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Abstract

To find an item of interest among candidate objects we are directed by attentional sets that reflect our expectations and
intentions and may also vary by whether items should be attended or ignored. We investigated how different attentional sets
influence target search and the effect of prior experience on these attentional sets. Our participants had to identify a target
object given a set of objects that either contained the target itself (direct attentional set) or contained only cues that defined
the target by exclusion (indirect attentional set). We found that response times were significantly slower for indirect atten-
tional sets and when sets were mixed within blocks. To analyze the impact of attentional sets on priming, we fitted behavioral
time series using multiple dynamic ideal observer models based on a first-order memory mechanism with three consecutive
stages: set identification (direct vs. indirect), target identification (based on set cues), and response. The different models
involved different assumptions about each stage, and we compared them via information criterion to identify mechanisms
that consistently lead to good expected out-of-sample performance. We found strong repetition priming when both set and
target were repeated. For direct attentional set, repetition priming was consistent with a first-order memory mechanism that
tracks objects and colors likely connected to feature-specific neural mechanisms and frontoparietal attention network. In
contrast, the processing of indirect attentional sets relies on qualitatively different mechanisms and search strategies than
conventional visual search, likely related to neural networks involved in task switching and generation of attentional set.

Keywords Repetition priming - Attentional sets - Conjunction search - Visual search

Introduction

We use attention to select the items in the environment that
match our goals for further processing. Attentional set is a
concept introduced by Mowrer (1938) that is often used to
describe the guidance of our attention or setting up of expec-
tations (Gibson, 1941; Neisser et al., 1963; for reviews, see
Driver, 2001; Kristjansson & Egeth, 2020). Our attentional
set can guide us towards or away from the features or objects
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of interest at a given moment. Let us say that you are look-
ing for a mug in the communal lab kitchen. The attentional
set may specify the cup — your red Liverpool FC mug — or
a mug that has a cylindrical shape, the color red, and per-
haps the YNWA letter combination, so any mug that satisfies
these criteria will do. Conversely, your colleague may want
to avoid anything connected with Manchester United and,
thus, avoids certain combinations of letters and colors at all
costs. Or you might be looking for the most unique mug (an
oddball mug) or the most typical mug (so you can blend in
pretending that you are a football fan too). Depending on the
context and specific information within each attentional set,
these people with different goals may end up choosing the
same mug but their choice processes will be very different.

We are very flexible in setting up and adjusting atten-
tional sets based on the current context and task demands.
In the simplest case, an attentional set can define expec-
tations about the target. For example, Sekuler and Ball
(1977) used a task where observers had to decide which
of two temporal intervals contained moving dots (the other
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interval was blank). Sekuler and Ball adjusted the contrast
of the dots against their background until performance on
the task reached about 75% correct when the movement of
the dots was in the same direction on every trial. For those
same luminance conditions, performance was near chance
(55% correct) when the direction of the moving dots was
random from trial to trial. Thus, a more specific attentional
set — tuned not just to motion but also to a particular drift
direction — produced a dramatic increase in performance.

Attentional sets can also include a particular location,
unexpected events, or certain feature values (Egeth & Yantis,
1997). Bacon and Egeth (1994) showed that observers can
have a set for detecting unexpected singletons of any type
(a set for singleton detection) or can have their attentional
set tuned more narrowly so irrelevant singletons will not
capture attention. When observers simply needed to identify
an object with an odd shape (a circle target among diamond
non-targets), their search performance was disrupted by the
presence of a uniquely colored non-target diamond, a so-
called attentional capture effect (Theeuwes, 1992). But when
they adjusted their attentional set to exclude an irrelevant
distractor, the effects of this “singleton detection mode”
were eliminated. This shows the variable nature of atten-
tional sets (see further evidence in Lamy & Egeth, 2003),
and is related to the well-known distinction made by Shif-
frin and Schneider (1977) between automatic and controlled
search processes where attention can work as a filter so that
certain aspects (e.g., features or locations) can be ignored
and other aspects can be highlighted.

Attentional sets are determined not just by the instructions
and the goals but also by our prior experience. For example,
a lot of studies in the visual attention literature show how
our attention is drawn to the items that we have just attended
to, i.e., the target object is automatically included into the
attentional set for the following trial. Accordingly, target
identification is faster and more accurate if the search targets
have the same color as during previous selections or if they
appear in the same locations as during previous selections
(for review, see Kristjansson & Asgeirsson, 2019). In fact,
this adds to a large amount of literature showing how impor-
tant temporal context is for perception — which reflects the
way the visual system uses the past to predict the present
(Chetverikov et al., 2016; Chetverikov & Kristjansson, 2015;
Kristjansson, 2023; Lin & Qian, 2024; Pascucci et al., 2023;
Rao & Ballard, 1999; Series & Seitz, 2013; Tanrikulu et al.,
2021). A notable aspect of attentional priming patterns is
the gradual build-up of priming and the time constant of this
build-up (Brascamp et al., 2011; Martini, 2010).

However, there has been far less research into what might
be called the priming of attentional sets themselves. How
easily can such sets be generated and varied and how are
they maintained over time? In Leber and Egeth (2006),
observers could, during a training phase, use one of two
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different attentional sets (they could not use both) to identify
targets in a stream of briefly presented items. In a subse-
quent test phase, observers had a strong tendency to persist
in using the set they had used during the training phase. Fug-
getta et al. (2009) then demonstrated priming of the size of
the attentional window, as performance was better when the
size of the selection area remained constant across trials than
when it was variable. Relatedly, it is well documented that
expectations about upcoming stimuli strongly influence per-
formance: if targets in a visual search task suddenly become
part of the distractor set, role-reversal effects occur where
the search becomes slower and less accurate (Chetverikov
& Kristjansson, 2015; Kristjansson & Driver, 2008; Lamy
et al., 2008).

When discussing attentional guidance, it is just as impor-
tant to consider how visual cognition treats items that should
not be attended or ignored. Therefore, while we may have
a template for a target that we look for, we also can have
templates for rejection (Arita et al., 2012; Carlisle, 2023;
Carlisle & Kristjansson, 2018; Cunningham & Egeth, 2016).
One example, familiar to many, is the classic wine bottle
problem, where we have a bottle of wine with a cork firmly
in place, but no corkscrew. We frantically hunt for something
that can help us to open the bottle, without knowing exactly
what that might be, finding a lot of things that will not work
since they are not of the correct shape or functionality and
therefore meet the exclusion criteria.

The aim of this study was to (1) test whether priming
operates at the level of attentional sets themselves, beyond
priming of sensory features such as shapes and colors, and
(2) examine the mechanisms of negative attentional sets,
specifically whether they rely on priming processes similar
to those known for direct attentional sets. To this end, we
examined performance across sequences of trials depend-
ing on stability of target shape, color, or attentional set, and
quantified these effects using a family of ideal observer mod-
els. Our paradigm is particularly well-suited to disentangling
the dynamics of direct and indirect attentional sets and may
open pathways for future neural-level investigations. This
work provides insights into how attentional sets are estab-
lished, primed, and updated from trial to trial, including situ-
ations where observers know what the target is not.

Methods
Participants

All participants except one (the second author) were naive to
the purpose of the studies and all had normal or corrected-to-
normal vision. All participants gave written consent. All pro-
cedures were in accordance with the national ethical stand-
ards on human experimentation and with the Declaration
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of Helsinki of 1975, as revised in 2008. Participants in the
easy difficulty condition (three objects in the game set) could
receive course credits within the framework of a manda-
tory module of research participation in accordance with the
guidelines of the University of Bamberg. Most participants
in the medium (five objects in the game set) and hard (nine
objects in the game set) difficulty conditions were members
of the University of Iceland community.

There were ten participants in the easy difficulty condi-
tion (eight female participants, aged 19-57 years, mean age
29 years, and two male participants, aged 26 and 57 years).
Ten participants (five female participants, age 25-57 years,
mean age 35 years, and five male participants, age 15-57
years, mean age 28 years) participated in the medium diffi-
culty condition and another ten (six female participants, age
25-34 years, mean age 29 years, and four male participants,
age 25-38 years, mean age 29 years) participated in the hard
difficulty condition.

The sample size (N = 10 per condition) was chosen based
on both prior repetition priming research and statistical
power considerations. Although the number of participants
is modest, the study employed a within-subject design with
several hundred trials per participant, yielding high measure-
ment precision and sensitivity to detect effects. Prior studies
of visual repetition priming using similar paradigms typi-
cally report large effect sizes (Cohen’s d > 0.8; Chetverikov
et al., 2016; Chetverikov & Kristjansson, 2015). A power
analysis for a within-subject #-test with d = 0.8 and a =.05
indicates that ten participants provide approximately 80%
power, suggesting that our sample size is sufficient to detect
priming effects of magnitudes commonly observed in this
domain.

We suspect that one participant (rzgtirei) in the easy dif-
ficulty condition misunderstood the instruction for blocks
that contained both direct and indirect attentional sets and
assumed that they corresponded to indirect search only (see
below for details on the procedure), as their performance
in this condition was below chance at 0% (i.e., responses
were not random). However, as the participant performed
normally in the three other conditions, we opted to keep the
data for this participant in all but that specific condition.

Apparatus

The experiment was programmed using oTree (Chen et al.,
2016). Data analysis was performed using R (R Core Team,
2023) and the tidyverse set of packages (Wickham et al.,
2019). Statistical models were coded and fitted with the
Stan probabilistic programming language (Carpenter et al.,
2017). Models were compared via a leave-one-out informa-
tion criterion using the loo library (Vehtari et al., 2017).
We used Microsoft Office icons as pictograms. The stimuli
were presented on a 61-cm diagonal Eizo CG245W screen,

resolution 1,920 X 1,200 and with a refresh rate of 60 Hz.
A viewing distance of 50 cm was ensured by a chin-and-
forehead rest that stabilized the viewing position and angle.
A single pixel subtended 0.03 degrees of visual angle (dva).
Participants responded on the keyboard.

Experimental procedure

Our experimental design was based on a board game
Geistesblitz (author Jacques Zeimet, illustrations by Gabri-
ela Silveira, © 2010 Zoch Verlag, https://www.zoch-verlag.
com/zoch_de/kategorien/familienspiele/geistesblitz-60112
9800-de.html). The main distinction is that our experiment
was restricted to only two kinds of attentional sets determin-
ing target identity, whereas in the game, depending on the
desired difficulty, a target can be identified based on up to
five different kinds of attentional sets.

On each trial, participants had to identify a target object
based on a smaller trial-specific set of objects (respectively,
one, two, or three) that was either direct or indirect, see
Direct attentional set and Indirect attention set panels in
Fig. 1. The identity of a target object, accompanying distrac-
tors, and attention set were fully randomized. On each trial,
only one object from the gaming set matched both the shape
and color of the object. In the case of the direct attentional
set, all but one of the objects were depicted in a mismatching
color. For example, the first example of a direct attentional
set for the hard difficulty condition in Fig. 1 contains a black
briefcase (color of the briefcase in the game objects set is
yellow), a yellow fan (color of the fan in the game objects
set is blue), and a red tea pot (also red in the game objects
set). The target object is therefore the red tea pot.

For the indirect attentional set, all objects within the trial
attentional set were depicted in mismatching colors. For
example, in the first example of the indirect attentional set
for the medium difficulty in Fig. 1 the bowl is black (red in
the game objects set), and balloons are blue (black in the
game objects set). Thus in this case all objects are depicted
in mismatching colors, so the target object needs to be iden-
tified by exclusion: it is not an object that is present in the
trial set, which excludes the bowl and the balloons, and not
of the color present in the set, which excludes all black (bal-
loons) and blue (the bus and the candy) objects, leaving a
single remaining object — the books. The reader can use
these rules to identify target objects in the example sets in
Fig. 1 with answers provided in Table 1 at the end of this
section.

For all three difficulty conditions, we used an ABBA
block design with eight blocks of 80 trials each. The first
and last block consisted only of trials with direct attentional
sets. The second and seventh blocks included only indirect
attentional sets. Blocks three to six consisted of trials with
direct and indirect attentional sets in random order (i.e.,
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Example set of game objects

Easy

Medium

Fig. 1 Example game objects (left column) and examples of direct
(middle column) and indirect (right column) attentional sets as indi-
cated by cue cards. For the direct attentional set, the target object has
the correct color, i.e., there is one object that fully matches an object
from the game objects set in the left column. For example, it is the
red fan for the first example direct set for easy difficulty. For the indi-
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Examples of a direct
attentional set

Examples of an indirect
attentional set
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rect attentional set, the target object is not in the trial set and does not
have any of the colors that are present in the set. For the first indirect
attention set example for easy difficulty, the target object is not a fan
and it is not a black object, which leaves the only remaining game
set object: blue tea pot. The solutions for the remaining examples are
given in Table 1
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Table 1 Solutions to examples in Fig. 1

Difficulty  Direct attentional set Indirect attention set
Easy Fan, tea pot, flip flops Tea pot, flip flops, fan
Medium Balloons, bowl, books Books, bowl, balloons
Hard Tea pot, balloons, bowl Bus, briefcase, bowl

(1) direct only, (2) indirect only, (3) mixed, (4) mixed, (5)
mixed, (6) mixed, (7) indirect only, (8) direct only). Partici-
pants were given instructions on whether during the next
block the attentional set would be only direct, only indirect,
or mixed. As both target and attentional set were randomly
selected on each trial, the number of repetitions on succes-
sive trials of the target object, attentional set, or both varied
across participants and conditions (see Table 2).

In the experiment, participants were presented with a set
of game objects: three for the easy difficulty, five for the
medium difficulty, and nine for the hard difficulty condi-
tions (see Game objects panel in Fig. 1). The same objects
and colors were used within each experimental session. The
color and position of objects were randomized between par-
ticipants but were constant for each participant throughout
the entire experiment. For example, for the hard difficulty
example in Fig. 1, once the bus object was assigned a black
color and mid-right position for a particular participant,
it would be used for the entire duration of experiment. A
different participant would get a different combination, for
example, a red bus in the top-left position, but this would be
consistent for that participant across the entire experimen-
tal session. The constant position was required to simplify
response mapping between keys and objects. For easy dif-
ficulty (three game objects), participants used the left, down,
or right arrow keys; for medium difficulty (five game objects)
they used the W, A, S, D, or X keys; for hard difficulty (nine
game objects), participants used the numeric pad keys from
1to9.

Each block started with instructions and information
about attentional sets (only direct, only indirect, and mixed).
Participants were informed that they could use the instruc-
tion stage for a break but would not be able to pause during

Table2 Number of average repetitions of the target object, atten-
tional set, or both for each difficulty condition (mean + standard devi-
ation)

Difficulty Repetitions of
Target object ~ Attentional set Target and atten-
tional set
Easy 288 + 10 477 £ 11 218 + 11
Medium 291 £ 16 474 £ 9 216 + 17
Hard 251+ 10 478 £9 191+ 12

the block. The game objects set was presented continuously
throughout the entire block. Presentation of the trial set
(objects that identified the target on this trial) was delayed
by a random amount of time (500-600 ms) and the stimuli
remained on the screen until response. The response times
were measured relative to the stimulus and trial set onset.
Each stimulus measured 2.9 X 2.9 dva. The game objects
were presented on the right and the attentional set on the left
side of the screen (see Fig. 2). Participants received feedback
on their performance after each trial. If they picked the cor-
rect object, the square around the object turned green. If they
picked the wrong object, the square turned red, whereas the
square around the correct one turned black.

Statistical analysis

Posterior distributions for all models were sampled using
Stan probabilistic programming language (Carpenter et al.,
2017). We characterized uncertainty using 97% credible (for
posterior distributions) and confidence (for behavioral data)
intervals. Given that the exact value used for computing such
intervals is arbitrary, we picked 97 because it is a prime
number.

We summarized posterior distributions of parameters
and posterior predictions using a 97% credible interval. A
credible interval, also known as a compatibility interval, is
a range that contains a predefined proportion of the prob-
ability mass based on values from the sampled posterior
distribution. For behavioral data, we computed 97% per-
centile confidence intervals using non-parametric bootstrap-
ping, 2,000 iterations (Davison & Hinkley, 1997). Data were
sampled with replacement across all participants, averages
were computed for the relevant combination of conditions
per participant and then the group average for the sample
was computed. The distribution of bootstrapped samples of
group averages was then used to compute 97% percentile
confidence intervals.

The fitted models were compared using a leave-one-out
(LOO) information criterion (Vehtari et al., 2017). LOO
computes an expected log predicted density (ELPD) that
expresses the expected out-of-sample deviance based on
the posterior distribution of in-sample deviance; see Vehtari
et al. (2017) for details. The LOO information criterion is
interpreted in the same way as other information criteria,
such as Akaike or Widely Applicable Information Criteria
(AIC and WAIC, respectively), with lower values indicating
better goodness-of-fit given the penalty for model complex-
ity. We reported the difference in expected log predicted
density (AELPD, mean + standard error) relative to the best
model (top model in each table, AELPD = 0). Models in
each table are ordered from best to worst based on their
AELPD relative to the best model. In addition, we used
ELPD to compute a relative weight for each model. For this,

@ Springer



Memory & Cognition

@ [k

One object in correct color is the target.

-
19 o i

v

Fig.2 Example display for the hard difficulty condition, direct attentional set block. Left: attentional set. Right: game objects set

all models are used as an ensemble to maximize accuracy of
leave-one-out cross-validation performance. The overall pre-
diction is computed as a weighted mean of predictions. The
weights add up to 1 and higher weights mean a larger con-
tribution to the prediction and, therefore, higher relevance
of the individual model. Note that this approach means that
higher weights are assigned to models that contain unique
additional information, so while the best model tends to have
the highest weight, this may not be true for other models.
As the direct comparison via AELPD and the indirect one
via the weights approach provide different model rankings,
we presented both.

Model: The general design of ideal observer models

Our experimental procedure can potentially produce simul-
taneous priming at three levels: (1) for shapes of individual
game objects, (2) for individual colors, and (3) for the atten-
tional sets themselves. Each of these effects reflects the prior
history of the game, and the response times are likely to
reflect a complex interaction between them, making a sim-
ple factorial linear model ineffective for understanding the
results. To address this, we opted to design a series of ideal-
observer models that could include multiple independent
history traces based on a first-order memory process for-
malization (see below).

The ideal observer models followed the same template
with three consecutive processing stages but different pro-
cessing mechanisms. Specifically, an ideal observer first
identifies the attentional set (RT,,). Note that this stage
is relevant only for the mixed blocks, as participants did
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not need to identify the attentional set for direct-only and
indirect-only blocks. Next, they identified the target object
given the attentional set (RT ) and finally, observ-
ers needed time to carry out the actual response, which
includes motor planning and execution (RT,,,,,,). Accord-
ingly, the total response time was computed as:

RT = RT, (set) + RT yype,(5¢1) + RT 0, )

Note that the first two components can depend on the
attentional set. For example, the time needed to identify
the attentional set may depend on the set itself or the prior
history of attentional sets. Similarly, the processing time
required to identify the target object is likely to differ
between attentional sets. In contrast, the latter component
— motor planning and execution — is independent of the
attentional set as it is associated with actions occurring
after the set and the target object have been identified.
In the actual implementation of various ideal observers,
RT ., and RT included their own set-specific intercept

set object
terms, €.g.:

RTO,,jeC,(set) = aobject(set) + ﬂo,,jecl(set) -(1- salienceobj)
@)
However, for the sake of sampling efficiency, we opted
to sample the total sum of all intercepts of all relevant terms
(RT 4, RT ,pjocss RT, ) instead of including individual terms
that sum up to it. In cases like these, the estimated value of
RT does not correspond to the final component alone but

motor
to the total sum of relevant intercepts:
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RT =RT,,, +RT

motor set

+ RTtrue (3)

object motor

and, therefore, its values cannot be compared across models.

The mechanisms implemented for different stages were
independent and we constructed numerous ideal observers
using different combinations. To simplify the identification
of individual ideal observer models in the repository, we
used the following scheme for filenames:

[set —...] [obj—...] [color — ... ].stan

where each bracket part identified mechanisms used to
implement the influence of (changing) attentional set, target
object, and its color. The former component determines the
computation for RT ,,, whereas the two latter components
Jointly determine RT ;..

There are two aspects of the task that influence response
times for the medium and hard difficulty conditions. First,
a memory for location of the target object could lead to a
location-specific priming effect (Campana & Casco, 2009;
Maljkovic & Nakayama, 1996). However, in our experimen-
tal design, location has less relevance than in a conventional
visual search task. First, it has no meaning for the easy dif-
ficulty condition as there is only a single object and therefore
a single position for the trial set. Second, it has no meaning
for the indirect attentional sets as the target is not in the
trial set, so there is no position that is specific to the target.
Nonetheless, we tested this possibility by creating a version
of the best performing model for medium and hard difficulty
conditions that included memory for each position within
the trial set. This model used the same first-order memory
mechanisms as other components (see below), increasing
location salience if it contained response object and decreas-
ing location salience for non-targets. A comparison via LOO
information criterion (see below, the same approach as we
used for comparing all models in the article) showed that
the added complexity does not lead to substantial improve-
ment in out-of-sample predictions. Therefore, we included
the model in the repository (see Open Practices Statement)
but given the limited effect of position and complexity of
modelling, we opted not to discuss that particular component
in the article.

Similarly, for the medium and hard difficulty conditions,
there was always a uniquely colored object within a game set,
a property that could make it more salient. Our analysis con-
firmed that although the accuracy of responses was unaffected,
the response times were indeed faster when this object was
a target. We created an additional model that included addi-
tional strength modulation for a uniquely colored object, which
improved predictions of the model. However, the improve-
ments were moderate, and the factor itself was static, produc-
ing no further insight into the priming that the current arti-
cle focuses on. Therefore, we opted not to discuss this effect

further, but to include the model in the repository (see Open
Practices Statement).

All models were fitted to empirical data using random
effects for all relevant parameters. In other words, every
parameter in the model had a group average and distribution
components plus individual values for each participant sam-
pled from this distribution. Note that we used mathematically
equivalent non-centered parameterization to facilitate sam-
pling from multivariate distributions.

Model: First-order memory process

For the ideal observer model described below, we assumed that
all memory traces evolved as a first-order process, with their
strength increasing whenever a corresponding attentional set,
object, or color were present on the current trial and decreas-
ing whenever they were absent. The general formulation is:

M) = Me™'/" 4)

In our case, we have a time step of 1 (trial) and, therefore,
we fixed the upper boundary at 1 (if x is present) and the lower
boundary at O (if x is absent). Thus, the discrete version of the
same process is:

Mf] = Bl + (M¥[t = 1] = BIf]) - - )
or equivalently:

M1 = Mt — 1]+ (B - M¥[z - 1]) - (1 - e—%) ©)
where:

_J 1ifxispresent
Bl = { 0 if xisabsent ’ 0

and x is an attentional set, object, or color.
We assumed that all traces (for attentional set, object, and
color) are in a neutral state at the beginning of each block:

MX[0] = 0.5 8)

Considering that the proportion constant is

1
0< (1 - e_?> < 1for z > 0, we opted to sample the entire
expression rather than the 7 itself. Accordingly, the proportion

constant per participant was:

logit(l - e_%> ~ Normal(u*,oc"), )
u* ~ Normal(0, 1), (10)
o ~ Exponential(10) (11)
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Examples of memory evolution for different time con-
stants are depicted in Fig. 3. Note that the time constants
control how quickly the memory builds up and, therefore,
the memory span. This means that larger time constants lead
to slower evolution of the memory and reflect a longer his-
tory interval (t = 8 in Fig. 3, T = co means constant memory
state and, therefore, no memory). Conversely, shorter time
constants lead to faster-evolving memory with a shorter his-
tory span. For instance, for T = 0.25, memory traces become
almost 1 after two repetitions of the target. In the extreme
case of T = 0, the only information contained in the memory
is about the most recent trial only, as that target memory
strength becomes 1 and that of all distractors 0.

We also assumed that the conspicuousness of a given
object or set is computed via divisive normalization. For
example, for attentional sets, this means that the conspicu-
ousness of a direct attentional set is computed by dividing
its memory trace strength by the sum of memory traces’
strengths for both direct and indirect sets. Thus, the conspic-
uousness of the direct set is relative to the sum of memories
of both sets.

]\4;.‘
R —— 12
SN 12

When several memory traces were used in an ideal
observer model, we sampled the time constant for each

1.00-
£ 075" /\
(@)}
c
2
(7))

0.50 -
>
o
S
s

0.25-

0.00-

1 2 3 4 5

Fig.3 Evolution of memory as a first-order process for different time
constants. The gray dashed line indicates presence (1) or absence
(0) of a target during the trial. The colored lines and circles indicate
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memory from a correlated multivariate Gaussian distribu-
tion to facilitate sampling convergence. For example, when
an ideal observer model had separate time constants for
memory of attentional sets and objects, they were sampled
from a bivariate Gaussian using the same priors for p and
o as the univariate Gaussian above but with the additional
correlation term R.

[logit<e_1/fomm) ~ MVNormal u t ’Sr ’

object

s= (3 8 V(0 ) e
: 0 O-iject 1\ 0 G;bject ’

we refer to this process as f,

m

13)

1(7) in the text below.

Model component: Time required to identify
attentional set during mixed blocks, RT,,,

Below is the description of mechanisms that define the
extra processing time required to identify an attentional
set during mixed blocks: RT ,,. Each mechanism is identi-
fied using the [set_...] label in the model filename. Icons
are used to identify model components in figures; they are

summarized also in Table 3.

7=1

6 7 8 9 10 11

Trial

memory strength as a function of time and target presence for three

different time constants, T
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Table 3 Ideal observer components used in the modular design. Icons
identify components in figures below, bold text in brackets shows
how the component was labeled within the filename in the online
repository. Note that color-processing mechanisms were irrelevant

for the easy difficulty condition, where all game objects had a unique
color. See Model section for details on the implementation of indi-
vidual mechanisms

Attentional set processing mechanisms

©

[set-none]
No effect.

@

[set-same]
Fixed time required to
identify attentional set.

[set-different]
Fixed set-specific
time required to

identify set.

@

(((

[set-memory]
Required time depends on the
relative memory strength of the

set.

Object processing mechanisms

L(((

[obj-common]
Visual search times depend on object memory
which is common for both attentional sets.

E

[obj-perset]
Visual search times depend on set-specific

object memory.

Color processing mechanisms

(> o

[color-none] [color-object boost]
No effect. Modification of object
memory for an object

that has the same color

as the target.

Visual search times depend
on the memory of color
which is common for both
attentional sets.

= g
[common] [perset]
Visual search times
depend on set-specific
memory of color.

[set-none] The simplest, if unrealistic, mechanism used
for baseline comparison. Here, an ideal observer required no
time to identify the attentional set even during mixed blocks:

RT,, =0 (15)

[set-same] An ideal observer required the same
amount of time to identify the set, irrespective of which
attentional set was used during the trial. RT,, was sampled
per participant from a normal distribution with a log link
with priors centered at 0.02 s, i.e., we used conservative

regularizing priors that favored brief processing times:

log (RTset) ~ Normal(ﬂm, Uset) ) (16)
Uy, ~ Normal(log(0.02), 2), A7)
0. ~ Exponential(1) (18)

[set-different] An ideal observer model similar to the
one above but assumed that processing time was set-specific,
i.e., one attentional set was identified quicker than the other.
Response times were sampled from a bivariate Gaussian
with a log link. We assumed that costs for identifying the set
were correlated. Intuitively, participants who were faster

than average at identifying the direct attentional set could
also be faster than average at identifying the indirect one.
However, the formulation allows equally for a negative and
zero correlation.

direct

1 RTdirect
[lozg((RTiz%m,)) ] ~ MVNormal( [ ik ] : 2) (19)

set set

Gdirect 0 Gdirect 0
Zset = < S% G;Z?irea Rset S% Ué'l;;iirect ’ (20)
plirect | yindirect.  Normal(log(0.02),2), @1
e, s B 10), )
R, ~ LKlcorr(4) (23)

E [set-memory] Here, RT ,, was modulated by the rela-
tive strength of the trial attentional set (47" and Sindirect’)
that reflected the prior history of attentional sets within the
block. We assumed that the memory of an attentional set
(Mdirect gnd pindirect) eyolves as a first-order process (see
above) so that:

@ Springer
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direct
set ~
Mindirect fml (Tset) (24’)
set
and
direct
direct __ set
SS&‘T - Mdirect +Mindirect (25)
set set
indirect Mi’éld”“‘t
SSEt - Mdirect + Mindirect (26)
set set

The actual response times were computed per set as:

adirect + log(RT;iZect) (1= Sdirecl[t]), 27

set set

indirect indirect indirect
@+ 1og (RTG) - (1= S '1a), (28)
i.e., stronger memory traces led to shorter response times
and vice versa.

log (RT%"") and log (RT""*") were modeled as in [set-
different]. ¢! and /""" were not modeled explicitly but
were incorporated into a set-specific RT (see reasoning
above).

motor

Model component: Time required to identify
the target object, RT,,,,

We assumed that search times for the target object reflect

its relative strength of representation (S,,;), which reflected:

1. Influence of prior history of this object being a target
object during previous trials.

2. Influence due to the conspicuousness of its color.

3. Additional modulation due to being present in the set.

Note that the latter two components were relevant only
for the medium and hard difficulty conditions, as for the
easy difficulty condition all objects had unique colors and
an attentional set consisted only of a single object.

The processing time was computed as:

e + log(RT4< ) - (1= 8,1, 29)

a;r;jirect + 10g<RTZZ;irecz> . (1 — Sobj)’ (30)

where a8’ and a29"™*! were not modeled explicitly but were
obj obj

incorporated into a set-specific RT,,,,. (see reasoning
above). The strength for a given object S,,,,;[i]] was computed
via divisive normalization of context-modulated memory
traces (M/Db_,-):

@ Springer

M i)
Sopilil = ——— (31)
T M 0]
The context effects of presence and color (w,,,.,) pro-

duced a non-linear modulation based on the strength of the
memory itself (M obj):

M obj = Mopj + (l - Mabj) * Weontext (32)

The context effect is defined as modulation due to the
object being present in the set and the influence of the color
memory. The former depends on the strength of modula-
tion (modulation weight w,,,,,..) and an indicator vari-
able Present[t] that indicates the presence (1) or absence
(0) of the object in the attentional set. The influence of the
color memory is modulated by the corresponding weight
(W,o10r) and the strength of the color memory trace at time t
(M.,;,r[1], see below for details):

w - Present[t] + w

color * Mcolor (33)

context — Wpresence

Please note that context modulation was a subject to con-
strain 0 < w_,,...« < 1, i.e., the value of w,_,,,,, was clipped
to the range of [0..1].

With respect to the influence of prior history M,,;, ideal
observers utilize a memory trace evolving as a first-order
process (see above) but differ in whether there was a single
memory, common for both attentional sets, or two object
memory representations, one per set.

& [obj-common] A memory representation was inde-
perﬁ’ent of the attentional set, i.e., common for both.

Mohjecl ~ fml (Tob/'ect) (34)
[obj-perset] Two set-specific memory

representations.

Mg;l;;iitz ~Jmi (Tobject) (35)

Mzi)nb‘ji:‘etw ~ f ml (Tobject) (36)

The effect of being present in the attentional set W,
and modulation due to color w,,;,, were both sampled per
attentional set and per participant from a bivariate dis-
tribution. The group prior was centered at approximately
0.1 modulation. We describe the model for w,,,,..,,,.. but an
identical model was implemented for w_,,, (modulation

due to the strength of the color memory trace).

: direct direct
log1t<w,,,emnce> MVNormal Hpresonce 5
IOgit<Windirect> ~ MVNormal{ | indirect |+ Zpresence |>

presence presence

37
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O.dtrect ] 0 Gdtrect 0
3 — presence " R presence
‘precense 0 Gzndlrect presence 0 o.mdtrect ’

presence presence
(38)
direct indirect
”presence’ Mpresence ~ Normal(—2, 2)’ (39)
direct indirect
Gprexence’ O-presence ~ E.Xp (1)’ (40)
Rpresence ~ LKJCOI‘I‘(4) (4 1 )

With respect to the influence of the color, we imple-
mented four different mechanisms.

[color-none] The simplest algorithm that assumed
no influence of color on response times, i.e., the term
Weotor * Moo [t] Wwas omitted when computing object
strength (S,,)-

[color-object boost] Here, we assumed that color
did not have a separate memory trace but memory traces
for an object that had the same color as the target were
adjusted upwards in proportion to the adjustment of the
target object itself. Specifically, the proportionality con-
stant was adjusted as

1
Weolor (1 —e z)

See details on the first-order memory process above,
where 0 <w_,,, < 1.

E [color-common] This algorithm assumed a common
memory for colors.

Mcolor ~ fml (Tcolor) (42)

The relative strength of the color was computed via a
divisive normalization, identical to that used for set and
object memory normalization.

[color-perset] This algorithm assumed two memories
for colors, one per attentional set.

direct

Strngll?erct ~ fml (Tcolor) (43)

color

Model component: Time required for carrying
out the response, RT,,, .,
As noted above, RT,,,,,, should not depend on the attentional
set as it reflects motor planning and execution only after
both the attentional set and the target object were identified.
However, for reasons of sampling efficiency, it absorbed set-
specific intercept terms from RT,, and RT . Therefore,
RT,,,..» was sampled per attentional set and participant from
a bivariate Gaussian with a log link. We assumed that the
total sum of intercepts was likely to be correlated between

set

the sets. We used identical weakly regularizing priors for the
mean-centered at 0.6 s and strongly regularizing priors for
variance to facilitate sampling.

1 RTdirecz direct
[12§ gRT%%%C)’) ] ~ MVNormal < [z%%%ct ] ’ Zmatur) ’

motor motor

(44)
direc direc
Z — 6mom£ 0 . R 6mnm£ 0 .
motor 0 O.;;zg[z:ict motor 0 Gz(n)i;{:fct ’
45)
Hinotor Mmoo ~ Normal(10g(0.6), 1), (46)
Toror> moer. ~ Exp(10), @7)
Rmotor ~ LKJCOI‘I‘(4) (48)
Results

We investigated how attentional sets and prior history influ-
ence the speed of responses in a target identification task.
In the experiment, players must identify a target among the
game objects based on objects present in the attentional
set for a given trial. Crucially, the attentional set can be
direct when the target object is the only object within the
set depicted in the correct color and, conversely, an atten-
tional set is indirect when objects and colors in the set serve
as exclusion criteria to identify a unique remaining target
object. The task varied in difficulty on three levels, based
on the number of game objects, colors, and objects in the
set: (1) Easy (three game objects, three colors, one object in
the attentional set); (ii) medium (five objects, three colors,
and two objects in the set); and (iii) kard (nine objects, five
colors, and three objects in the set). See the Experimental
procedure section and Fig. 1 in Materials and methods for
further details, illustrations, and example trials.

The overall accuracy and response times are shown in
Fig. 4. Higher difficulty (larger game objects set) led in all
cases to longer response times (> 98% of samples show
a positive difference in posterior predictions at the group
level). Similarly, mixing attentional sets within a block led
to longer response times than in blocks with fixed atten-
tional sets (> 99% of samples show a positive difference in
posterior predictions at the group level apart from indirect-
only vs. indirect-mixed conditions for easy difficulty where
differences are not consistently positive and, therefore, not
significant). In contrast, there was no significant change in
accuracy as a function of difficulty level (a complete com-
parison table is available in the online repository).
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Fig.4 Response time (top row) and accuracy (bottom row) across
the three difficulty conditions as a function of the four different con-
ditions (direct set only blocks; direct set within mixed trial blocks;
indirect set only blocks; indirect set within mixed trial blocks). Cir-

Mixing attentional sets within a single block had a strong
effect on accuracy on trials with the direct attentional set
(highly significant for medium and hard difficulty, see accu-
racy plot in Fig. 4) but little or no effect on indirect set tri-
als. Moreover, accuracy was, in general, the poorest for the
direct attentional set on mixed block trials for medium and
hard difficulty. We surmise that this reflects that observers
become stuck on applying the indirect set in an attempt to
find a plausible-looking exclusion-based target only later
realizing that this was a direct-set trial.

The response times showed the same pattern across all
experiments with mixed blocks producing significantly
lower response times for both direct and indirect attentional
sets (see Response times plot in Fig. 4). We sought to quan-
tify these differences by measuring priming effects, as our
experimental design can potentially lead to simultaneous
priming at three levels:

@ Springer

cles depict individual participants (geometric mean for individual
response times), and violin plots show group-level posterior predic-
tions of the multilevel Bayesian model. The chance level is 1/3, 1/5,
and 1/9 for easy, medium, and hard difficulty, respectively

(1) For individual game objects,
(2) For individual colors, and
(3) For the attentional sets themselves.

Although trials were fully randomized, one approach to
analyzing such data is to identify sequences of trials with
repetitions, computing priming effects and fitting them using
generalized linear models to estimate the processing costs
(response times) and their reduction due to repetition. How-
ever, there are multiple possible combinations with repeti-
tions at a single level (e.g., repetition of an attentional set
but changing target object and color), at two levels (e.g.,
repetition of object and color but not of attentional set), or all
three levels (repetition of object, color, and attentional set).
All these priming effects likely reflect interplays between
processing stages and should, therefore, reflect predictions
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Fig. 5 Example time-series for a demonstrative participant in medium
difficulty condition. Time series for the last three blocks. Circles and
white lines depict actual response times, color denotes the attentional

of a single model rather than those of multiple repetition-
combination-specific models.

Our solution was to develop a set of ideal observer models
with a modular design where we sought to predict response
times for individual trials rather than the repetition prim-
ing effects themselves. Therefore, each model was used to
predict all response times throughout the experiment, irre-
spective of whether they would be used for later plotting
and comparison. An example of such a time series for the
best performing model for medium difficulty (see below)
overlayed with actual response times is shown in Fig. 5.
Our approach means that any repetition priming effects are
an emergent property of the assumed mechanisms, reveal-
ing which mechanisms replicate the performance of real

trial

set on a given trial (red — direct, blue — indirect). The gray stripe cor-
responds to a 97% confidence interval for posterior predictions of a
model used to evaluate repetition priming (see below)

participants. However, we do not claim that our best-per-
forming models accurately reflect actual neural computation
and networks. In fact, below we show that their performance
depends on the context, highlighting the need for further
research and development.

The ideal observer models used a modular approach,
assuming that the decision-making process proceeds through
three stages. Firstly, players needed to identify the atten-
tional set (direct or indirect). Secondly, they needed to iden-
tify the target object, conditional on the attentional set and
objects present within it. Finally, they needed to respond.
We assumed the last part to be constant over participants
and concentrated on mechanisms reflecting processing of the
prior history of attentional sets, target objects, and color. For
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Fig.6 Relative performance of models for each difficulty (rows)
and stage (columns) given a specific stage component. X-axis labels
encode component, see Table 3 for details. The Y-axes show aver-
age AELPD and its average error relative to the best model across

each stage, we formulate several different possible mecha-
nisms (see Table 3 and Methods for details). Therefore, we
coded each mechanism for every representation and fitted
different combinations to the actual response times of all
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all models that the component was part of; higher values mean better
out-of-sample predictions. Circle size and text above the plot show
the total weight of all models the component was part of

real players (Fig. 5). We used a pooled-parameter random
effect approach so that ideal observer models for individual
participants were structurally identical but differed in param-
eter values that were sampled from group-level parameter
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distribution. This allowed estimates at both group and indi-
vidual levels.

We compared the predictive performance of the ideal
observer models using the LOO information criterion
(Vehtari et al., 2017) that estimates accuracy of LOO
cross-validation, i.e., the model’s expected performance
on out-of-sample data points (AELPD) and their weight
as part of a linear combination of models that maximizes
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cross-validation performance (Weight), see Statistical analy-
sis section in Methods. Summaries of these comparisons are
presented in Figs. S1-S3 in the Online Supplementary Mate-
rial. We were not interested in specific models but instead in
individual components for each processing stage that better
predicted performance across all models. For this, we com-
puted average AELPD and the total weight of all models
that a given component was a part of (Fig. 6). Note that well
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Fig.7 Effect of repetition of the attentional set and target object for
each difficulty (columns), set and context (rows). Lines and error bars
depict the group average and 97% non-parametric bootstrapped con-
fidence intervals for real players (2,000 iterations). Stripes show 97%

compatibility/credible intervals for posterior predictions of the best
model for the difficulty condition at the group level. See Online Sup-
plementary Material, Tables S1, S4, and S8
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estimated out-of-sample performance does not necessarily
mean that we correctly identified exact mechanisms for a
specific component, merely that they are the best among
those tested. For example, for both the medium and the hard
difficulty conditions, models with independent color mem-
ory representations per attentional set have higher weight
than the rest. However, this does not necessarily mean that
there are two actual memory traces, merely that this is the
best option given the structural constraints of the model. At
the same time, this shows that the influence of color prob-
ably qualitatively differs between two attentional sets, so any
future models and research should consider this.

When we consider all trials across all attentional sets,
repetitions of sets, objects, and colors (Fig. 6), our results are
consistent with a memory trace that tracks attentional sets
and is used to identify them on the current trial. A simple
response time difference could explain the results, but its
simpler structure is offset by poorer predictive performance,
making two solutions comparable, hinting at the contribu-
tion of memory mechanisms. With respect to game objects,
a single memory trace is sufficient to explain response times
across both attentional sets, as the assumption of two inde-
pendent traces drastically changes predictive performance.
However, as noted above, color repetition could rely on dif-
ferent mechanisms for the two attentional sets.

The comparison in Fig. 6 is across all trials, but our main
interest is how well different models reproduce the various

repetition effects. To this end, we selected different trial sub-
sets and compared the emergent pattern for real participants
and ideal observer models. The simplest case is a repetition
of an attentional set, target object, and target color (the latter
repetition is trivial due to repetition of the target object) as
presented in Fig. 7; this shows both strong repetition priming
for human participants and quantitively similar repetition
priming in the ideal observer models for both direct and
indirect attentional sets.

However, the limitations of our ideal observer models
become quite evident when we consider other repetition
patterns. For example, when a target object repeats but the
attentional set changes (Fig. 8), human participants show
only a priming effect for the direct but not for the indirect
attentional sets, something the ideal observer model fails to
capture — exhibiting instead repetition priming for indirect
sets.

Similarly, when the attentional set repeats but the target
object changes (Fig. 9), human performance shows positive
priming for the direct set but negative priming for the indi-
rect sets, which the ideal observer models are again unable
to capture

Finally, there are no clear patterns for human partici-
pants for the model when color and attentional set repeat
across trials, but not the target object (Fig. 10), an interest-
ing result since it indicates what the limits are and what
sort of information transfers between trials. What might
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Object repeats, attention set changes

Fig.8 Effect of repetition of target object while attentional set changes. See the caption of Fig. 7 for details. See Online Supplementary Material,

Tables S2, S5, and S9
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Fig. 9 Effect of repetition of the attentional set while target object changes. See the caption of Fig. 7 for details. See also Online Supplementary

Material, Tables S3, S6, and S10

explain that priming is not seen when attentional set and
color repeat, but the object is not? One clue is the obser-
vation of Asgeirsson and Kristjansson (2011) who found
that the signal strength of target against distractors had a
strong effect on the manifestations of priming. During dif-
ficult search with low saliency of targets versus distractors,
priming was episodic, while when the feature contrasts
between target and distractors were increased, priming of
different features was independent. We suspect something
akin to the low-saliency situation may be at play here.

The posterior distributions for memory time constants
are very different between the attentional set and object/
color memory (Fig. 11A). In the former case, there was
only a small trial-to-trial change consistent with a com-
parable performance of models without attentional set
memory. In other words, for most ideal observer models,
response times were only weakly modulated by attentional
set history. In contrast, large update constants for both
object and color traces show fairly short-term memory,
for example, an update constant of 0.5-0.75 translates into
memory that reflects the last three to five trials.

The analysis of relative object salience due to its pres-
ence in the set shows qualitative differences between direct
and indirect attentional sets (Fig. 11B). Namely, the pres-
ence of a non-target object in the set increases its salience,
interfering with the search for a target in the direct set.

However, there is no interference for indirect attentional
sets. This is consistent with the fact that in this case in-set
objects can act as cues, not as competing distractors, and
facilitate rather than hinder the search since the target is
defined by exclusion of colors and objects. Finally, color
modulated performance with a stronger effect for the indi-
rect than direct attentional set (Fig. 11C).

Discussion

Our aim was to cast a light on different ways of tuning atten-
tional sets. While a lot of research is devoted to the direct
set, how observers search for a prespecified target, much
less research is devoted to the converse case (indirect sets),
where the item that observers search for is defined by exclu-
sion, and attention cannot be guided to particular colors or
shapes. We investigated a task where observers had to find
a target either using an attentional set containing the target
itself (direct set) or an attentional set containing only cues
that define the target by exclusion (indirect set). The follow-
ing are the main conclusions of our experiment:

i) Response times differed significantly between attentional

sets, with much slower performance for the indirect than
the direct cue.
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for a selected subset of models. Following the leave-one-out analy-
sis above, these included memory mechanisms for attentional set and
distinct memory traces for color. Plots for all population-level poste-

ii) Response times were significantly slower when sets were
mixed within blocks, with more time required to identify
an indirect than a direct set.

iii) We found strong repetition priming when both set
and target were repeated. Other repetition cases led
to priming but only for direct attentional sets, with
little or no priming observed for indirect attentional
sets.

iv) Ideal observer models revealed that for the direct
attentional set, emergent repetition priming is con-
sistent with a first-order memory mechanism that
tracks objects and colors but not necessarily atten-
tional sets.

v) For the indirect attentional set, our ideal observer mod-
els, in most cases, failed to adequately reproduce the
results, suggesting that the indirect set reflects the opera-
tion of mechanisms and search strategies different from
conventional direct attentional set.

Aobj A color
2 3 2 3
Experiment
C
Direct Indirect
1.00 -
S i
S 075
(&)
D 0.50-
@
o)
O 0.25-
<
000- 1 1 1 1
2 3 2 3
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rior distributions are available in the online repository. (A) Memory-
adjustment proportion parameter A for attentional set, object, and
color memory traces. (B) Additional modulation for an object’s pres-
ence in the set. (C) Additional modulation from object color

In short, our main finding is that the difference between
the direct and indirect set is not merely a quantitative one
(different response times), but a genuine qualitative one as
the two conditions show mostly qualitatively different rep-
etition priming behavior. This is strong evidence that while
the direct attention set is likely to rely on the same or similar
mechanisms to those involved in a typical visual search, the
indirect target search relies on very different processing.

Differences between direct and indirect attentional
sets

When it comes to the overall comparison between the atten-
tional sets, there was a marked difference in observers’
responses for the indirect versus direct set. A likely reason
is the larger number of items that participants must process.
The direct attentional set is limited to the items visible on the
cue card, and, therefore, limited to one (effectively reducing
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the task to automating the manual response), two, or three
items. In contrast, for the indirect search, all items must be
considered, starting with the ones on the cue card, before
elimination reveals the target object. This means 2.5 (Exp.
2) to 3 (Exp. 1 and 3) times more items to search through.
This may also reflect a slower mismatch-before-elimination
procedure.

Overall, there were strong priming effects when objects
were repeated, and in some cases, they were similar across
the two attentional sets apart from the slower search times
mentioned above (Fig. 7). Interestingly, this priming of
objects survives a change to a direct set but disappears with
switches to indirect ones (Fig. 8). Similarly, repetition of
the attentional set while the target object changes led to
decreased response times for the direct attentional set but
caused no priming effect (and seemingly resets response
times) for the indirect one (Fig. 9). This pronounced sen-
sitivity of the indirect attentional set to changes suggests a
less automatic process involving actively maintained work-
ing memory, in stark contrast with the robust memory that
seems to underpin the direct attentional set priming, (see
Magnussen & Greenlee, 1999; Nakayama et al., 2004). For
the indirect attentional set, when there are no changes to
either the target object or the attentional set, repeating the
previous target facilitates response times, but a change to
either appears to introduce a discontinuity that resets expec-
tations. A straightforward prediction for future research is
that indirect attentional set search should be extremely inef-
ficient in the situation of inattention or when there is inter-
ference with working memory in between trials.

The results for the priming of the direct versus indirect
set may suggest boundaries on what has often been called
“priming of pop-out” but is more accurately referred to as
attentional priming. Priming operates on target features
(Maljkovic & Nakayama, 1994), objects (Asgeirsson &
Kristjansson, 2011; Hillstrom, 2000), and locations (Cam-
pana & Casco, 2009; Maljkovic & Nakayama, 1996) but
our results suggest that the indirect attentional set reflects
very different mechanisms from those causing these prim-
ing effects.

Identifying the attentional set

One intriguing question is how participants identify the
attentional set itself. One obvious strategy could be to
attempt a direct search and if that fails, try an indirect search.
However, the observed priming effects (Fig. 7) suggest that
this strategy can be overridden by expectations of attentional
set repetition, which leads to the curious mistake of search-
ing by exclusion using an indirect attentional set. In such
cases, a candidate target object can be located, and the mis-
take is not apparent until the participant learns that the atten-
tional set is direct. In future research, it would be interesting
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to find ways of dissociating the timing of the two processes
— identification of the set and identification of the target.

Another game that directly addresses attentional selec-
tion is the game SET, which has been considerably investi-
gated in the past (Eckstein et al., 2019; Jacob & Hochstein,
2008; Nyamsuren & Taatgen, 2011, 2013). SET shares many
features with Geistesblitz, particularly in relation to direct
versus indirect attentional set. The selection is less direct in
SET than in Geistesblitz, making the latter potentially a bet-
ter candidate for studying stimulus-driven attentional selec-
tion while SET allows the study of grouping and similarity-
based perceptual processing, among other things (Jacob &
Hochstein, 2008). Previous investigations have suggested
that performance in SET involves parallel bottom-up and
top-down processing and that considerable priming of strat-
egies occurs between consecutive selections (Nyamsuren
& Taatgen, 2011, 2013). Those results have also provided
information about how conceptual and perceptual processes
interact during attentional selection.

Ideal observer models

To assess the results, we used multiple ideal observer models
which were motivated by the complex interactions between
the history of attentional sets, objects, and colors. A simple
automatic first-order memory process did a remarkably good
job of reproducing repetition priming effects for the direct
attentional set in a variety of situations. This suggests that
the underlying neural mechanisms, (e.g., Brinkhuis et al.,
2020; Campana et al., 2002; Kristjansson et al., 2007) are
likely to be based on similar principles and our model pro-
vides a good starting point for studying these processes. At
the same time, apart from the situation where everything
repeats (Fig. 7), our ideal observer failed to capture the
lack of repetition priming in most situations for the indirect
attentional set. However, this should not be considered a
downside to the model per se as it was designed to allow for
priming and the fact that it was beneficial in some situations
led to behavior when it also predicted non-existing priming
effects elsewhere. This prediction “failure” is informative
as it points to either a completely different mechanism or
a mixture of mechanisms between low-level and high-level
priming mechanisms, the latter possibly involving working
memory (see above).

Connections with probable neural mechanisms

Above, we discussed how our results suggest that a first-
order memory mechanism tracks objects and colors but not
attentional sets. Evidence from single-cell neurophysiology
has shown that neural activity in the so-called frontopari-
etal attentional network is modulated by feature repetition
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(Bichot & Schall, 1999, 2002; Westerberg et al., 2020; see
Westerberg & Schall, 2021 for review). fMRI studies have
revealed that regions within the frontoparietal network show
repetition suppression as color priming builds up sequen-
tially over several trial presentations (Becker et al., 2014;
Brinkhuis et al., 2020; Geng et al., 2006; Kristjansson et al.,
2007; Rorden et al., 2011). Such evidence would seem to
account well for the repetition effects of the direct set.
Reduced activity has been interpreted as reflecting decreased
effort when the same targets repeat. This evidence is consist-
ent with studies of neurological patients (Kristjansson et al.,
2005; O’Shea et al., 2018; Walsh et al., 2000) and TMS
studies (Campana et al., 2005, 2007).

With regard to the indirect set, a number of findings are
relevant. Firstly, a very interesting finding was reported
by Becker et al. (2014), where they found distinct neural
mechanisms for effects of feature change versus change in
the relevant feature dimension. Relatedly, DiQuattro and
Geng, (2011) found activity modulations in regions spe-
cifically associated with the changes of context, that then
subsequently affect the activity of feature specific networks.
Then there is evidence that changes in the attentional set are
reflect activity modulations by nucleus accumbens (Wood-
ward et al., 2006) and in the dorsolateral prefrontal cortex
(Rudorf & Hare, 2014), an area often associated with the
operation of visual working memory. We speculate that
these mechanisms are responsible for the effects of repeti-
tion of the indirect set, and importantly, that they could be
responsible for tuning the activity of neural networks that
are more feature-specific.

We believe that the first-order effects in our paradigm will
be accompanied by repetition suppression in feature-specific
areas, while the indirect set will be generated by task set
effects in areas such as anterior cingulate cortex and dorso-
lateral prefrontal cortex. These effects will then influence
attentional and stimulus-specific areas that generate a top-
down guidance signal guiding attention towards particular
stimulus features. In any case, we believe that our new task
is ideally suited to addressing questions of this sort.

Conclusions

Our study provides novel insights into direct and indirect
attentional sets during target identification, in particular how
repetition priming affects performance. Performance was
faster for direct than indirect sets and slowest when the sets
were mixed within blocks. Repetition priming was strong,
mainly when both the set and the target were repeated. Other
repetition cases led to priming, but only for direct attentional
sets, with little priming for the indirect set. According to
the ideal-observer analysis, repetition priming patterns for

direct sets are consistent with a first-order memory mecha-
nism tracking objects and colors. Different mechanisms from
those involved in search driven by direct sets are used for
search with indirect sets. The findings highlight how our
ability to locate important items, such as when searching
for specific objects in a cluttered environment, can be sig-
nificantly slowed when we rely on indirect cues rather than
direct recognition. This research has practical implications
for improving efficiency in tasks like navigation, security
screening, or even daily activities like organizing and locat-
ing personal items, where attentional strategies and prior
experience play a key role in optimizing search performance.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.3758/s13421-025-01826-6.

Authors' contributions A.P. conceived of the presented idea. A.P.,
M.S., C.C.C., A K. designed the experiment. A.P. created experimen-
tal software. ML.S. collected data. A.P. designed ideal observer models.
A.P. and M.S. analyzed the data and prepared figures. All authors wrote
and reviewed the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Availability of data and materials Experimental results are available at
GitHub (https://github.com/alexander-pastukhov/priming-attentional-
sets-geistesblitz) and, additionally, at OSF (https://osf.io/jftgd/).

Code availability Ideal observer models, and analysis notebooks neces-
sary to preprocess data, fit models, and reproduce all data analysis and
figures are all available at GitHub (https://github.com/alexander-pastu
khov/priming-attentional-sets-geistesblitz) and, additionally, at the
Open Science Framework (https://osf.io/jftg4/). Please note that some
parts of the analysis notebooks assume the presence of already sampled
draws and leave-one-out (LOO) criteria files that were not included due
to their size. The reader can either run sampling scripts included in the
repository or contact the authors, who will be happy to provide them
via an online large file transfer tool.

Declarations

Ethics approval All procedures were in accordance with the national
ethical standards on human experimentation and with the Declaration
of Helsinki of 1975, as revised in 2008. The study was in full accord-
ance with the ethical guidelines of the University of Bamberg and was
approved by an umbrella evaluation for psychophysical testing of the
university ethics committee (Ethikrat) on 18 August 2017.

Consent to participate All participants in this study provided explicit,
informed consent to voluntarily participate. Before involvement, each
participant received detailed information about the study's purpose,
procedures, potential risks, and benefits.

Consent for publication All data collected in this study have been
fully anonymized to ensure the privacy and confidentiality of partici-
pants. Participants provided informed consent for the publication of
anonymized data, acknowledging that no identifying information would
be disclosed in any reports, publications, or presentations resulting
from this research.

Conflicts of interest/Competing interests All authors declare that they
have no conflicts of interest.

@ Springer


https://doi.org/10.3758/s13421-025-01826-6
https://github.com/alexander-pastukhov/priming-attentional-sets-geistesblitz
https://github.com/alexander-pastukhov/priming-attentional-sets-geistesblitz
https://osf.io/jftg4/
https://github.com/alexander-pastukhov/priming-attentional-sets-geistesblitz
https://github.com/alexander-pastukhov/priming-attentional-sets-geistesblitz
https://osf.io/jftg4/

Memory & Cognition

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

References

Arita, J. T., Carlisle, N. B., & Woodman, G. F. (2012). Templates for
rejection: Configuring attention to ignore task-irrelevant features.
Journal of Experimental Psychology. Human Perception and Per-
formance, 38(3), 580-584. https://doi.org/10.1037/a0027885

Asgeirsson, A.G, & Kristjansson, A. (2011). Episodic retrieval and
feature facilitation in intertrial priming of visual search. Attention,
Perception & Psychophysics, 73(5), 1350-1360. https://doi.org/
10.3758/s13414-011-0119-5

Bacon, W. F., & Egeth, H. E. (1994). Overriding stimulus-driven
attentional capture. Perception & Psychophysics, 55(5), 485-496.
https://doi.org/10.3758/BF03205306

Becker, A. B. C., Schild, U., & Friedrich, C. K. (2014). ERP correlates
of word onset priming in infants and young children. Developmen-
tal Cognitive Neuroscience, 9, 44-55. https://doi.org/10.1016/j.
den.2013.12.004

Bichot, N. P., & Schall, J. D. (1999). Effects of similarity and history
on neural mechanisms of visual selection. Nature Neuroscience,
2(6), 549-554. https://doi.org/10.1038/9205

Bichot, N. P., & Schall, J. D. (2002). Priming in macaque frontal cortex
during popout visual search: Feature-based facilitation and loca-
tion-based inhibition of return. Journal of Neuroscience, 22(11),
4675-4685. https://doi.org/10.1523/INEUROSCI.22-11-04675.
2002

Brascamp, J. W., Pels, E., & Kristjansson, A. (2011). Priming of pop-
out on multiple time scales during visual search. Vision Research,
51(17), 1972-1978. https://doi.org/10.1016/j.visres.2011.07.007

Brinkhuis, M. A. B., Kristjansson, A., Harvey, B. M., & Brascamp, J.
W. (2020). Temporal characteristics of priming of attention shifts
are mirrored by BOLD response patterns in the frontoparietal
attention network. Cerebral Cortex, 30(4), 2267-2280. https://
doi.org/10.1093/cercor/bhz238

Campana, G., & Casco, C. (2009). Repetition effects of features and
spatial position: Evidence for dissociable mechanisms. Spatial
Vision, 22(4), 325-38.

Campana, G., Cowey, A., & Walsh, V (2002). Priming of motion direc-
tion and area V5/MT: A test of perceptual memory. Cerebral Cor-
tex, 12(6), 663—669. https://doi.org/10.1093/cercor/12.6.663

Campana, G., Cowey, A., & Walsh, V. (2005). Visual area V5/MT
remembers “what” but not “where.” Cerebral Cortex, 16(12),
1766-1770. https://doi.org/10.1093/cercor/bhj111

Campana, G., Cowey, A., Casco, C., Oudsen, I., & Walsh, V. (2007).
Left frontal eye field remembers “where” but not “what.” Neu-
ropsychologia, 45(10), 2340-2345. https://doi.org/10.1016/j.
neuropsychologia.2007.02.009

Carlisle, N. B. (2023). Negative and positive templates: Two forms of
cued attentional control. Attention, Perception & Psychophysics,
85(3), 585-595. https://doi.org/10.3758/s13414-022-02590-4

@ Springer

Carlisle, N. B., & Kristjansson, A. (2018). How visual working
memory contents influence priming of visual attention. Psy-
chological Research, 82(5), 833—-839. https://doi.org/10.1007/
500426-017-0866-6

Carpenter, B., Gelman, A., Hoffman, M. D., Lee, D., Goodrich, B.,
Betancourt, M., ..., Riddell, A. (2017). Stan : A probabilistic pro-
gramming language. Journal of Statistical Software, 76(1), 1-32.
https://doi.org/10.18637/jss.v076.101

Chen, D. L., Schonger, M., & Wickens, C. (2016). oTree—An open-
source platform for laboratory, online, and field experiments.
Journal of Behavioral and Experimental Finance, 9, 88-97.
https://doi.org/10.1016/j.jbef.2015.12.001

Chetverikov, A., & Kristjansson, A. (2015). History effects in visual
search for monsters: Search times, choice biases, and liking. Atten-
tion, Perception, & Psychophysics, 77(2), 402—412. https://doi.
org/10.3758/s13414-014-0782-4

Chetverikov, A., Campana, G., & Kristjansson, A. (2016). Building
ensemble representations: How the shape of preceding distrac-
tor distributions affects visual search. Cognition, 153, 196-210.
https://doi.org/10.1016/j.cognition.2016.04.018

Cunningham, C. A., & Egeth, H. E. (2016). Taming the white bear.
Psychological Science, 27(4), 476-485. https://doi.org/10.1177/
0956797615626564

Davison, A. C., & Hinkley, D. V. (1997). Bootstrap methods and their
application. Bootstrap Methods and Their Application. https://doi.
org/10.1017/cbo9780511802843

DiQuattro, N. E., & Geng, J. J. (2011). Contextual knowledge con-
figures attentional control networks. Journal of Neuroscience,
31(49), 18026-18035. https://doi.org/10.1523/JNEUROSCI.
4040-11.2011

Driver, J. (2001). A selective review of selective attention research
from the past century. British Journal of Psychology, 92(1),
53-78. https://doi.org/10.1348/000712601162103

Eckstein, M. K., Starr, A., & Bunge, S. A. (2019). How the inference
of hierarchical rules unfolds over time. Cognition, 185, 151-162.
https://doi.org/10.1016/j.cognition.2019.01.009

Egeth, H. E., & Yantis, S. (1997). Visual attention: Control, repre-
sentation, and time course. Annual Review of Psychology, 48(1),
269-297. https://doi.org/10.1146/annurev.psych.48.1.269

Fuggetta, G., Campana, G., & Lanfranchi, S. (2009). Attention has
memory: Priming for the size of the attentional focus. Spatial
Vision, 22(2), 147-159. https://doi.org/10.1163/1568568097
87465618

Geng, J. J., Eger, E., Ruff, C. C., Kristjansson, A., Rotshtein, P., &
Driver, J. (2006). On-line attentional selection from competing
stimuli in opposite visual fields: Effects on human visual cortex
and control processes. Journal of Neurophysiology, 96(5), 2601—
2612. https://doi.org/10.1152/jn.01245.2005

Gibson, J. J. (1941). A critical review of the concept of set in contem-
porary experimental psychology. Psychological Bulletin, 38(9),
781-817. https://doi.org/10.1037/h0055307

Hillstrom, A. P. (2000). Repetition effects in visual search. Percep-
tion & Psychophysics, 62(4), 800-817. https://doi.org/10.3758/
BF03206924

Jacob, M., & Hochstein, S. (2008). Set recognition as a window to
perceptual and cognitive processes. Perception & Psychophysics,
70(7), 1165-1184. https://doi.org/10.3758/PP.70.7.1165

Kristjansson, A. (2023). Priming of probabilistic attentional templates.
Psychonomic Bulletin & Review, 30(1), 22-39. https://doi.org/10.
3758/s13423-022-02125-w

Kristjansson, A& Asgeirsson, A. G. (2019). Attentional priming:
Recent insights and current controversies. Current Opinion in Psy-
chology, 29, 71-75. https://doi.org/10.1016/j.copsyc.2018.11.013

Kristjansson, A., & Driver, J. (2008). Priming in visual search: Sepa-
rating the effects of target repetition, distractor repetition and


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1037/a0027885
https://doi.org/10.3758/s13414-011-0119-5
https://doi.org/10.3758/s13414-011-0119-5
https://doi.org/10.3758/BF03205306
https://doi.org/10.1016/j.dcn.2013.12.004
https://doi.org/10.1016/j.dcn.2013.12.004
https://doi.org/10.1038/9205
https://doi.org/10.1523/JNEUROSCI.22-11-04675.2002
https://doi.org/10.1523/JNEUROSCI.22-11-04675.2002
https://doi.org/10.1016/j.visres.2011.07.007
https://doi.org/10.1093/cercor/bhz238
https://doi.org/10.1093/cercor/bhz238
https://doi.org/10.1093/cercor/12.6.663
https://doi.org/10.1093/cercor/bhj111
https://doi.org/10.1016/j.neuropsychologia.2007.02.009
https://doi.org/10.1016/j.neuropsychologia.2007.02.009
https://doi.org/10.3758/s13414-022-02590-4
https://doi.org/10.1007/s00426-017-0866-6
https://doi.org/10.1007/s00426-017-0866-6
https://doi.org/10.18637/jss.v076.i01
https://doi.org/10.1016/j.jbef.2015.12.001
https://doi.org/10.3758/s13414-014-0782-4
https://doi.org/10.3758/s13414-014-0782-4
https://doi.org/10.1016/j.cognition.2016.04.018
https://doi.org/10.1177/0956797615626564
https://doi.org/10.1177/0956797615626564
https://doi.org/10.1017/cbo9780511802843
https://doi.org/10.1017/cbo9780511802843
https://doi.org/10.1523/JNEUROSCI.4040-11.2011
https://doi.org/10.1523/JNEUROSCI.4040-11.2011
https://doi.org/10.1348/000712601162103
https://doi.org/10.1016/j.cognition.2019.01.009
https://doi.org/10.1146/annurev.psych.48.1.269
https://doi.org/10.1163/156856809787465618
https://doi.org/10.1163/156856809787465618
https://doi.org/10.1152/jn.01245.2005
https://doi.org/10.1037/h0055307
https://doi.org/10.3758/BF03206924
https://doi.org/10.3758/BF03206924
https://doi.org/10.3758/PP.70.7.1165
https://doi.org/10.3758/s13423-022-02125-w
https://doi.org/10.3758/s13423-022-02125-w
https://doi.org/10.1016/j.copsyc.2018.11.013

Memory & Cognition

role-reversal. Vision Research, 48(10), 1217-1232. https://doi.
org/10.1016/j.visres.2008.02.007

Kristjansson, A& Egeth, H. (2020). How feature integration theory
integrated cognitive psychology, neurophysiology, and psycho-
physics. Attention, Perception & Psychophysics, 82(1), 7-23.
https://doi.org/10.3758/s13414-019-01803-7

Kristjansson, A., Vuilleumier, P., Malhotra, P., Husain, M., & Driver, J.
(2005). Priming of color and position during visual search in uni-
lateral spatial neglect. Journal of Cognitive Neuroscience, 17(6),
859-873. https://doi.org/10.1162/0898929054021148

Kristjansson, A., Vuilleumier, P., Schwartz, S., Macaluso, E., & Driver,
J. (2007). Neural basis for priming of pop-out during visual search
revealed with fMRI. Cerebral Cortex, 17(7), 1612—1624. https://
doi.org/10.1093/cercor/bhl072

Lamy, D., & Egeth, H. E. (2003). Attentional capture in singleton-
detection and feature-search modes. Journal of Experimental Psy-
chology. Human Perception and Performance, 29(5), 1003-1020.
https://doi.org/10.1037/0096-1523.29.5.1003

Lamy, D., Antebi, C., Aviani, N., & Carmel, T. (2008). Priming of pop-
out provides reliable measures of target activation and distractor
inhibition in selective attention. Vision Research, 48(1), 30-41.
https://doi.org/10.1016/j.visres.2007.10.009

Leber, A. B., & Egeth, H. E. (2006). Attention on autopilot: Past expe-
rience and attentional set. Visual Cognition, 14(4-8), 565-583.
https://doi.org/10.1080/13506280500193438

Lin, W., & Qian, J. (2024). Priming effect of individual similarity and
ensemble perception in visual search and working memory. Psy-
chological Research, 88(3), 719-734. https://doi.org/10.1007/
500426-023-01902-z

Magnussen, S., & Greenlee, M. W. (1999). The psychophysics of per-
ceptual memory. Psychological Research, 62(2-3), 81-92. https://
doi.org/10.1007/3004260050043

Maljkovic, V., & Nakayama, K. (1994). Priming of pop-out: I. Role of
features. Memory & Cognition, 22(6), 657-672. https://doi.org/
10.3758/BF03209251

Maljkovic, V., & Nakayama, K. (1996). Priming of pop-out: II. The
role of position. Perception & Psychophysics, 58(7), 977-991.
https://doi.org/10.3758/BF03206826

Martini, P. (2010). System identification in priming of pop-out. Vision
Research, 50(21), 2110-2115. https://doi.org/10.1016/j.visres.
2010.07.024

Mowrer, O. H. (1938). Preparatory set (expectancy)—A determinant
in motivation and learning. Psychological Review, 45(1), 62-91.
https://doi.org/10.1037/h0060829

Nakayama, K., Maljkovic, V., & Kristjansson, A. (2004). Short-term
memory for the rapid deployment of visual attention. In M. S.
Gazzaniga (Ed.), The cognitive neurosciences (3rd ed., pp. 397—
408). Boston Review.

Neisser, U., Novick, R., & Lazar, R. (1963). Searching for ten targets
simultaneously. Perceptual and Motor Skills, 17(3), 955-961.
https://doi.org/10.2466/pms.1963.17.3.955

Nyamsuren, E., & Taatgen, N. (2011). Top-down Planning and Bot-
tom-up Perception in a Problem-solving Task. Proceedings of the
Annual Meeting of the Cognitive Science Society, 33, e80550.
https://escholarship.org/uc/item/7573d15;j.

Nyamsuren, E., & Taatgen, N. A. (2013). Set as an instance of a real-
world visual-cognitive task. Cognitive Science, 37(1), 146-175.
https://doi.org/10.1111/cogs.12001

O’Shea, D. M., De Wit, L., Yutsis, M., Castro, M., & Smith, G. E.
(2018). Repetition priming in mild cognitive impairment and mild
dementia: Impact of educational attainment. Journal of Clinical
and Experimental Neuropsychology, 40(4), 338-346. https://doi.
org/10.1080/13803395.2017.1347253

Pascucci, D., Tanrikulu, O. D., Ozkirli, A., Houborg, C., Ceylan, G.,
Zerr, ..., Kristjansson, A. (2023). Serial dependence in visual

perception: A review. Journal of Vision, 23(1), 9. https://doi.org/
10.1167/jov.23.1.9

R Core Team. (2023). R: A Language and Environment for Statisti-
cal Computing. R Foundation for Statistical Computing. https://
WWW.r-project.org/

Rao, R. P. N., & Ballard, D. H. (1999). Predictive coding in the visual
cortex: A functional interpretation of some extra-classical recep-
tive-field effects. Nature Neuroscience, 2(1), 79-87. https://doi.
org/10.1038/4580

Rorden, C., Kristjansson, A., Revill, K. P., & Saevarsson, S. (2011).
Neural Correlates of Inter-Trial Priming and Role-Reversal in
Visual Search. Frontiers in Human Neuroscience, 5. https://doi.
org/10.3389/fnhum.2011.00151

Rudorf, S., & Hare, T. A. (2014). Interactions between dorsolateral
and ventromedial prefrontal cortex underlie context-dependent
stimulus valuation in goal-directed choice. The Journal of Neu-
roscience, 34(48), 15988—15996. https://doi.org/10.1523/INEUR
OSCI.3192-14.2014

Sekuler, R., & Ball, K. (1977). Mental set alters visibility of moving
targets. Science, 198(4312), 60—-62. https://doi.org/10.1126/scien
ce.897682

Series, P., & Seitz, A. R. (2013). Learning what to expect (in visual
perception). Frontiers in Human Neuroscience, 7. https://doi.org/
10.3389/fnhum.2013.00668

Shiffrin, R. M., & Schneider, W. (1977). Controlled and automatic
human information processing: II. Perceptual learning, automatic
attending and a general theory. Psychological Review, 84(2), 127—
190. https://doi.org/10.1037/0033-295X.84.2.127

Tanrikulu, O. D., Chetverikov, A., Hansmann-Roth, S., & Kristjansson,
A. (2021). What kind of empirical evidence is needed for proba-
bilistic mental representations? An example from visual percep-
tion. Cognition, 217, Article 104903. https://doi.org/10.1016/j.
cognition.2021.104903

Theeuwes, J. (1992). Perceptual selectivity for color and form. Percep-
tion & Psychophysics, 51(6), 599-606. https://doi.org/10.3758/
BF03211656

Vehtari, A., Gelman, A., & Gabry, J. (2017). Practical Bayesian model
evaluation using leave-one-out cross-validation and WAIC. Statis-
tics and Computing, 27(5), 1413-1432. https://doi.org/10.1007/
s11222-016-9696-4

Walsh, V., Le Mare, C., Blaimire, A., & Cowey, A. (2000). Normal dis-
crimination performance accompanied by priming deficits in mon-
keys with V4 or TEO lesions. Neuroreport, 11(7), 1459-1462.
http://www.ncbi.nlm.nih.gov/pubmed/10841357.

Westerberg, J. A., & Schall, J. D. (2021). Neural mechanism of priming
in visual search. Attention, Perception, & Psychophysics, 83(2),
587-602. https://doi.org/10.3758/s13414-020-02118-8

Westerberg, J. A., Maier, A., Woodman, G. F., & Schall, J. D. (2020). Per-
formance monitoring during visual priming. Journal of Cognitive
Neuroscience, 32(3), 515-526. https://doi.org/10.1162/jocn_a_01499

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., Fran-
¢ois, R., Grolemund, G., ..., Yutani, H. (2019). Welcome to the
tidyverse. Journal of Open Source Software, 4(43), Article 1686.
https://doi.org/10.21105/joss.01686

Woodward, T. S., Ruff, C. C., & Ngan, E. T. C. (2006). Short- and long-
term changes in anterior cingulate activation during resolution of
task-set competition. Brain Research, 1068(1), 161-169. https://
doi.org/10.1016/j.brainres.2005.10.094

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.visres.2008.02.007
https://doi.org/10.1016/j.visres.2008.02.007
https://doi.org/10.3758/s13414-019-01803-7
https://doi.org/10.1162/0898929054021148
https://doi.org/10.1093/cercor/bhl072
https://doi.org/10.1093/cercor/bhl072
https://doi.org/10.1037/0096-1523.29.5.1003
https://doi.org/10.1016/j.visres.2007.10.009
https://doi.org/10.1080/13506280500193438
https://doi.org/10.1007/s00426-023-01902-z
https://doi.org/10.1007/s00426-023-01902-z
https://doi.org/10.1007/s004260050043
https://doi.org/10.1007/s004260050043
https://doi.org/10.3758/BF03209251
https://doi.org/10.3758/BF03209251
https://doi.org/10.3758/BF03206826
https://doi.org/10.1016/j.visres.2010.07.024
https://doi.org/10.1016/j.visres.2010.07.024
https://doi.org/10.1037/h0060829
https://doi.org/10.2466/pms.1963.17.3.955
https://escholarship.org/uc/item/7573d15j
https://doi.org/10.1111/cogs.12001
https://doi.org/10.1080/13803395.2017.1347253
https://doi.org/10.1080/13803395.2017.1347253
https://doi.org/10.1167/jov.23.1.9
https://doi.org/10.1167/jov.23.1.9
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1038/4580
https://doi.org/10.1038/4580
https://doi.org/10.3389/fnhum.2011.00151
https://doi.org/10.3389/fnhum.2011.00151
https://doi.org/10.1523/JNEUROSCI.3192-14.2014
https://doi.org/10.1523/JNEUROSCI.3192-14.2014
https://doi.org/10.1126/science.897682
https://doi.org/10.1126/science.897682
https://doi.org/10.3389/fnhum.2013.00668
https://doi.org/10.3389/fnhum.2013.00668
https://doi.org/10.1037/0033-295X.84.2.127
https://doi.org/10.1016/j.cognition.2021.104903
https://doi.org/10.1016/j.cognition.2021.104903
https://doi.org/10.3758/BF03211656
https://doi.org/10.3758/BF03211656
https://doi.org/10.1007/s11222-016-9696-4
https://doi.org/10.1007/s11222-016-9696-4
http://www.ncbi.nlm.nih.gov/pubmed/10841357
https://doi.org/10.3758/s13414-020-02118-8
https://doi.org/10.1162/jocn_a_01499
https://doi.org/10.21105/joss.01686
https://doi.org/10.1016/j.brainres.2005.10.094
https://doi.org/10.1016/j.brainres.2005.10.094

	Two routes to a target: Visual priming for direct and indirect attentional sets
	Abstract
	Introduction
	Methods
	Participants
	Apparatus
	Experimental procedure
	Statistical analysis
	Model: The general design of ideal observer models
	Model: First-order memory process
	Model component: Time required to identify attentional set during mixed blocks, 
	Model component: Time required to identify the target object, 
	Model component: Time required for carrying out the response, 

	Results
	Discussion
	Differences between direct and indirect attentional sets
	Identifying the attentional set
	Ideal observer models
	Connections with probable neural mechanisms

	Conclusions
	References


