Journal of Experimental Psychology:
Human Perception and Performance
Distractor Probability Changes the Shape of the
Attentional Template
Joy J. Geng, Nicholas E. DiQuattro, and Jonathan Helm
Online First Publication, April 20, 2017. http://dx.doi.org/10.1037/xhp0000430

CITATION
Geng, J. J., DiQuattro, N. E., & Helm, J. (2017, April 20). Distractor Probability Changes the Shape of
the Attentional Template. Journal of Experimental Psychology: Human Perception and
Performance. Advance online publication. http://dx.doi.org/10.1037/xhp0000430

Journal of Experimental Psychology:
Human Perception and Performance
2017, Vol. 0, No. 999, 000

© 2017 American Psychological Association
0096-1523/17/$12.00 http://dx.doi.org/10.1037/xhp0000430

Distractor Probability Changes the Shape of the Attentional Template
Joy J. Geng, Nicholas E. DiQuattro, and Jonathan Helm

This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

University of California, Davis
Theories of attention commonly refer to the “attentional template” as the collection of features in working
memory that represent the target of visual search. Many models of attention assume that the template
contains a veridical representation of target features, but recent studies have shown that the target
representation is “shifted” away from distractor features in order to optimize their distinctiveness and
facilitate visual search. Here, we manipulated the probability of target-similar distractors during a visual
search task in 2 groups, and separately measured the contents of the attentional template. We hypothesized that having a high probability of target-similar distractors would increase pressure to shift and/or
sharpen the target representation in order to increase the distinctiveness of targets from distractors. We
found that the high-similarity group experienced less distractor interference during visual search, but only
for highly target-similar distractors. Additionally, while both groups shifted the target representation
away from the actual target color, the high-similarity group also had a sharper representation of the target
color. We conclude that the contents of the attentional template in working memory can be flexibly
adjusted with multiple mechanisms to increase target-to-distractor distinctiveness and optimize attentional selection.

Public Significance Statement
The present study suggests that the features we look for during visual search are affected by the
physical properties of other objects in the visual world and their frequency. This work highlights the
flexibility of our brains in tuning cognitive goals to the particularities of the current sensory
environment.
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determine the efficiency of target selection (Eckstein, 1998; Eckstein, Thomas, Palmer, & Shimozaki, 2000; Irons & Leber, 2016;
Kim & Basso, 2008; Palmer, Verghese, & Pavel, 2000; Peltier &
Becker, 2016; Verghese, 2001). The quality of the template representations is particularly important when target-to-distractor
similarity is high and distractors tend to interfere with target
selection (Becker, 2010a; Duncan & Humphreys, 1989; Folk,
Remington, & Johnston, 1992; Kiyonaga & Egner, 2016; Nagy &
Sanchez, 2008; Wang, Miller, & Liu, 2015; Wolfe, 1994; Wolfe &
Horowitz, 2004). Despite the importance of the template in determining the success of attentional selection, little is known about
how information within the attentional template is flexibly shaped
in response to contextual pressures.
The expectation that information within the attentional template
should be malleable to the sensory context is supported by evidence
that information in working memory (WM) is affected by temporally
or spatially adjacent perceptual information (Dubé, Zhou, Kahana, &
Sekuler, 2014; Fischer & Whitney, 2014; Haberman & Whitney,
2009; Kang, Hong, Blake, & Woodman, 2011; Kiyonaga & Egner,
2016). For example, Dubé et al. (2014) found that the memory of two
potential test items shown in sequence is biased toward their average
when both items are held in working memory. Moreover, Kang et al.
(2011) reported that the perceived direction of motion was influenced
by concurrent motion information held in working memory. These

Current theories of visual attention refer to the collection of
task-related features held in working memory as the “attentional
template” (Bundesen, 1990; Bundesen, Habekost, & Kyllingsbaek,
2005; Carlisle, Arita, Pardo, & Woodman, 2011; Desimone &
Duncan, 1995; Duncan & Humphreys, 1989). The template is
thought to express attentional priority in visual areas by increasing
the gain of sensory neurons that encode relevant features
(Martinez-Trujillo & Treue, 2004; Maunsell & Treue, 2006; Reynolds & Heeger, 2009; Treue & Martínez Trujillo, 1999). Gain
modulation increases the signal-to-noise ratio between targets and
distractors and therefore the contents of the attentional template
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findings suggest that the contents of working memory are malleable
and shape ongoing perception.
In addition, there is evidence that the malleability of representations may enhance attentional selection by exaggerating the true
target feature in order to increase its distinctiveness from distractors. For example, Navalpakkam and Itti (2007) found that when
searching for a target line oriented at 55° among distractors less
than 55°, the target was represented as being 60° in orientation.
The contents of the attentional template were “distorted” to enhance target-to-distractor distinctiveness. Similarly, Becker et al.
(2010b) found that a “red” cue produced faster selection of an
“orange” target when it appeared with “yellow” distractors. The
authors proposed a relational model for attentional guidance that
encodes targets in relational terms to the distractors (e.g., the target
is the “reddest” or “greenest” object) instead of an absolute feature
value. These findings demonstrate that information in the attentional template can be “shifted” to accentuate the feature elements
of the target that optimally distinguish it from distractors (Becker,
Harris, Venini, & Retell, 2014), Such shifting along a dimension
does not occur when distractor features are sampled from both
sides of the target feature (Ansorge & Becker, 2014; Harris,
Remington, & Becker, 2013).
In addition to shifting the target representation away from
distractors, there is also evidence that more precise target representations facilitate attentional selection. Increased precision may
occur in the form of greater target specificity. For example, search
performance is better when an exact image of an object is given as
the search template compared to only a verbal name or a superordinate category label (Malcolm & Henderson, 2009; Vickery,
King, & Jiang, 2005; Wolfe, Horowitz, Kenner, Hyle, & Vasan,
2004), or a less precise (e.g., rotated image) of the same object
(Hout & Goldinger, 2015).
In addition to target information, greater specificity can also be
due to information about distractors. For example, Arita, Carlisle,
and Woodman (2012) found that presenting participants with a
precue of the distractor facilitated visual search compared to a
“neutral” cue, although performance was still slower than with
a target cue. This suggests that a “template for rejection” was
formed and used to guide attention away from predictable nontargets. Similarly, others have found that the strength of interference
from perceptually salient distractors diminished with repeated exposure, suggesting that rejection templates could be built from
explicit instruction or learned implicitly over time (Becker, 2007;
Gaspelin, Leonard, & Luck, 2015; Geng & DiQuattro, 2010; Geng,
Blumenfeld, Tyson, & Minzenberg, 2015; Ruff & Driver, 2006;
Sayim, Grubert, Herzog, & Krummenacher, 2010; Töllner, Conci,
& Müller, 2015; Vatterott & Vecera, 2012).
Together, these results suggest that construction of a specific and
precise attentional template is critical for efficient search, but there
may be more than one way to increase the specificity and precision.
Here, we test the hypothesis that the probability of target-similar
distractors, modulate the contents of the attentional template. Statistical regularities are known to impact attentional priority (Chun &
Jiang, 1998; Druker & Anderson, 2010; Drummond & Shomstein,
2010; Geng & Behrmann, 2005; Jiang, Schmajuk, & Egner, 2012).
Therefore, it is possible that a higher frequency of target-similar
distractors would create more pressure to increase the distinctiveness
of the target representation from experienced distractors. A stronger
adjustment may be realized by a more extreme shift in the target

representation away from distractors as described by Navalpakkam
and Itti (2007) and Becker et al. (2010), or it could result in a
sharpening the “tuning” of the target representation (Dosher & Lu,
2000a, 2000b; Figure 1A). A sharper target template is more exclusive and would result in fewer target-similar distractors erroneously
matching the target template and capturing attention.
Shifting and sharpening are two possible mechanisms for adjusting the target template and are illustrated in Figure 1. Importantly, however, the two are not mutually exclusive and a combination of both mechanisms would lead to the most efficient
selection of targets.

Experiment 1
The goal of the experiment was to determine if the probability
of target-similar distractors affected performance in visual search.
We hypothesized that a high probability of target-similar distractors would produce less distractor interference from target-similar
distractors, but did not expect differences between groups on trials
with target-dissimilar distractors, which are more easily suppressed in the first place. To test this hypothesis, we used a
two-part linear spline mixed model to analyze the data (Cudeck &
Klebe, 2002). These models confer many advantages for analyzing
behavioral responses to continuous stimuli because they estimate
multiple parameters of nonlinear data. For this experiment, the
critical parameters of interest were the inflection, or “knot,” point
at which RTs reach asymptote; and the difference between preand post-knot slopes, which characterize the change in the strength
of competition as a function of the physical color of the distractor.

Method
Participants. Forty UC Davis undergraduates (17 male, one
left-handed, ages 18 –25) participated for class credit. Each pro-

Figure 1. Illustration of conceptual ways in which the attentional template may be adjusted. “Shifting” moves the template away from the
distractor set to increase dissimilarity between target and distractor.
“Sharpening” produces a narrower shape that excludes distractor colors
from matching the template. In this example the distractor colors/shades
are positive values. See the online article for the color version of this
figure.

This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

SHAPE OF THE ATTENTIONAL TEMPLATE

vided written informed consent in accordance with the local ethics
clearance as approved by the National Institutes of Health. All had
normal or corrected-to-normal vision.
Procedure. A fixation dot (subtending .25° of visual angle;
black; .4 cd/m2) was centrally presented throughout the experiment
on a gray background (28.6 cd/m2). Prior to the start of the
experiment an example of the target color was presented. Each trial
began with the presentation of two circles (3° of visual angle in
diameter) for 150 ms. One circle was always the target color and
was presented randomly at one of 6 locations along an imaginary
circle (radius of 4° of visual angle; target could appear at 60°intervals) while the distractor circle always appeared at the target’s
antipode location. Centrally located within each circle was a discrimination “t” (.5° of visual angle; black), which was oriented
upright or inverted in the target-colored circle and rotated 90°to the
left or right in the distractor circle. Participants were instructed to
locate the target-colored circle and report the orientation of the “t”
within it by pressing “j” for up and “n” for down with their right
hand after which the participant was given auditory feedback
(800hz tone for correct; 400z tone for incorrect). A central fixation
dot was presented for 800 –1,500 ms before the next trial began
(Figure 2B). All stimuli were created and presented using PsychoPy (Peirce, 2007, 2009).
The colors used for target and distractors are referred to by their
location on a color wheel defined in LAB color space (a, b
coordinates ⫽ 0, 0; luminance ⫽ 70; radius ⫽ 39; see Figure 5A
for illustration of color space). Four target colors (0°, 90°, 180°,
270°) were counterbalanced across subjects with the distractor
space being constructed in steps of 5° from the target-color to 60°
counterclockwise from the target color, resulting in 13 distractor

3

colors (see Figure 2A). This color space was chosen to avoid
strong canonical color values that might differently affect attentional processing (Fortier-Gauthier, Dell’acqua, & Jolicœur,
2013). Analysis was collapsed across target colors such that distractor colors were referred to by their relative difference from the
target color (set to 0°). Prior to the beginning of the experiment,
participants completed 15 practice trials to ensure understanding of
the task. Participants were instructed to maintain their fixation on
the central dot throughout the experiment.
The presentation frequencies of distractor colors were based on a
truncated normal distribution (M ⫽ 0, SD ⫽ 25, limited to between 0
and 60) sampled 100,000 times independently for each participant to
create 1,000 task trials (i.e., percentages based on 100,00 samples
were applied to 1,000 trials). Participants were assigned to either the
“high-similarity” group, which experienced distractor distributions
skewed toward the target color, or the “low-similarity” group, which
experienced the mirror reversed frequencies (n ⫽ 20 for each group;
see Figure 2C). Presentation frequency for an example high-similarity
group subject was as follows: 0° ⫽ 12.9%, 5° ⫽ 12.48%, 10° ⫽
11.88%, 15° ⫽ 11.09%, 20° ⫽ 10.14%, 25° ⫽ 9.12%, 30° ⫽ 7.68%,
35° ⫽ 6.58%, 40° ⫽ 5.5%, 45° ⫽ 4.56%, 50° ⫽ 3.49%, 55° ⫽
2.58%, 60° ⫽ 1.99%. The low-similarity group was reversed at the
30° color (i.e., the percentage of trials at 30° was identical for both
groups).
After the visual search task, participants completed independent
color discrimination and categorization tasks. These tasks were
conducted to control for the possibility of between group differences in the just noticeable difference (JND) and/or color categorization. There were no differences between groups in JND (overall M ⫽ 3.51, SD ⫽ 2.04; t (73) ⫽ ⫺0.8, p ⫽ .425) or color

Figure 2. A: Illustration of target colors (in bold) and corresponding distractor set for each subject. Distractor colors
are counterclockwise from the target color. B: Task design for Experiment 1. Participants were instructed to locate the
target colored circle (pink in this example, located bottom-right in the Trial 1 illustration and top-right in the Trial 2
illustration.) and report the orientation of the cross within (upright or inverted). Two visual search trials are shown to
illustrate rotation of stimulus locations on a trial-by-trial basis. C: Presentation frequencies for each distractor color in
the high- and low-similarity groups. See the online article for the color version of this figure.
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categorization (overall M ⫽ 25.05, SD ⫽ 5.07; t [76] ⫽ 0.27, p ⫽
.785), suggesting that the effects observed in the visual search task
were not due to spurious differences in perceptual discriminability
or category representations (see supplementary materials for a full
description of the discrimination and categorization tasks and
results).
Apparatus. Participants were seated in a sound attenuated
room 70 cm away from a 24-in Dell LCD monitor with a spatial
resolution of 1,900 ⫻ 1,200 pixels and a refresh rate of 60hz. Prior
to the start of each trial, fixation of the centrally presented dot was
enforced for 100 ms via an Eyelink 1,000 (SR Research, ON)
desk-mounted system sampling at 500 hz.
Statistical analysis. The primary analysis consisted of entering reaction time (RT) from each trial into a two-part linear spline
mixed model. Only RT data from correct trials after outlier removal were included in these analyses. The two-part spline model
estimates the location of a transition, or “knot,” point that demarcates a change in the slope of a continuous measurement; moreover, the model identifies if the location of the knot point differs
significantly between experimental groups. Equation 1 gives the
mathematical model for estimating a two-part linear spline with an
unknown transition, and equation 2 extends equation 1 by incorporating the between experiment information (Cudeck & Klebe,
2002). Equation 1 is written as
yit ⫽ b0 ⫹

)
再bb (color
(color ) ⫹ b (color ⫺ knot)
1

it

1

it

2

it

if colorit ⬍ knot
if colorit ⱖ knot (1)

Equation 1 has four fixed coefficients (b0, b1, b2 knot). Here, yit
refers to the RT of individual i in trial t, and colorit refers to the
numeric indicator for the color of the distractor stimulus for
individual i in trial t. Equation 1 may be conceptualized as a
two-part spline, or two straight lines with different slopes that
connect at a single transition point. In this case, the transition point
is estimated from the data, and referred to in the model as knot.
More specifically, if the value of colorit is less than knot, then
yict ⫽ b0 ⫹ b1共colorit兲, which defines a linear relation between
colorit and yit. On the other hand, if colorit is greater or equal to
knot, then yit ⫽ b0 ⫹ b1共colorit兲 ⫹ b2共colorit ⫺ knot兲, which
indicates that the linear function before the knot point (i.e., yit ⫽
b0 ⫹ b1共colorit兲) is shifted by the new term (i.e., b2共colorit ⫺
knot兲). For example, if knot ⫽ 4, b0 ⫽ 2 for individual i, b1 ⫽ 3,
b2 ⫽ ⫺3, then yit ⫽ 2 ⫹ 3共color兲 ⫺ 3共color ⫺ knot兲 for individual
i. Thus, if color ⫽ {2, 3, 4, 5,6} then yit ⫽ {8, 11, 14, 14, 14},
respectively. Therefore, for this specific case, there is a 3-unit
increase in yit before the knot for every 1 unit increase in colorit, and
there is a no increase in yit after the knot for every 1 unit increase in
colorit. Generalizing the example, coefficient b0 refers to the average
estimate of yit for individual i when colorit equals to 5 (i.e., the
distractor is 5° from the target); b1 represents the slope before the
estimated knot; and b2 indicates the change in the slope after the knot
(i.e., the slope after the knot equals b1 ⫹ b2).
Extending equation 1 to include grouping information leads to
equation 2,

which is the same as equation 1 with four added coefficients (b0g,
b1g, b2g, bkg,) and one added variable (grpi). Variable grpi equals
0 for one group (in these experiments, the low-similarity group)
and 1 for the other group (i.e., the high-similarity group). The
model parameters are estimated directly for the reference group
(i.e., the low-similarity group), and are estimated as changes from
the reference group for the high-similarity group. Each of the
coefficients with subscript g refers to the difference between the
low-similarity group and the high-similarity group for a given
coefficient. Therefore, bkg, refers to the difference in the transition
point between conditions. All models were fitted within R (Core
Team, 2015) using package nlme (Pinheiro, Bates, DebRoy,
Sarkar, & Core Team, 2015).
The two-part spline model is a statistical model for describing
the visual search RT data. We use it to infer the presence of
changes in performance as a function of distractor similarity and
the between-groups manipulation of probability. There is no theoretical interpretation for the resulting “knot” points, as they are
used to approximate the inflection point of a decay function. This
procedure is appropriate for our visual search data given the dense
sampling of distractor colors, which would otherwise be prone to
increased family wise error due to multiple comparisons of color
distractor pairs calculated between groups.

Results
Overall accuracy was high (M ⫽ .91, SD ⫽ .04), indicating that
participants understood the task. For RT, increasing distractor
dissimilarity produced a monotonic decline in RTs until a transition point, after which RTs reached asymptote. RT1 data from the
two groups were entered into equation 2, which allowed estimation
of knot points, an intercept, pre- and post-knot slopes for each
group and the difference between them. The data from the 0
condition was excluded because it involved two “targets”; however, the data are plotted for reference (see Figure 3). Importantly,
the knot point serves as a statistical analogue (not a theoretical
parameter) for the edge of the attentional template because it
identifies the point in color space after which distractor interference was minimal and remained constant. The distractor colors in
the “pre-knot” area are expected to interfere with task completion
(lengthening RT), because they partially match the attentional
template, while colors in the “post-knot” area are expected to cause
minimal interference because they fall outside of the attentional
template. We chose the low-similarity group as the reference level
in our model. This resulted in estimation of the knot and slope
parameters for the low-similarity group and estimation of the
change from those parameters in the high-similarity group. Because the knot point is the parameter of primary interest, we
describe the results for the knot point first, followed by the slope
parameters.
A significant knot point for the low-similarity group was
found at color 16.30° [95% CI ⫾ .70], t (31438) ⫽ 45.97, p ⬍
.0001, with a significant change in knot point in the highsimilarity group of ⫺4.08° (equivalent to color 12.21°),

yit ⫽ b0 ⫹ b0g(grpi)
(b1 ⫹ b1g(grpi))(colorit)
if colorit ⬍ knot
(b
⫹
b
(grp
))(color
)
⫹
(b
⫹
b
(grp
))
1
1g
i
it
2
2g
i
⫹
if colorit ⱖ knot
(2)
(colorit ⫺ (knot ⫺ bkg(grpi)))

冦

1
Identical models were run using log RT. The significance of each
parameter was identical to those reported for RT unless otherwise stated
(see Exp. 3). We report the RT data in the main text in order to simplify
interpretation of the absolute values.
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area, F (1, 38) ⫽ 107.25, p ⬍ .0001, p2 ⫽ .74, and a significant
interaction, F (1, 38) ⫽ 14.56, p ⫽ .0005, p2 ⫽ .27. Post hoc t tests
(using Bonferroni correction for two comparisons between groups)
found a significant difference between groups in the pre-knot area,
t (38) ⫽ 2.44, p ⫽ .019, d ⫽ .7, but not in the post-knot area, t
(38) ⫽ 1.12, p ⫽ .267 (Figure 3B). For accuracy, we found no
significant difference between groups, F (1, 38) ⫽ .69, p ⫽ .411,
a significant difference between knot area, F (1, 38) ⫽ 36.06, p ⬍
.001, p2 ⫽ .49, and no significant interaction, F (1, 38) ⫽ 0.28,
p ⫽ .60 (Figure 3C). These results showed that the highsimilarity group responded faster on trials with target-similar
distractors, but only for the pre-knot bin. Additionally, the lack
of pre-knot differences in between group accuracy ruled out the
possibility of a speed–accuracy trade-off as the source of the
difference found in RT.
For the low-similarity group, a significant pre-knot slope
of ⫺63.30, t (31,438) ⫽ ⫺7.26, p ⬍ .001, was found as well as a
significant change in slope of 60.99 post-knot, t (31,438) ⫽ 6.91,
p ⬍ .001. We found no between group differences in pre- or
post-knot slopes, all ts (31,438) ⱕ 0.79, all ps ⬎ .437. These
results indicate that distractor interference decreased substantially
as a function of physical similarity post-knot compared to pre-knot
for both groups.
Figure 3. A: Reaction time for each group and distractor color in Experiment 1. Lines are spline model fits. Note that the 0°data were excluded
from the spline model (and ANOVAs plotted in BC) because both objects
were potential targets (i.e., there was no real distractor). Black circles are
the estimated knot points. B: Reaction time split into pre- and post-knot
areas based on estimated knot point of the low-similarity group. C: Accuracy split into pre- and post-knot areas based on estimated knot point of the
low similarity group. All error bars SEM. See the online article for the
color version of this figure.

t(31438) ⫽ ⫺8.33, p ⬍ .00012 (Figure 3A). Performance in the
high-similarity group reached an asymptote in RT earlier in color
space compared to the low-similarity group. This indicates that
participants in the high-similarity group experienced less interference
for the most target-similar distractor colors. Additionally, the intercept
for the high-similarity group was significantly smaller than the lowsimilarity group, t (31438) ⫽ ⫺2.24, p ⫽ .02.
To confirm that the high-similarity group performed better on
pre-knot distractor colors overall, RT and accuracy from each
group were averaged into high and low target-similarity distractor
bins and entered into a 2 ⫻ 2 repeated measures ANOVA to test
for differences between group (low-similarity, high-similarity) and
knot area (pre-knot, post-knot). This analysis is complementary to
information derived from the intercept and knot-point estimates in
the spline model and addresses the question of whether performance in the high-similarity group was overall better on trials with
highly similar distractors compared to low-similarity distractors
using standard random-effects analyses. To keep the number of
distractor colors in each condition equivalent across groups, the
knot point for the low-similarity group was used to divide the data
since it was the more inclusive threshold. We refer to the highly
similar distractor bin as “pre-knot” and the low-similarity distractor bin as “post-knot.”
For RT, there was a nonsignificant main effect of group, F(1,
38) ⫽ 3.66, p ⫽ .063, p2 ⫽ .09, a significant main effect of knot

Discussion
The goal of Experiment 1 was to determine if the frequency of
distractor exposure affected visual search performance. Specifically, we tested the hypothesis that the high-similarity group would
perform better on target-similar distractor trials and this hypothesis
was confirmed. The knot point for the high-similarity group was
significantly closer to the target-color than for the low-similarity
group, demonstrating that a narrower region of the distractor color
space interfered with target selection. This suggests that the competitive pressure of frequent target-similar distractors changed the
representation of the target and distractors in order to better suppress a greater range of distractors. Additionally, RT was overall
shorter for the pre-knot distractors in the high-similarity group, but
there was no difference in post-knot RT between groups. This
suggests that the pre-knot distractors (i.e., target-similar distractors) were better suppressed when they were more frequent, but
there was no concomitant additional suppression of infrequent
dissimilar distractors. The lack of a difference between groups for
post-knot distractors presumably occurred because those colors
were always highly distinct and poor competitors for attention.
Together the results suggest that the contents of the attentional
template were adjusted in response to frequent target-similar distractors and this adjustment improved performance in the presence
of target-similar distractors (Folk & Remington, 1998). However,
the template representation was not directly measured. Thus, we
used a new task to independently measure the target template in
Experiment 2, along with conducting a replication of the basic
findings from Experiment 1.
2
The same model was also run using a more conservative approach in
which the degrees of freedom were calculated by the sample size minus the
number of parameter estimates, that is, 32 (Bolger & Laurenceau, 2014).
The significance value of each parameter was identical to the current
model. The same results were found in all three experiments.
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Experiment 2

Results

Experiment 1 suggested that the contents of the attentional
template were modulated based on distractor probability. However, we did not measure the template directly and it was unknown
whether this modulation was due to a shifting of the target representation farther away from the distractor color space (Navalpakkam & Itti, 2007), a sharpening of the target representation to
exclude a wider range of nontarget colors, or some combination of
both (see Figure 1). To address this in Experiment 2, we measured
the participant’s internal representation of the target using a color
wheel on which they indicated the target color from a continuous
distribution. This allowed us to “probe” the attentional template
directly and determine participants’ representation of the target
color hue.
In addition, the target in the discrimination task in Experiment
1 was not entirely independent of the target identity. The task was
to identify if a “t” stimulus was upright or inverted and distractors
always contained a 90° rotated version of the “t.” It was therefore
possible that the between-groups difference in performance was
due to the high-similarity group having learned to select the target
based on the shape of the “t” instead of selecting the target by
color. This would suggest that the target representation did not
change (as we had concluded), but that the dimension of information used to select the target changed. In order to confirm our
conclusions and replicate our previous findings (see Ledgerwood,
2014; Nosek et al., 2015), the discrimination task in Experiment 2
was adjusted so that the target could only be identified by color.

Overall accuracy was high (M ⫽ .94, SD ⫽ .04) indicating that
participants understood and were able to perform the task. The
analysis strategy was identical to that of Experiment 1. RT from
each trial was entered into equation 2 to estimate the knot point,
intercept, pre- and post-knot slopes, and between group differences
of each term. RT and accuracy were averaged into two factors split
by the knot point.
A significant knot point for the low-similarity group was found
at color 21.33° [95% CI ⫾ .50], t (32,669) ⫽ 83.09, p ⬍ .001, with
a significant change of knot point in the high-similarity group
of ⫺5.30° (equivalent to color 16.03°), t (32,669) ⫽ ⫺13.75, p ⬍
.001. These results replicate our results from Experiment 1, finding
that the high-similarity group reached an asymptote in RT earlier
in color space compared to the low-similarity group. As in Experiment 1, the intercept for the high-similarity group was significantly smaller than the low-similarity group, t (39) ⫽ ⫺2.42, p ⫽
.020. And while there was a significant pre-knot slope of ⫺70.20
in the low-similarity group, t (32,669) ⫽ ⫺8.32, p ⬍ .001, and a
significant change in slope of 68.32 post-knot, t (32,669) ⫽ 8.45,
p ⬍ .001, there were no between group differences, all ts
(32,669) ⬍ 1.6, all ps ⬎ .113 (Figure 4B). Together, these results
demonstrate that the high-similarity group was better able to
actively suppress distractors that were target-similar (Figure 4B),
but that both groups experienced greater interference as a function
of color similarity for the pre-knot compared to post-knot colors.
RT and accuracy were then split into two factors based on the
knot point and tested for between group and knot area differences
using a mixed repeated measures ANOVA. Post hoc t tests that
followed up on the ANOVA results were corrected for multiple
comparisons using the Bonferroni method for two comparisons.
For RT, there was a marginally significant effect of group, F (1,
38) ⫽ 3.32, p ⫽ .08, p2 ⫽ .08, a significant main effect of knot
area, F (1, 38) ⫽ 63.67, p ⬍ .001, p2 ⫽ .63, and a significant
interaction, F (1, 38) ⫽ 8.92, p ⫽ .005, p2 ⫽ .19. Post hoc t tests
found a significant between groups difference in the pre-knot area,
t (38) ⫽ 2.33, p ⫽ .025, d ⫽ .73, but not in the post-knot area, t
(38) ⫽ 0.70, p ⫽ .488 (Figure 4C).
For accuracy, no significant difference between groups was
found, F (1, 38) ⫽ 2.32, p ⫽ .136, but a significant difference
between knot area was found, F (1, 38) ⫽ 113.27, p ⬍ .001, p2 ⫽
.76, along with a significant interaction, F (1, 38) ⫽ 4.47, p ⫽
.041, p2 ⫽ .11. Post hoc t tests found a marginally significant
difference between groups in the pre-knot data, t (38) ⫽ ⫺1.92,
p ⫽ .062, d ⫽ ⫺.60, but no difference post-knot, t (38) ⫽ ⫺0.1,
p ⫽ .92 (Figure 4D). These results replicate those reported in
Experiment 1, again showing shorter RTs and higher accuracy, on
trials with the more target-similar distractors in the high-similarity
group compared to the low.
In contrast to Experiment 1, the 3AFC number response in this
experiment allowed us to explore the likelihood that errors were
based on selection of the distractor number (rather than being
unaccountable). Recall that overall accuracy was high (around
94%), but of the errors made, 64.7% were “distractor errors.”
Distractor errors were calculated as the number of trials per condition, that involved a response to the distractor number instead of
the target number. These data were entered into a 12-distractorcolor ⫻ 2 group mixed-effects ANOVA. There was a significant

Method
Participants. Forty UC Davis undergraduates (nine male, two
left-handed, ages 19 –32) participated for class credit. Each provided written informed consent in accordance with the local ethics
clearance as approved by the National Institutes of Health. All had
normal or corrected-to-normal vision.
Procedure. All stimuli and procedures were identical to Experiment 1, except for the following changes to the discrimination
task. Instead of a “t,” one of three numbers was presented within
each circle without duplication (4, 5, or 6; subtending 1° of visual
angle). Participants were instructed to report the number within the
target-colored circle by pressing the matching key. On trials with
a 0° distractor, a response for either number presented was considered correct (Figure 4A).
After the visual search task, participants completed a secondary task designed to measure the position of their target representation in color space (Figure 5A). On each trial a color wheel
(7° of visual angle radius; 1.5° of visual angle thickness)
defined by the same LAB space coordinates as described in
Experiment 1 methods was displayed. The color wheel was
randomly rotated on each presentation and remained on screen
until response. Participants were instructed to report the target
color on the wheel by clicking on its location with a mouse. A
central fixation dot was presented for 800 ms between trials.
The task consisted of 15 trials. Finally, participants were presented with the same JND and color categorization tasks as in
Experiment 1 (see Supplemental Materials).
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SHAPE OF THE ATTENTIONAL TEMPLATE

Figure 4. A: Task design for Experiments 2 and 3. Participants were instructed to locate the target circle (pink
in this example) and report the number within. B: Reaction time for each group and distractor color in
Experiment 2. Lines are spline model fits. The 0°data are plotted as a reference, but were not included in the
model. Black circles are estimated knot points. C: Reaction time split into pre- and post-knot areas based on
estimated knot point of the low-similarity group. D: Accuracy split into pre- and post-knot areas based on
estimated knot point of the low similarity group. All error bars SEM. E: Percentage of trials in each distractor
color condition on which errors involved responses to the number inside the distractor object. See the online
article for the color version of this figure.

effect of color, F (1, 38) ⫽ 74.10, p ⬍ .001, p2 ⫽ .66, no effect of
group, F (1, 38) ⫽ 1.50, p ⫽ .23, and a significant interaction
between color and group, F (1, 38) ⫽ 5.11, p ⬍ .05, p2 ⫽ .12
(Figure 4E). Exploratory post hoc t tests found none of the com-

parisons significant with correction (for 12 comparisons) and only
the 5° and 10° colors were marginally significant at uncorrected
levels, t (38) ⬎ 1.8, p ⬍ .08 days ⬎ .57; all other t (38) ⬍ 1.1.
These results are exploratory, but support the knot based accuracy
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Figure 5. A: Task design for postvisual search target identification task
in Experiment 2. Two color wheel trials are shown to illustrate random
change in color wheel orientation on a trial-by-trial basis. Participants
clicked on the wheel to indicate the target color’s location. B: Group
averages of relative click distance from the true target color in color wheel
target identification task. Raw data divided into 5° bins (solid lines shown
with SEM); estimated data for 1° bins plotted in dotted lines. Vertical lines
indicate group mean distances and the true target color (black line).
Negative numbers indicate a counterclockwise click away from the distractor set. See the online article for the color version of this figure.

analysis and further suggest that the low-similarity group was
more likely to mistake the most similar distractors as the target
than the high-similarity group.
The main results replicate the findings from Experiment 1
demonstrating that the effects of interest were not due to the
specific discrimination task in Experiment 1. They go beyond by
showing that the most similar distractors were more likely to be
mistaken as the target in the low-similarity group. Next, we analyzed the post-visual search color wheel task to see if there were
between group differences in the color value selected as the target.
We had hypothesized that the high-similarity group would have a
more shifted and a sharper distribution of color wheel clicks
compared to the low-similarity group. The distribution of color
wheel clicks was estimated for each person by fitting a normal
distribution to each person’s data using the normfit function in
MATLAB. By doing this, we acquire continuous estimated click

proportions for each color value on the color wheel and avoid the
problem of missing data. Missing data is inevitable because subjects do not click on all color values.
The size of the shift in each group was compared with t tests
comparing the estimated means between groups and also of each
group to the true target color. In contrast to the hypothesis that the
high-similarity group would shift their target representation farther
away from the distractor set than the low-similarity group, we
found that the mean click of both groups was significantly shifted
from the true target color (i.e., shifted away from the distractor set;
low-similarity group: M ⫽ ⫺14.13; SEM ⫽ 3.84; t (39) ⫽ ⫺3.66,
p ⬍ .001, d ⫽ .82, high-similarity group: M ⫽ ⫺11.7; SEM ⫽
2.65; t(39) ⫽ ⫺4.72, p ⬍ .001, d ⫽ 1.06). Moreover, there was no
difference between groups in the magnitude of the shift, t
(38) ⫽ ⫺0.33, p ⫽ .741. This indicates that the magnitude of the
shift in the central tendency of clicks away from the true target
color was similar in both groups. This would be expected if the
distractor set, but not the specific probabilities of distractors within
the set, triggered the mechanism to shift the target.
Next, to assess whether the distribution of clicks between two
groups were somehow different, we compared the shapes of the
distributions using a two-sample Kolmogorov–Smirnov (K-S test;
Massey, 1951; Wilcox, 1997). The K-S test is a nonparametric test
of the shape of two distributions. Differences in the shape of two
distributions can be detected even when the metrics of central
tendency are the same. Using the grand mean of estimated data
from each subject produced a significant difference between
groups (D ⫽ .175, p ⬍ .05). A similar “fixed effects” analysis
comparing the raw data from all subjects within a group was also
significant (D ⫽ .116, p ⬍ .05). This suggests that the two groups
had distributions that differed in shape, even though the magnitude
of the shift was similar between groups (Figure 5B). Although this
result indicates that the pattern of clicks differed between groups,
the K-S test does not specify how the distributions differ. This was
investigated in the next Experiment using a more precise task.

Discussion
The goal for Experiment 2 was twofold: to control for a possible
confound in Experiment 1 based on learning of the specific discrimination task; and to measure between-groups differences in the
representation of the target color within the attentional template.
The search task in Experiment 2 eliminated the possibility of
locating the target based on the discrimination task, yet replicated
our results from Experiment 1. This replication is consistent with
the idea that the attentional template is adjusted by the frequency
of target-similar distractors.
We also used a color wheel task to assess the fidelity of the
target representation within the attentional template. We found that
the target representation was shifted away from the true color in
the direction opposite that of the set of distractor colors in both
groups and that the central tendency of the magnitude of the shift
did not differ between groups. Interestingly, the shape of the
distribution of the color wheel data did differ between groups, and
visual inspection suggested that the high-similarity group had a
shaper representation of the target color. The central tendency of
the target representations did not differ between groups, but the
shape of the distributions did.

SHAPE OF THE ATTENTIONAL TEMPLATE

In Experiment 3, we sought to replicate our visual search results
once again, and test the central tendency and shape of the target
representation using a new discrimination task. The discrimination
task differed from the color wheel task in Experiment 2 in that it
sampled only a narrow range of colors around the actual target
color. The goal was to test with more precision the “confusability”
of those colors with the target. The probability of a nontarget color
being confused with the target color is therefore taken as a metric
of the likelihood of that color being within the shape of the target
template.
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Experiment 3
In Experiment 2, we found that both groups shifted their target
representation away from the distractor set and that the shape of
the distributions were different, but we could not determine statistically how they differed given missing data from the unconstrained responses. Therefore, the goal of Experiment 3 was to use
a two-alternative forced-choice target discrimination task to test
whether the high-similarity group had a more precise representation of the target, particularly for colors that were very near the
true target color. The goal of this discrimination task was not to
map the full distribution of the target representation, as in Experiment 2. Instead, this task measured the precision of the target
representation by assessing the likelihood of a highly similar
nontarget color hue, ⫺20° to 20° colors around the true color
value, being misidentified as the target (i.e., producing a false
alarm). If the high-similarity group developed a more precise
representation of the target, then they should be less likely to
misidentify highly similar distractor color hues as the target, which
must be rejected frequently during the visual search task. This task
targets a narrower range of colors compared to the color wheel in
Experiment 2, but acquires a response for each color tested. This
affords a more precise measurement of the target representation
within a limited color range.

Method
Participants. Forty UC Davis undergraduates (9 male, three
left-handed, ages 18 –25) participated for class credit. Each provided written informed consent in accordance with the local ethics
clearance as approved by the National Institutes of Health. All had
normal or corrected-to-normal vision.
Procedure. All stimuli and procedure were identical to Experiment 2 with the following additions: At the half-way point and
at the end of the visual search task, participants completed a new
single item 2AFC target discrimination task. Each trial consisted of
a centrally presented circle (same dimensions as the search task)
for 400 ms, after which a circular checkerboard mask was displayed for 66 ms. The circle was one of nine colors that ranged
from ⫺20° to 20° in steps of 5°, relative to the target color. Note
that this represents a relatively small range of colors around the
true target color compared to the size of the shift (in Experiment
2). Thus, we were testing specifically for an increase in precision
within a range of colors that were highly similar to the target color.
Within each session, each color was presented 10 times for a total
of 90 trials (2 sessions in total). Participants were instructed to
indicate whether the presented color was the target color by
pressing “g” or not the target color by pressing “h.” After response,
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a central fixation dot was presented for 800 –1,500 ms (Figure 7A).
This target discrimination task was acquired in two sessions occurring at the half-way point and at the end in order to minimize
response contamination by sequential trials that are unrelated to
the memory of the target stimulus from the main search task (e.g.,
responding “no” because of a “yes” response on the previous trial,
rather than the remembered target color).
Analysis. Analysis of the visual search data was identical to
Experiments 1 and 2. For the target discrimination task, between
groups differences in the proportion of “target present” responses
for each color were tested against chance using a permutation
technique. This method was chosen as a sensible procedure for
comparing differences at each color, while controlling for family
wise error. For 10,000 iterations, group labels were randomized on
the subject level and between group differences were calculated
for each color. The magnitude of our observed differences was
then validated by comparing them to the likelihood of differences
found by chance at any of the colors.

Results
Overall accuracy was high (M ⫽ .96, SD ⫽ .02), indicating that
participants understood and were able to perform the task. Identical to Experiments 1 and 2, we entered RT from each trial into
equation 2 to estimate knot points, intercepts, pre- and post-knot
slopes, along with between groups differences for each term. RT
and accuracy were then split into two factors based on knot point.
A significant knot point for the low-similarity group was found
at color 21.28° [95% CI ⫾ .63], t (32,975) ⫽ 66.61, p ⬍ .001, with
a significant change of knot point in the high-similarity group
of ⫺5.36° (equivalent to color 15.92°), t(32,975) ⫽ ⫺14.27, p ⬍
.001. Replicating our critical results from Experiments 1 and 2, the
high-similarity group reached an asymptote in RT earlier in color
space compared to the low-similarity group (Figure 6A). In contrast to previous experiments, no significant difference between
intercepts was found, t (32,975) ⫽ ⫺1.22, p ⫽ .223.
We next split RT and accuracy into two factors based on the
knot point and tested for between group and knot area differences
using a mixed repeated measures ANOVA. Post hoc t tests that
followed up on the ANOVA results were corrected for multiple
comparisons using the Bonferroni method for the two comparisons. For RT, there was a significant effect of group, F (1, 38) ⫽
6.49, p ⫽ .015, p2 ⫽ .15, a significant main effect of knot area, F
(1, 38) ⫽ 129.36, p ⬍ .001, p2 ⫽ .77, and a significant interaction,
F (1, 38) ⫽ 6.05, p ⬍ .05, p2 ⫽ .14 (Figure 6B). The comparison
between groups in the pre-knot area was significant, t(38) ⫽ 2.89,
p ⬍ .01, d ⫽ .91, but only marginally so in the post-knot area, t
(38) ⫽ 1.86, p ⫽ .071 d ⫽ .59 (Figure 6C). These results replicate
those of Experiments 1 and 2.
Similarly, accuracy produced a significant main effect of group,
F (1, 38) ⫽ 4.59, p ⬍ .05, p2 ⫽ .11, a significant main effect of
knot area, F (1, 38) ⫽ 83.48, p ⬍ .001, p2 ⫽ .69, and a significant
interaction, F (1, 38) ⫽ 7.44, p ⬍ .01, p2 ⫽ .16. Post hoc t tests
found a significant between groups difference in the pre-knot area,
t(38) ⫽ ⫺2.52, p ⬍ .02, d ⫽ ⫺.80, but not in the post-knot area,
t (38) ⫽ ⫺0.31, p ⫽ .75 Together the accuracy and RT results
directly replicate the results in the two previous experiments and
show that the high-similarity group performed better in the preknot, but not the post-knot, distractor conditions. However, it
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Figure 6. A: Reaction time for each group and distractor color in Experiment 3. Lines are spline model fit.
Black circles represent knot points. B: Reaction time split into pre- and post-knot areas based on estimated knot
point of the low similarity group. C: Accuracy split into pre- and post-knot areas based on estimated knot point
of the low similarity group. All error bars SEM. D: Percentage of trials in each distractor color condition on
which errors involved responses to the number inside the distractor object. See the online article for the color
version of this figure.

remains unclear why the effects were distributed between RT and
accuracy in this experiment only.
For the low-similarity group, a significant pre-knot slope
of ⫺72.13 was found, t (32,975) ⫽ ⫺7.91, p ⬍ .001, as well as a
significant change in slope of 70.75 post-knot, t(32,975) ⫽ 7.90,
p ⬍ .001. No between group differences in pre- or post-knot slopes
were found, all ts(35,739) ⬍ 1.4, all ps ⬎ .113. These results
replicate our findings from Experiments 1 and 2 of having distractor interference substantially decrease post-knot, but similarly for
the two groups.
Similar to Experiment 2, the response procedure in this experiment (i.e., determining which of three numbers appeared in the
target color) allowed us to explore the likelihood that errors were
based on selection of the distractor. Overall accuracy was high
(around 96%), but of the errors made, 64.0% were “distractor
errors.” These distractor errors were divided by distractor color
and group and entered into a mixed-effects ANOVA. There was a
significant main effect of color, F (1, 38) ⫽ 69.17, p ⬍ .001, p2 ⫽

.65, and of group, F (1, 38) ⫽ 4.87, p ⬍ .05, p2 ⫽ .11, and a
significant interaction between color and group, F (1, 38) ⫽ 7.80,
p ⬍ .01, p2 ⫽ .17 (Figure 6D). Exploratory post hoc t tests showed
no significant difference with Bonferroni correction for 12 comparisons, but significant differences without correction for the 5°
color, t (38) ⫽ 2.79, p ⬍ .008, d ⫽ .88, and the 10° color, t (38) ⫽
2.5, p ⫽ .016 days ⬎ .80; all other t (38) ⬍ .66. These results were
exploratory, but are consistent with the knot-based ANOVA reported above and the results from Experiment 2; they suggest that
the reason individuals in the low-similarity group were less accu-

3
The change in pre-knot slope using logRT was negative and marginally
significant, p ⫽ .057, suggesting that the pre-knot slope was more negative
in the high-similarity group compared to the low-similarity group. The
post-knot change in slope for the high-similarity group was similarly
significant, p ⫽ .0435, given that the change in slope was equal and
opposite to the pre-knot value.
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Figure 7. A: Task design for postvisual search target discrimination task in
Experiment 3. Participants were instructed to indicate whether each color presented
was the target color or not the target color. B: Likelihood of responding “Target
Present” for each color and group. “Target Present” responses for the 0° stimulus
are “hits” and for all other stimuli are “false alarms.” Colors 0 – 20 were also
distractor colors in the visual search task. Note that the colors sampled for this task
were restricted relative to the unconstrained color wheel task in Experiment 2.
Vertical line indicates target color. C: Permutation test results showing likelihood
of finding between group differences at each color. Solid line indicates 5% chance
of difference being found in permutation results. All error bars are SEM. See the
online article for the color version of this figure.
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rate is that they were more likely to mistake the similar distractors
for the target.
Next, we turn to the target discrimination task that was the
central motivation for this study. On every trial, a single color
between ⫺20° and ⫹ 20° from the target was displayed and
participants indicated whether that color was the target or not (see
Methods). Although the range of colors tested was truncated
compared to the color wheel in Experiment 2, this task afforded us
the ability to make more precise estimates of whether any single
color was confusable with the representation of the target. In order
to compare the number of false alarms for each of the nontarget
colors separately, we subjected the data from each group to a
nonparametric permutation test (see above). The permutation test
provides a probability for obtaining the observed difference between groups by chance. We chose to compare group difference
for each color value (cf. estimating the distribution) because we
only sampled a narrow range of colors and this precluded the
ability to estimate the entire distribution (compare x-axes in Figures 5B and 7B). Furthermore, we wished to know exactly which
colors around the target color were more precisely represented in
the high-similarity group.
This analysis produced only one probable difference between
groups: The high-similarity group was significantly less likely
to identify the 5° distractor color as the target color, compared
to the low-similarity group (high-similarity ⫽ 22.2 ⫾ 5.0%;
low-similarity ⫽ 38.4 ⫾ 7.1%). The observed difference had a
less than 2.5% chance of occurring in the random samples
(Figure 7B). As points of comparison, both groups were very
likely to false alarm to the ⫺5° color (high-similarity ⫽ 68.7.2
⫾ 6.7%; low-similarity ⫽ 57.8 ⫾ 7.0%) and both groups were
very unlikely to false alarm to the 10° color (high-similarity ⫽
5.2 ⫾ 2.9%; low-similarity ⫽ 6.4 ⫾ 2.2%). The difference
between groups for all the colors other than 5° had a greater
than 28% probability of occurring by chance; Figure 7C). These
results suggest that the high-similarity group had a more precise
target representation only for the most similar color subjects
were exposed to during visual search, as measured within
the ⫺20° to 20° range.
Additionally, it was apparent in the data that there was an
overall asymmetry in the likelihood of making a “false alarm” to
nontarget colors counterclockwise from the target in both groups.
This asymmetrical increase in likelihood of false alarms is consistent with the shift of the target representation found in Experiment
2. Recall that the shift in target representation in Experiment 2 was
about 14° counterclockwise and we only sampled nontarget colors
from ⫺20°to 20°. Thus, the lack of a difference in false alarms for
counterclockwise colors in this experiment is consistent with the
previous finding that both groups showed a significant shift of the
target representation away from the distractor set in Experiment 2
(see also Becker et al., 2014). Thus, consistent with Experiment 2,
we find that both groups appeared to shift the target representation
away from the distractor colors, but only the high-similarity group
had a more precise representation, preventing false alarms of the
most similar clockwise stimulus as the target.

Discussion
The goal of Experiment 3 was to determine if the likelihood of
classifying a color hue as the target or a nontarget differed between
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groups. We found that the high-similarity group was better able to
correctly reject the 5° color as the target, suggesting that subjects
had a more precise representation of that color as a nontarget.
Additionally, colors counterclockwise from the target color were
overall more likely to be classified as a target than colors clockwise from the target in both groups, suggesting that the change in
target representation reflected a combination of adjustments. The
target representation was broadened in the direction opposite to
the distractors in both groups and sharpened to better excluded the
most similar distractor in the high-similarity group. The data
indicate that distractor probabilities contribute to the flexible adjustment of the contents of the attentional template by increasing
the precision of target-distractor boundary that leads to more
efficient distractor suppression.

General Discussion
Most theories of attention propose that task-relevant information
is held in an attentional template in working memory (Bundesen et
al., 2005; Carlisle et al., 2011; Chelazzi, Miller, Duncan, & Desimone, 1993; Desimone & Duncan, 1995). The contents of the
template are frequently assumed to contain the features of the
target that are used to set attentional priority by modulating gain in
sensory neurons (Martinez-Trujillo & Treue, 2004; Maunsell &
Treue, 2006; Reynolds & Heeger, 2009; Treue & Trujillo, 1999).
However, some recent theories have suggested that the attentional
template contains not only information about target features, but
also distractors. Moreover, it has been shown that knowledge of
the distractor features may shift the representation of the target to
be more distinct from the distractor set; and doing so increases the
signal-to-noise ratio of incoming sensory information and facilitates visual search (Becker, 2010a; Navalpakkam & Itti, 2007).
This work suggests that experience with distractors alters the
representation of target features within the attentional template and
is consistent with other work demonstrating the malleability of the
template based on context (Bravo & Farid, 2016; Mast & Frings,
2014; Zelinsky et al., 2013). However, these studies have typically
used a flat distribution of distractor presentation, such that all
possible distractors were equally likely. Most have also used a
limited number of distractors, precluding the ability to measure
changes in the precision of the template. It therefore remained
unclear how the probability of seeing distractors that vary continuously in target-similarity might change the attentional template
and enhance distractor suppression.
We addressed this question in three experiments using a visual
search task in which the distractor colors were sampled between
target-color and 60° from the target in LAB color space with a
truncated normal distribution. The critical manipulation was
that sampling of the distractors was mirrored across participants
such that some were exposed to mostly target-similar distractors
(high-similarity group), or mostly target-dissimilar distractors
(low-similarity group). Although the demonstration of distractor probabilities influencing feature-based attention is novel,
there is evidence that the attentional system is highly sensitive
to statistical regularities (Awh, Belopolsky, & Theeuwes, 2012;
Geng & Behrmann, 2002, 2005; Stankevich & Geng, 2014;
Turk-Browne, Scholl, Chun, & Johnson, 2009).
RT from this task was entered into a two-part spline model,
which estimated a knot point in color space that indicates the

distance from the target color at which task interference from
distractors reaches asymptote. This model is ideal for testing
continuous measurements because it captures the nonlinearity of
the data by estimating an inflection, ”knot,” point along with the
pre-knot slope and change in slope post-knot. However, it is not
meant to be a theoretical model of attention. In our data, the knot
point served as a statistical analogue for the edge of the attentional
template because distractors beyond the knot point had uniformly
short RTs, reflecting minimal distractor competition on target
selection (Duncan & Humphreys, 1989; Wolfe, 2004). Distractors
that produce little or no competition are assumed to have little, or
no, overlap with the target representation within the attentional
template.
There were three main findings. First, in all three experiments
we found the high-similarity group had a knot point significantly
closer to the target, suggesting better distractor suppression. Moreover, performance of the high-similarity group in the pre-knot bin
was significantly better (i.e., faster in all Experiments and more
accurate in Experiments 2 and 3) than that of the low-similarity
group, but there was no difference between groups in performance
on post-knot trials. This is a novel demonstration that more probable distractors are suppressed more efficiently, but only if they are
target-similar (i.e., pre-knot) and compete for attention. There
were no group differences in performance for dissimilar distractors. This was most likely because performance was already near
ceiling on those trials, masking any benefit of increased exposure.
This finding was replicated in all three experiments.
Second, in Experiment 2, we used a color wheel target identification task to measure the average representation of the target
color. While we found that the representation of the target, in
replication of previous work, was shifted away from the distractor
colors, there was no difference in the magnitude of this shift
between groups. Thus, the mechanism that causes the shift in the
target representation appears to be insensitive to the probability of
distractors and only sensitive to their entire feature space. However, an analysis of the shape of the distribution of clicks showed
a difference between groups. The shape of the distribution was
narrower in the high-similarity group, suggesting a more precise
target representation. Taken together with the visual search data,
we conclude that the better visual search performance was driven
by greater precision in the target representation.
Third, in Experiment 3, we added a target discrimination task
that asked subjects to classify a narrow range of colors as the target
or nontarget. We found that the high-similarity group was less
likely to false alarm to 5° nontarget than those in the low-similarity
group. This suggests that the frequent need to suppress a very
target-similar distractor (i.e., the 5° distractor) in the highsimilarity group led to greater precision in distinguishing it from
targets. Interestingly, this increase in precision was asymmetrical
such that nontarget colors in the opposite direction from distractors
(i.e., ⫺5° to ⫺20°) had a higher false alarm rate overall and was
not different between groups. The fact that there was a reduction
in false alarms to actual distractor colors from the visual search
task suggests that the attentional template may also contain a
rejection template for distractor colors in addition to the target
representation (Arita et al., 2012). Moreover, the rejection template for distractors was more precise in the inclusion of the 5°
distractor. This is consistent with the models of attentional control
in which explicit modeling of both the target and distractor distri-
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butions produces more optimal behavior (Navalpakkam & Itti,
2007). However, future work will be necessary to tease apart
contributions of the target versus distractor templates on visual
search (Störmer & Alvarez, 2014) and the role of intertrial priming
(Becker, 2010a; Lamy & Kristjánsson, 2013).
Together these results suggest that being exposed to more
target-similar distractors enhances the ability to suppress those
distractors. This suggests that attentional templates are not
static recreations of the target item, but are flexible representations that change based on the distractor set and their frequencies. Interestingly, this flexibility manifested in multiple ways:
the first caused a shift in the target representation and the
second caused a sharpening of the target-to-distractor decision
boundary. This suggests that there are multiple mechanisms that
can be used to optimize the ability to distinguish targets from
distractors and that these may not be mutually exclusive of each
other (see Figure 1).
One question that remains open regards the degree to which
template flexibility depends on decisional, memory, or perceptual
changes. Although it is impossible to fully address this question
with the current behavioral data, the results suggest that there may
be a combination of perceptual factors that result in a better
representation of the specific target color as well as decisional
factors related to confidence that the target was selected. For
example, the results of the discrimination task suggest that the
high-similarity group had a perceptual representation of the target
color that was more precise and likely to exclude a very similar
distractor; however, the visual search data also suggested overall
differences in performance between groups at the 0° condition (see
Figures 3, 4, 6), possibly due to an enhanced ability to decide that
a target had been selected. Our data suggest that distractor statistics
modulate representations that “cascade” through different stages of
processing.
This perspective is consistent with neurobiological data in
which the contents of working memory are thought to be computed
and maintained in both sensory regions (Ester, Anderson, Serences, & Awh, 2013; Harrison & Tong, 2009) as well as prefrontal
and parietal regions (Feredoes, Heinen, Weiskopf, Ruff, & Driver,
2011; Suzuki & Gottlieb, 2013; Wallis, 2007). Instead of being at
odds with each other, there is now evidence that sensory and
decision regions may form a network that optimizes the ability to
maintain task-specific and task-relevant representations for target
recognition and selection (Lee & Baker, 2016). Similarly, while
the exact mechanisms of perceptual decision-making are still debated, it appears that both sensory and decisional regions of the
brain interact reciprocally (Bizley et al., 2016; Rahnev et al., 2011;
Romo & Lafuente, 2013).
In conclusion, in a series of three experiments, we report data
demonstrating that attentional control mechanisms are sensitive to
distractor probabilities. When the pressure on attentional selection
was increased by frequent high-similarity distractors, mechanisms
of distractor suppression were enhanced by sharpening the representational boundary between targets and highly similar distractors. This resulted in faster and better visual search performance
when those highly similar distractors appeared. We conclude that
attentional templates are flexibly defined in response to task context with the goal of optimizing performance at multiple levels of
processing.
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