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Abstract
Attention operates as a cognitive gate that selects sensory information for entry into memory and awareness (Driver, 2001, British
Journal of Psychology, 92, 53–78). Under many circumstances, the selected information is task-relevant and important to
remember, but sometimes perceptually salient nontarget objects will capture attention and enter into awareness despite their
irrelevance (Adams & Gaspelin, 2020, Attention, Perception, & Psychophysics, 82[4], 1586–1598). Recent studies have shown
that repeated exposures with salient distractor will diminish their ability to capture attention, but the relationship between
suppression and later cognitive processes such as memory and awareness remains unclear. If learned attentional suppression
(indicated by reduced capture costs) occurs at the sensory level and prevents readout to other cognitive processes, one would
expect memory and awareness to dimmish commensurate with improved suppression. Here, we test this hypothesis by measuring
memory precision and awareness of salient nontargets over repeated exposures as capture costs decreased. Our results show that
stronger learned suppression is accompanied by reductions in memory precision and confidence in having seen a color singleton
at all, suggesting that such suppression operates at the sensory level to prevent further processing of the distractor object.
Keywords attention and memory . attention capture . visual working memory . distractor suppression

Introduction
In order to accomplish goal-oriented behaviors, it is necessary
to suppress distractions. Failures to do so will delay task completion or may even derail it completely. While it is clear that
distractor suppression is integral to goal-oriented behaviors,
how this is accomplished and how this affects downstream
cognitive processes is still poorly understood. All models of
attention posit that attention operates as a gating mechanism in
which selected objects are processed more deeply and have a
greater likelihood of entry into memory and awareness
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(Driver, 2001). In these studies, we test the attentional gating
hypothesis for distractor suppression and ask whether memory
and awareness for salient distractors are related to the initial
strength of attentional capture (or strength of suppression)
over time.
The bulk of research on attentional mechanisms has focused on target selection, and it has been debated whether
suppression occurs outside of target selection. It is becoming
increasingly clear, however, that suppression of taskirrelevant information can occur independently from target
selection (Chang & Egeth, 2019) and is likely supported by
multiple cognitive mechanisms (Chelazzi et al., 2019; Fang
et al., 2019; Gaspelin & Luck, 2018b; Geng et al., 2019;
Moher & Egeth, 2012; Noonan et al., 2018). A number of
these studies have found that suppression of both spatial and
nonspatial distractor features is particularly effective when
properties of task-irrelevant stimuli are predictable
(Chetverikov et al., 2017; Ferrante et al., 2018; Gaspelin &
Luck, 2018a; Geng & Diquattro, 2010; Geyer et al., 2006;
Stilwell & Vecera, 2019; van Moorselaar & Slagter, 2019;
Vatterott et al., 2018; Vatterott & Vecera, 2012; Wang &
Theeuwes, 2018). For example, Vatterott and Vecera (2012)
found that distractor interference decreased when a salient
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color singleton distractor appeared repeatedly, but attentional
capture returned when the color changed. This rebound did
not occur, however, when the color of the singleton distractor
was expected to vary (Vatterott et al., 2018; Won et al., 2019).
These results suggest remarkable flexibility in using featurespecific properties or abstract rules to actively suppress
distractors.
Although task-irrelevant, but salient, stimuli are more
likely to capture attention, the relationship between involuntary attentional capture and subsequent attentional engagement, memory, and awareness is still debated
(Zivony & Lamy, 2016, 2018). Two recent studies, however, have shown a relationship between perceptual salience,
attention, and awareness (Adams & Gaspelin, 2020;
Constant & Liesefeld, 2021). Constant and Liesefeld
(2021) used a parametric manipulation of salience and
found a monotonic relationship between bottom-up
saliency and the probability of memory for the item,
although interestingly, the precision of the memory was
not affected by saliency. Relatedly, Adams and Gaspelin
(2020) found that participants were more likely to report
awareness of a color singleton distractor from visual search
trials with larger RT capture effects (Belopolsky et al.,
2008). These results lead to the prediction that the opposite
should also be true: Memory precision and awareness
should decline as suppression improves. Such a result
would be consistent with recent findings that reductions in
distractor interference are related to mechanisms within visual cortex that prevent the “readout” of attentional priority
signals to later stages of processing (Adam & Serences,
2020; Birman & Gardner, 2019; Won et al., 2020).
The purpose of the current studies was to determine
whether learned suppression of salient distractors during
visual search produces a concomitant reduction in subsequent memory probability and precision for the salient
distractor. Measuring the outcome of distractor processing can be difficult because it requires participants to
report on a feature that they are supposed to ignore.
Previous studies circumvented this issue by measuring
residual spatial attention as a proxy for which objects
were attended (Gaspelin et al., 2015; Kim & Cave,
1995; Won et al., 2019). While this is an elegant method, it does not provide a direct measurement of attention
to specific stimulus features. In the present study, we
directly measure the consequence of attentional suppression of color singleton distractors as a function of repeated exposure. We do so by harnessing large numbers
of participants engaging in a one-trial memory probe
following a varying number of trials of color singleton
distractors (Mack & Rock, 1998; Won et al., 2019). Our
results provide direct evidence for a relationship between
learned distractor suppression and memory and awareness of the distractor.

Experiment 1A
Method
Participants Four hundred twenty-eight subjects recruited
from UC Davis participated in an online experiment
(testable.org) for course credit through SONA. One hundred
eight subjects (25.2% of subjects) were excluded from
analyses due to performance lower than 80% accuracy on
the visual search trials. The high number of individuals with
poor performance is likely due to the fact that this was an
online experiment administered through SONA and course
credit was not tied to performance. This resulted in the
inclusion of 320 participants (mean age = 20.6, SD = 2.4,
female = 219, male = 99, other = 2, left-handed = 30, righthanded = 290). Forty participants were randomly assigned to
each of eight groups. Each group consisted of two subgroups
to counterbalance the two critical singleton colors, but no
differences in color were expected, and the data were collapsed to increase statistical power. The sample size of N =
20 for each subgroup was determined based on a previous
study from which we adopted the experimental design (Won
et al., 2019). A power analyses was conducted based on differences between group means in RT for the high frequency
singleton and the low frequency singleton conditions in
Experiment 1 of Won et al. (2019), which had an effect size
of d = 1.2, and an alpha of .05. Results showed that a sample
of 16 participants was required to achieve a power of .80. Our
final sample size of 20 participants per subgroup (40 per condition of interest after collapsing between critical singleton
colors, which was expected to be a manipulation of noninterest) was used to buffer against additional noise expected from
online experiments and the single-trial approach. All participants had normal or corrected-to-normal vision and provided
informed consent in accordance with NIH guidelines provided
through the UCD Institutional Review Board.
Stimuli and apparatus Search displays: Search displays were
generated from MATLAB 2019a (The MathWorks, Natick,
MA, USA). Search displays contained six shapes drawn in
gray, five diamonds, (1.7° × 1.7°) and one circle (1.5° in
diameter) or one diamond and five circles on a black background. The eccentricity (center of each item to the center of
the screen) was 4° based on an estimated viewing distance of
60 cm. Each shape contained a black line subtending 0.1° ×
0.5° that was randomly tilted 45° to the left or right (see Fig.
1a). Note that the stimulus size and color might have varied
depending on the participant’s environment (e.g., monitor,
video card, screen specifications, and lighting conditions).
The target was defined by the “odd” shape (i.e., a circle among
diamonds or a diamond among circles). This paradigm is
known to induce singleton detection mode, which should increase attentional capture by the singleton distractor (Bacon &
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A

B
Singleton Trial

Probe Displays
Was there a colored item in
the previous display? (Y/N)
How confident are you in
your answer? (10 is very
confident and 1 is not
confident at all)

Search for an odd shape

Awareness and Confidence

Color memory

Location memory
time

Fig. 1 Search and probe displays. a An example of a singleton-present
trial. Participants were asked to find the odd shape and indicate the orientation of the bar inside with a manual response. In this example, the
target is the circle, and the bar is tilted to the right. b After a fixed number

of trials (determined by the critical singleton group), participants encountered a set of surprise probe displays that assessed memory and awareness
of the preceding color singleton

Egeth, 1994; Theeuwes, 1992). The target appeared equally
often in six positions and was always gray. The other five
positions were occupied by a nontarget. On 6 out of the total
30 trials, all nontargets were an identical gray color to the
target. On 24 out of 30 trials, one distractor was a unique
color. The singleton color was different on each trial it was
present; the colors were equidistant and selected from CIE
Lab color wheel (radius: 39, luminance: 70, a = 0, b = 0).
The critical singleton was always one of two colors,
counterbalanced across participants: RGB for the pink color
= [218; 148; 208] and RGB for the green color = [110; 187;
134]. Two colors were used to ensure that our results were not
due to spurious effects associated with one color and to minimize color variation due to variability in monitor settings and
differences in color perception.
Probe displays: The set of probe displays consisted of four
questions on three consecutive displays. In the first display,
two questions were shown, “Was there a colored item in the

previous display (Yes or No)?” and “How confident are you in
your answer (10 is very confident and 1 is not confident at
all)?” Regardless of their answers, a second display containing
the question, “What color was the colored item?” and a color
wheel that consisted of 24 colors (15 degrees apart) was
shown. Finally, a location probe appeared with the question,
“Where was the colored item?” with six alternative location
choices (see Fig. 1b). The color probes were of primary interest given the singleton was defined by color saliency. The
location probes were included for exploratory analyses. The
location probe display always came last and were temporally
distant from the actual search display. We therefore expected
the results to be noisier than expected for a targeted working
memory assessment of location. For these reasons, the data are
only reported in the Supplemental Materials (S4).
Design and procedure We collected data through Testable
(testable.org), an online experiment platform. The experiment
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8 groups (N=40 each)
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Fig. 2 Trial procedure in Experiment 1A. Each group consisted of 40
participants. Participants in all eight groups saw the same visual search
and probe displays. The only difference between them was the trial

……

trial-3 group

position of the surprise set of memory and awareness probe displays.
The singleton-present trial immediately preceding the probe displays is
referred to as the critical singleton trial
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Spline model fits for data in Experiments 1A and 1B
Table 1

Analyses Data from each of the dependent variables were analyzed across critical singleton groups, defined by the number
of singleton-present trials experienced before the critical singleton trial and the set of probe displays. In each case, we
expected the data to show a monotonic change over groups
until an asymptote was reached. For example, the RT data
were expected to decrease with the number of experienced
singleton distractors, indicating improved suppression, until
a plateau was reached. In order to capture the expected linear
change followed by a plateau, the data from each of the dependent measures were fitted using a two-part spline model.
Spline models estimate multiple parameters of nonlinear data
and include a “knot” point, which indicates the point at which
monotonically decreasing data reaches a statistical asymptote
(Cudeck & Klebe, 2002). A spline model fit with no knot
point indicates that the data are fit by a single continuous line
(see also Geng, DiQuattro, & Helm, 2017). To determine the
best inflection point, we fit spline models with no knot point
and knot points at different trial positions. The best model was
determined by the one with the lowest BIC value, and model
comparison was calculated with Bayes factors (BF;
Wagenmakers, 2007). The BF we calculated reflects evidence
in favor of the best fitting model (see Table 1). As a heuristic,

Experiment 1A Awareness
confidence

began with instructions and four practice trials followed by the
main experiment. The main experiment consisted of 30 search
trials (24 singleton-present trials and six singleton-absent trials
presented in random order) and two sets of probe displays. The
probe displays were introduced without any instruction. The
first set of probe displays was inserted after a specific number
of singleton distractor trials that differed between groups. The
critical singleton trial refers to the search trial that immediately
preceded the probe displays. There were eight critical singleton
groups: the Trial-1 group saw the probe trials after the first trial
with a singleton; the Trial-3 group saw probe trials after the
third singleton trial. The critical singleton trial in each successive group occurred in increasing intervals of three trials. The
last critical singleton group, Trial-21, saw the memory probe
on the 21st singleton trial (see Fig. 2). These probe displays
were presented without prior instruction and were, therefore, a
“surprise” to the participant. All groups also experienced a
second memory probe on the 24th trial as a control memory
probe. However, there were no systematic differences of interest between groups, therefore the data were not included for
report. Each search display remained visible until participants
made a response and was followed by 200-ms of visual feedback (“correct” or “incorrect”). The trial ended with a 500-ms
blank screen intertrial interval. We excluded critical search trials longer than 10-s RT from analyses. This liberal criterion was
applied to only eliminate participants that were clearly disengaged from the task without unfairly excluding data from
slower, more deliberate, participants. This criterion resulted in
elimination of two participants.

5,228.27 (BF12 = 17.73)
5,228.06 (BF13 = 15.96)
5,227.58 (BF14 = 12.55)
5,227.97 (BF15 = 15.25)
5,228.26 (BF16 = 17.63)
5,228.19 (BF17 = 17.03)

Experiment 1B Awareness
confidence
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BF values less than 3 are considered weak evidence, between
3 and 10 as moderate evidence, up to 30 as strong evidence, up
to 100 as very strong evidence, and above 100 is considered
extreme evidence (Stefan et al., 2019).

Experiment 1B
The purpose of Experiment 1A was to test whether repeated
singleton distractors lead to better attentional suppression and
decrease in memory and awareness. However, since critical
singleton trials occurring after more exposures always occurred
later in the experiment, it is possible that the observed effects
were due to trial order (e.g., practice effects or fatigue) and not
singleton exposure. To control for this possibility, Experiment
1B was identical to Experiment 1A, except that all singletonpresent trials, save the critical singleton trial and the last trial,
were replaced with singleton-absent trials. Thus, the critical singleton trial was now the first singleton distractor trial in all
groups, but the trial number of the critical singleton still differed
across groups as before. If exposure to singleton distractors is
necessary for learned suppression, then there should be no evidence of suppression as a function of trial sequence in this experiment. However, if the previous results were due to order
effects, the results should be identical to those of Experiment
1A despite the elimination of recurring singleton distractor trials.
Participants An independent sample of 381 undergraduates
recruited from UC Davis participated in an online experiment
(testable.org) for course credit through SONA, but 61 subjects
were excluded (16.0% of subjects) due to the lower than 80%
of accuracy, which led to the total of 320 undergraduates

(mean age = 19.6 years, SD = 1.9, female = 272, male = 47,
other = 1, left-handed = 23). Forty participants were randomly
assigned to each of eight groups. All participants had normal
or corrected-to-normal vision and provided informed consent
in accordance with NIH guidelines provided through the UCD
Institutional Review Board.
Stimuli, apparatus, design, and procedure All aspects of
Experiment 1B were identical to Experiment 1A, except that
the 30 trials consisted of 28 singleton-absent trials and there
was only one critical singleton trial. The positions of the
critical singleton trials for eight groups were identical with
those in Experiment 1A (see Fig. 3).

Results: Experiments 1A and 1B
Search RTs on critical singleton trials To estimate the time
course of learned suppression, we analyzed search RT as a
function of the critical singleton group (see Fig. 4) using a
two-part spline model (see Methods). The spline model with
the lowest BIC for Experiment 1A was Model 4, which had a
knot point set at the Trial-9 group. The model showed that
attentional capture decreased linearly until about the 9th singleton repetition, after which RT reached asymptote, indicating the reduction in singleton interference reached its maximum (see Fig. 4a, Table 1). In contrast, the linear regression
for data from Experiment 1B was the best fit by a model
without a knot point, suggesting no consistent inflection point
in performance as a function of when the singleton trial first
appeared (see Fig. 4b, Table 1). The models do not include the
singleton-absent trials, but performance is visualized against
singleton-present trials (see Supplemental Materials, S3).

Experiment 1B
8 groups (N=40 each)

……

Probe
displays
Probe
displays

2nd singleton

……

2nd singleton

Probe
displays

……

1st singleton
(Critical singleton)

2nd singleton

trial-1 group
1st singleton
(Critical singleton)

1st singleton
(Critical singleton)

trial-6 group

……

trial-3 group

Fig. 3 Trial procedure in Experiment 1B. All trials were singleton-absent trials except for the critical singleton trial and the last trial (i.e., the 2nd
singleton). The trial positions of critical singletons and probe displays were identical with those in Experiment 1A
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Fig. 4 Mean search RT for the critical singleton trial across eight groups.
a Experiment 1A. The “*” indicates the knot point of the best fitting
model. b Experiment 1B. Error bars indicate ±1 standard error of the

mean. Note. Values are model BIC and in parentheses are BF values
comparing the best-fitting model to each other model. BF values indicate
evidence in favor of the best fitting model. * = best fitting model

Color memory probe for the critical singleton Having confirmed that singleton distractors were increasingly suppressed
over repetitions, we turn next to our main research question
regarding the consequence of attentional suppression on memory. We quantified memory for the color of the singleton
distractor by calculating the absolute angular distance
(degree) between the actual singleton color and the color
wheel responses on the surprise memory probe trial (color
wedges changed in 15-degree increments). Larger values indicate greater deviations from the true singleton color and,
therefore, less precise memories.
Similar to the search RT results, we fitted spline models with
varying knot points to memory performance for the color memory probe trial from Experiments 1A and 1B (see Fig. 5). The

results show that in Experiment 1A, Model 2 had the lowest
BIC with a knot point at the critical singleton Trial-3 group:
memory error increased steeply between the first and the third
singleton trials and then plateaued (see Fig. 5a, Table 1). This
suggests that by the time the third singleton distractor was experienced, its color information was already filtered from memory. The fact that memory performance for the singleton
distractor reached asymptote more rapidly than the search RT
(i.e., by the 9th singleton) suggests partial suppression is sufficient to reduce memory for the color of singleton. In contrast,
the model with no knot point was the best fit for the color
memory data in Experiment 1B (see Fig. 5b, Table 1), showing
that memory remained similarly precise irrespective of when
the first singleton was seen within the sequence of trials.

Fig. 5 Memory for the color of the singleton distractor. a Experiment 1A
data from color memory probes of the critical singleton distractor across
eight groups. The “*” indicates the knot point of the best fitting model. b
Experiment 1B data of color memory probes. The critical singleton was

the first singleton encountered in all eight groups even though they
appeared in a different trial position within the stream of search trials.
Error bars indicate ±1 standard error of the mean
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Awareness and confidence ratings Next, we assessed awareness and confidence of the color singleton’s presence. Confidence
ratings were only analyzed for participants who answered “Yes”
to whether or not they had seen a color singleton. First, visual
inspection of the data suggests that awareness of the singleton
was uniformly high in both experiments, 91.9% (N = 294) in
Experiment 1A and 97.8% (N = 313) in Experiment 1B. This
suggests that subjects were overall aware of the presence of singleton distractors when they occurred, although it is worth noting
that responses may be biased in Experiment 1 because of the high
frequency of singleton distractors (i.e., participants may have
tended to guess that a singleton was present if they were not sure).
Turning to the confidence data, the pattern was similar to
RT (compare Figs. 4 and 6), showing a clear decrease in
confidence that a singleton was seen on later critical singleton
trials in Experiment 1A. No such pattern was seen in
Experiment 1B. This observation was verified by the spline
models. The best fitting model was Model 5 with a knot point
at Trial-12, but there was only very weak evidence for this
model compared with the model with a knot point at critical
singleton Trial-9 (see Table 1). This suggests that at most, by

Fig. 6 Awareness of color singleton and confidence rating. The
proportion of people who said “Yes” to the question, “Was there a
colored item in the previous display?” and confidence rating across

the time a color singleton was seen for the 12th time, confidence in having seen the singleton had depreciated to an asymptotic level. This pattern mirrors that of RT and suggests
that as attentional suppression increased, there was a concomitant decrease in participant confidence in having seen the
preceding color singleton distractor.

Experiment 2
In Experiment 1, we found that learned suppression of salient
distractors during visual search produced reduced memory performance for the color of singleton and confidence that a color
singleton distractor had appeared on the previous trial. The
results suggested that memory precision for the singleton declined as attentional suppression improved; however, our estimates of performance were limited by the relatively coarse
color wheel and small sample size given the necessity of the
one-trial surprise memory probe. In Experiment 2, we increased
the sample size to 200 per group and used a more fine-grained
continuous measurement of color to more precisely measure

eight groups. a, c Experiment 1A. The “*” indicates the knot point of
the best fitting model. b, d Experiment 1B. Error bars indicate ±1
standard error of the mean.
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the distribution of responses for the singleton memory probe.
Moreover, we chose colors that were within a single category
(blue, orange) but shifted off the focal color in order to test if
working memory biases towards the category center decay with
learned suppression (Bae et al., 2015; Hardman et al., 2017).

Method
Participants Five hundred and seventy-seven undergraduates
from UC Davis participated in Experiment 2 for course credit.
We excluded 177 subjects (30.7%) due to lower than 80%
accuracy or if the mouse click response was in an area outside
the color and location wheels entirely. In total we had 400
participants (mean age = 20.16 years, SD = 2.73 years, female
= 281, male = 116, other = three, left-handed = 30). The
experiment was run online on the Testable platform
(testable.org). Two hundred participants were randomly
assigned to each of two critical singleton groups. All
participants had normal or corrected-to-normal vision and provided informed consent in accordance with NIH guidelines
provided through the UCD Institutional Review Board.

Design and procedure Design and procedure were identical with Experiment 1, except that there were only two
critical singleton groups (Trial-1 and Trial-12). The
Trial-1 group saw the set of probe displays after the first
singleton trial and the other group after the 12th singleton trial. The first and 12th trials were chosen because
they fall on the two sides of the knot-points found in
Experiment 1 such that we expected maximum capture
by the first singleton and asymptotic suppression by the
12th singleton.

Apparatus and stimuli All apparatus and stimuli were identical with Experiment 1, except that a color wheel on color
memory probes now consisted of 72 colors; location memory
was measured using a gray location wheel (see Fig. 7). Also,
24 equidistant singleton colors were chosen from 72 CIE Lab
color wheel and we chose two critical singleton colors (RGB
for the orange critical singleton: [225; 153; 118]; RGB for the
blue critical singleton color: [47; 190; 194]). These colors
were approximately 10 and 35 degrees from their category
focal points, respectively. The distance of the blue singleton
was farther because the blue category is wider (Bae et al.,
2015). Both critical singleton colors were therefore between
the prototypical category color and a boundary color. If a bias
occurs in working memory report of the color towards the
category center, the memory for the singleton color should
be biased rightward (clockwise) in our measurement.

Model fitting analysis We tested whether the precision of
memory for the critical singleton differed between critical
singleton groups by fitting response data from the memory
probe trials to a “mixture model” of working memory
(Zhang & Luck, 2008). The model assumes that there are
two sources of error in the representation of the item in memory, and that these errors can be modeled by two separate
underlying distributions: the first is a von Mises distribution,
with a concentration parameter (kappa) that reflects the precision of information held in working memory; the second component is a uniform distribution which captures “guess” responses thought to result from information lost from working
memory entirely. Thus, the mixture model dissociates response errors from imperfect memories and those from
“guessing.”
We fit this model to the color memory probe data using
custom Python code with the pymc3 package (Liew et al.,
2019). We supplied priors for two free parameters in the model,
the center (mu) and concentration (kappa) of the von Mises
distribution. We used a prior distribution for mu that was itself
a von Mises distribution with center on zero and precision of .05
(mu = 0, kappa = .05). For kappa, we assumed a uniform distribution between zero and 1,000. Kappa is bounded on the
lower end by zero representing complete imprecision. The uniform distribution was set between negative pi and pi,
representing an equal likelihood of all responses during
guessing.

Fig. 7 Color and location wheels used in Experiment 2. Search and probe
displays were identical with those in Experiment 1. The color wheel
consisted of 72 colors and the location wheel was continuous gray

wheel. Participants were asked to click the color that best matched the
singleton distractor and the location on the wheel that best matched the
color singleton’s location on each wheel. (Color figure online)
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Results
Critical singleton search RTs We excluded trials with RTs over
10-s from analyses, which included data from two participants. We conducted an independent t test to compare RT
between critical singleton groups. RT in the Trial-12 group
was shorter than the Trial-1 group, t(294.29) = 10.35, p <
.001, Cohen’s d = 1.04, BF > 100, which is a replication of
the suppression effect in Experiment 1 (see Fig. 9).
Color memory distributions for critical singleton color To test
whether the error in color response distribution differed between groups, we looked at the posterior distribution of the
concentration parameter (kappa) estimated from fitting each
model. Figure 8 shows the distribution and marks the Highest
Density Interval (HDI) for each group, which describes the
95% most credible values for the parameter (Kruschke, 2018).
The fitted models estimated the value of kappa to be 5.96
(HDI 95% = 4.58,7.46) for the Trial-1 group and 1.99 (HDI
95% = 0.59, 4.28) for the Trial-12 group. The fact that these

Fig. 8 a Best fit working memory mixture model for the Trial-1 group
(blue), overlayed on the distribution of actual responses. Distance from
the true singleton color value is in color degrees. The Center parameter
reflects the central tendency of the distribution. The rightward shift is
towards the color category center, suggesting a center-bias in memory.
Kappa reflects the precision of the memory where larger numbers indicate
greater precision. Guess rate indicates the probability that the probed item

intervals are non-overlapping suggests that the distribution for
the Trial-1 group was more precise than that of the Trial-12
group. This indicates that while memory representations were
relatively precise for the first color singleton distractor, representations of the 12th singleton distractor were poorer.
Similarly, we tested whether the guess rate differed between groups. The results showed that the guess rate estimated
by the model was higher in the Trial-12 (mean = 0.43, HDI
95% = 0.31, 0.56) group compared with the Trial-1 group
(mean = 0.2, HDI 95% = 0.15, 0.26), indicating that the
Trial-12 group was more likely to randomly guess the color
of the singleton distractor.
Finally, it is worth noting that the center values of the data
were both right-shifted although clearly more so for the Trial1 group (mean = 16.26, HDI 95% = 12.09, 20.29). Recall that
colors were between the color category center (defined by Bae
et al., 2015) and a color boundary. The orange and blue singleton colors were approximately 10 and 35 degrees from the
category center, respectively. The shift therefore in the Trial-1
group represents a bias to report colors closer to the category

was not present in memory at the time of the probe. b Same as a, but for
the Trial-12 group (orange). c Distribution of posterior estimates of the
concentration parameter (kappa) for each group. Black bars at the bottom
indicate the 95% HDI for each group. Precision was significantly greater
for the Trial-1 group compared with the Trial-12 group. (Color figure
online)
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center than the true color and replicates previous research (Bae
et al., 2015; Hardman et al., 2017), but this effect dissipated in
the Trial-12 group.
Awareness assessment and confidence ratings Overall awareness 95.5% for the Trial-1 group and 83.0% for the Trial-12
group (see Fig. 9) again indicating relatively high reports of
awareness in both groups. The Trial-1 group produced higher
confidence in their awareness response than the Trial-12
group, t(307.36) = 7.298, p < .001, Cohen’s d = .79, BF >
100. These data replicate those from Experiment 1A,
confirming that while awareness was relatively high in both
groups, there was an erosion of confidence in awareness when
attentional suppression improved after 12 repetitions of singleton distractors.

General discussion
There has been substantial evidence over the last decade that
salient distractors can be suppressed during visual search, particularly when the distractor features recur and are predictable
(Chelazzi et al., 2019; Gaspelin & Luck, 2018b; Geng et al.,
2019; Noonan et al., 2018). Recent work has provided further
evidence that suppression is related to participant awareness
of the salient distractor (Adams & Gaspelin, 2020; Adams &
Gaspelin, 2021; Constant and Liesefeld, 2021; Won et al.,
2019). However, the relationship between attentional suppression of salient distractors and memory for their features and
confidence in awareness has not yet been assessed. In other
words, while previous studies such as Adams and Gaspelin
(2020, 2021) assessed awareness of capture itself, our current
study assessed the downstream cognitive consequences of
capture (for early probe groups) and learned suppression (late

probe groups). In two experiments, we used a “one-shot”
memory probe paradigm to assess the quality of memory
and awareness for a color singleton distractor on an
immediately preceding visual search trial.
The visual search paradigm we used was based on Won
et al. (2019) and the RT results replicated the previous pattern:
Interference from a color singleton distractor declined over
repetitions even though the exact color and location of the
singleton could not be predicted. Furthermore, in this sample,
we found that RT reached asymptote by the time the color
singleton appeared for the ninth time. While we do not expect
that asymptote will always be reached following a fixed number of exposures, the results suggest that learned suppression
operates rapidly when the expected frequency of color singletons is high. Incidentally, we found weak evidence based on
individual trial data that RTs to the color singleton were numerical shorter than the average singleton-absent trials in the
Trial-9 and higher groups (see Supplemental Materials, S3).
These results are consistent with a number of studies in the
literature showing that distractor suppression improves with
exposure (Awh et al., 2003; Noonan et al., 2016; Turatto et al.,
2018; Vatterott et al., 2018) and learning occurs rapidly
(Vatterott et al., 2018; Vatterott & Vecera, 2012).
There are several possible sources of the learned suppression
in our paradigm in which the color singleton was always a
distractor, and the shape singleton was always the target. This
paradigm was chosen because we expected participants to use
singleton search mode (Bacon & Egeth, 1994; Leber & Egeth,
2006). If so, the results could have been obtained if the color
singleton was suppressed by down-weighting the color dimension entirely (Liesefeld & Muller, 2019) or by applying suppression to the strongest bottom-up visual saliency signal
(Zhang et al., 2012). It is also possible that suppression was
supported by a shift from singleton detection mode to feature-

Fig. 9 a Mean search RT for the critical singleton trial between the Trial-1 group (blue circle) and the Trial-12 group (orange circle). b Awareness
proportion. c Confidence ratings. Error bars indicate ±1 standard error of the mean. (Color figure online)
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detection mode, for example by determining the majority shape
on each trial and searching specifically for that shape; this last
possibility seems less likely, however, because the target was
defined by being a shape singleton on every trial and using a
two-step shape strategy would be complex (Bacon & Egeth,
1994; Leber & Egeth, 2006). While the specific mechanism
involved still requires more research, there is evidence from
fMRI and EEG that learned suppression for distractor features
operates in visual cortex, directly attenuating the attend-to-me
signal and preventing attentional capture (Adam & Serences,
2020; van Moorselaar et al., 2020; Won et al., 2020). Such
results suggest that learned suppression attenuates the readout
of visual information about the distractor to higher order areas
(Won et al., 2020) and predict that memory representations of
the distractor color and awareness of the singleton should decline with increasing suppression over exposures.
The current experiments tested this relationship between
suppression and memory and awareness directly by introducing
a “one-shot” memory probe following visual search trials with
different numbers of preceding singleton trials. Because it is
impossible to ask subjects to report on distractors more than
once without the distractors becoming “task-relevant,” we
chose to recruit many participants and acquire responses from
only one critical trial per person. Consistent with the notion that
learned suppression operates on visual processing, we found
that memory probe performance degraded as the number of
exposures to the singleton distractor increased. Participants in
later critical singleton groups had poorer memory representations for the color of the distractor singleton and they had lower
confidence in their awareness report of the singleton being
present. This finding from Experiment 1 was bolstered in
Experiment 2 using the mixture model to formally estimate
memory precision and guess rates: memories after the 12th
singleton was significantly less precise than after the first singleton, and guess rates were significantly higher. Additionally,
the expected response bias towards the category center (Bae
et al., 2015; Hardman et al., 2017), was more pronounced after
Trial-1 than Trial-12, suggesting that the category bias is stronger when memories are relatively precise.
Although memory degraded with increased learned suppression, we found that the patterns of memory degradation and RT
decreases were not identical in Experiment 1. The maximum
degradation in memory from Experiment 1 occurred rapidly,
reaching asymptote after just three experiences with the singleton distractor. The fact that memory performance reached asymptote so early, compared with RT declines, suggests that as
soon as a visually salient object is tagged as being “task-irrelevant,” attentive processing of that stimulus is attenuated, reducing the likelihood of its feature information being stored in
working memory and entering awareness.
In contrast to the decay in memory precision, which occurred early and was sustained, confidence in awareness
decayed more slowly over time. The confidence results were

more similar to RT, suggesting there might be a closer link
between the strength of suppression and confidence in having
seen a distractor at all. In these experiments, confidence appeared to track RT costs better than awareness, but the results
were based on a single trial per participant and therefore may
not have had elicited the range of responses possible from
repeated measures (Adams & Gaspelin, 2020). Furthermore,
the binary awareness question may not have been a good
assessment of actual awareness from the previous trial since
most trials had a color singleton and participants may have
used that to “guess” that a singleton was present.
In sum, our results provide evidence that the attentional
suppression operates as a gating mechanism that reduces the
likelihood of task-irrelevant information being readout into
memory and awareness. This “gating” function prevents further processing of distractors and appears analogous and opposite to effects of target selection in which processing of
sensory features that match the target template is facilitated
and pass through into memory and awareness. Future work is
needed to map the exact relationship between learned suppression, memory, and awareness, but these data contribute to a
better understanding of how learned suppression prevents sensory readout and affects information representations in memory and awareness.
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Acknowledgements This work was supported by NIH R01 MH11385501 to J.J.G.
Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References
Adam, K. C. S., & Serences, J. T. (2020). History-driven modulations of
population codes in early visual cortex during visual search.
bioRxiv. https://doi.org/10.1101/2020.09.30.321729
Adams, O. J., & Gaspelin, N. (2020). Assessing introspective awareness
of attention capture. Attention, Perception, & Psychophysics, 82(4),
1586–1598. https://doi.org/10.3758/s13414-019-01936-9
Adams, O. J., & Gaspelin, N. (2021). Introspective awareness of oculomotor attentional capture. Journal of Experimental Psychology:
Human Perception and Performance, 47(3), 442–459. https://doi.
org/10.1037/xhp0000898

Psychon Bull Rev
Belopolsky, A. V., Kramer, A. F., & Godijn, R. (2008). Transfer of
information into working memory during attentional capture.
Visual Cognition, 16(4), 409–418. https://doi.org/10.1080/
13506280701695454
Awh, E., Matsukura, M., & Serences, J. T. (2003). Top-down control
over biased competition during covert spatial orienting. Journal of
Experimental Psychology: Human Perception and Performance,
29(1), 52–63. https://doi.org/10.1037/0096-1523.29.1.52
Bacon, W. F., & Egeth, H. (1994). Overriding stimulus-driven attentional
capture. Perception & Psychophysics, 55(5), 485–496.
Bae, G. Y., Olkkonen, M., Allred, S. R., & Flombaum, J. I. (2015). Why
some colors appear more memorable than others: A model combining categories and particulars in color working memory. Journal of
Experimental Psychology: General, 144(4), 744–763. https://doi.
org/10.1037/xge0000076
Birman, D., & Gardner, J. L. (2019). A flexible readout mechanism of
human sensory representations. Nature Communications, 10(1),
Article 3500. https://doi.org/10.1038/s41467-019-11448-7
Chang, S., & Egeth, H. E. (2019). Enhancement and supression flexibly
guide attention. Psychological Science, 30(12), 1724–1732. https://
doi.org/10.1177/0956797619878813
Chelazzi, L., Marini, F., Pascucci, D., & Turatto, M. (2019). Getting rid of
visual distractors: The Why, when, how and where. Current
Opinion in Psychology, 29, 135–147. https://doi.org/10.1016/j.
copsyc.2019.02.004
Chetverikov, A., Campana, G., & Kristjansson, A. (2017). Representing
color ensembles. Psychological Science, 28(10), 1510–1517. https://
doi.org/10.1177/0956797617713787
Constant, M., & Liesefeld, H. R. (2021). Massive effects of saliency on
information processing in visual working memory. Psychological
Science, 32(5), 682–691. https://doi.org/10.1177/
0956797620975785
Cudeck, R., & Klebe, K. J. (2002). Multiphase mixed-effects models for
repeated measures data. Psychological Methods, 7(1), 41–63.
https://doi.org/10.1037/1082-989X.7.1.41
Driver, J. (2001). A selective review of selective attention research from
the past century. British Journal of Psychology, 92, 53–78.
Fang, M. W. H., Becker, M. W., & Liu, T. (2019). Attention to colors
induces surround suppression at category boundaries. Scientific
Reports, 9(1), Article 1443. https://doi.org/10.1038/s41598-01837610-7
Ferrante, O., Patacca, A., Di Caro, V., Della Libera, C., Santandrea, E., &
Chelazzi, L. (2018). Altering spatial priority maps via statistical
learning of target selection and distractor filtering. Cortex, 102,
67–95. https://doi.org/10.1016/j.cortex.2017.09.027
Gaspelin, N., Leonard, C. J., & Luck, S. J. (2015). Direct evidence for
active suppression of salient-but-irrelevant sensory inputs.
Psychological Science, 26(11), 1740–1750. https://doi.org/10.
1177/0956797615597913
Gaspelin, N., & Luck, S. J. (2018a). Inhibition as a potential resolution to
the attentional capture debate. Current Opinion in Psychology, 29,
12–18. https://doi.org/10.1016/j.copsyc.2018.10.013
Gaspelin, N., & Luck, S. J. (2018b). The role of inhibition in avoiding
distraction by salient stimuli. Trends in Cognitive Sciences, 22(1),
79–92. https://doi.org/10.1016/j.tics.2017.11.001
Geng, J. J., & Diquattro, N. E. (2010). Attentional capture by a perceptually salient nontarget facilitates target processing through inhibition and rapid rejection. Journal of Vision, 10(6), 5. https://doi.org/
10.1167/10.6.5
Geng, J. J., DiQuattro, N. E., & Helm, J. (2017). Distractor probability
changes the shape of the attentional template. Journal of
Experimental Psychology: Human Perception and Performance,
43(12), 1993–2007. https://doi.org/10.1037/xhp0000430
Geng, J. J., Won, B.-Y., & Carlisle, N. B. (2019). Distractor ignoring:
Strategies, learning, and passive filtering. Current Directions in

Psychological Science, 28(6), 600–6006. https://doi.org/10.1177/
0963721419867099
Geyer, T., Muller, H. J., & Krummenacher, J. (2006). Cross-trial priming in
visual search for singleton conjunction targets: Role of repeated target
and distractor features. Perception & Psychophysics, 68(5), 736–749.
Hardman, K. O., Vergauwe, E., & Ricker, T. J. (2017). Categorical working memory representations are used in delayed estimation of continuous colors. Journal of Experimental Psychology: Human
Perception and Performance, 43(1), 30–54. https://doi.org/10.
1037/xhp0000290
Kim, M.-S., & Cave, K. R. (1995). Spatial attention in visual saerch for
features and feature conjunctions. Psychological Science, 6(6), 376–
380. https://doi.org/10.1111/j.1467-9280.1995.tb00529.x
Kruschke, J. K. (2018). Rejecting or Accepting Parameter Values in
Bayesian Estimation. Advances in Methods and Practices in
Psychological Science, 270–280. https://doi.org/10.1177/
2515245918771304
Leber, A. B., & Egeth, H. (2006). It’s under control: Top-down search
strategies can override attentional capture. Psychonomic Bulletin &
Review, 13(1), 132–138.
Liesefeld, H. R., & Muller, H. J. (2019). Distractor handling via dimension weighting. Current Opinion in Psychology, 29, 160–167.
https://doi.org/10.1016/j.copsyc.2019.03.003
Liew, S., Afrasiabi, M., & Austerweil, J. L. (2019, September 4). An
introduction to data analysis using the PyMC3 probabilistic programming framework: A case study with Gaussian Mixture
Modeling. https://doi.org/10.31234/osf.io/aes5f
Mack, A., & Rock, I. (1998). Inattentional blindness. MIT Press.
Moher, J., & Egeth, H. E. (2012). The ignoring paradox: Cueing
distractor features leads first to selection, then to inhibition of tobe-ignored items. Attention, Perception, & Psychophysics, 74(8),
1590–1605. https://doi.org/10.3758/s13414-012-0358-0
Noonan, M. P., Adamian, N., Pike, A., Printzlau, F., Crittenden, B. M., &
Stokes, M. G. (2016). Distinct mechanisms for distractor suppression and target facilitation. The Journal of Neuroscience, 36(6),
1797–1807. https://doi.org/10.1523/JNEUROSCI.2133-15.2016
Noonan, M. P., Crittenden, B. M., Jensen, O., & Stokes, M. G. (2018).
Selective inhibition of distracting input. Behavioural Brain
Research, 355, 36–47. https://doi.org/10.1016/j.bbr.2017.10.010
Stefan, A. M., Gronau, Q. F., Schonbrodt, F. D., & Wagenmakers, E. J.
(2019). A tutorial on Bayes factor design analysis using an informed
prior. Behavior Research Methods, 51(3), 1042–1058. https://doi.
org/10.3758/s13428-018-01189-8
Stilwell, B. T., & Vecera, S. P. (2019). Learned and cued distractor
rejection for multiple features in visual search. Attention,
Perception, & Psychophysics, 81(2), 359–376. https://doi.org/10.
3758/s13414-018-1622-8
Theeuwes, J. (1992). Percpetual selectivity for color and form. Perception
& Psychophysics, 51(6), 599–606.
Turatto, M., Bonetti, F., Pascucci, D., & Chelazzi, L. (2018).
Desensitizing the attention system to distraction while idling: A
new latent learning phenomenon in the visual attention domain.
Journal of Experimental Psychology: General, 147(12), 1827–
1850. https://doi.org/10.1037/xge0000503
van Moorselaar, D., Lampers, E., Cordesius, E., & Slagter, H. A. (2020).
Neural mechanisms underlying expectation-dependent inhibition of
distracting information. Elife, 9. https://doi.org/10.7554/eLife.
61048
van Moorselaar, D., & Slagter, H. A. (2019). Learning what is irrelevant
or relevant: Expectations facilitate distractor inhibition and target
facilitation through distinct neural mechanisms. The Journal of
Neuroscience, 39(35), 6953–6967. https://doi.org/10.1523/
JNEUROSCI.0593-19.2019
Vatterott, D. B., Mozer, M. C., & Vecera, S. P. (2018). Rejecting salient
distractors: Generalization from experience. Attention, Perception,

Psychon Bull Rev
& Psychophysics, 80(2), 485–499. https://doi.org/10.3758/s13414017-1465-8
Vatterott, D. B., & Vecera, S. P. (2012). Experience-dependent attentional tuning of distractor rejection. Psychonomic Bulletin & Review,
19(5), 871–878. https://doi.org/10.3758/s13423-012-0280-4
Wagenmakers, E.-J. (2007). A practiceal solution to the pervasive problems of p values. Psychonomic Bulletin & Review, 14(5), 779–804.
Wang, B., & Theeuwes, J. (2018). Statistical regularities modulate attentional capture independent of search strategy. Attention, Perception,
& Psychophysics, 80(7), 1763–1774. https://doi.org/10.3758/
s13414-018-1562-3
Won, B.-Y., Forloines, M., Zhou, Z., & Geng, J. J. (2020). Changes in
visual cortical processing attenuate singleton distraction during visual search. Cortex, 132, 309–321. https://doi.org/10.1016/j.cortex.
2020.08.025
Won, B.-Y., Kosoyan, M., & Geng, J. J. (2019). Evidence for secondorder singleton suppression based on probabilistic expectations.
Journal of Experimental Psychology: Human Perception and
Performance, 45(1), 125–138. https://doi.org/10.1037/xhp0000594

Zhang, W., Luck, S. (2008) Discrete fixed-resolution representations in
visual working memory. Nature 453, 233–235. https://doi.org/10.
1038/nature06860
Zhang, X., Zhaoping, L., Zhou, T., & Fang, F. (2012). Neural activities in
v1 create a bottom-up saliency map. Neuron, 73(1), 183–192.
https://doi.org/10.1016/j.neuron.2011.10.035
Zivony, A., & Lamy, D. (2016). Attentional capture and engagement
during the attentional blink: A “camera” metaphor of attention.
Journal of Experimental Psychology: Human Perception and
Performance, 42(11), 1886–1902. https://doi.org/10.1037/
xhp0000286
Zivony, A., & Lamy, D. (2018). Contingent attentional engagement:
stimulus- and goal-driven capture have qualitatiely different consequences. Psychological Science, 29(12), 1930–1941.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

