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Statistical Regularities Across Trials Bias Attentional Selection

Ai-Su Li and Jan Theeuwes
Vrije Universiteit Amsterdam and Institute of Brain
and Behavior Amsterdam (iBBA), Amsterdam, the Netherlands

Previous studies have shown that attentional selection can be biased toward locations that are likely to
contain a target and away from locations that are likely to contain a distractor. It is assumed that through
statistical learning, participants are able to extract the regularities in the display, which in turn biases
attentional selection. The present study employed the additional singleton task to examine the ability of
participants to extract regularities that occurred across trials. In four experiments, we found that
participants were capable of picking up statistical regularities concerning target positions across trials
both in the absence and presence of distracting information. It is concluded that through statistical
learning, participants are able to extract intertrial statistical associations regarding subsequent target
location, which in turn biases attentional selection. We argue here that the weights within the spatial
priority map can be dynamically adapted from trial to trial such that the selection of a target at a particular
location increases the weights of the upcoming target location within the spatial priority map, giving rise
to a more efficient target selection.

Public Significance Statement

Our visual system is sensitive to statistical regularities in the environment. When exposed to
regularities, humans are able to extract them and use them to improve visual search efficiency in the
form of target facilitation or/and distractor suppression. Even though many studies have focused on
the extraction of statistical regularities regarding the location and features of the target and distractor,
few studies so far have examined how attentional selection is affected when there are regularities
across trials. In four experiments, we investigated the ability of participants to learn statistical
regularities regarding the target location across trials. We found that attentional selection was
affected by the across-trials regularities indicating that participants were capable of detecting these
regularities not only in the absence but also in the presence of distracting information. Our results
demonstrate that statistical learning is highly flexible and can bias attentional selection across trials.

Keywords: intertrial regularities, statistical learning, visual search, attentional bias

In everyday life, we need to focus our attention on objects and
events that are relevant to us and ignore information that could
distract us. The overload of visual input requires us to be able to
effectively extract relevant and ignore irrelevant information. The
world we live in is highly structured, and contains numerous
regularities regarding objects and events occurring across time and
space. Statistical learning (SL) refers to the ability to extract these
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regularities from the environment, which in turn allows a more
effective selection and processing of information (e.g., Chun &
Jiang, 1998; Saffran, Aslin, & Newport, 1996). For example,
regularities facilitate speech segmentation learning (Saffran, Aslin,
& Newport, 1996; Saffran, Newport, & Aslin, 1996), improve
classification learning (Aron et al., 2004; Poldrack et al., 2001),
and expand visual short-term memory capacity (Brady, Konkle, &
Alvarez, 2009; Umemoto, Scolari, Vogel, & Awh, 2010). SL has
been described as an implicit learning process that allows the
automatic extraction of structure from the world around us (Aslin,
Saffran, & Newport, 1998).

Statistical Learning and Attention

Associative learning of statistical relationships between visual
objects and events has been shown both for objects appearing in
space (Chun & Jiang, 1998; Fiser & Aslin, 2001, 2002b) and in
time (Fiser & Aslin, 2002a; Fiser, Scholl, & Aslin, 2007; Kirkham,
Slemmer, & Johnson, 2002; Olson & Chun, 2001). For example,
Fiser and Aslin (2002a) investigated SL of temporal relationships
among sequentially presented shapes. Participants watched an
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animation for 6 min in which a single object moved on a horizontal
path across the display, cycling back and forth behind a central
occluder. Each time it passed behind the occluder, the shape of the
object changed. This change was not fully random but, unbeknown
to the participant, could contain a structured sequence of shapes.
Participants were confronted with a two-interval forced-choice
task in which they had to indicate which of two consecutive shapes
looked more familiar. Participants correctly identified 95% of the
structured sequence of shapes as more familiar, indicating SL of
visual temporal sequences.

Following this important study, many studies have focused on
the role of attention in obtaining statistical learning. Several stud-
ies using auditory stimuli have shown that attention can improve
SL while others have shown that without attention there is no
learning. Toro, Sinnett, and Soto-Faraco (2005) showed that if
there is less attention available, auditory SL is negatively im-
pacted. Others have shown that instructions to attend to one
auditory pattern (i.e., words) improved learning, possibly at the
expense of learning other aspects of the word stream (such as the
grammar; see Finn, Lee, Kraus, & Hudson Kam, 2014). Other
studies have demonstrated that the role of attention in SL is
limited. For example, Saffran, Newport, Aslin, Tunick, and Bar-
rueco (1997) had children and adults listen to unsegmented artifi-
cial language while performing a cover task of creating computer
illustrations. Participants were not told they listened to a language.
Nonetheless, both adults and children learned this artificial lan-
guage equally well, even when they performed the additional cover
task. It was concluded that learning may occur in the absence of
directed attention to the input. Also, Batterink and Paller (2019)
showed that participants can learn statistical properties of language
even if they do not focus their attention on the speech input.

For visual statistical learning, the evidence seems to indicate
that attention is needed for learning to occur. In the study con-
ducted by Turk-Browne, Jungé, and Scholl (2005), participants
were presented with sequentially presented streams of nonsense
shapes. Participants had to perform a demanding n-back task while
attending two separate interleaved streams, one of which had to
be attended (i.e., shapes in the color green) and one that needed to
be ignored (i.e., shapes in the color red). The results showed that
there was only learning of the attended stream and no learning of
the unattended stream. Turk-Browne et al. (2005) concluded that
selective attention determines the input for statistical learning.
Note that a modified replication of this study did show learning of
the unattended stream (Musz, Weber, & Thompson-Schill, 2015).
However, in that study the task differed from the version of
Turk-Browne et al. (2005), as participants needed to press for a
particular stimulus when it appeared in the relevant color, but had
to refrain from responding when it appeared in the irrelevant color.
Because of this instruction, participants may not have fully ignored
the stream that needed to be unattended (see Forest & Finn, 2018
for a similar argument).

Visual Statistical Learning (VSL) and
Selective Attention

While the research review above has focused on whether atten-
tion is necessary for SL to occur, a different literature has focused
on how VSL affects attentional selection. Only recently it was
recognized that VSL may play a key role in attentional selection,

having an effect that cannot be explained by current goals (top-
down selection) or by the stimulus-driven saliency of objects
(bottom-up selection; Awh, Belopolsky, & Theeuwes, 2012;
Theeuwes, 2018, 2019). This effect due to VSL has been described
as “selection history,” referring to the influence of lingering biases
from past selection episodes (Failing & Theeuwes, 2018).

Several recent studies have provided evidence that VSL biases
attentional selection. It has been shown that in visual search,
participants learn that the target appears more often in one location
than other locations, speeding up target detection (e.g., Geng &
Behrmann, 2002, 2005; Jiang, Swallow, Rosenbaum, & Herzig,
2013). Also, participants can learn to avoid distractors that appear
more often in one location than in all other locations (e.g., Ferrante
et al., 2018; Wang & Theeuwes, 2018), suggesting that partici-
pants learn to suppress locations that may contain distracting
information. There is also quite some research showing that par-
ticipants can learn temporal sequences of objects (Howard, How-
ard, Dennis, & Kelly, 2008; Turk-Browne & Scholl, 2009; Yu &
Zhao, 2015; Zhao, Al-Aidroos, & Turk-Browne, 2013). For ex-
ample, it was shown that learning of temporal regularities could
flexibly transfer from one sequence to the other sequence, reflect-
ing sensitivity to a changing environment (Turk-Browne & Scholl,
2009; Yu & Zhao, 2015). Zhao et al. (2013) provided evidence that
attention was biased to the location containing a structured stream
relative to the location containing a random stream even though
the regularity itself was irrelevant to the task at hand. In addition,
it was shown that in a cue-cue-target paradigm (a revised serial
reaction time [SRT] task), participants were able to learn nonad-
jacent regularities such that the first cue event predicted the third
target event while the second cue was unrelated (Howard et al.,
2008).

A study by Baker, Olson, and Behrmann (2004) investigated
how the distribution of attention across the visual field affected SL.
In this study, participants were presented with two shapes that
either were connected by a bar or were unconnected. If SL would
occur, one expects faster and more accurate performance for
frequent pairs than for infrequent shape pairs. It was shown that
when participants only attended one location, no learning was
found. However, when the two shapes were connected by a bar,
learning occurred, suggesting that perceptual grouping forced
learning of the connected pairs of shapes.

Learning Across Trials

The present study investigates the learning of pairwise associ-
ations between sequentially presented search displays. In essence,
it combines the logic of VSL involving sequentially presented
nonsense shapes (like Turk-Browne et al., 2005) with visual search
involving the additional singleton paradigm (Theeuwes, 1991,
1992) in which participants have to search for a target singleton
among seven other elements. In the current study, the target was
equally likely to appear at any of the eight locations in the search
array. However, unknown to participants, we built in particular
regularities regarding specific target positions across trials. For
example, if on one trial, the target happened to be presented at the
rightmost position of the display (say the “3 o’clock™ position of
an analog clock), it would appear on the next trial at the leftmost
position (say the “9 o’clock™ position of an analog clock). The
regularity pair was a two-element (e.g., T,T,) temporal sequence
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concerning target location, which meant the position of T, on the
current trial was 100% predictive of the position of T, on the
following trial. The remaining trials whose target locations were
not paired served as filler trials. Thus, trials in which the target
location was predicted by the previous trial were regular (pre-
dicted) ones (T, trials), while trials whose target positions were not
predicted by the previous trial were nonregular ones (nonpaired
trials and T, trials). We hypothesized that if participants are able
to extract and learn these regularities, the performance in regular
(predicted) trials should be better than that in nonregular (unpre-
dicted) trials.

Whether participants are able to extract these regularities across
trials and subsequently bias their attention accordingly is an open
question. Experiments 1 and 2 addressed this question. In Exper-
iments 3 and 4, we introduced a color singleton distractor that is
known to capture attention automatically (Theeuwes, 1991, 1992)
and we determined whether the bottom-up capture would affect the
extraction of the regularities in the visual field.

Experiment 1

Experiment 1 was designed to determine whether it was possible
at all to learn statistical regularities across trials. If participants can
extract trial-to-trial statistical regularities of target positions across
trials, RTs for trials that are predicted by the previous trial should
be faster than comparable trials that are not predicted by a previous
trial.

Method

Participants. Using G"Power (Faul, Erdfelder, Lang, & Bu-
chner, 2007), with a = .05, 1-8 = .8, and a moderate effect size
of 0.25, the minimum sample size of a repeated-measures analysis
of variance (ANOVA) with two measurements (regular vs. non-
regular) is 34 participants. In the current experiment, 34 naive
undergraduate students (26 females; mean age: 21.1 * 3.2 years)
participated for course credit or money compensation. Two par-
ticipants were replaced because their overall error rates were > 2.5
standard deviations (SDs) below group average. All participants
reported normal or corrected-to-normal visual acuity and gave
written informed consent in accordance with the Declaration of
Helsinki before the experiment. The study was approved by the
Ethics Committee of the Department of Experimental and Applied
Psychology of Vrije Universiteit Amsterdam.

Apparatus and stimuli. The experiment was presented using
Matlab 2013a and PsychToolbox (Brainard, 1997) running on an
HP Compaq 6300 SFF computer. Stimuli were presented against a
black (RGB: 0/0/0, ~0 cd/m?) background on a 22-in. liquid
crystal display monitor (Samsung SyncMaster 2233RZ; resolution:
1680 X 1050 pixels) at a refresh rate of 120 Hz. Participants were
seated in a dimly lit room with their chin resting on a chin rest,
viewing the monitor from a distance of approximately 73 cm.
Behavioral responses were collected via a standard keyboard.

The stimuli used are illustrated in Figure 1. The search displays
consisted of eight unfilled stimuli in a single color (red [RGB:
200/0/0, ~20 cd/m?] or green [RGB: 0/170/0, ~23 cd/m?]), one
circle (2° diameter), and seven diamonds (2° X 2°), or vice versa.
Each shape (0.15° line width) was centered 4° from a white (RGB:
255/255/255, ~103 cd/m?) central fixation square (0.3° X 0.3°)

900 ms

2,000 ms or
until response

2,000 ms or
until response

Figure 1. Stimulus display sequences. Participants were required to
search for a unique shape and respond whether the orientation of the line
segment inside was horizontal or vertical. In this example, the trial in
which the target was presented at the leftmost location was followed by the
trial where the target was presented at the rightmost location. See the online
article for the color version of this figure.

and contained a horizontally or vertically oriented gray line (RGB:
128/128/128, ~22 cd/m?; 1.2° X 0.15°).

Design and procedure. In each block, the target singleton
shape appeared in one of eight locations with equal probability.
Also, the target appearing at each location was equally likely to be
a red/green circle or diamond. All these factors (target location/
shape/color) were randomized and counterbalanced across trials.
In addition, particular regularities regarding target location across
trials were built in. For example, for half of the participants, if on
the previous trial the target was presented at the leftmost position
of the display, it was always followed by the target presented at the
rightmost position of the display on the following trial. Also for the
same group of participants, if the target was presented at the top
position in the display, it was always followed by the target at the
bottom position on the following trial. For the other half of
participants, the regularity pairs had opposite directions (rightmost
(R) — leftmost (L), bottom — top). It is noteworthy that regular-
ities only concerned the location of the target; its color and shape
varied randomly across trials. The regularity pairs and nonpaired
trials were intermixed randomly with the constraint that regularity
pairs with the same direction could not repeat back to back (i.e.,
LRLR was not allowed).

The test consisted of one practice block and eight experimental
blocks. During practice there were no regularities, implying that all
trials were completely randomized. Each experimental block con-
tained 64 trials, including 48 nonregular trials and 16 regular trials.

As illustrated in Figure 1, each trial began with a fixation dot
presented at the center of the screen. After 900 ms, the search array
with eight items was presented until the participant responded.
Participants’ task was to search for the shape singleton and dis-
criminate the orientation of the line segment inside. They were
instructed to maintain fixation on the central fixation dot through-
out the whole block and to press the appointed key (“c” and “m”
for horizontal and vertical line) as fast and as accurately as pos-
sible. If participants did not respond within 2000 ms or responded
incorrectly, a text display “You missed it!” or “Your response was
wrong!” appeared for 800 ms. At the same time, an 800-Hz tone
sounded for 300 ms. At the end of each block, feedback of current
block’s accuracy and mean RTs (correct) was given to each
participant. Breaks between blocks were controlled by participants
themselves. After finishing the whole task, 22 participants were
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required to recall whether they were aware of any regularities
regarding target locations between trials and write down what kind
of regularity they were aware of. The other 12 participants were
asked to complete an eight-alternative forced-choice task to choose
at which location the target was most likely to appear after the first
item of the regularity pairs. Specifically, we showed participants a
search array consisting of a diamond (target at the predicting
location) among seven circles on the left side of the display and an
array of eight circles representing the eight locations on the right
side of the display. Participants were asked to choose the location
in the array on the right side that they thought the target was most
likely to appear following the search array that was displayed on
the left side of the display. The same question was asked for the
other regularity pair.

Results

Awareness of the regularities. None of the 22 participants
indicated being aware of the regularities present in the display, and
none of the 12 participants correctly chose both corresponding
regular locations.

Analysis. RTs were limited to correct trials (91.62%) only.
For the remaining trials of each block of each participant, RTs
were submitted to a nonrecursive trimming procedure (Van Selst
& Jolicoeur, 1994) that uses cell size to determine a criterion
number of SDs from the mean beyond which an observation is
considered as an outlier (2.77% of total trials). Then, trials with
RTs < 200 ms (0%) were also excluded from analysis. Finally,
mean RTs and accuracy were analyzed with repeated-measures
ANOVA:s.

Learning effect. Mean RTs and accuracy as a function of
target regularity across blocks are shown in Figures 2A and 2B,
separately. A two-way repeated-measures ANOVA on mean RTs
revealed a significant main effect of target regularity, F(1, 33) =
30.26, p < .001, nﬁ = 0.48, with faster responses in the regular
condition (811 ms) than in the nonregular condition (842 ms). The
Block X Target Regularity interaction did not reach statistical
significance, F < 1. Two-tailed paired-samples z-test of the first
block revealed that RTs were significantly slower for the nonregu-
lar condition than that for the regular condition, t;; = 4.06, p <
.001, d = 0.70. This result suggests that participants learned the
statistical regularities very quickly, as the effect was already pres-
ent at the first block and stayed present throughout the experiment.
The ANOVA on accuracy also revealed a significant main effect
of target regularity, F(1, 33) = 7.47, p = .01, mj = 0.19, with
higher accuracy in the regular condition (92.78%) than that in the
nonregular condition (91.23%).

A

71000 =- nonregular
g -&- regular
E 900r 4 % % sokok
= % 5

Q & 1

2 800 | o
1) T + g
& R o
2 :
& 700

1234567 8M

Block

Intertrial target distance analysis. Although participants
showed faster responses in the regular condition than in the non-
regular condition, we cannot conclude with certainty that they
actually learned the statistical regularities. Visual search efficiency
is facilitated by discouraging attention from returning back to the
previously attended locations (inhibition of return; see Klein,
2000). As our regularity pairs were always four items away (e.g.,
a target at the leftmost position was always followed by a target at
the rightmost position), it was possible that the RTs to the regular
target were fastest not because of learning the regularity but
because the target was always four items away from the target on
the previous trial. To test this, we restricted the distance to four
items and performed an additional paired-samples -test between
orthogonal (regular) and oblique (nonregular) direction conditions.
Critically, when comparing RTs for subsequent trials that were
four items away, RTs in regular trials (810 ms) were significantly
faster than in nonregular trials (825 ms), t;; = 2.21,p = .03,d =
0.38, suggesting that it was not the four-item distance that drove
the effect but the learned regularity.

Discussion

In this experiment, we observed that participants were faster in
responding to a target that appeared at a regular location than at a
nonregular location. It implies that participants have extracted the
statistical regularities concerning the trial-to-trial target locations,
which in return improved visual search efficiency.

However, it is clear that participants learned the statistical
regularities very fast as the effect was already present at the first
block. To ensure that the effect was truly the result of learning and
not due to some idiosyncratic strategy on part of the participants,
we wanted to replicate the result in an experiment in which we
could observe the transition process from searching freely to
optimizing search efficiency via extracting statistical regularities.

Experiment 2

In Experiment 1, we observed the target facilitation effect of
regular trials compared to nonregular trials, and found that partic-
ipants could extract the regularities very quickly as there was
already an effect of regularity during the first block. To rule out
any idiosyncratic strategy that may have contributed to the effect
and to ensure that participants indeed learned the regularities, we
designed Experiment 2 in which all trials were totally randomized
in the first four blocks while regularities were included in the last
four blocks, allowing us to see the change in search behavior.

&0
e
g

0.85

12345678M
Block

Figure 2. Mean RTs (A) and accuracy (B) for nonregular and regular conditions over blocks. Standard error
bars are shown. ™ p < .01. ™" p < .001. See the online article for the color version of this figure.
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Method

The method was identical to that of Experiment 1 except that all
trials were random in the first four blocks. Participants completed
eight consecutive blocks. At the end of the experiment, partici-
pants were required to indicate whether they were aware of any
regularities regarding some target locations across trials in the last
four blocks and write down what kind of regularity they were
aware of. Thirty-four naive undergraduate students (27 females;
mean age: 20.1 *= 1.6 years) participated for course credit or
money compensation. One participant was replaced because the
overall error rate was >2.5 SDs below group average. All
participants reported having normal or corrected-to-normal vi-
sual acuity.

Results

Awareness of the regularities. None of the 34 participants
indicated being aware of the regularities present in the display.

Analysis. RTs were limited to correct trials (91.67%) only.
For the remaining trials of each block of each participant, RTs
were submitted to a nonrecursive trimming procedure (Van Selst
& Jolicoeur, 1994) that uses cell size to determine a criterion
number of SDs from the mean beyond which an observation is
considered as an outlier (2.7% of total trials). Then, trials with
RTs < 200 ms (0%) were also excluded from analysis. Finally,
mean RTs and accuracy were submitted to a two-way repeated-
measures ANOVA consisting of the factors “half” (Ist and 2nd)
and target regularity (nonregular and regular). It is noteworthy that
target regularity conditions in the first half in which no regularity
pairs were included referred to the corresponding target locations
in the second half where statistical regularities were included.

Learning effect. A repeated-measures ANOVA on mean RTs
with half (Ist and 2nd) and target regularity (nonregular and
regular) as factors was conducted. There was no main effect of
regularity, F(1, 33) = 3.03, p = .09, m7 = 0.08. Importantly, as
visualized in Figure 3, the Half X Target Regularity interaction
was significant, F(1, 33) = 4.9, p = .03, m; = 0.13. The additional
simple effects analysis showed that the difference was insignifi-
cant in the first half [F(1, 33) = 0.01, p = .90, n% = (0], but was

=nonregular =regular

A 900 B0
£

g g40r 209
£ g

g 3

g 780r 208
K

2005 a7 1st 2nd

Half Half

Figure 3. Mean RTs (A) and accuracy (B) for nonregular and regular
conditions. Conditions in the first half, in which no regularity pairs were
included, referred to the corresponding target locations in the second half,
where statistical regularities were included. Standard error bars are shown.
p<.05. 7 p<.0l

highly significant in the second half [F(1, 33) = 7.94, p = .008,
Mz = 0.19], with faster responses in the regular condition (763 ms)
than in the nonregular condition (786 ms). ANOVA on mean
accuracy did not show the significant main effect of target regu-
larity (p = .12, m3 = 0.07), nor was there a significant Half X
Target Regularity interaction (p = .27, mp; = 0.04).

Discussion

The current experiment involving 34 new participants con-
firmed the results of Experiment 1 and unequivocally demon-
strated learning of the regularities introduced.

Now that we have shown that participants can learn to extract
regularities across trials, the next goal is to determine whether this
learning is affected by distraction. It is well-known that in the
additional singleton task (Theeuwes, 1991, 1992), the presence of
a salient color distractor results in attentional capture, and this
capture may affect learning adversely.

Experiment 3

Experiment 3 was designed to examine whether participants
could extract statistical regularities concerning the target location
when a highly salient distractor singleton was present. If the salient
distractor does not affect the ability to extract statistical regulari-
ties regarding target location, we still would observe the learning
effect. However, if the automatic capture of attention disrupts
learning and prevents the extraction of these regularities, then we
would expect no difference between regular and nonregular trials.

Method

Participants. A new set of 35 naive undergraduate students
(30 females; mean age: 21.7 £ 4.6 years) participated for course
credit or money compensation. Three participants were replaced
because their overall error rates were >2.5 SDs below group
average. All participants reported normal color vision and normal
or corrected-to-normal visual acuity.

Stimuli. As illustrated in Figure 4, on 70% of the trials, a
uniquely colored distractor was presented. The maximum response
times extended to 3000 ms.

Design and procedure. As in previous experiments, the target
of the search array had a unique shape irrespective of its color. The
target appeared at one of the eight locations with equal probability.
On 70% of trials, one of the seven identically shaped items was a
color singleton, either red with all other objects green, or vice
versa. The color distractor was equally likely to appear at the other
seven locations except the target location, yielding 56 combina-
tions of target-distractor position in total for each block. Consis-
tently, the target was equally likely to be a red/green circle or
diamond (accounting for 1/4 each in every block). All factors
(target-distractor location and target shape/color) were randomized
and counterbalanced within a block. The same regularities con-
cerning the target location were built into the experimental blocks.
Still, regularities only concerned the location of the target; its color
and shape as well as the presence of the colored distractor varied
randomly across trials. After finishing the task, 22 participants
were required to report whether they were aware of regularities
regarding some target locations across trials and write down what
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Figure 4. Stimulus display sequences in which a uniquely colored dis-
tractor was included. The target color changed unpredictably from trial to
trial (either red or green). The regularity pairs concerning target locations
were also included. See the online article for the color version of this
figure.

kind of regularity they were aware of. The other 13 participants
were asked to complete the same eight-alternative forced-choice
task as we used in Experiment 1 in which they chose the most
likely target location following a predicting trial.

The test consisted of one practice block and eight experimental
blocks. Each experimental block contained 80 trials, including 56
distractor-present trials (42 nonregular trials and 14 regular trials)
and 24 distractor-absent trials (18 nonregular trials and 6 regular
trials). So, a 2 (distractor condition: present and absent) X 2 (target
regularity: nonregular and regular) within-participant factorial ma-
nipulation was employed in a typical additional singleton para-
digm.

Results

Awareness of the regularities. None of the 22 participants
indicated being aware of the regularities present in the display.
One of the 13 participants correctly chose both corresponding
regular locations. If we removed this “aware” participant, the
results remained the same.

Analysis. RTs were limited to correct trials (93.12%) only.
For the remaining trials of each distractor condition (distractor-
absent and -present) under each block of each participant, RTs
were submitted to a nonrecursive trimming procedure that uses cell
size to determine a criterion number of SDs from the mean beyond
which an observation is considered as an outlier (2.59% of total
trials). Then, trials with RTs < 200 ms (0%) were also excluded
from analysis. Mean RTs and accuracy were submitted to a two-
way (distractor condition and target regularity) repeated-measures
ANOVA. To evaluate the strength of the evidence for the alterna-
tive hypothesis (H1) over the null hypothesis (H0O) whenever a
comparison using traditional null hypothesis testing was insignif-
icant, we also quantified the Bayes factor (BF) using Bayesian
hypothesis testing in JASP (Wagenmakers et al., 2018).

Learning effect. Mean RTs and accuracy under nonregular
and regular trials as a function of distractor condition are shown in
Figures 5A and 5B, separately. A two-way repeated-measures
ANOVA on mean RTs with distractor condition and target regu-
larity as factors revealed a significant main effect of distractor
condition, F(1, 34) = 143.39, p < .001, n,% = 0.81, with faster RTs
under the distractor-absent (952 ms) condition than that in the
distractor-present (1084 ms) condition. The main effect of target

regularity was also significant, F(1, 34) = 439, p = .04, v} =
0.11, with faster RTs in the regular condition (1000 ms) than in the
nonregular condition (1016 ms). The Distractor Condition (absent/
present) X Target Regularity (regular/nonregular) interaction was
insignificant, p = 0.22, m; = 0.04, BF,, = 0.30, suggesting that
there were no differences between nonregular and regular trials
under distractor-absent and distractor-present conditions. The
ANOVA on accuracy revealed that the main effect of distractor
was significant, F(1, 34) = 38.88, p < .001, m} = 0.53, with
higher accuracy in the distractor-absent (95.58%) condition than
that in the distractor-present (92.36%) condition. The main effect
of target regularity also reached significance, F(1,34) = 6.78,p =
.01, m} = 0.17, with higher accuracy in regular (94.37%) condition
than that in nonregular (93.57%) condition.

Discussion

In the current experiment in which a salient color distractor was
present, we still observed the learning effect. This suggests that
participants still learned the regularities even when attention was
captured by the color singleton distractor. The difference in RTs
between the distractor-present and -absent conditions indicates that
the capture was large, yet this did not affect the learning of the
regularities.

It is noteworthy that in the previous two experiments, we varied
the stimulus colors randomly from trial to trial, which basically
had no effect on performance. In the current experiment, we also
switched the color randomly. Yet in this experiment the target and
distractor colors also swapped unpredictably from trial to trial,
which implies that the color of the target on one trial could be the
color of the distractor on the next trial. This will result in intertrial
priming effects between targets and distractors (Pinto, Olivers, &
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Figure 5. Mean RTs (A) and accuracy (B) for nonregular and regular
conditions (top), separate for distractor-absent and distractor-present con-
ditions (bottom). Standard error bars are shown. * p < .05.
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Theeuwes, 2005), which increases attentional capture and may
adversely affect the magnitude of learning effect. In Experiment 4,
we wanted to determine the amount of learning taking place when
this intertrial effect was removed. To do so, the color of the target
and that of the distractor never changed roles. Experiment 4 also
introduced either a high- or a low-salience color distractor to
determine whether the amount of capture would modulate the
learning effect. It is assumed that a highly salient color distractor
would cause more disruption than a color distractor that has a low
saliency.

Experiment 4

Experiment 4 was designed to substantiate the findings of Ex-
periment 3 when intertrial priming was ruled out. In addition, to
determine whether the saliency of the distractor modulated the
magnitude of learning effect, we introduced either a highly salient
color distractor (in red against a gray search array background) or
a low salient color distractor (in brown against a gray search array
background).

Method

The method was identical to that of Experiment 3, with the
following changes. First, a new set of 34 naive undergraduate
students (25 females; mean age: 20.9 = 2.7 years) completed 12
blocks for course credit or money compensation. More blocks than
previous experiments were used to ensure enough trials under each
condition. Specifically, there were 288 distractor-absent trials (216
nonregular trials and 72 regular trials), 336 low-saliency distractor
trials (252 nonregular trials and 84 regular trials), and 336 high-
saliency distractor trials (252 nonregular trials and 84 regular
trials). Two participants were replaced: one because overall error
rates were > 2.5 SDs below group average and one because overall
RTs were > 2.5 SDs above group average. All participants re-
ported normal color vision as well as normal or corrected-to-
normal visual acuity. Second, as illustrated in Figure 6, all the
stimuli were gray (RGB: 100/100/100, ~ 14 cd/m?) except for the
uniquely colored distractor, which had high salience (red, [RGB:
200/0/0, ~20 cd/m?]) or low salience (brown, [RGB: 120/90/45,
~12 cd/m?)). Third, all factors (target-distractor location and tar-
get shape as well as distractor color) were randomized and coun-
terbalanced across trials. Finally, after finishing the whole task, 23

3,000 ms or
until response

3,000 ms or
until response

Figure 6. The search array was gray with a high-salience (red) or a
low-salience (brown) distractor. The regularity pairs concerning target
location were also included. See the online article for the color version of
this figure.

participants were required to recall whether they were aware of
any regularities regarding target locations between trials and write
down what kind of regularity they were aware of. The other 11
participants were asked to complete an eight-alternative forced-
choice task, the same as in Experiment 1, to choose at which
location the target was most likely to appear after the first item of
the regularity pairs.

Results

Awareness of the regularities. None of the 23 participants
reported being aware of any regularities throughout the whole
experiment. Only 1 of the 11 participants correctly chose both
regular locations. Exclusion of this participant did not influence
the results.

Analysis. RTs were limited to correct trials (93.5%) only. For
the remaining trials of each distractor condition (no distractor,
low-salience distractor, high-salience distractor) under each block
of each participant, RTs were submitted to a nonrecursive trim-
ming procedure that uses cell size to determine a criterion number
of SDs from the mean beyond which an observation is considered
as an outlier (3.08% of total trials). Then, trials with RTs < 200 ms
(0%) were also excluded from analysis. Finally, mean RTs and
accuracy were submitted to a two-way (distractor condition and
target regularity) repeated-measures ANOVA.

Learning effect. Mean RTs and accuracy of nonregular and
regular trials as a function of distractor condition are shown in
Figures 7A and 7B, separately. A two-way repeated-measures
ANOVA on mean RTs with distractor condition and target regu-
larity as factors revealed the significant main effect of distractor
condition, F(2, 66) = 76.67, p < .001, T][z, = (.70. Post hoc tests
indicated that RTs in the low-salience distractor condition (912
ms) were significantly slower than no-distractor condition (850
ms, p < .001) but were significantly faster than the high-salience
distractor condition (941 ms, p < .001), suggesting that our ma-
nipulation of the distractor condition was valid. More importantly,
the main effect of target regularity was significant as well, F(1,
33) = 13.06, p < .001, n,% = 0.28, with faster RTs in the regular
condition (887 ms) than that in the nonregular condition (915 ms).
The current findings basically replicated the results of Experiment
3, showing that participants were able to learn the regularities even
when very distracting information was present. The Distractor
Condition (no distractor, low-salience distractor and high-salience
distractor) X Target Regularity (regular and nonregular) interac-
tion did not reach significance, F(2, 66) = 1.54, p = .22, BF,, =
0.16, indicating that there were no significant differences between
nonregular and regular trials under three distractor conditions.
ANOVA on accuracy revealed similar results. The main effect of
distractor condition was significant, F(2, 66) = 9.24, p < .001,
ms = 0.22, with higher accuracy in the no-distractor condition
(94.83%) than in the low-salience distractor (93.08%, p < .001)
and the high-salience distractor (93.22%, p = .003) conditions.
The main effect of target regularity also reached significance, F(1,
33) = 4.42, p = .04, m} = 0.12, with higher accuracy in the regular
condition (94.02%) than in the nonregular condition (93.41%).

Comparisons across experiments. To further determine
whether the presence of a distracting color singleton affected the
magnitude of learning effect, we calculated the overall learning
effect (RT, —RT ) in Experiments 1, 3 and 4, respec-

nonregular regular
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Figure 7. Mean RTs (A) and accuracy (B) for nonregular and regular
trials (top), separate for each distractor condition (bottom). Standard error
bars are shown. Low and high refer to low-salience and high-salience
distractor condition, respectively. * p < .05. ™ p < .001.

tively and conducted independent-samples z-tests across experi-
ments. We also provided the BF values corresponding to the #-tests
(Rouder, Speckman, Sun, Morey, & Iverson, 2009). The results
showed that the magnitude of learning found in Experiment 1 was
neither different from the learning effect in Experiment 3 [#,;, =
1.65, p = .10, BF,, = 0.78] nor different from the learning effect
in Experiment 4 [t,, = 0.34, p = .74, BF,, = 0.26]. There was
also no difference in learning between Experiments 3 and 4, 4, =
1.14, p = .26, BF,, = 0.43. These results indicate that when a
distractor singleton was present (Experiments 3 and 4), learning
was just as effective as when no distractor was present (Experi-
ment 1).

Discussion

In this experiment, we kept the color of search array constant
throughout the task to prevent intertrial priming between targets
and distractors. In other words, targets and distractors no longer
shared the colors so there were no carry-over effects across trials.
The results indicate that learning was just as robust as when these
intertrial carry-over effects were removed. Experiment 4 also
showed that the amount of distraction did not modulate the mag-
nitude of learning: Learning was just as robust when a low salient
distractor was present as when a highly salient distractor was
present. Note that the condition in which a highly salient distractor
was present was about 91 ms slower than when no distractor

was present, indicating strong attentional capture. Yet even in
this condition learning was just as effective as when no distrac-
tor was present. These findings indicate that even after attention
was erroneously captured to a completely random location
(containing the salient distractor), attention was efficiently re-
allocated to the prioritized (learned) location.

Given the observation that (strong or weak) capture did not
modulate learning, one can conclude that participants did not learn
a sequence of attentional orienting (e.g., shifting from the center to
the left was followed by a shift of attention from the center to the
right) but instead learned to prioritize locations. For example,
following the selection of the leftmost location, participants
learned to prioritize the rightmost location for the upcoming next
trial. The disruption by the color singleton distractor causing an
erroneous shift of attention to a random other location did not
modulate this learned prioritization process.

General Discussion

Across a series of four experiments, we found faster responses
(and higher accuracy) to targets presented at regular locations than
targets at nonregular locations. This indicates that people were able
to learn statistical regularities regarding target locations across
trials and made use of regularities in the environment to bias
attention toward the future target location. Experiments 3 and 4
showed that the presence of a singleton distractor did not nega-
tively affect learning of these regularities. Specifically, Experi-
ment 4 showed that whether there was strong capture (high-
saliency distractor) or weaker capture (low-saliency distractor), the
learning effect remained basically the same.

The results of Experiments 3 and 4 showing that learning was
not affected by strong or weak capture to the location of the color
singleton distractor also suggest that people learned to predict the
location of the predicted (upcoming) trial instead of learning a
sequence of attentional orienting. Indeed, if participants would
have learned a covert orienting sequence (e.g., orienting to the left
was always followed by orienting to the right), then one would
have expected that the capture by the distractor would have dis-
rupted this sequence, and consequently no benefit on these trials
would have been expected. We showed the same benefits for trials
in which a salient distractor was present as when there was no
distractor. On the basis of these findings, we conclude that the
effect found here was not due to implicit spatial sequence learning
analogous to motoric temporal sequence learning (e.g., SRT task in
Nissen & Bullemer, 1987).

As a mechanism, we assume that the selection of the predicting
location generates, for the upcoming trial, activation of the pre-
dicted location. Critically, this activation is not disrupted by erro-
neous attentional shifts to the location of the distractor. This
suggests that the learning that we observed here likely affects the
weights within the spatial priority map such that the selection of
the predicting location up-regulates the weight of the location of
the predicted location. Within the map, the weights are combined
into a single topographic representation of the environment (Fec-
teau & Munoz, 2006; Itti & Koch, 2001), which determines the
selection priority. Even though, in our Experiments 3 and 4, the
strong sensory bottom-up input from the distractor singleton
briefly calls attention to the distractor location, the increased
weight within the priority map for the predicted location remains
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intact and this location receives immediate attention following
attentional capture.

The effects observed here are comparable to cueing effect as
originally described by Posner (Posner, 1980). Indeed, it is well-
known that if participants have knowledge about the upcoming
target location, attention is biased accordingly (see also Shaw &
Shaw, 1977). For example, in the classic endogenous cueing
paradigm (Posner’s spatial cueing task), participants are told that
the centrally presented cue (usually an arrow) is highly predictive
(i.e., 80% validity) of the upcoming target location. The typical
result is that RTs to the target presented at the cued (valid) location
are faster than those to the target appearing at the uncued (invalid)
location (Posner, 1980). Critically, this effect has not only been
shown with centrally presented arrow cues (which may direct
attention in an automatic way) but also with centrally presented
numbers that represented the hand of a conventional clock (e.g.,
the number 9 represented a location to the left of fixation, whereas
the number 12 represented the top location; see Theeuwes & Van
der Burg, 2007). In these Posner-like cueing tasks, the location
indicated by the cue usually varies from trial to trial and partici-
pants typically are perfectly able to anticipate the upcoming target
location. If we take this perspective, one may assume that what
participants may have learned here was that attending to one
location generated expectations about where to attend on the next
location, similar to Posner endogenous cueing. Even though fea-
sible, this conjecture is unlikely, as our awareness measures
showed that participants had little, if any, awareness regarding the
regularities in the display. If anything, participants had no explicit
top-down knowledge regarding the regularities of target locations.
This is in sharp contrast with Posner endogenous cueing, which is
considered a prime example of knowledge-based, top-down, ef-
fortful, trial-to-trial attentional control (see Theeuwes, 2018 for a
discussion).

Consistent with the notion that the current findings are due to SL
(instead of top-down guidance) is the finding that learning in our
study was extremely fast: Already at the first block, the learning
effect was established and did not change much in subsequent
blocks. Fast learning was also found in previous studies that
investigated SL of target probabilities (Ferrante et al., 2018; Jiang
et al., 2013). It is likely that the medial temporal lobe (MTL), and
in particular the hippocampus, is critical for the rapid extraction of
regularities from the environment (Chun & Phelps, 1999; Turk-
Browne, Scholl, Chun, & Johnson, 2009; Turk-Browne, Scholl,
Johnson, & Chun, 2010). The MTL plays a critical role in the
representation of space, as was demonstrated by the discovery of
“place cells” in both rodents (O’Keefe & Dostrovsky, 1971) and
humans (Ekstrom et al., 2003).

Instead of assuming top-down knowledge that drives selection,
we argue that through statistical learning the weights within the
spatial priority map are dynamically adapted from trial to trial.
Upon selecting the predicting location, the weight within the
spatial priority map of the predicted location is enhanced such that
selection of that location is boosted. The function of the spatial
priority map is basically priority control. It serves as a filter,
passing on particular bits of information to downstream brain
areas. It is assumed that the spatial priority map is associated with
a brain network consisting of the frontal eye field (Thompson,
Hanes, Bichot, & Schall, 1996), lateral parietal area (Bisley &
Goldberg, 2010), superior colliculus (Fecteau & Munoz, 2006;

White, Kan, Levy, Itti, & Munoz, 2017), and the caudate nucleus
in the basal ganglia (Hikosaka, Kim, Yasuda, & Yamamoto, 2014;
Hikosaka, Takikawa, & Kawagoe, 2000). We argue here that the
weights, within the spatial priority map, are dynamically adapted
such that following the selection of one location (the predicting
location), on the next trial, the weight of another location (the
predicted location) is up-regulated.

The current study has some resemblances to a study conducted
by Ono, Jiang, and Kawahara (2005). That study investigated the
boundary conditions of intertrial temporal contextual cueing (a
subclass of statistical learning, see Goujon, Didierjean, & Thorpe,
2015 for a review). Specifically, in their task, participants had to
search for a rotated “T” target among 11 rotated “L” distractors.
Unknown to participants, the repeated spatial layout of trial N—1
was predictive of the target location on the following trial N in the
training phase. Even though the target location was predicted by
the previous trial, distractors in these displays were presented at
random locations. Ono et al. (2005) tested various display config-
urations and concluded that only when the complete repeated
spatial layout of the previous trial was predictive of the target
location on the next trial, intertrial SL occurred (see also Thomas,
Didierjean, Maquestiaux, & Goujon, 2018). Ono et al. (2005)
showed that any random variation in the spatial layout of the
displays disrupted learning. Specifically, they argued that even
when there were consistent target-to-target associations between
the successive displays, the random variation of the nontarget
elements in the display introduced so much noise that SL did not
occur. Unlike the study from Ono et al. (2005), the current study
did show intertrial SL regarding the target location even when
there was a lot of random variation across and within any given
display. Yet there are several differences between our study and
theirs.

First, we had eight fixed locations presented on an imaginary
circle around the fixation dot, and our array contained one target
and seven nontargets. In Ono et al.’s study, 12 items were pre-
sented on an 8 X 6 grid, resulting in many more combinations of
nontarget layouts. Second, the tasks used in these two studies were
quite different. Our study utilized the well-known additional sin-
gleton task (Theeuwes, 1991, 1992), in which there was parallel
search for the target singleton. In the study of Ono et al. (2005),
search was serial (rotated “T” among rotated “L”s), where partic-
ipants had to search items one-by-one or in a clump-wise fashion.
It is possible that even though some target-to-target learning may
have taken place, it is likely that serial search involving the
selection of many nontarget items may have disrupted this learning
(e.g., Jiang & Kumar, 2004). In our study, however, attention can
be directed quickly toward the target position so that its position
may remain activated and possibly memorized. It is likely that in
our task, a strong association between two target selection episodes
across trials can be formed, which is less likely the case when
participants search serially through the display. We assume that
participants learned the sequential relationship between these tri-
als, which was possibly strengthened after each encounter. Once
the predicting target position was selected, the target position on
the next trial was boosted, giving rise to the faster and more
accurate responses for the predicted location.

In sum, the present study shows that participants can learn
pairwise associations between sequentially presented search dis-
plays. Specifically, we conclude that participants are able to ex-
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tract intertrial statistics regarding subsequent target locations,
which in turn biases attentional selection. We conclude that
through SL, the weights within the spatial priority map can be
dynamically adapted from trial to trial so that the selection of a
target at a particular location increases the weights within the map
of the upcoming target location, giving rise to faster and more
efficient target selection.
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