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Abstract

Habituation to onset distractors has been shown to be stronger the higher the
distractor probability. However, since in previous studies distractor probability
covaried with distractor numerosity, it was unclear whether habituation was controlled
by a mechanism that relies on distractor expectation (Sokolov, 1963), or by a
mechanism that is merely driven by the number of stimulations delivered to the
nervous system (Groves & Thompson, 1970). To address this issue, we manipulated the
probability of distractor occurrence at a fixed location, without varying the number of
distractors being presented. The results of Experiment 1 clearly favored the Sokolov
model of habituation, showing that habituation of capture is controlled by the level of
distractor expectation for the same distractors number. Experiment 2 excluded that the
pattern of habituation was determined by the difference in the temporal frequency of
the distractor between higher and lower distractor rates. Furthermore, the results of
Experiment 3 suggested that the amount of habituation of capture is mainly controlled
by the local rather than by the global rate of the onset distractor occurrence, thus

indicating that habituation of capture is largely spatially specific.
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Public Significance Statement

The ability to habituate to distracting stimuli is a key feature of the human brain,
as it prevents important mental resources to be wasted in attending to irrelevant albeit
salient repetitive distractors that may be encountered in the environment. Although in
recent years different cognitive mechanisms for distractor filtering have been proposed,
our study shows that the mechanism that controls habituation provides a
straightforward explanation for the reduced distractor interference that is observed
with practice. Crucially, as predicted by Sokolov’s model, habituation to salient onset
stimuli is based on the general principle of prediction or expectation of the distractor
occurrence. In other words, distraction is reduced when salient stimuli become
expected or familiar, and seems to be specific for the visual field location where the

distractor appears.
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Introduction

For humans abrupt visual onsets are among the most powerful attentional
attractors (Jonides & Yantis, 1988; Lamy & Egeth, 2003; Yantis & Jonides, 1990). This
unique property is explained by the fact that since the earliest stages of visual analysis,
like the retina, and up to the occipital cortex, the visual system presents neurons
specifically dedicated to the detection of visual transients or luminance changes. This
class of neurons form the magnocellular system, which starting from the retina projects
to both cortical (e.g., the parietal cortex) and subcortical (e.g., the superior colliculus)
structures directly involved in the reflexive or automatic covert and overt orienting of
attention (Breitmeyer & Ganz, 1976). Another reason why onsets elicit a strong
orienting response is that their occurrence may signal the appearance of new
perceptual objects in the visual field, which deserve a rapid inspection to evaluate their
motivational significance (Pavlov, 1927; Yantis & Jonides, 1996).

If on the one hand the attentional call triggered by a sudden visual onset is
certainly a highly adaptive response, on the other hand it has been also shown that the
resulting interference on a visual discrimination task is progressively reduced as
exposure to the same irrelevant onset continues, a phenomenon that we have described
as habituation of capture (Pascucci & Turatto, 2015; Turatto, Bonetti, & Pascucci, 2018;
Turatto, Bonetti, Pascucci, et al., 2018; Turatto et al., 2019; Turatto & Pascucci, 2016).
Furthermore, in line with the idea that habituation is controlled in a quite automatic
fashion by the mere stimulus repetition, the attenuation of distraction takes place also
when the onset is presented while participants are not engaged in any discriminative
task, but are simply passively exposed to the irrelevant distractor (Turatto, Bonetti,

Pascucci, et al., 2018). Habituation of capture, however, can also be spatially selective, as
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it varies according to the rate of distractor occurrence at a given location (Valsecchi &
Turatto, 2022). This result parallels those emerged from studies showing that the
amount of capture elicited by a feature-singleton distractor decreases as its location
probability increases, and has been suggested to be governed by a statistical learning
(SL) process (Ferrante et al., 2018; Goschy et al., 2014; Sauter et al., 2018; Wang &
Theeuwes, 2018b).

Habituation and SL are often presented as distinct explanations to account for
the attenuation of capture observed when the distractor is repeatedly presented
(Chelazzi et al,, 2019; Geng et al.,, 2019). However, as we have recently argued
(Valsecchi & Turatto, in press), a SL process concerning the occurrence of irrelevant
sensory stimulation is a key component of the stimulus-model comparator theory
proposed by (Sokolov, 1960, 1963), which was specifically devised to explain the
habituation of the orienting reflex (OR). The Sokolov model combines neuronal and
cognitive aspects, and postulates that the OR habituation emerges when the current
sensory input matches the brain’s expectation, with the latter being “extrapolated” from
the statistics of the past stimulation. Conversely, a mismatch between the expected and
the actual stimulation triggers an OR, which serves the purpose of getting more
information from the environment by aligning attention with the surprising event
(Sokolov et al., 2002). The idea that habituation is driven by expectation is also common
to Wagner’s model of habituation (1976, 1978, 1979), according to which the strength
of the response evoked by a stimulus is attenuated when it is pre-represented (or
primed in Wagner’s terminology) in STM because of its recent occurrence.

Unlike Sokolov’s model, which emphasizes the role of a cognitive factor like
expectation in habituation, the dual-process theory proposed by (Groves & Thompson,

1970) is a different model according to which this habituation is not controlled by
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expectation. Rather, what matters is the mere repetition of the same stimulation, which
triggers excitatory and inhibitory neural responses in specific interneurons, whose
effects accumulate across repetitions. More specifically, the model essentially postulates
that each stimulation is processed by two different classes of “plastic” interneurons. The
Type H neurons decrease their response as the stimulation progresses leading to
habituation, whereas the Type S neurons increase their response, at least initially, as the
stimulus is repeated thus favoring a short sensitization. On each stimulus presentation
the two classes of interneurons interact with each other, and the final outcome of this
interactions determines the net organism’s response to the stimulation, which in
general decreases with repetitions (Thompson & Spencer, 1966). Although these classes
of interneurons and the relative synaptic mechanisms have been studied and identified
in the cat’s spinal cord, the authors explicitly assumed that analogous mechanisms are
present in the brain (Groves & Thompson, 1970). Hence, in the model there is no room
for cognitive processes like prediction, expectation, and SL in the control of habituation,
which is instead governed by neuronal synaptic mechanisms that change the organism’s
response upon stimulus repetitions (Thompson, 2009).

Although the two models share some principles, for example both rely on some
form of memory, they largely diverge on the role of cognition in habituation control. For
this reason, it would seem important to address which one better accounts for the
habituation of distracting effect caused by abrupt onsets. At first glance, the results of
studies showing that habituation of capture is affected by the onset distractor
probability, either across locations (Turatto & Pascucci, 2016) or at a specific location
(Valsecchi & Turatto, 2022), might seem to give support to the more “cognitive” account
of habituation provided by the Sokolov model. Indeed, the model predicts habituation of

capture to vary with the degree of (distractor) expectation, so that capture should be
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weaker when the distractor has been estimated to occur more frequently, because the
OR toward a highly expected distractor (location) is particularly suppressed.
Symmetrically, habituation of capture should be weaker when the distractor occurs less
frequently, as this remains a relative unexpected or surprising event. The problem with
this interpretation is that the different distractor probabilities, and consequently
degrees of expectation, have been obtained by varying the number of distractor-present
trials, for example at a given location, with respect to the number of distractor-absent
trials (e.g., Valsecchi & Turatto, in press). In this way, the onset distractor probability
(and expectation) is confounded with distractor numerosity, a problem that concerns
not only onset distractors studies, but potentially also feature-singleton distractors
experiments (e.g., Wang & Theeuwes, 2018). Previous studies have shown that by
removing those trials in which the distractor was repeated at the same location the
spatial modulation of attention is still evident, thus excluding a large role of a trial-by-
trial location-based priming. Still, it remains true that participants were exposed to a
larger number of distractors where these occurred more frequently than less frequently
(e.g., Valsecchi & Turatto, in press), and this might have determined the degree of
capture observed as a function of the distractor rate.

In other words, previous evidence showing that capture is modulated by the rate
of the onset distractor is ambiguous as to whether this can be accounted for by a
genuine distractor expectation (Sokolov, 1963), or alternatively by the number of
onsets that impinged on the visual system (Groves & Thompson, 1970). Hence, to
understand which model better accounts for the habituation of capture, in Experiment 1
we manipulated, across two distinct groups of participants, the onset local rate while
presenting the same number of onsets in the two conditions. Under these

circumstances, the (Groves & Thompson, 1970) model would predict an equal level of
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capture habituation, as the two groups of participants are exposed to the same number
of onsets, which would trigger an equal number of neural activations in the visual-
attention system. By contrast, the Sokolov (1960, 1963) model would predict two
distinct levels of habituation of capture, as the two conditions differ in terms of

distractor expectation despite the number of onsets being presented is the same.

Experiment 1

The best model accounting for the attentional capture habituation was evaluated
by testing two groups of participants, each presented with an onset distractor
appearing at a single fixed location the same number of trials. The distractor probability
was manipulated as a between-group condition by exposing participants in the two
groups to the same number of distractor-present trials, but to a different number of
distractor-absent trials.

By making the distractor appearing at a single fixed location we had also the
opportunity to test whether habituation of attentional capture emerges also when there
is no uncertainty with regard to the distractor location. This manipulation has never
been tried before, given that in previous studies habituation to onsets always involved
distractors appearing at different locations (Turatto & Pascucci, 2016)Valsecchi &

Turatto, 2022).

Methods

Participants

Participants (N = 88) were recruited online through the Prolific service (Prolific
Academic Ltd, Oxford, UK). All of the data included in this study were collected in the

first half of 2022. We required participants to be native speakers of English, to have
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normal or corrected to normal vision and to run the experiment on a desktop computer.
Since we did not have a priori hypotheses concerning the role of age or gender on the
effects at hand, we did not impose further limitations for recruitment. The limitations
concerning language skills were based on the fact that the instructions were delivered
in English through the online server, but we would not assume that language or culture
per se would affect the results in our paradigm, so we predict that our results would
generalize to the whole adult population. The low-probability group and the high-
probability group consisted of 44 participants each (low probability: mean age = 41.02
years, 31 females; high probability: mean age = 40.07 years, 14 females). The main
conclusions from our study are drawn based on the main effect of Group, so we
performed a sensitivity analysis targeting this particular effect. The sensitivity analysis
performed using G*Power 3.1.9.7 (Faul et al,, 2007) indicated that, given a mixed design
with a 2-level between-participants factor and a 3-level within-participants factor, and
assuming a .5 correlation between repeated measures, our total sample size of 88
participants allows to detect with 80% power between-participants effects that have ny?
=.0573 or larger.

All participants were informed about the general aim of the experiment, their
task, and data handling procedures in the Prolific interface. They gave their consent by
agreeing to be directed to the experiment url, and were paid either 3.75 or 2.5 GBP for
their participation in the low- and high-probability groups, which amounted to
approximately the same hourly rate, given that the experiment lasted approximately 30
minutes and 20 minutes respectively. All the experiments of the present study were

carried out in accordance with the Declaration of Helsinki.

Stimuli and Procedure
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The experiment was constructed using the PsychoPy3 version 2020.1.3 software
(Peirce et al., 2019) and run online using the Pavlovia web hosting service (Open
Science Tools Limited, Nottingham, UK).

In order to control the retinal size of the stimuli, at the beginning of the
experiment we asked participants to position themselves at a distance that was a
multiple of the length (84% of the screen width) of a reference segment presented on
the screen. Both the stimuli and the reference segment were defined in screen
coordinates, so that if a participant performed the experiment on a larger display, this
would be compensated by the proportional increase in viewing distance. Stimulus sizes
are reported in degrees of visual angle assuming the instructed viewing distance.

The stimuli and procedure were identical to those used in Valsecchi and Turatto
(in press), and are depicted in Figure 1. The trial began with the onset of a gray central
fixation spot (radius .38°), surrounded by eight gray circular placeholders. The
placeholders had a radius of 3.4° and were placed at an eccentricity of 7.6° from the
fixation point, and a line width of 2 pixels. In distractor-present trials, 850 ms after the
onset of the initial array one of the placeholders briefly flashed for 150 ms by becoming
a white circle (line width 10 pixels). In distractor-absent trials no onset was presented
before the occurrence of the target, which consisted of the letter T rotated either
clockwise or counterclockwise, and appearing inside one of the placeholders (1.5° wide,
2 pixels line width, same gray level as the placeholders) 1000 ms after the onset of the
initial array.

The task required to press as fast as possible the “h” key if the T was oriented
clockwise, and the “g” key if the T was oriented counterclockwise, but error
minimization was also emphasized. The whole display disappeared after the

participant’s response, or 2500 ms after target onset if no response was provided. In
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case the response was incorrect or no response was provided within 2500 ms, the
messages “Wrong!” or “Too Slow!” in red letters were presented for 300 ms during the
1-second inter-trial interval.

In order to avoid any confound between the locations of the target and those of
the distractor, and to have an equal target distribution across locations independent
from the distractor spatial probability (Valsecchi & Turatto, in press), the target and
distractor appeared at non overlapping locations throughout the experiment. Out of the
8 positions defined by the placeholders, one was assigned to the distractor (chosen
among the positions along the horizontal and vertical meridians), whereas the target

could randomly appear at one of the 4 placeholders located in oblique directions.

Until
Response

Figure 1. Stimuli and events of Experiment 1 depicting a distractor-present trial. Participants
reported the orientation of the target letter T (left vs right) while trying to ignore the onset distractor.
Notice that the locations of the target and distractor were completely segregated within and between trials.
The distractor could appear only in a fixed placeholder (counterbalanced across participants) among the
four located along the vertical or horizontal meridians, whereas the target could randomly appear in one of

the four placeholders located along the oblique meridians.
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The experimental design consisted of a practice phase of 28 trials, in which no
distractors were presented, followed by three blocks of training trials. Specifically,
during training all participants were administered 168 distractor-present trials, but
whereas the low-probability group was also shown 336 distractor-absent trials, the
high-probability group was exposed to only 84 distractor-absent trials. In other words,
the low-probability (p =.333) group was exposed to 168 distractors out of 504 trials,
whereas the high-probability (p =.666) group was exposed to 168 distractors out of
252 trials. The location where the distractor could appear, which remained fixed across
the trials, was chosen for each participant between the four possible distractor locations
(along the vertical and horizontal meridians) and was balanced across participants and

conditions.

Transparency and openness

We report a sensitivity analysis based on our sample size, all data exclusions (if
any), all manipulations, and all measures in the study. The data analysis was performed
using Matlab R2021A and JASP 0.16.0.0. The data, data analysis scripts and
experimental scripts for the experiments reported in this study are available for
reviewers at the following link:
https://www.dropbox.com/s/0ju69zinlwlsy4o/ZENODODATA2ndSubmission.zip?dl=
0

The final version of the data will be made available through the Zenodo

repository. This study’s design and its analysis were not pre-registered.
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Results

Pre-processing of RTs involved removing incorrect responses and applying an
outlier-removal procedure based on Median Absolute Deviation (Leys et al., 2013) for
each participant and cell design, with a threshold of 5 MADs. We further removed RTs
faster than 200 ms from the analyses. Overall, we rejected 1.2% of the trials in the low-
probability group, and 1.5% of the trials in the high-probability group. Statistical
analyses were performed directly on capture effects, namely on the differences between
RTs in distractor-present and distractor-absent trials. For each ANOVA, we report the
Greenhouse-Geisser corrected results whenever a significant Mauchy’s test of sphericity

signaled a violation of the assumptions.

Analysis including all trials

The first analysis that we performed, both on RTs and error rates, was based on
the whole dataset of trials, namely it included, by design, twice as many trials in the low-
probability condition compared to the high-probability condition, but the same number
of distractors.

Figure 2a depicts the onset distraction effect on RTs measured in the two
conditions across blocks!. The first thing to note is that the overall level of distraction

was clearly weaker in the high-probability condition compared to the low-probability

1 We choose to directly report the analysis of the capture effects (i.e., the RT difference between
distractor-absent and distractor-present trials) because distractor-absent RTs were largely unaffected by
our experimental manipulations. On average distractor-absent trials RTs decreased from 578 to 574 ms
from Block 1 to Block 3, and were 578 and 572 ms in the low- and high-probability conditions. With
distractor-absent RTs neither the main effect of Block or Condition, or their interaction was significant
(all ps >.532). Additionally, RTs in distractor-absent trials were not significantly affected by whether the
target appeared in a location close to the distractor or far from it (as could be expected if the spatial
suppression of the distractor location extended to the nearby space). RTs were on average faster by 1.4
ms and slower by 0.3 ms when the target was in a placeholder near the distractor position in the high-
and low-probability conditions respectively. Neither the effect of Target Position, the effect of Condition,
nor their interaction were significant (all ps >.758).
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condition. In addition, distraction decreased across blocks in both conditions, but the
decrement was more marked in low-probability condition. To substantiate these
observations, mean correct RTs were entered in a mixed ANOVA with Distractor
probability (low vs. high) as between-participants factor, and Block (1-3) as within-
participants factor. The effect of Distractor Probability, F(1,86) = 20.57, p <.001, ny? =
193, of Block, F(1.852,159.247) = 12.19, p <.001, np? =.124, and their interaction,
F(1.852,159.247) = 4.429, p = .016, ny? = .049 were all significant. Further analyses were
conducted in order to qualify the significant interaction. First we performed two within-
participants one-way ANOVA separately for the two probability conditions, with Block
as factor, which was significant in the low-probability condition, F(2,86) = 17.172,p <
.001, np?=.285, but not in the high-probability condition F(2,86) = 1.071, p =.347, ny% =
.024. Secondly, this difference among distractor-probability conditions were confirmed
by pairwise comparisons (¢ tests, Bonferroni corrected) showing that capture was
weaker in the high-probability condition than in the low-probability condition in the
first block, t(86) = 4.297, p <.001, d= 0.916, in the second block, t(86) = 4.4926, p <.001,
d=0.957, and in the third block, £(86) = 2.496, p =.043, d= 0.532.

The results for error rates (computed as the difference between % errors in
distractor-present and distractor-absent trials) are presented in Figure 2b. The
Distractor probability x Block analysis failed to provide any significant result (all ps >
.208), thus excluding the possibility that the RT patter was due to a speed-accuracy
trade-off. In general, accuracy was very high, with an error rate of 2.72 % in the low-

probability condition and 3.95% in the high-probability condition.
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Figure 2. Capture effect, measured as distractor-absent trials minus distractor-present trials
differences in either RTs (left panel) or error rates (right panel), as a function of distractor probability and
block. The RT data show the habituation of capture functions for the high- and low-probability conditions,
with habituation being stronger and closer to the asymptotic level in the former than in the latter condition.
The error rates data show minimal systematic differences across conditions, thus excluding any speed-

accuracy trade off. Error bars represent between-participants Standard Errors of the Mean (SEM).

The RT pattern emerged was in agreement with the possibility that the onset
distracting effect is subject to habituation (Turatto & Pascucci, 2016). Two observations
support this conclusion: first, distraction was weaker the higher the rate or probability
of onset occurrence; and second, distraction overall decreased across blocks as onsets
presentation progressed. The steepness of the capture decrement was larger in the low-
probability condition than in the high-probability condition, which suggests that at the
higher rate of onset presentation habituation of capture already almost reached the
asymptotic level in the first block. By contrast, the habituation function was still in its

descending part when the onset appeared at a lower rate, as in the low-probability
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condition (also see the General discussion section). In other words, for the higher rate of
distractor occurrence habituation was very fast, which also indicated that the
estimation of the distractor statistics required relatively few trials, in agreement with
our previous findings (Valsecchi & Turatto, 2021). Crucially, however, since participants
were exposed to the same number of onset distractors in the two probability conditions,
the two different amounts of habituation and relative functions support the (Sokolov,
1960, 1963) model rather than the (Groves & Thompson, 1970) model, indicating that
distraction attenuation was driven by onset expectation rather than by the number of

onset stimuli being delivered.

Analysis excluding distractor-repetition trials

Although the previous analysis indicated that habituation was controlled by
distractor expectation, an alternative possibility is that capture was weaker in the high-
probability condition compared to the low-probability condition because of inter-trial
priming. One may argue, indeed, that participants were more likely to encounter two
consecutive distractor-present trials in the same (and only) location in the high-
probability condition than in the low-probability condition, given that in the former
case the same number of distractors were presented interleaved with a smaller number
of distractor-absent trials. To rule out the possibility that inter-trial priming accounted
for the different patterns of capture emerged as a function of distractor probability, we
re-analyzed the data by including only trials in which the distractor was not repeated
(for a similar approach see, for example, Ferrante et al., 2018; Wang & Theeuwes,

2018b)2. The RTs results are depicted in Figure 3. The corresponding ANOVA yielded a

2 In principle, the influence of exposure to distractors in the trial history could extend beyond trial N-1. In
order to investigate this possibility, limitedly to the data from the low-probability condition in
Experiment 1, we isolated RTs corresponding to distractor-present trials that were preceded by a
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significant main effect of Distractor probability, F(1,86) = 16.363, p <.001, n,2=.16,a
significant main effect of Block, F(2,172) = 16.335, p <.001, np? = .16, and a significant
two-way interaction, F(2,172) = 3.23, p =.042, ny? = .036. We further performed two
within-participants one-way ANOVA separately for the two probability conditions with
Block as factor, which was significant in the low-probability condition, F(2,86) = 20.38,
p <.001, np? =.322, but not in the high-probability condition F(2,86) = 2.165, p =.121,
np? =.048. Pairwise comparisons (t tests, Bonferroni corrected) showed that capture
was weaker in the high-probability than in the low-probability condition in the first
block, t(86) = 4.002, p <.001, d= 0.853, in the second block, t(86) = 3.475, p =.002, d=
0.74, but only close to significance in the third block, ¢(86) = 2.405, p =.054, d= 0.512.
This pattern of results closely mimicked that of the previous analysis including
all trials, and confirmed that above any possible role of inter-trial priming, habituation

of capture was mainly driven by onset expectation. Again, analyzing the error rates as a

sequence of 0 to 4 distractor-absent trials. Combining all blocks, this adds on average to 49 trials directly
preceded by a distractor, with individual differences due to the randomness of trials ordering. The
number of available trials decreases as the sequence of absent trials becomes longer, with an average
value of 12.1 trials for sequences of 4 distractor-absent trials. The average RTs in the 0-4 sequences were
639, 647, 625, 642 and 632 ms, respectively, which shows that there was no indication for a general
increase or decrease in RTs as a function of the sequence length. The corresponding data were submitted
to a linear-mixed model regression analysis with sequence length as fixed-effect predictor and participant
as random factor using the Ime4 library in R (Bates et al., 2015). This resulted in a slope of -1.91 ms/trial
for sequence length, and the corresponding 95% confidence interval [-4.783 0.968] included 0, thus
confirming that the sequence length had no reliable effects on RTs.
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function of Block and Probability did not produce any significant result (all ps >.151)
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Figure 3. Capture effect, measured as distractor-absent trials minus distractor-present trials
differences in either RTs (left panel) or error rates (right panel), as a function of distractor probability and
block. The RT data show the habituation of capture functions for the high- and low-probability conditions,
with habituation being stronger and closer to the asymptotic level in the former than in the latter condition.
The error rates data show minimal systematic differences across conditions, thus excluding any speed-

accuracy trade off. Error bars represent between-participants SEM.

Experiment 2

The results of Experiment 1 indicated that the larger habituation of capture
observed when the distractor appeared more frequently was controlled by expectation,
as the number of distractors was the same in the high- and low-probability conditions.
This interpretation was substantiated also by the fact that the habituation patterns did
not change when we removed any possible inter-trial priming effect that may have
arisen from distractor-repetition trials. Yet, although this analysis removed the effects

of distractor repetition trials from RTs, still in the high-probability condition
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participants were exposed to an irrelevant onset occurring at a higher temporal
frequency as compared to the low-probability condition. Given that habituation is
largely affected by the temporal frequency of stimulation (Thompson, 2009), in the
present experiment we wanted to rule out the possibility that the results of Experiment
1 were contaminated by the different distractor temporal frequency associated with the
different probability conditions.

To this aim, the distractor was shown only at the high probability (at a fixed
location), but with a temporal frequency equivalent to the low probability. If
habituation of capture is mainly controlled by distractor expectation, then we envisage
to replicate the same RT pattern of the high-probability condition of Experiment 1;
conversely, if habituation is determined by the distractor temporal frequency, we

expect to replicate the results of the low-probability condition.

Methods

Participants

Participants (N = 44, mean age = 36.09, 20 females) were recruited following the
same procedure used for Experiment 1. Compensation was 3.75 GBP for an
approximate experiment duration of under 30 min. Notice that since the comparisons
performed on the data involve a mixed 2 (between) x 3 (within) design, the same
sensitivity analysis applies as described for Experiment 1. None of the datasets had to
be discarded for not reaching the accuracy level of 80%.

Stimuli and Procedure

Stimuli and procedures were as in Experiment 1. In particular, the distractor
probability was set to .666, but the Inter Trial Interval (ITI), i.e., the interval between

the response in a given trial and the appearance of the fixation point and placeholders
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in the next trial, was lengthened from 1000 to 3600 ms, in order to have the distractor
appearing, on average, with the same temporal frequency of the low-probability
condition of Experiment 1. The current ITI was calculated as follows: in Experiment 1
the pre-target onset time was 1000 ms, the RT (including wrong trials) in the low-
probability condition was on average approximately 600 ms, and the ITI was 1000 ms,
yielding a total trial duration of 2600 ms. Hence, in the present experiment the ITI was
increased by 2600 ms, which ensured that the distractor appeared at the high
probability but approximately with the same temporal frequency of the low-probability
condition in Experiment 1.

The experimental design was identical to the one of the high-probability
condition of Experiment 1 (three blocks of 84 trials, for a total of 168 distractor-present

trials).

Results

Analysis including all trials

Figure 4 depicts the average onset distracting effect in Experiment 2 (high
probability with low temporal frequency), along with the results from the low- and
high-probability conditions of Experiment 1 for comparisons. At a first inspection it
seems evident that the pattern of results of Experiment 2 closely resembled the high-
probability condition of Experiment 1, but was clearly different from the low-
probability condition of the same experiment. To substantiate these observations, we
compared in two separate ANOVAs the results of Experiment 2 with each distractor-
probability condition of Experiment 1. In each ANOVA the within-participants factor

was Block and between-participants factor was Experiment.
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The ANOVA comparing the RTs in Experiment 2 and in the high-probability
condition of Experiment 1 yielded a significant main effect of Block, F(2,172) = 4.828, p
=.009, np? =.053, but neither the main effect of Experiment, F(1,86) = 0.367, p =.546,
np? = .004, nor the two-way interaction, F(2,172) = 1.04, p =.356, ny? =.012, were
significant. A Bayes Factor analysis yielded evidence against the inclusion of the factor
Experiment in the data model (BFo1 = 3.719). The corresponding ANOVA performed on
the error rates did not yield any significant results (all ps >.103).

By contrast, the ANOVA comparing the RTs in Experiment 2 and in the low-
probability condition of Experiment 1 yielded a significant main effect of Block, F(2,172)
=13.923, p <.001, np?=.193, and of Experiment, F(1,86) = 21.704, p <.001, n,?=.202,
but no significant two-way interaction, F(2,172) = 2.754, p =.067, ny? = .031. The
corresponding analysis performed on the error rates did not yield any significant
results (all ps >.076). The overall error rate in Experiment 2 was 2.72%.

The results clearly indicated that the main factor contributing to the patterns of
habituation of capture observed in Experiment 1 was distractor expectation, not the
distractor temporal frequency which covaried with distractor probability. Indeed, in
Experiment 2, where the distractor appeared at the high-probability but with the same
temporal frequency of the low-probability condition, the amount of capture was equal

to that found in the high-probability condition of Experiment 1.
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Figure 4. Capture effect measured in Experiment 1 (single distractor location: low- and high-
probability) and in Experiment 2 (high-probability but long ITI) as distractor-absent trials minus distractor-
present trials differences in either RTs (left panel) or error rates (right panel), as a function of distractor
probability and block. The RT data (left) show that the capture effect in Experiment 2 was similar to that in
the high-probability condition of Experiment 1, which was matched in terms of distractor probability, but
smaller than the one in the low-probability condition of Experiment 1, which was matched in terms of
distractor temporal frequency, suggesting that distractor expectation controlled the amount of capture. The
error rate data (right) show minimal systematic differences across conditions, thus excluding any speed-

accuracy trade off. Error bars represent between-participants SEM.

Analysis excluding distractor-repetition trials

Once again, we performed the analyses conducted above by including only
distractor-present trials preceded by a distractor-absent trial in order to control for a
possible effect of distractor repetition. The corresponding results are presented in

Figure 5.
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The ANOVA comparing the RTs in Experiment 2 and in the low-probability
condition of Experiment 1 yielded a significant main effect of Experiment, F(1,86) =
12.513, p <.001, np? =.127, a significant main effect of Block, F(2,172) = 15.535, p <.001,
np? =.153, but no significant two-way interaction, F(2,172) = 0.426, p = .654, ny?=.005.
The corresponding analysis performed on the error rates did not yield any significant
results (all ps >.358).

Similar to the analysis including distractor repetition trials, the ANOVA
comparing the RTs in Experiment 2 and in the high-probability condition of Experiment
1 yielded a significant main effect of Block, F(2,172) = 6.025, p =.003, np?=.065, but
neither a significant main effect of Experiment, F(1,86) = 0.016, p =.901, n,?<.001, nor
significant two-way interaction, F(2,172) = 0.745, p = .476, ny? = .009. A Bayes Factor
analysis provided evidence against the inclusion of the factor Experiment in the data
model (BFo1=4.929). The corresponding ANOVA performed on error rates did not yield
any significant results (all ps >.276).

In sum, the results closely paralleled those obtained including all trials,
confirming that habituation was mostly controlled by distractor expectation regardless

of the temporal frequency of distractor presentation.
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Figure 5. Capture effect in no distractor-repetition trials in Experiments 1 (low- and high-
probability) and 2 (high-probability and long ITI). Values are distractor-absent trials minus distractor-
present trials differences in either RTs (left panel) or error rates (right panel), as a function of distractor
probability and block. The RT data (left) confirm the finding from the whole dataset of trials, whereby the
capture effect in Experiment 2 was similar to the high-probability condition of Experiment 1. The error rate
data (right) show minimal systematic differences across conditions, thus excluding any speed-accuracy trade

off. Error bars represent between-participants SEM.

Experiment 3

Experiment 1 attested that habituation to a peripheral onset is mainly governed
by distractor expectation rather than by the number of distractors presented, thus
supporting the Sokolov model (1960, 1963) rather than the Groves and Thompson
(1970) model. This conclusion was additionally supported by the results of Experiment
2, showing that the effect of distractor probability on habituation of capture was not
accounted for by the different distractor temporal frequency in the high- and low-
probability conditions. In addition, because in Experiment 1 the distractor appeared

with a fixed probability and location, this also suggests that habituation to onsets could
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be spatially selective, as recently shown by Valsecchi and Turatto (2022). However, in
Experiment 1 the local distractor probability coincided also with the overall distractor
probability, and therefore it was not clear whether habituation was mainly driven by
the local or global distractor probability (also see, Valsecchi & Turatto, 2021).

To evaluate the contribution of the local and global onset expectation, in the
present experiment the distractor could appear at two possible distinct locations with
the same local low-probability (p =.333). However, since there were two distractor
locations, the global distractor probability (p = .666) was identical to the high-
probability condition of Experiment 1. Hence, if habituation to onsets was mainly driven
by spatially specific distractor expectation, in Experiment 3 we predicted to observe the
same habituation pattern of the low-probability condition of Experiment 1, where the
distractor appeared at a single location. By contrast, if habituation to onsets in was due
to the overall level of distractor expectation, in Experiment 3 we predicted the same

habituation pattern of the high-probability condition of Experiment 1.

Methods

Participants

Participants (N = 44, mean age = 46.92, 28 females) were recruited following the
same procedure used for Experiment 1. Compensation was 3.75 GBP for an
approximate experiment duration of under 30 min. Notice that since the comparisons
performed on the data involve a mixed 2 (between) x 3 (within) design, the same
sensitivity analysis applies as described for Experiment 1. None of the datasets had to
be discarded for not reaching the accuracy level of 80%.

Stimuli and Procedure
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Stimuli and procedures were as in Experiment 1 (see Figure 1), except for the
fact that across trials the distractor could appear with equal probability (p =.333) at
one of two possible locations, opposite to each other. The couples of locations (right-left
or up-down) were balanced across participants. As in Experiment 1, targets appeared
with equal probability in each of the oblique locations.

The experimental design consisted of a practice phase of 28 trials, in which no
distractors were presented, followed by three blocks of 168 trials each, for a total of 504
trials. Excluding practice, participants were overall submitted to 168 distractor-absent
trials and 336 distractor-present trials (global distractor probability = .666), with
distractors appearing 168 times at each of the two designated locations (local distractor
probability =.333). This means that when the results of Experiment 1 and 2 are
compared, the number of distractors presented at a single location in each block of

trials is equivalent.

Results

Analysis including all trials

Figure 6 depicts the average onset distracting effect from the two low-
probability locations of Experiment 3, along with the results from the low- and high-
probability conditions with a single location of Experiment 1 for comparisons. At a first
inspection it seems evident that the pattern of results of Experiment 3 closely
resembled the low-probability condition of Experiment 1, but was markedly different
from the high-probability condition of the same experiment. To substantiate these
observations, we compared in two separate ANOVAs the results of Experiment 3 with
each distractor-probability condition of Experiment 1. In each ANOVA the within-

participants factor was Block and between-participants factor was Experiment.
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The ANOVA comparing the RTs in Experiment 3 and in the low-probability
condition of Experiment 1 yielded a significant main effect of Block, F(2,172) = 20.359, p
=.01, np? =.191, but neither the main effect of Experiment, F(1,86) = 1.672,p = .2, np?=
.019, nor the two-way interaction, F(2,172) = 2.094, p =126, np? = .024, were significant.
A Bayes Factor analysis indicated that the present data do not provide clear evidence
against (or in favor of) the inclusion of the factor Experiment in the data model (BFo1 =
1.781). Again, the corresponding ANOVA performed on the error rates did not yield any
significant results (all ps >.094).

By contrast, the ANOVA comparing the RTs in Experiment 3 and in the high-
probability condition of Experiment 1 yielded a significant main effect of Experiment,
F(1,86) =11.211, p <.001, ny?=.115, a significant main effect of Block, F(1.858,159.817)
=4.864, p =.01, np? =.054, but no significant two-way interaction, F(1.858,159.817) =
0.596, p = .54, n,?=.007. The corresponding analysis performed on the error rates did
not yield any significant results (all ps >.067). The overall error rate in Experiment 3
was 3.62%.

Overall, the results indicated that the local level of distractor probability, not the
global one, was the major factor contributing to the RT pattern observed in Experiment
3, namely to habituation to onsets, when participants were exposed to distractors

randomly appearing at two locations.
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Figure 6. Capture effect measured in Experiment 1 (single distractor location: low- and high-
probability) and in Experiment 3 (two distractor locations, each low-probability) as distractor-absent trials
minus distractor-present trials differences in either RTs (left panel) or error rates (right panel), as a function
of distractor probability and block. The RT data (left) show that the capture effect in Experiment 3 was
similar to that in the low-probability condition of Experiment 1, which is matched in terms of local distractor
probability, thus suggesting that habituation is mostly determined by local distractor expectation. The error
rate data (right) show minimal systematic differences across conditions, thus excluding any speed-accuracy

trade off. Error bars represent between-participants SEM.

Analysis excluding distractor-repetition trials

In order to exclude a possible role of inter-trial priming, we performed the same
analyses conducted above by including only distractor-present trials preceded by a
distractor-absent trial. The corresponding results are presented in Figure 7.

The ANOVA comparing the RTs in Experiment 3 and in the high-probability
condition of Experiment 1 yielded a significant main effect of Experiment, F(1,86) =
10.69, p =.002, npy?=.111, a significant main effect of Block, F(2,172) = 8.656, p <.001,

np? =.091, but no significant two-way interaction, F(2,172) = 0.771, p = .464, ny?=.009.
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The corresponding analysis performed on the error rates did not yield any significant
results (all ps >.213).

Similar to the analysis including switch trials, the ANOVA comparing the RTs in
Experiment 3 and in the low-probability condition of Experiment 1 yielded a significant
main effect of Block, F(2,172) = 24.74, p < .001, np? =.223, but neither a significant main
effect of Experiment, F(1,86) = 0.716, p = .4, ny? = .008, nor a significant two-way
interaction, F(2,172) = 0.897, p = .41, ny? = .01. A Bayes Factor analysis provided
evidence against the inclusion of the factor Experiment in the data model (BFo1 = 2.933).
The corresponding ANOVA performed on error rates did not yield any significant
results (all ps >.296).

In sum, the results closely paralleled those obtained including all trials,
confirming that habituation seems mostly controlled by the local distractor expectancy,

even when possible additional inter-trial priming effects are discounted.
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Figure 7. Capture effect in switch trials in Experiments 1 (low- and high-probability) and 2 (two

positions, each low-probability). Values are distractor-absent trials minus distractor-present trials
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differences in either RTs (left panel) or error rates (right panel), as a function of distractor probability and
block. The RT data (left) confirm the finding from the whole dataset of trials, as the capture effect in
Experiment 3 was similar to that in the low-probability condition of Experiment 1. The error rate data
(right) show minimal systematic differences across conditions, thus excluding any speed-accuracy trade off.

Error bars represent between-participants SEM.

General discussion

Habituation describes the progressive waning of a response to a repeated
(usually irrelevant) stimulation, a decrement that is not accounted for by sensory or
motor fatigue (Thompson, 2009). In recent years, we have shown that the distraction
elicited by an irrelevant peripheral onset decreases as exposure to the salient event
progresses, and that such decrement exhibits some key features of habituation (Turatto
& Pascucci, 2016), including the fact that it is specific for the context in which it takes
place (Turatto, Bonetti, & Pascucci, 2018; Turatto et al.,, 2019). Habituation, however, is

just a behavioral phenomenon that requires an explanation.

In support of Sokolov’s model: the role of prediction and information entropy in
attentional orienting and its habituation

Three main models or theories of habituation have been historically proposed,
although more recent computational models also exist (Ramaswami, 2014; Vogel et al.,
2019). Sokolov's (1963) and Wagner's (1976) models invoke cognitive factors to
explain the response attenuation, whereas in the Groves and Thompson (1970) model
habituation results from the synaptic interaction between two different classes of
interneurons (Type H and Type S). In particular, Sokolov’s theory was elaborated to
account for the habituation of the OR, of which the orienting of attention is one key

component. Essentially, the theory assumes that the OR, and hence the attentional
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orienting, occurs whenever the organism is presented with a surprising or unexpected
stimulus. The latter is surprising to the extent that it does not match the expected one,
which is extrapolated from the statistics of past events. By contrast, the more the input
matches the expectation the more the response normally evoked by the stimulus is
suppressed on any subsequent reiteration, leading to habituation (Valsecchi & Turatto,
2022). In other words, as stressed by Bridgeman (2013), Sokolov’s model anticipated
the general notion of prediction as a key principle in neuroscience, and more specifically
the idea of prediction error (the difference between input and expectation) as the
driving force of learning. This notion then became central in conditioning studies
(Rescorla & Wagner, 1972), and more recently in different domains of cognitive
neurosciences (Clark, 2013; Den Ouden et al., 2012). According to this view, the OR
reflex is seen as a behavioral and cognitive strategy to acquire information from the
environment, in line with the idea that unexpected events have information content, or
entropy, as postulated by the Information theory devised by Shannon (1948).
Conversely, habituation arises when through repetition the input confirms the brain’s
prediction, namely when the amount of entropy carried by the sensory input
progressively becomes negligible (Shannon, 1948; Sokolov, 1960; Sokolov et al., 2002).
In agreement with this interpretation, Allenmark et al. (2022) have recently shown that
the amount of interference caused by a feature-singleton distractor appearing at a given
location increases linearly with the amount of information entropy (determined by the
distractor probability) associated with the distractor.

By contrast, the dual-process theory proposed by Groves and Thompson (1970)
simply assumes that the response is attenuated when an identical stimulation is
repeatedly delivered to the nervous system. This is because each stimulation activates

the same neural pathways and synaptic transmissions, whose activity physiologically
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declines with repetition (the Type H interneurons). So, habituation is explained by the
observation that in some interneurons repetition leads to a decline in the physiological
response. For this model the only relevant variable is the number of identical or similar
stimuli that are delivered, in a given time interval, to the nervous system, and there is
no room for any cognitive process like expectation, SL or alike.

In our previous studies showing an effect of distractor probability on the
habituation of capture the number of distractors presented in the high vs low-
probability conditions differed (Valsecchi & Turatto, 2022), similarly to what is
commonly found in SL of feature-singleton distractor location studies (e.g., Ferrante et
al,, 2018; Wang & Theeuwes, 2018b). Hence, it was unclear which model better
accounted for the stronger habituation of capture observed with the higher onset rate
as compared to the lower onset rate, either across locations (Turatto & Pascucci, 2016),
or at specific locations (Valsecchi & Turatto, 2022). The results of the present
experiment were largely in favor of the Sokolov model, as we found a stronger
habituation to onsets in the high- compared to the low-probability condition when they
were paired in terms of number of distractors presented at the same location. The
analysis in which we removed the effect of onset repetition across two consecutive
trials (e.g., Ferrante et al., 2018; Wang & Theeuwes, 2018b), confirmed that the different
patterns of habituation observed in the different probability conditions were not due to
an inter-trial priming effect generated by distractor repetition trials, which are more
frequent when a larger number of distractor are presented as in the high-probability
condition. So, even when any facilitatory effect of consecutive distractor repetitions on
RTs was discounted, a stronger habituation of capture was found where the distractor

was more expected to occur, as predicted by the Sokolov model.
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We have so far stressed the role of expectation in governing the habituation of
the OR, arguing that the more a distractor is expected the less information it conveys
and the more it is ignored (Sokolov et al., 2002). However, Allenmark et al. (2022) have
argued that habituation of capture is simply governed by the discrepancy between the
learned statistics and the current input, without invoking any role for expectation. The
difference between our view and that of Allenmark and colleagues is an old question
already discussed by Sokolov, who explicitly assumed that the neural model of the
irrelevant sensory input should not be conceived as a “passive stable engram”, but as a
mechanism that can extrapolate or predict the incoming input (Sokolov, 1963). Hence,
in line with Sokolov’s proposal we have argued that expectation plays a key role in
habituation, a conclusion that is also supported by evidence showing that habituation of
capture is context specific, which is explained by the fact that context acts as a predictor
of the distractor occurrence (Turatto, Bonetti, & Pascucci, 2018; Turatto et al., 2019).
However, further studies are needed to clarify whether expectation does indeed play a
key role in habituation of capture, or whether a more “passive” mechanism like that

invoked by Allenmark et al. (2022) is sufficient to control habituation.

Some specifications and an alternative account to habituation

Our results favor a cognitive model of habituation of capture (and the OR in
general) like that proposed by Sokolov (1960; 1963). However, this is not to say that
such model always provides the best explanation for any response decrement obtained
with an iterative stimulation. Indeed, it is very likely that the mechanism underlying the
observed habituation may depend also on the type of response under investigation and
the animal species considered. For example, in the C. elegans, a small worm with about

300 neurons, which is an animal model of paramount importance in neuroscience for
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the study of habituation and other types of learning (Rankin, 2004), habituation of the
tap-withdrawal response (and its recovery) as a function of the inter-stimulus-interval
(ISI) seems better accounted for by the Groves and Thompson (1970) model. This
model emphasizes the importance of the ISI directly affecting the memory decay of the
stimulus representation, and therefore the response suppression. By contrast, the
results are less in agreement with a Sokolovian-like model based on the expected
pattern of stimulation (Broster & Rankin, 1994; Rankin & Broster, 1992). Furthermore,
by claiming that habituation of capture was controlled by distractor expectation rather
than by the delivered number of distractors we do not mean that the latter is not, in
absolute terms, an important factor contributing to habituation in general. Indeed, first
it is quite obvious that there is no habituation unless the stimulus is repeated, and
second it is also evident that the longer the series of stimulation the higher the
probability that learning is complete and that habituation reaches its maximum, namely
an asymptotic level. However, the distinction between distractor numbers vs distractor
expectation arises when the covert attentional capture response, and its variation, are
measured. This is because the distractor effect is measured (only indirectly) by
subtracting the average RTs in distractor-absent trials from distractor-present trials.
The impact of the distractor rate on habituation of capture can then be evaluated by
manipulating the number of distractor-present trials over a fixed number of trials
(Valsecchi & Turatto, 2022), which however introduces the confound of the number of
distractors being presented, or by varying the distractor rate while keeping the same
number of distractors in the different probability conditions as done here. It remains
true, however, that although distractor expectation is the main factor controlling the
degree of habituation of capture, the absolute number of distractors delivered can still

be a factor affecting habituation. Indeed, as it is especially evident in the low-probability
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condition the distractor interference continued to slowly decline as exposure to the
onset progressed.

Experiment 2 also showed that the stronger habituation of capture found in the
high-probability condition could not be accounted for by the fact that in this condition
the onset appeared at a higher temporal frequency compared to the low-probability
condition. In principle the distractor temporal frequency might have been a factor given
that one of the main robust characteristics of habituation is its dependance on the
temporal rate of stimulation (e.g., Broster & Rankin, 1994; Geer, 1966; Thompson,
2009). However, when the distractor was presented at the higher probability but with a
temporal frequency equivalent to the lower probability, the pattern of habituation
resembled that of the higher probability condition. This is not to claim, however, that in
general the temporal frequency of distractor presentation is irrelevant in habituation of
capture, but only that within the limits of the ISI manipulation used in the present
paradigm the distractor temporal frequency played no major role in the observed
patterns of habituation of capture.

Although we interpreted the distractor interference decrement as an instance of
habituation governed by a Sokolovian-like model relying on distractor expectation, an
alternative account could be considered. The different amount of capture observed in
the two probability conditions could be explained by the fact that they differed in terms
of the number of distractor-absent trials interspersed among distractor-present trials.
According to Miiller et al. (2009), during the attentive task participants with practice
develop a distractor-handling “routine” (i.e. a suppressive mechanism) to reduce the
distractor interference. Specifically, this routine would be learned and automatized in
distractor-present trials, but prone to forgetting in distractor-absent trials, which by

definition are more frequent the lower the distractor rate. Hence, the more frequent the
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distractor-absent trials the less “available” or “automatized” this routine becomes,
which leads to a greater distractor interference, as for instance in our Experiment 1. In
line with the proposed mechanism, Miiller et al. (2009) found that a feature-singleton
distractor interfered less on a given trial N if it was present also on trial N-1, which
offered an occasion to consolidate or practice the distractor-handling routine.
Furthermore, the larger capture observed when the distractor followed a distractor-
absent trial was even larger in blocks in which the distractor appeared with a lower rate
compared to a higher rate, as the latter condition overall allowed fewer occasions (i.e.,
distractor-absent trials) to forget the routine. However, it seems to us that such trial-
based distractor-handling routine explanation would not be in principle incompatible
with the Sokolov habituation account. The reason is that while this account predicts that
the degree of expectation should be determined by the history of stimulation, it does not
define the number of previous trials or events that should be integrated to generate a
given distractor expectation. If this number is low, individual trials closer in time to the
current event are bound to gain proportionally high relevance in determining the
corresponding prediction. In any case, even in the low-distractor probability condition
it is not difficult to imagine that a distractor could be slightly more expected when
preceded by distractor-present trials than by distractor-absent trials. There reason
could be that the system does not know whether the estimated probability will remain
constant or will change, and therefore it must continuously monitor the sequence of
events to adjust its predictions. At any rate, we conducted a further analysis of the inter-
trial interference effect in the low-probability condition of Experiment 1, which failed to
provide evidence for distraction costs associated with a recent history of trials without

distractor presentation (see Footnote 2).
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Distractor probability and habituation rate

One might note that in addition to find a stronger habituation for the high-
probability condition we should have also found a faster habituation compared to the
low-probability condition, thus confirming our recent findings where the high- and low-
probability conditions were manipulated in a within-participants design by using two
distinct distractor locations (Valsecchi & Turatto, 2022). The reason is that habituation
is usually faster, in addition to be more pronounced, the higher frequency of stimulation
(Broster & Rankin, 1994; Geer, 1966; Rankin & Broster, 1992; Thompson, 2009).
Therefore, one would have predicted a steeper slope of the RT x block function in the
high-probability condition than in the low-probability condition, whereas if anything we
found the opposite (see for example, Figure 2 panel A). However, this apparent
paradoxical outcome can be explained as follows. In classic habituation studies the
response evoked by the irrelevant stimulus is measured directly and a short series of
stimuli is typically sufficient to generate a clear habituation function. For example, in
humans a clear habituation function of the skin conductive response associated with the
OR triggered by an auditory stimulus is obtained with few presentations (Steiner &
Barry, 2014). By contrast, the measurement of the capture response in the attentional
paradigms typically requires to average several tens, if not hundreds, of RTs in
distractor present vs absent trials, due to the high RT intrinsic variability. This means
that if the habituation function reaches the asymptotic level quickly because the
distractor is frequent, this steeper part of the curve is not detected because it is
averaged out with the remaining flatter and larger portion of the curve by the mean
block RTs. By contrast, for low distractor rates the habituation function declines more
slowly, possibly without even reaching the asymptotic level if the number of trials is not

enough, so that the block RT averaging does not change much of the curve profile. One
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could certainly plot and analyze the data by binning the RTs in shorter bins of fewer

trials, but this comes at the expense of largely increasing the noise in the RT results.

Changing the distractor salience

The aim of Experiment 1 was to distinguish between the Sokolov and the Groves
and Thompson models of habituation of onset capture. However, on the assumption
that onsets saliency are represented in the same priority or dimension-specific maps
where feature-singleton distractors are encoded (Ferrante et al., 2018; Itti & Koch,
2001; Liesefeld & Miiller, 2019; Zelinsky & Bisley, 2015), the results could also shed
light on how distraction suppression might take place in this architecture. Specifically,
the results seem to suggest that the attentional capture modulation by distractor
probability does not arise from the fact that at each distractor presentation the
corresponding peak of activation in the priority map is simply downweighed in a top-
down fashion as a consequence of the erroneous attentional selection, with the
attenuation being stronger the more distractors are presented. Indeed, if this were the
mechanism at play, we would not have found a differential capture in two probability
conditions, as they were equivalent in terms of number of distractors, and hence of
occasions for suppression (but see the possibility discussed above about the forgetting
of the distractor-handling routine). Rather, the different capture observed with an equal
number of distractors in the two probability conditions suggests that the system
generates an expectation of the distractor on the basis of its rate of occurrence at a
given location. However, the distractor expectation does not need to be conscious, but
on the contrary, and in agreement with what Sokolov already suggested (Sokolov et al.,
2002), we believe that distractor expectation is estimated implicitly, and that such

computation might take place in early-visual areas (Won et al., 2020; Zhang et al., 2022).
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Then, in keeping with Sokolov’s hypothesis, a suppression is automatically exerted on
the neural activity generated by each presentation of the irrelevant input or distractor.
The more the distractor matches the expectation the more it will be suppressed, and the
repeated suppressive activity at the distractor location progressively changes the
priority map in a plastic fashion (Ferrante et al., 2018; Turatto & Valsecchi, 2021; Wang
& Theeuwes, 2018b). A key difference between our proposed view, based on Sokolov’s
model, and that advocated by Allenmark et al. (2022), is that we assume that the
distractor suppression mechanism leading to habituation is triggered by the mere
repetitive presentation of the irrelevant sensory input. In other words, we do not
necessarily assume that the habituation mechanism is engaged because the distractor
interferes with target selection, as shown by habituation in passive viewing (Turatto,
Bonetti, Pascucci, et al., 2018; Won & Geng, 2020), whereas this assumption is central in

Allenmark et al.’s view.

Are the suppressive resources optimally and strategically distributed?

Another peculiarity of our study is that we have found a different degree of
habituation to an onset distractor appearing with different rates of occurrence at a fixed
location in separate groups of participants. By contrast, the modulation of attentional
capture by a distractor appearing with different rates at two or more locations has been
previously tested in the same group of participants (Ferrante et al., 2018; Goschy et al.,
2014; Sauter et al., 2018; Wang & Theeuwes, 2018b). The results invariably showed a
larger attenuation of capture where the distractor appeared more frequently. A possible
explanation for this finding is to reasonably assume that humans possess a finite
quantity of suppressive resources, which are strategically and optimally allocated as a

function of the spatial rate of distractor occurrence, with more suppression exerted
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where the distractor is more likely to occur, and less where it is less likely to interfere
with target selection and discrimination. This view echoes that proposed to explain the
results of studies investigating the probability cueing of target location, and showing
that target processing is more efficient where it appears more frequently (Geng &
Behrmann, 2002; Shaw & Shaw, 1977). Based on the original studies of (Koopman,
1957) on the optimal distribution of searching effort for an object appearing with
different probabilities among various locations, humans are assumed to be capable to
estimate the target locations probabilities and to strategically and optimally distribute
the finite attentional resources accordingly. However, the idea that also the suppressive
resources are optimally distributed to match the distractor probability at different
locations seems to be challenged by our present findings. Indeed, if the function of the
suppressive mechanism is that of attenuating as much as possible the distractor
interference, it is not clear why in our study each group of participants did not apply all
the possible suppressive resources available at the fixed distractor location. Indeed, this
strategy that would have ensured the maximum distractor filtering, and in turn the
largest capture attenuation, regardless of the distractor rate. Note that this strategy
would have been even more reasonable and optimal if one considers that the location of
the distractor was not only fixed, but also completely segregated from that of the target.
By contrast, the fact that capture attenuation was different in the two groups of
participants suggests a different scenario. The mechanism of distractor filtering appears
largely determined by the specific spatial distractor probability, and does not operate
by optimally dividing all the possible suppressive resources available across locations,
or by concentrating all of them in the same distractor location when this is fixed. This is
in agreement with a habituation mechanism that runs automatically (Sokolov et al.,

2002), in the sense of being non-intentional, by suppressing the OR toward the
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irrelevant salient stimulus only as a function of how much this is expected to occur at a
given location (Sokolov, 1963). In addition, this also fits with the idea that distractor
rejection is not under voluntary top-down control (Wang & Theeuwes, 2018a). That the
mechanism responsible for reducing distraction on the basis of the local distractor
probability does not appear to be under strategic or flexible control is also coherent
with the findings by Bogaerts, van Moorselaar and Theeuwes (2022). The authors found
that even if participants could predict the appearance of a feature-singleton distractor
within a specific trial, because distractor-present and distractor-absent trials alternated
in sequence, or because a cue signaled the likelihood of distractor, the amount of

capture was not affected.

Local vs global habituation of capture

The present findings, strongly indicating that habituation to onsets was mainly
driven by the local rate of distractor occurrence (for similar findings with feature-
singleton distractor see Allenmark et al., 2022), may seem in partial disagreement with
those of Valsecchi and Turatto (2021). In our previous study we reported that capture
attenuation to a repeatedly presented feature-singleton distractor was modulated by
both its local and global probability. There are, however, several methodological
differences between the two studies that may make a comparison less than
straightforward. To begin with, here we used an onset distractor whereas Valsecchi and
Turatto (2021) presented a feature-singleton distractor (also see Allenmark et al.,
2022), and the rejecting mechanisms for the two types of distractors may not be the
same; second, in the present study the global change in distractor probability was
manipulated in two separate experiments (confront the .333 local probability condition

of Experiment 1 and Experiment 3, with the latter presenting two local probabilities of
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.333, but a global probability of .666), whereas in the Valsecchi and Turatto (2021)
study the change in the global distractor probability was more drastic and achieved
within the same experiment, as it occurred across different blocks of trials; third, we
cannot exclude that our previous evidence in favor of a role of the global distractor
probability could have been due to the fact that the location of the target and that of the
distractor were not segregated as in the present study. Under those conditions any
change in the distractor probability distribution across locations also changed the target
probability, and this may have affected the observed findings. So, further studies are
needed to clarify whether habituation to a salient distractor is controlled only by its
local rate of occurrence (Allenmark et al., 2022), or alternatively whether also the global

distractor rate may be a significant, albeit perhaps minor factor.
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