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Abstract
The present study investigated whether explicit knowledge and awareness regarding the regularities present in the display 
affects statistical learning (SL) in visual search. Participants performed the additional singleton paradigm in which a sali-
ent distractor was presented much more often in one location than in all other locations. Previous studies have shown that 
participants learn this regularity as the location that is most likely to contain a distractor becomes suppressed relative to all 
other locations. In the current study, after each trial, participants had to either indicate the location of the distractor or the 
location of the target. Those participants that reported the distractor location, were very much aware of the regularity present 
in the display. However, participants that reported the target location were basically unaware of the regularity regarding 
the distractor. The results showed no difference between these groups in the amount of suppression of the high-probability 
location. This indicates that regardless of whether participants had explicit knowledge or not, the suppression was basically 
the same. We conclude that explicit knowledge and awareness does not contribute to learning to suppress a location. This 
conclusion is consistent with the notion that statistical learning is automatic, operating without conscious effort or awareness.

Keywords Attentional capture · Awareness · Visual search · Statistical regularities

Introduction

In everyday life, we often effortfully direct our attention to 
locations in our environment that we know are important. 
For example, when waiting to pick up a friend at the air-
port, we may direct our attention to the door of the gate in 
anticipation of his or her arrival. Alternatively, our attention 
may be captured automatically by salient events in our envi-
ronment. For example, flashing gate information, auditory 
messages, and our phone that is ringing may distract us from 
our top-down goal to keep an eye on the gate for the arrival 
of our friend. Adequate attentional selection is crucial and 
entails the prioritization and suppression of incoming infor-
mation (Broadbent, 1958). One question that has seldom 
been addressed is whether this prioritization and suppression 
of information is an active, explicit processes, or whether it 
is largely driven by implicit, unconscious processes.

In addition to top-down attention and bottom-up capture, 
recent studies have shown that lingering biases of previous 
selection episodes (i.e., selection history) play a major role 
in attentional selection (Awh et al., 2012; Failing & Theeu-
wes, 2018; Maljkovic & Nakayama, 2000; Theeuwes, 2018, 
2019). Such lingering biases may guide attention towards 
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particular objects that are neither part of the top-down set of 
the observer (i.e., objects that are irrelevant for the task), nor 
do they stand out from the environment and capture atten-
tion in a bottom-up way (Theeuwes, 2018). The question 
addressed in the current paper is whether being aware of 
these lingering biases affect attentional selection.

Lingering biases of attention play a crucial role in those 
circumstances in which statistical regularities are present 
in the environment. For example, in contextual cueing task, 
participants need to detect the “T” shape target among a 
series of “L”-shaped distractors. Unbeknownst to the partici-
pants, half of the displays appear repeatedly with the same 
configuration of the target and distractors, while the others 
only appear once during the experiment. Participants learn 
this spatial regularity as they become faster in identifying the 
target in the repeated displays in comparison with the novel 
displays (Chun & Jiang, 1998; Chun & Turk-Browne, 2008). 
Also, previous studies have shown that the spatial prob-
abilities of target can serve as a powerful attentional bias 
that produced faster detection of targets in high-probability 
locations or quadrants than of those in low-probability loca-
tions or quadrants (Ferrante et al., 2018; Geng & Behrmann, 
2005; Jiang et al., 2013). It is argued that through a process 
called statistical learning, observers are able to extract the 
distributional properties from sensory input across space and 
time (Frost et al., 2015).

In a series of recent studies, Theeuwes and colleagues 
showed that statistical learning of regularities holds not 
only for targets but also for distractors (Failing et al., 2019; 
Gao & Theeuwes, 2020; Wang & Theeuwes, 2018a, 2018b, 
2018c). Using the classic additional singleton task, it was 
shown that target selection was faster when the salient dis-
tractor was presented more often in one location than in all 
other locations. In other words, because the distractor single-
ton was presented at a high-probability location, it captured 
less attention than when it was presented at a low-probability 
location. These findings were interpreted as evidence that 
implicit statistical regularities regarding the distractor result 
in biased attention away from locations that are likely to 
contain the distractor (see also Ferrante et al., 2018; Goschy 
et al., 2014).

In almost all these studies investigating statistical regu-
larities in visual search, participants were asked at the end of 
the experiment whether they were aware of the regularities 
in the display. For example, in contextual cueing studies, 
at the end of the experiment participants are asked to indi-
cate which displays were repeated during the search experi-
ment. The results showed that participants are usually not 
above chance level in discriminating between old and new 
configurations (Chun & Jiang, 2003). Similar findings have 
been reported with the additional singleton tasks investigat-
ing statistical regularities regarding the distractor. Also in 
these tasks, very few participants explicitly mention that the 

distractor appears more often in one location than in all other 
locations (Duncan & Theeuwes, 2020; Theeuwes & Failing, 
2020; Wang & Theeuwes, 2018a, 2018b, 2018c). Overall, 
there is some general agreement that there is usually little, 
if any, awareness of the regularities present in the display 
(Chun & Jiang, 1998; Chun & Turk-Browne, 2008; Jiang 
et al., 2013; Wang & Theeuwes, 2018a, 2018b; for different 
views, see Smyth & Shanks, 2008; Vadillo et al., 2020). On 
the basis of this type of data, oftentimes it is concluded that 
through statistical learning, attentional biases develop that 
are the result of implicit, unintentional, automatic learning.

The question is whether this type of learning is truly 
implicit and automatic or whether at least some awareness 
of the regularities present in the visual field plays a role 
in developing the biases. Several studies have investigated 
the question of whether conscious awareness is needed for 
extracting statistical regularities from sensory input across 
time. In triplet learning, some have shown that statistical 
learning is largely implicit. For example, participants who 
have shown a better performance on structured versus ran-
dom stimuli were unable to indicate the underlying statistical 
patterns in the postexperiment familiarity test (Turk-Browne 
et al., 2005). Also, direct instruction to the underlying reg-
ularities had little effect. Participants who were informed 
about the statistical regularities contained in the stream 
performed no better than participants who were simply pas-
sively exposed to the underlying regularities (Arciuli et al., 
2014; Song et al., 2007). On the other hand, it is feasible that 
information that is typically extracted through passive statis-
tical learning can be acquired through more active learning 
strategies. For example, in a study by Batterink et al. (2015), 
in which observers were exposed to a continuous stream of 
repeating nonsense words, it was shown that a group that 
received explicit instructions responded faster than those 
that received no instructions. Moreover, the P300 potential 
of the EEG signal was larger to predictable words for the 
explicitly trained group than for the implicit group, which 
seem to suggest that the explicit group invested more effort. 
Also, there are studies showing that awareness does play a 
role in statistical learning. For example, it was reported that 
participants who showed more awareness of the underlying 
statistical patterns or were informed of the presence of the 
regularity showed the largest learning effects in terms of 
behavioral response times and ERPs (Rüsseler et al., 2003; 
Singh et al., 2017). Finally, it is also possible that explicit 
instructions result in worse performance. For example, in the 
domain of learning artificial grammar, relative to implicit 
instructions, participants that received clear and explicit 
instructions performed significantly worse that those par-
ticipants that did not received explicit instructions (Reber, 
1976).

Compared with sequential triplet or non-sense (artifi-
cial) word learning, in visual search, explicit knowledge 
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regarding the regularities present in the display may 
even be more difficult to extract because it is well known 
that participants have little awareness of where attention 
(Wolfe, 1999) or their eyes (Clarke et al., 2017; Võ et al., 
2016) have been. For example, Proulx (2011) found that 
34 of 40 participants’ attention was captured by a salient 
item, even though none of the participants reported that 
the salient items was distracting. In a study measuring eye 
movements, Theeuwes et al. (1998) showed that observ-
ers were basically unaware that their eyes were captured 
by irrelevant salient onset distractors. Even though eye 
movement measurements clearly showed that the eyes of 
the observers went to the onset distractor, at the end of the 
experiment, when explicitly asked, all observers indicated 
that they had never looked at the onset distractor, suggest-
ing that none of the observers were aware of their eyes 
being captured (see also Burra & Kerzel, 2014).

One way to make participants aware of where their 
attention has been is simply by asking in each trial to 
report where their attention has been. For example, in a 
recent eye-movement study, Adams and Gaspelin (2021) 
had participants perform an oculomotor capture task in 
which they had to find a target shape while ignoring a 
salient distractor. On each trial, participants had to report 
whether they thought their eyes were captured by the dis-
tractor or not. When the eyes were captured, participants 
were much more likely to report this than when the eyes 
were not captured. These findings indicate that by asking 
participants explicitly each trial, participants may become 
aware of where attention or the eyes have been. Also, par-
ticipants become aware of shifts of attention towards a 
salient singleton when they are asked to indicate each trial 
whether they believed their attention was captured by the 
salient singleton or not (Adams & Gaspelin, 2020).

In the current study, we wanted to create conditions in 
which participants would become aware of the statistical 
regularities introduced, or not aware at all. We used the 
same task as Wang and Theeuwes (2018b), in which a 
salient distractor was presented much more often in one 
location than in all other locations. In these types of tasks, 
participants learn the regularities present in the display 
biasing attention such that the location that is most likely 
to contain a distractor becomes suppressed relative to all 
other locations. In addition to performing this task, for 
different groups of participants, we asked participants to 
indicate either the location of distractor or the location of 
the target on the preceding trial. Because the regularity 
concerns the distractor, we assumed that those partici-
pants that need to report on each trial the location of the 
distractor will become very much aware of the statistical 
regularity present in the display. However, those partici-
pants that need to report the location of the target singleton 
(which was random), will not be monitoring the regularity 

of the distractor, and therefore will be fully unaware of 
this regularity.

Given these conditions, we ask the question whether 
learning is affected by whether the regularities present in 
the display are implicit (unaware) or are explicit (aware). 
We determine the extent to which learning is successful on 
the basis of the suppression of the high-probability location. 
It is possible that relative to implicit learning, becoming 
explicitly aware of the regularities gives better performance 
(Batterink et al., 2015) or worse performance (Reber, 1976). 
Also, it is feasible that explicit knowledge regarding the reg-
ularities has basically no effect on performance.

Experiment 1

In Experiment 1, after each search display, one group of 
participants had to report the location of the target and 
another group of participants had to report the location of 
the distractor. The report condition was a between-subjects 
variable.

Method

Participants

For the learned suppression, G*Power software (Faul 
et al., 2007) indicated that a sample of 36 participants for 
each group would provide power of 0.9 to detect a signifi-
cant medium-size (f = 0.25) within-subjects difference in 
response time. Besides, there was 0.95 chance of correctly 
rejecting the null hypothesis of no significant interaction 
between conditions with a total of 44 participants. Therefore, 
a planned number of 80 participants (Mage = 24.35 years, SD 
= 2.7 years, 40 females) were recruited online through the 
website Prolific (www. proli fic. co). Five participants were 
replaced because of low accuracy on the search task (mean 
accuracy <65%). Forty participants were assigned to each 
group, and they were provided with 3.5£ for completing the 
whole experiment. All participants were right-handed, had 
normal or corrected-to-normal vision, and were naïve to the 
purpose of the experiment, they also provided informed con-
sent before the experiment. Only participants who at least 
acquired an undergraduate degree and between the ages of 
18 to 30 years were allowed to participate. The ethical com-
mittee of the Faculty of Behavioral and Movement Sciences 
of Vrije Universiteit Amsterdam approved the study.

Apparatus, stimuli, design, and procedure

The experiment was created in OpenSesame (Mathôt et al., 
2012) using OSweb, and run using JATOS (Lange et al., 
2015). Because the experiment took place online, some 

http://www.prolific.co
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factors (e.g., lighting and seating conditions) could not be 
controlled.

As shown in Fig. 1, each trial started with a 500–750-ms 
white fixation dot on a black background (radius 5 pixels), 
followed by a visual search display. This display contained 
eight shapes (seven diamonds and one circle, or vice versa; 
130 pixels in diameter) with either the left or right half filled, 
all placed on an imaginary circle centered (radius 224 pixels) 
on fixation.

The target was the unique shape item (e.g., a circle among 
diamonds) and was always gray. Here, participants needed 
to respond to the unique shape by pressing the left or right 
key to indicate which half of the shape was filled within 3 
s. Participants received a smiley or frowny face after the 
response as the search feedback.

Crucially, there were three separate search conditions. In 
no-distractor condition (30% of trials), all eight shapes were 
in gray (RGB: 128/128/128). In the high-probability distrac-
tor condition (35% of trials), seven of them were in gray 
while the remaining one was either green (0/128/0) or red 
(255/0/0), as the color singleton distractor. The high-proba-
bility location remained the same for any given participant. 
In the low-probability distractor condition (35% of trials), 
there was also one distractor, either red or green, among 
seven gray shapes, but this distractor could be located at any 
other seven locations except the high-probability one. Over-
all, the distractor was presented 7 times more likely at the 
high-probability location than at any of the low-probability 
locations.

Following a visual search trial, the report display, consist-
ing of eight white-rimmed circles (radius 40 pixels), with 
1–8 digits filled in, were placed at the exact same locations 
as the preceding search items. In the report target location 
group, participants needed to indicate the target location 
of the preceding search trial by pressing the corresponding 
number within 3 s. In the report distractor location group, 

participants were asked to indicate the location of the color 
singleton distractor of the preceding trial by pressing the 
corresponding number. If no distractor was present, partici-
pants responded “0.” They would also receive a smiley or 
frowny face as the feedback after the response. The intertrial 
interval was 500 ms.

Participants in this study first received 20 trials as prac-
tice, with distractor randomly presented at every location. 
The main experiment consisted of four blocks of 80 trials, 
lasted for around 30 min. Participants were encouraged to 
take a break between blocks and also received feedback on 
their mean RT and accuracy after each block. At the end 
of the experiment, participants of the two different groups 
were asked to answer three same questions. First, they were 
asked whether they noticed that there was a specific location 
at which distractor appeared more often (yes or no). Second, 
they needed to indicate the exact location by pressing the 
corresponding number (1–8; the display here was similar to 
the report display). For the last question, we asked them how 
confident they were about their answers (scaled from 1 to 5).

Results

Awareness of the regularity

The mean accuracy of report distractor location after each 
search trial was 97.65%, SD = 1.6%; for report target loca-
tion responses, the mean accuracy was 97.05%, SD = 2.2%.

As shown in Table 1, participants’ responses to the last 
three questions differed depending on which location they 
needed to report after the search trial. Participants in the 
report target group hardly noticed the regularity of distrac-
tor, only nine of 40 participants answered the correct high-
probability distractor location with a relatively low confi-
dence; while almost all participants (37/40) in the report 
distractor group could indicate the correct location and were 

Fig. 1  Experiment procedure of Experiment 1. Participants first 
needed to search for a unique shape target while ignoring the color 
singleton distractor. The search display was presented for 3 s or until 
response. The search display was followed by a report display. One 
group of participants were asked to report the location of target by 

pressing the corresponding number on the screen, while another 
group of participants needed to report the location of the color sin-
gleton distractor. Participants received an emoticon as feedback after 
each response. (Color figure online)
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quite confident of their answers. These results show that our 
manipulation of awareness of the regularity between groups 
was successful.

Search performance

For RT analysis, 4.59% error trials or trials with an RT larger 
than 2.5 standard deviations from the average response 
time per condition per participant or less than 200 ms were 
excluded.

Mean RTs and accuracy of search task are presented in 
Fig. 2a and b. An analysis of variance (ANOVA) on mean 
RT with report condition (report target location vs. report 
distractor location) and distractor condition (high-probabil-
ity locations, low-probability locations, and no distractor) as 
factors revealed a main effect of distractor condition, F(2, 
156) = 188.78, p < .001, ηp

2 = .708, as well as a significant 
interaction, F(2, 156) = 12.672, p < .001, ηp

2 = .14, but 
not for the report condition, F(1, 78) = 1.232, p = .27, ηp

2 
= .016.

Subsequent analysis showed that in both report con-
ditions, participants were slower when a distractor was 
present than when it was absent: report target, t(39) = 

6.417, p < .001; report distractor, t(39) = 5.626, p < .001, 
showing the classic attentional capture effect. Also, atten-
tional capture was attenuated when the distractor was 
presented at the high-probability location relative to the 
low-probability location, report target, t(39) = 3.475, p < 
.001; report distractor, t(39) = 3.604, p < .001, replicating 
previous findings (Wang & Theeuwes, 2018b), suggesting 
suppression of the high-probability location.

The analysis of accuracy data only revealed a main 
effect of distractor condition, F(2, 156) = 9.082, p < 
.001, ηp

2 = .104, with higher accuracy in distractor-absent 
condition.

We assessed whether the SL effect differed depending 
on the manipulation of awareness of the distractor. Here, 
we calculated the distractor cost (mean RTs in the high-
probability, low-probability location minus no-distractor 
condition) and ran a 2 (report condition) × 2 (distractor loca-
tion) repeated-measures ANOVA (see Fig. 2c). There was a 
main effect of report condition, F(1, 78) = 23.246, p < .001, 
ηp

2 = .23, reflecting overall larger interference of distractor 
induced by the manipulation of distractor awareness. The 
main effect of distractor location was also significant, F(1, 
78) = 23.798, p < .001, ηp

2 = .234, with smaller distrac-
tor cost when the distractor in the high-probability location 
relative to when the distractor in low-probability locations.

Crucially however, there was no significant interaction 
between these factors, F(1, 78) = 1.699, p = .196, ηp

2 = 
.021. The Bayesian statistics (BF01 = 2.04) using JASP 
(JASP Team, 2018) showed evidence that the data are bet-
ter represented by the two main effects model than by the 
model that also includes the interaction. The absence of this 
interaction indicates that participants in both report groups 
equally effectively suppressed the location that was most 
likely to contain a distractor. It suggests that awareness of 
the regularity had no significant effect on learning to sup-
press the location that most likely contained a distractor.

Table 1  Awareness assessment in Experiment. 1

*1 = not sure at all; 2 = somewhat sure; 3 = neutral; 4 = very sure; 5 
= definitely sure

Report target loca-
tion group

Report distrac-
tor location 
group

Total N 40 40
Report yes 7 (17.5%) 34 (85%)
Report Correct location 9 (22.5%) 37 (92.5%)
Likers (average)* 1.85 3.62

Fig. 2  mean RTs (a), accuracy (b) and distractor cost (c) in Experiment 1. Standard error bars are shown
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To ensure that awareness did not play a role, we con-
ducted an additional analysis in which we excluded the data 
from those nine participants of the report target group who 
indicated the correct high-probability distractor location 
and those three participants of the distractor report group 
who failed to indicate the correct high-probability distractor 
location. Again, the critical interaction failed to reach sig-
nificance, F(1, 66) = .842, p = .362, ηp

2 = .013. The Bayes-
ian statistics also supported the two main effects model 2.8 
times better than the model that also included the interaction.

We compared the learning effect between aware and una-
ware groups regardless of task type. Based on Table 1, seven 
participants from the report target location group and 34 
participants from the report distractor location group can 
be considered as the aware group, since they reported in the 
final questions that they were aware of the distractor location 
probability. The remaining 39 participants were assigned to 
the unaware group. The results again support the idea that 
awareness did not play a role in SL. We found significant 
main effects for distractor condition, F(1, 78) = 23.235, p < 
.001, ηp

2 = .23, and group, F(1, 78) = 8.694, p = .004, ηp
2 

= .10, but not for an interaction, F(1, 78) = 0.062, p = .804. 
The Bayesian statistics (BF01 = 4.162) shows evidence that 
the data is better represented by two main effects model than 
the model that also includes the interaction.

Learned suppression effect across blocks

As shown in Fig. 3, we ran a 4 (block) × 2 (report condi-
tion) ANOVA on the suppression effect (mean RTs in the 
low-probability condition minus high-probability condition) 
and did not find a significant main effect nor an interaction 
between these factors (Fs < 1.535, ps > .219). The learned 
suppression showed no difference between the two groups. It 

is clear that learning happened relatively fast and was stable 
across the experiment.

Repeated suppression effect

To verify whether the suppression effect was not due to the 
trial-to-trial distractor location repetition, we reran the anal-
ysis above after excluding all trials in which the distractor 
was presented at the same location as in the immediately 
preceding trial and all results were replicated. An ANOVA 
on distractor cost showed a main effect of report condition, 
F(1, 78) = 19.312, p < .001, ηp

2 = .198, distractor location, 
F(1, 78) = 12.171, p = .001, ηp

2 = .135, but, again, no inter-
action, F(1, 78) = 1.342, p = .25, ηp

2 = .017.

Discussion

The results of Experiment 1 are clear. Regardless of whether 
participants were aware or unaware of the regularity, learn-
ing to suppress the high-probability location was equally 
effective. It seems that, at least for this type of task, for 
learning to occur, it does not matter whether participants 
explicitly know the regularity or whether they have no 
explicit knowledge about it.

Even though the absence of an interaction indicated that 
learning to suppress was not affected by our report manipu-
lation, it is clear that our dual task instruction had a main 
effect on RT (Fig. 2c). Indeed, in the distractor-present con-
dition, participants were reliably slower when they had to 
report the location of the distractor relative to when they had 
to report the location of the target. To ensure that the current 
findings are not due to this dual task requirement to report 
the distractor or target after each search trial, in Experiment 
2 we had participants report either the target or the distractor 
only every 40 trials. As the total number of trials was 320, 
this implies that during 97.5% of trials there was no dual 
task requirement.

Experiment 2

Experiment 2 was identical to Experiment 1, except that 
participants reported either the most likely target or distrac-
tor location every 40 search trials instead of on each trial.

Method

Participants

A new set of 80 participants (Mage = 22 years, SD = 2.52 
years, 32 females) were recruited online through the web-
site Prolific (www. proli fic. co). One participant was replaced 
because of low accuracy on the search task (mean accuracy 

Fig. 3  The mean learned suppression under the report distractor loca-
tion condition and the report target location condition across blocks. 
Standard error bars are shown

http://www.prolific.co
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<65%). Forty participants were assigned to each group, 
and they were provided with 2.7£ for completing the whole 
experiment. All participants were right-handed, had normal 
or corrected-to-normal vision, and were naïve to the pur-
pose of the experiment, they also provided informed consent 
before the experiment.

Materials and methods

The methods and analyses were the same as in Experiment 
1, except for the following changes. Instead of indicating the 
distractor or target location after each search trial, here, we 
asked participants to indicate a location that contained the 
distractor or target most often during the last 40 trials (dur-
ing instruction, participants were informed that they would 
be asked after 40 trials). The main experiment consisted 
of 320 trials, and lasted for about 20 min. Participants first 
received 20 trials as practice, with the distractor randomly 
presented at every location. For every 40 trials, participants 
in two different groups were instructed to indicate the loca-
tion related to the distractor or target distribution, then take 
a break and receive feedback on their mean RT and accuracy. 

At the end of the experiment, participants also needed to 
answer the same three final questions as in Experiment 1.

Results

Awareness of the regularity

As shown in Table 2, participants’ responses to the last three 
questions differs depending on the manipulation of report 
distractor or target regularity. Participants in the report dis-
tractor regularity group were more aware (75%) of the high-
probability distractor location and relatively more confident 
about their answers than those in the target report group 
(30%). During the experiment, each participant was required 
to indicate the most likely target or distractor location during 
the previous 40 trials. In the target report group, there was 
not a “most likely target location,” and therefore it is not 
surprising that performance was at change level (average 1.1 
times of 8). For the group reporting the most likely distractor 
location consistent with this distractor regularity, the average 
times of answering the high-probability distractor location 
was 3.85, which was significantly above chance level.

Search performance

For RT analysis, 10.73% error trials or trials with an RT 
larger than 2.5 standard deviations from the average response 
time per condition per participant or less than 200 ms were 
excluded.

As shown in Fig. 4a, a 2 (report condition) × 3 (distrac-
tor condition) repeated-measures ANOVA on RTs revealed 
a main effect of distractor condition, F(2, 156) = 209.9, p 
< .001, ηp

2 = .729. There was no difference between two 
different report condition groups, F(1, 78) = .023, p = .879, 
nor a reliable interaction effect, F(2, 156) = 2.455, p = .091, 
ηp

2 = .031.

Table 2  Awareness assessment in Experiment 2

*1 = not sure at all; 2 = somewhat sure; 3 = neutral; 4 = very sure; 5 
= definitely sure

Report target loca-
tion group

Report distrac-
tor location 
group

Total N 40 40
Report yes 12 (30%) 28 (70%)
Report Correct location 12 (30%) 30 (75%)
Likers (average)* 1.9 3.02
Report during correct location 

during experiment
1.1/8 3.85/8

Fig. 4  mean RTs (a), accuracy (b) and distractor cost (c) in Experiment 2. Standard error bars are shown
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Subsequent analyses again showed that in both report 
conditions, participants were slower when a distractor 
was present than when it was absent: report target, t(39) 
= 11.488, p < .001; report distractor, t(39) = 14.017, p < 
.001—the classic attentional capture effect. Also, attentional 
capture was attenuated when the distractor was presented at 
the high-probability location relative to the low-probability 
location, report target, t(39) = 5.293, p < .001; report dis-
tractor, t(39) = 5.392, p < .001, showing the SL of the high-
probability distractor location.

The same analyses conducted on accuracy data only 
revealed a main effect of distractor condition, F(2, 156) = 
7.55, p = .001, ηp

2 = .088, with higher accuracy when the 
distractor was absent (see Fig. 4b).

We conducted a 2 (report condition) × 2 (distractor loca-
tion) repeated-measures ANOVA on distractor cost (see 
Fig. 4c) to better assess the SL effect of distractor location 
for the different awareness groups. The results were similar 
as in Experiment 1, revealing a main effect of distractor loca-
tion, F(1, 78) = 57.041, p < .001, ηp

2 = .422, with smaller 
distractor cost when the distractor in the high-probability 
location relative to when the distractor in the low-probability 
locations. There was also a main effect of the report condi-
tion, F(1, 78) = 4.214, p = .043, ηp

2 = .051, as for the first 
experiment, the presence of distractor in the report distractor 
regularity group caused relatively larger interference than in 
the report target regularity group. Note that the main effect 
of the report condition is mainly due to the difference on the 
no-distractor condition. As shown in Fig. 4a, compared with 
the report target regularity group, participants in the report 
distractor group were relatively faster when the distractor 
was absent. One very plausible explanation is that they do 
not need to keep a distractor location in mind while the other 
group still needs to memorize a target location.

Critically, again the interaction was not significant, 
F(1,78) = .137, p = .712. The Bayesian statistics also sup-
ported the two main effects model 3.7 times better than the 
model that also includes the interaction. The results show 
that regardless of the level of awareness of the regularity pre-
sent in the display, learning to suppress the high-probability 
location is equally effective.

Again, after excluding trials in which the location 
repeated, we obtained the same results (two main effects: 
Fs > 6.517, ps < .013), interaction, F(1, 78) = .918, p = 
.341, suggesting that these effects are not mainly driven by 
intertrial priming.

Discussion

Experiment 2 basically replicates Experiment 1: Regardless 
of whether participants are aware of the regularity present in 
the display, learning is equally effective. While in Experi-
ment 1, participants were required to report a location after 

each trial, in Experiment 2 they only reported it every 40 
trials. This ensures that the effect reported in Experiment 
1 was not due to the dual task requirement of reporting the 
location of the target or distractor on each trial.

The postexperiment questionnaire and the probe ques-
tions after every 40 trials revealed that participants in the 
report distractor group showed more awareness of distractor 
regularity than the participants in report target group.

General discussion

The present findings are clear. In two experiments, we 
showed that the extent to which participants are aware of 
the regularities present in the display had no effect on learn-
ing to suppress the location that was most likely to contain a 
singleton distractor. It suggests that explicit knowledge that 
one location is more likely to contain a distractor does not 
affect the extent to which this location is suppressed.

These current findings are consistent with Wang and 
Theeuwes (2018b), who did not explicitly manipulate aware-
ness, but on the basis of a postexperiment questionnaire split 
up the data into a group of participants that showed some 
awareness and a group that showed little awareness. There 
was no difference in the amount of suppression between 
these groups, suggesting that awareness had little, if any, 
effect on learning. Note, however, that in Wang and Theeu-
wes (2018b) the difference in awareness between the two 
groups was minimal, which make it difficult to draw firm 
conclusions on that post hoc data alone. However, the cur-
rent result provides convincing evidence that explicit knowl-
edge regarding the regularities in the display does not affect 
learning.

Our findings also show that the requirement to report 
the location of the distractor results in overall more atten-
tional capture than when one has to report the location of 
the target. Even though this did not affect learning, relative 
to the no-distractor condition, participants were slower in 
the report distractor than in the report target condition. It is 
not immediately clear why this effect is found, but it is likely 
that attention dwells longer at the distractor location when 
one is required to monitor and report back this location. If 
attention dwells longer at the distractor location before it 
is redirected to the target location, the effect of attentional 
capture gets larger (Born et al., 2011). Another possibility is 
that reporting the location of a task-irrelevant distractor after 
each trial requires more attentional resources than reporting 
the location of the task-relevant target.

Our manipulation of awareness by instructing different 
groups to either monitor the target or monitor the distrac-
tor turned out to be very effective. Previous studies (Arci-
uli et al., 2014; Rüsseler et al., 2003; Song et al., 2007) 
have used a different approach and informed participants 
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beforehand about the statistical regularity present in the 
display. For example, Song et al. (2007) used a modified 
version of the alternating serial response time task (ASRT) 
to dissociate automatic and intentional learning of triples. 
Before the experiment, they directly told one group of 
participants that one type of target (i.e., gray), always fol-
lowed a pattern, whereas another group of participants 
were not informed of this regularity. The results showed 
that implicit learning occurred to the same extent—people 
generally responded faster to the high-frequency triples 
compared with the low-frequency triples, whether or not 
they had prior explicit knowledge of this pattern. We con-
sidered this explicit instruction approach as less optimal as 
in our experiment the regularity concerned the distractor 
and not the target. Explicit inhibition can lead to opposite 
effects in which observers attend those items that they are 
asked and trying to ignore (“white bear” effect; Tsal & 
Makovski, 2006). Also, a previous study in which par-
ticipants received explicit instructions to actively suppress 
the distractor location showed that explicit instructions 
are not effective. This previous study showed that on the 
basis of instruction alone, participants were not able to 
suppress the location of the distractor (Wang & Theeuwes, 
2018a). Also, we consider one group of participants hav-
ing explicit instructions and one group without instruc-
tions as less optimal as the mere instruction alone could 
be the reason for finding differences between these groups.

Even though some have argued that there is no clear 
distinction between implicit and explicit learning (Destre-
becqz & Cleeremans, 2003), it is evident that in our study, 
in the report distractor condition, the distractor becomes 
task relevant, and because of this, attention will be directed 
to the distractor location in top-down way. Indeed, as out-
lined, the overall larger attention capture in the report dis-
tractor condition is probably due to some consolidation 
process after attention has been captured. Even though in 
this condition following attentional capture, there is top-
down consolidation and storage of the distractor location, 
our results show that this top-down process does not result 
in stronger suppression compared with the report target 
location condition. This finding is consistent with a recent 
study that showed that visual statistical learning can occur 
in the absence of top-down attention (Duncan & Theeu-
wes, 2020). Indeed, the Duncan and Theeuwes (2020) 
study shows that participants learn particular regularities 
simply because they are exposed to them under condi-
tions in which attending these regularities is unrelated to 
the current task and goals. Similarly, in another study, it 
was shown that participants learn to suppress a distractor 
location even when working memory is fully loaded, sug-
gesting that extracting regularities from the environment 
does not rely on active or explicit control resources (Gao 
& Theeuwes, 2020).

Even though it is clear that in the report distractor condi-
tion, directing attention to the distractor location is task rel-
evant, it should be realized that in the report target condition, 
attention is also captured by the distractor in an exogenous 
way (Theeuwes, 1991, 1992). Our data suggest that the mere 
capture to the location of the distractor is sufficient for learn-
ing to occur, as the suppression in this condition was just as 
strong as in the condition in which capture by the distractor 
was task relevant. We assume that capture of attention to 
the location to the distractor is needed for learning to occur 
(see also Failing & Theeuwes, 2017, for a similar argument).

The current study suggests that explicit knowledge 
regarding the distractor and awareness of the regularity does 
not result in stronger suppression than the mere passive sta-
tistical learning without explicit knowledge and awareness. 
Even though this is fitting with the idea that statistical learn-
ing is automatic and relies on implicit associations, there is 
some evidence from experiments investigating skill acquisi-
tion that in a serial reaction time task, explicit knowledge of 
the repetitions may boost performance, as long as partici-
pants are also able to acquire implicit knowledge in parallel 
(Willingham et al., 1989).

In sum, the current study shows that explicit knowledge 
and awareness regarding the regularities present in the dis-
play does not affect learning to suppress a distractor. It is 
consistent with the notion that people are able to extract 
implicit representations automatically, without conscious 
effort or awareness.

Author notes J.T. was supported by a European Research Council 
(ERC) advanced grant 833029 – [LEARNATTEND].

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Adams, O. J., & Gaspelin, N. (2020). Assessing introspective aware-
ness of attention capture. Attention, Perception, & Psychophys-
ics, 1–13. Advance online publication. https:// doi. org/ 10. 3758/ 
s13414- 019- 01936-9

Adams, O. J., & Gaspelin, N. (2021). Introspective awareness of ocu-
lomotor attentional capture. Journal of Experimental Psychology: 
Human Perception and Performance, 47(3), 442–459. https:// doi. 
org/ 10. 1037/ xhp00 00898

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3758/s13414-019-01936-9
https://doi.org/10.3758/s13414-019-01936-9
https://doi.org/10.1037/xhp0000898
https://doi.org/10.1037/xhp0000898


 Attention, Perception, & Psychophysics

1 3

Arciuli, J., von Koss Torkildsen, J., Stevens, D. J., & Simpson, I. C. 
(2014). Statistical learning under incidental versus intentional 
conditions. Frontiers in Psychology, 5, 747. https:// doi. org/ 10. 
3389/ fpsyg. 2014. 00747

Awh, E., Belopolsky, A. V., & Theeuwes, J. (2012). Top-down versus 
bottom-up attentional control: A failed theoretical dichotomy. 
Trends in Cognitive Sciences, 16(8), 437-43. https:// doi. org/ 10. 
1016/j. tics. 2012. 06. 010

Batterink, L. J., Reber, P. J., & Paller, K. A. (2015). Functional differ-
ences between statistical learning with and without explicit train-
ing. Learning & Memory, 22(11), 544–556.

Born, S., Kerzel, D., & Theeuwes, J. (2011). Evidence for a dissocia-
tion between the control of oculomotor capture and disengage-
ment. Experimental Brain Research, 208(4), 621–631.

Broadbent, D. (1958). Perception and communication. Pergamon 
Press. https:// doi. org/ 10. 1037/ 10037- 000.

Burra, N., & Kerzel, D. (2014). The distractor positivity (Pd) signals 
lowering of attentional priority: Evidence from event-related 
potentials and individual differences. Psychophysiology, 51(7), 
685–696.

Chun, M. M., & Jiang, Y. (1998). Contextual cueing: Implicit learn-
ing and memory of visual context guides spatial attention. Cog-
nitive Psychology, 36(1), 28–71.

Chun, M. M., & Jiang, Y. (2003). Implicit, long-term spatial contex-
tual memory. Journal of Experimental Psychology: Learning, 
Memory, Cognition, 29(2), 224.

Chun, M. M., & Turk-Browne, N. B. (2008). Associative learning 
mechanisms in vision. Visual Memory, 209-245.

Clarke, A. D., Mahon, A., Irvine, A., & Hunt, A. R. (2017). People 
are unable to recognize or report on their own eye movements. 
The Quarterly Journal of Experimental Psychology, 70(11), 
2251–2270.

Destrebecqz, A., & Cleeremans, A. (2003). Temporal effects in 
sequence learning. Advances in Consciousness Research, 48, 
181–214.

Duncan, D., & Theeuwes, J. (2020). Statistical learning in the 
absence of explicit top-down attention. Cortex, 131, 54–65.

Failing, M., & Theeuwes, J. (2017). Don’t let it distract you: How 
information about the availability of reward affects attentional 
selection. Attention, Perception, & Psychophysics, 79(8), 
2275–2298.

Failing, M., & Theeuwes, J. (2018). Selection history: How reward 
modulates selectivity of visual attention. Psychonomic Bulletin 
& Review, 25(2), 514–538.

Failing, M., Feldmann-Wüstefeld, T., Wang, B., Olivers, C., & 
Theeuwes, J. (2019). Statistical regularities induce spatial as 
well as feature-specific suppression. Journal of Experimental 
Psychology: Human Perception Performance, 45(10), 1291.

Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A. (2007). G*Power 
3: A flexible statistical power analysis program for the social, 
behavioral, and biomedical sciences. Behavior Research Meth-
ods, 39(2), 175–191.

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.

Frost, R., Armstrong, B. C., Siegelman, N., & Christiansen, M. H. 
(2015). Domain generality versus modality specificity: The 
paradox of statistical learning. Trends in Cognitive Sciences, 
19(3), 117–125.

Gao, Y., & Theeuwes, J. (2020). Learning to suppress a distrac-
tor is not affected by working memory load. Psychonomic 
Bulletin & Review, 27(1), 96–104. https:// doi. org/ 10. 3758/ 
s13423- 019- 01679-6

Geng, J. J., & Behrmann, M. (2005). Spatial probability as an atten-
tional cue in visual search. Perception Psychophysics, 67(7), 
1252-1268.

Goschy, H., Bakos, S., Müller, H. J., & Zehetleitner, M. (2014). 
Probability cueing of distractor locations: both intertrial facili-
tation and statistical learning mediate interference reduction. 
Frontiers in Psychology, 5, 1195.

JASP Team. (2018). JASP (Version 0.9) [computer software].
Jiang, Y. V., Swallow, K. M., & Rosenbaum, G. M. (2013). Guid-

ance of spatial attention by incidental learning and endogenous 
cuing. Journal of Experimental Psychology: Human Perception 
Performance, 39(1), 285.

Lange, K., Kühn, S., & Filevich, E. (2015). Just another tool for 
online studies (JATOS): An easy solution for setup and manage-
ment of web servers supporting online studies. PloS one, 10(6), 
e0130834. https:// doi. org/ 10. 1371/ journ al. pone. 01308 34

Maljkovic, V., & Nakayama, K. (2000). Priming of popout: III. A 
short-term implicit memory system beneficial for rapid target 
selection. Visual Cognition, 7(5), 571–595.

Mathôt, S., Schreij, D., & Theeuwes, J. (2012). OpenSesame: An 
open-source, graphical experiment builder for the social sci-
ences. Behavior Research Methods, 44(2), 314–324.

Proulx, M. J. (2011). Individual differences and metacognitive 
knowledge of visual search strategy. PLOS ONE, 6(10), e27043.

Reber, A. S. (1976). Implicit learning of synthetic languages: The 
role of instructional set. Journal of Experimental Psychology: 
Human Learning Memory Cognition, 2(1), 88.

Rüsseler, J., Kuhlicke, D., & Münte, T. F. (2003). Human error moni-
toring during implicit and explicit learning of a sensorimotor 
sequence. Neuroscience Research, 47(2), 233–240.

Singh, S., Daltrozzo, J., & Conway, C. M. (2017). Effect of pattern 
awareness on the behavioral and neurophysiological correlates 
of visual statistical learning. Neuroscience of Consciousness, 
2017(1), nix020.

Smyth, A. C., & Shanks, D. R. (2008). Awareness in contextual 
cuing with extended and concurrent explicit tests. Memory & 
Cognition, 36(2), 403–415.

Song, S., Howard, J. H., & Howard, D. V. (2007). Implicit proba-
bilistic sequence learning is independent of explicit awareness. 
Learning & Memory, 14(3), 167–176.

Theeuwes, J. (1991). Exogenous and endogenous control of atten-
tion: The effect of visual onsets and offsets. Perception & Psy-
chophysics, 49(1), 83–90.

Theeuwes, J. (1992). Perceptual selectivity for color and form. Per-
ception & Psychophysics, 51(6), 599–606.

Theeuwes, J. (2018). Visual selection: usually fast and automatic; 
seldom slow and volitional. Journal of Cognition, 1(1).

Theeuwes, J. (2019). Goal-driven, stimulus-driven and history-
driven selection. Current Opinion in Psychology, 29, 97–101. 
https:// doi. org/ 10. 1016/j. copsyc. 2018. 12. 024

Theeuwes, J., & Failing, M. (2020). Attentional selection: Top-down, 
bottom-up and history-based biases. Cambridge University 
Press.

Theeuwes, J., Kramer, A. F., Hahn, S., & Irwin, D. E. (1998). Our 
eyes do not always go where we want them to go: Capture of 
the eyes by new objects. Psychological Science, 9(5), 379–385.

Tsal, Y., & Makovski, T. (2006). The attentional white bear phenom-
enon: The mandatory allocation of attention to expected dis-
tractor locations. Journal of Experimental Psychology: Human 
Perception Performance, 32(2), 351.

Turk-Browne, N. B., Jungé, J. A., & Scholl, B. J. (2005). The auto-
maticity of visual statistical learning. Journal of Experimental 
Psychology: General, 134(4), 552.

Vadillo, M. A., Linssen, D., Orgaz, C., Parsons, S., & Shanks, D. R. 
(2020). Unconscious or underpowered? Probabilistic cuing of 

https://doi.org/10.3389/fpsyg.2014.00747
https://doi.org/10.3389/fpsyg.2014.00747
https://doi.org/10.1016/j.tics.2012.06.010
https://doi.org/10.1016/j.tics.2012.06.010
https://doi.org/10.1037/10037-000
https://doi.org/10.3758/s13423-019-01679-6
https://doi.org/10.3758/s13423-019-01679-6
https://doi.org/10.1371/journal.pone.0130834
https://doi.org/10.1016/j.copsyc.2018.12.024


Attention, Perception, & Psychophysics 

1 3

visual attention. Journal of Experimental Psychology: General, 
149(1), 160.

Võ, M. L.-H., Aizenman, A. M., & Wolfe, J. M. (2016). You think 
you know where you looked? You better look again. Journal 
of Experimental Psychology: Human Perception Performance, 
42(10), 1477.

Wang, B., & Theeuwes, J. (2018a). How to inhibit a distractor loca-
tion? Statistical learning versus active, top-down suppression. 
Attention, Perception, & Psychophysics, 1–11. Advance online 
publication. https:// doi. org/ 10. 3758/ s13414- 018- 1493-z

Wang, B., & Theeuwes, J. (2018b). Statistical regularities modu-
late attentional capture. Journal of Experimental Psychology: 
Human Perception Performance, 44(1), 13.

Wang, B., & Theeuwes, J. (2018c). Statistical regularities modulate 
attentional capture independent of search strategy. Attention, 
Perception, & Psychophysics, 80(7), 1763–1774.

Willingham, D. B., Nissen, M. J., & Bullemer, P. (1989). On the 
development of procedural knowledge. Journal of Experimental 
Psychology: Learning, Memory, Cognition, 15(6), 1047.

Wolfe, J. M. (1999). Inattentional amnesia. In V. Coltheart (Ed.), Fleet-
ing memories (pp. 71–94). MIT Press.

Open practices statement Data for all experiments are available 
(https:// github. com/ YaGao 28/ aware ness), and none of the experiments 
was preregistered.
Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3758/s13414-018-1493-z
https://github.com/YaGao28/awareness

	Learning to suppress a location does not depend on knowing which location
	Abstract
	Introduction
	Experiment 1
	Method
	Participants
	Apparatus, stimuli, design, and procedure

	Results
	Awareness of the regularity
	Search performance
	Learned suppression effect across blocks
	Repeated suppression effect

	Discussion

	Experiment 2
	Method
	Participants
	Materials and methods

	Results
	Awareness of the regularity
	Search performance

	Discussion

	General discussion
	Author notes 
	References


