueing effects measured in the main experiments.

Signal Enhancement

The relative benefits in discrimination accuracy we found at the locations of single cues and
color singletons are likely to reflect enhancements of sensory signals at early levels of visual
processing. This is the first study to demonstrate such a mechanism underlying the
attentional effects of salient feature contrast (i.e., color singletons). Other attentional
mechanisms may explain effects of color singletons when the targets appeared with
simultaneous distractors, external noise, masks, or spatial uncertainty (Belopolsky, Zwaan,
Theeuwes, & Kramer, 2007; Caputo & Guerra, 1998; Donk & Soesman, 2010; Folk et al.,
2002; Folk et al., 1992; Joseph & Optican, 1996; Kim & Cave, 1999; Mounts, 2000a, 2000b;
Theeuwes, 1991, 1992, 1994; Theeuwes & Chen, 2005; Theeuwes et al., 2004).

For instance, some have argued that irrelevant singletons affect performance through higher-
level “filtering costs” (e.g., Becker, 2007; Folk & Remington, 1998) that slow responses
without a spatially specific shift of attention. Such a filtering cost did not play a role in our
experiments, as we measured spatially specific modulations of sensitivity. Attentional
cueing effects can also be attributable to tuning of the perceptual “filter” (to allow more or
less external noise into the decision process) or biased weighting of cued locations in the
decision process (Davis et al., 1983; Eckstein et al., 2009; Foley & Schwartz, 1998; Kinchla,
1980; Lu & Dosher, 2000; Luck et al., 1996; Shaw, 1984; Sperling & Dosher, 1986).
External noise exclusion and decision-stage processes cannot explain our results because
there was no external noise (save for the distractors in Experiment 2), and there was no
spatial uncertainty at the time of the perceptual decision.

Note also that in contrast to many other studies, such as those that use the “additional
singleton” paradigm (Theeuwes, 1991, 1992), we briefly flashed our singleton cues ~100 ms
before the target, to be consistent with the single cues. Different mechanisms could come
into play when the singleton is presented simultaneously with the target.

Bottom-Up Capture

In all four experiments, the cues were entirely task-irrelevant and had little in common with
the targets, which were never defined as feature singletons. The fact that we were still able
to measure effects of the color singleton cues supports the view that attentional capture is
purely “bottom-up” or stimulus-driven (e.g., Theeuwes, 2004, 2010; Theeuwes & Chen,
2005; Theeuwes, Olivers & Belopolsky, 2010). Models that postulate that capture depends
on top-down attentional control would be less likely to predict our findings.

J Exp Psychol Hum Percept Perform. Author manuscript; available in PMC 2014 April 09.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

White et al.

Page 16

For example, Folk and colleagues have used modified cueing tasks in which the cue and
target stimulus could both either onset alone or appear as feature singletons among other
elements (Folk et al., 1992; Folk & Remington, 1998, 1999; Folk et al., 1994). When an
invalid singleton-cue preceded the singleton-target, response times increased. This was also
the case when both cue and target appeared alone. However, when cue and target type did
not match, there was no attentional capture by the invalid cue, suggesting that capture is
contingent on what stimulus attributes are relevant to the observer (Folk et al., 1992; see also
Eimer & Kiss, 2008).

Egeth and colleagues have put forth a related view of top-down control on capture. Bacon
and Egeth (1994) distinguished between “modes” of visual search that describe top-down
strategies used to find different types of target stimuli. Sngleton detection mode is
encouraged when the target is a shape or color singleton with an unpredictable feature value
(e.g., green or red). In contrast, feature search mode is required when the target has a known
feature value but appears among heterogeneous distractors. Several studies have revealed
that irrelevant singletons only capture attention in singleton detection mode (e.g., Bacon &
Egeth, 1994; Lamy & Egeth, 2003; Lamy et al., 2003; Leber & Egeth, 2006). Lamy and
Egeth (2003) found that abrupt onset stimuli (like our single cues) captured attention
regardless of search mode, contrary to the contingent capture hypothesis of Folk et al.
(1992).

The cueing effects we found in Experiments 3 and 4 with irrelevant singleton cues and
nonsingleton targets are inconsistent with strong versions of both of these models of top-
down control. However, it is difficult to say which “mode” our observers used. Although the
target was not a feature singleton, no feature-selective top-down guidance was needed to
locate it among distractors. We are therefore limited in our ability to compare our findings
with those of Egeth and colleagues (Bacon & Egeth, 1994; Lamy & Egeth, 2003).
Additionally, the fact that single cues failed to significantly modulate accuracy only in
Experiment 2, when the target did not also onset on its own, seems to support the
“contingent capture” results ofFolk et al. (1992). We note, however, that in this experiment
we did find reliable cueing effects on RTs, and that other studies with single exogenous cues
have measured strong effects on accuracy when distractors accompany the target (e.g.,
Carrasco & Yeshurun, 1998; Giordano et al., 2009; Pestilli & Carrasco, 2005; Pestilli et al.,
2007).

Finally, with regard to top-down control, it is conceivable that our modest effects of color
singleton cues would have been bigger if the cues had better matched the observers’ top-
down attentional “set” or “mode.” This would have been the case, for instance, if the target
had also been a singleton, or also defined by color. Therefore, top-down factors may at least
partially explain why the spatially selective cueing effects of the color singletons were
smaller than those of the single cues. However, the fact that even under these conditions the
singleton can affect sensory processing constrains contingent capture theories and should be
taken as a starting point for further investigations.

Flanking Suppression

In Experiment 2 we found that performance adjacent to a color singleton is suppressed,
compared with locations farther away. Several previous studies using various methodologies
demonstrate that perception (e.g., Bahcall & Kowler, 1999; Caputo & Guerra, 1998; Cutzu
& Tsotsos, 2003; Mounts, 2000a, 2000b; Muller et al., 2005; Steinman et al., 1995; Turatto
& Galfano, 2001) and neural activity (Hopf et al., 2006; Miiller & Kleinschmidt, 2004;
Slotnick et al., 2002) are enhanced at attended locations and suppressed at flanking
locations, compared with more distant locations. This has been shown for both single and
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color singleton cues, although we only found such a pattern for singleton cues in Experiment
2.

In Experiment 4, which was designed to measure the spatial profile of attention in more
detail, we did not find such a “Mexican Hat” pattern, although we did find enhancement at
the color singleton’s exact location (the peak of the sombrero). Comparisons between
Experiment 2—in which we did find flanking suppression— and Experiment 4 should be
treated with caution, as several factors differed between them (including the cue shape and
number of distractors). Either of those could explain why we did not find flanking
suppression in both experiments. Alternatively, the spatial extent of flanking of suppression
found in Experiment 2 may be smaller than the smallest cue-target distance in Experiment 4.
Further work is needed to explore this issue in more detail.

Nonetheless, all together, our data in Experiment 2—suppression close to the color singleton
—and in Experiments 3 and 4—enhancement at exactly the singleton’s location—are
consistent with the spatial profile of attention evoked by a singleton (i.e., a “Mexican hat”)
as described by Mounts (2000b).

Attention is rapidly and automatically shifted to particular locations in the peripheral visual
field where an object suddenly onsets alone, or where a pattern appears with high local
feature contrast. Those exogenous shifts of attention increase contrast sensitivity. Compared
with the attentional effects of single cues, however, the effects of color singletons were less
pronounced and more constrained to the precise location of the unique element.

Nonetheless, both cueing effects allow for more accurate discrimination of subsequent
stimuli in regions that in the natural environment would be more frequently relevant for
behavior than regions without change across space or time. Comprehensive models of covert
attention should encompass findings from these often disparate lines of research, and
account for the commonalities and differences between cue types as documented here.
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Figure 1.
Example trial sequences with green cues.
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Results of Experiments 1A and 1B. A, Psychometric functions for an example observer in
Experiment 1A. B, Contrast thresholds for Experiments 1A (Red/Green, left) and 1B (Dark/
Light, right). Error bars are £1 SEM. Asterisks indicate p < .05; double asterisks indicate p
< .01. Asterisks above xs are for interactions between cue validity and type. “ns” = “not
significant.” C, RTs for Experiments 1A (left) and 1B (right).

J Exp Psychol Hum Percept Perform. Author manuscript; available in PMC 2014 April 09.



duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

duasnuely Joyiny vd-HIN

White et al. Page 24

A
ITI (500-800 ms)

W
o
©

o
o
an

Color singleton

R

--Single cue
<0-Color singleton
(71 ms) 0.7 : .

-90 0 90 180

Proportion Correct
o
(o)

o
N
o

g &
© o

Mean RT (ms)
\l
0]
o

740

700

-90 0 90 180
Cue-Target Distance (°)

Response cue
(until response)

Figure 3.

Experiment 2. A, Example trial sequences with red cues and cue-target distances of 0°. B,
Accuracy data as a function of cue-target distance for both cue types. The asterisk indicates
significant difference from accuracy at 90°. C, RTs on correct trials. The filled symbol
indicates significant difference from 180° (p < .05, corrected). Cue-target distance of —90
indicates that the cue and target were in the same hemifield.
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Experiment 3. A, Example trial sequences with red cues and cue-target distances of 180°. B,
Accuracy data as a function of cue-target distance for both cue types. C, RTs on correct
trials. Cue-target distance of —90 indicates that the cue and target were in the same
hemifield. Filled symbols indicate significant differences from 180° (p < .05, corrected).
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Experiment 4. A, Example displays of varying cue-target distance with the cue, target, and
response cue all together for the purposes of illustration (the timing was the same as in
Experiment 1A). B, Accuracy data. C, RTs on correct trials. Filled symbols indicate
significant differences from 180°; asterisks indicate significant differences from the
corresponding neutral condition (p < .05, corrected).
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