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Abstract
Human observers adjust their attentional control settings when searching for a target in the presence of predictable changes in the
target-defining feature dimension. We investigated whether observers also adapt to changes in a nondefining target dimension.
According to feature integration theory, stimuli that are unique in their environment in a single feature dimension can be detected
with little effort. In two experiments, we studied how observers searching for such singletons adapt their attentional control
settings to a dynamical change in a nondefining target dimension. Participants searched for a shape singleton and freely chose
between two targets in each trial. The two targets differed in color, and the ratio of distractors colored like each target varied
dynamically across trials. A model-based analysis with a Bayesian estimation approach showed that participants adapted their
target choices to the color ratio: They tended to select the target from the smaller color subset, and switched their preference both
when the color ratio changed between gray and heterogeneous colors (Exp. 1) and when it changed between red and blue (Exp.
2). Participants thus tuned their attentional control settings toward color, although the target was defined by shape. We concluded
that observers spontaneously adapted their behavior to changing regularities in the environment. Because adaptation was more
pronounced when color homogeneity allowed for element grouping, we suggest that observers adapt to regularities that can be
registered without attentional resources. They do so even if the changes are not relevant for accomplishing the task—a process
presumably based on statistical learning.
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Humans have to find their way in a visually complex and
dynamic world, filled with stimuli ranging from simple fea-
tures to complex objects, which can be at rest or in motion and
inanimate or socially relevant. “Selective visual attention” re-
fers to those mechanisms that enable us to adapt to this com-
plex environment with great ease in many situations.

Anne Treisman’s feature integration theory (e.g., Treisman
& Gelade, 1980) suggested a two-stage model in which a
phase of preattentive, parallel processing is followed by a
sequential attentional stage. Basic features, such as color or
shape, can be processed preattentively, whereas more complex
feature conjunctions require “binding,”which is performed by
focusing attention. Visual search tasks in which observers
have to find a target that differs in a single, salient feature from
surrounding distractors showed that observers are highly

efficient in doing so, irrespective of the number of distractors.
For targets defined via conjunctions of features, the search is
substantially less efficient, and the time until the target is
found increases with the number of distractors, indicating that
observers iterate serially through the elements.

To what degree the processing of salient items (“single-
tons”) is stimulus-driven and automatic, or whether search is
contingent on goal-directed attentional control settings, has
been a subject of intense debate over the last decades (e.g.,
Folk & Remington, 1998; Folk, Remington, & Johnston,
1992; Gaspelin, Ruthruff, & Lien, 2016; Kim & Cave, 1999;
Theeuwes, Olivers, & Belopolsky, 2010; see also Awh,
Belopolsky, & Theeuwes, 2012; Gaspelin & Luck, 2018;
Theeuwes, 2018). Observers use knowledge about target-
defining features to adjust their attentional control setting
and to focus on specific subsets of items—for instance, on
all items of a specific color. This allows them to restrict search
to a subset of relevant features (Egeth, Virzi, & Garbart, 1984;
Sobel & Cave, 2002; Sun, Chubb, Wright, & Sperling, 2016)
and to avoid attending to irrelevant ones, which in turn in-
creases search efficiency. However, despite the ability to direct
visual search with attentional control settings, observers do
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not always apply them (Bacon & Egeth, 1994; Kadel,
Feldmann-Wüstefeld, & Schubö, 2017).

The selection of appropriate attentional control settings is
especially important in complex and unconstrained environ-
ments, where observers typically do not know which stimuli
are relevant and worth attending (Gottlieb, 2012; Gottlieb,
Hayhoe, Hikosaka, & Rangel, 2014). Under such conditions,
human observers have to evaluate whether the current setting
is efficient in the task at hand or whether they have to adjust
them (e.g., Botvinick & Braver, 2015; Braver, 2012). A new
branch of visual attention research therefore includes choice
as a measure of attentional control (e.g., Irons & Leber, 2016;
Kristjánsson, Jóhannesson, & Thornton, 2014; Wolfe, 2013;
Wolfe, Cain, & Aizenman, 2019).

Choice as a measure of attentional control was exam-
ined by Irons and Leber (2016) with the adaptive choice
visual search task. Their search displays consisted of
differently colored squares that were either small or
large. Participants had to choose one of two targets that
were small, and either blue or red. Across trials, some
of the distractors gradually changed their color from red
to blue and back. Since participants were informed
about the changing distractors, and they were free to
pick whichever target they preferred in each trial, the
authors assumed that the changing distractor color influ-
ences target choice. They suggested that participants
counteracted the gradual color change in the distractors
by selecting the target that was less similar to the ma-
jority of distractors in the display.

Irons and Leber’s (2016) results showed that some ob-
servers adapted their target choice to the color change across
the trial sequence: They preferred the red target when it was
presented among increasingly blue distractors, and they
switched to blue when the distractors changed toward red.
However, a substantial number of individuals barely
adapted, presumably because adaptation was effortful and
participants were attempting to minimize their effort. Irons
and Leber (2016) concluded that attentional control is
governed by tendencies toward both performance maximiza-
tion and effort minimization (see also Irons & Leber, 2018).
Overall, these results highlight that observers learn target-
related regularities in dynamically changing environments
and adjust their attentional control accordingly.

In a variation of the adaptive choice visual search task, we
explored how observers would adapt their selection behavior
if they did not know about the dynamically changing trial
sequence and if—in contrast to Irons and Leber (2016,
2018)—color was no longer required for finding one of the
targets. Participants had to select one of two shape singleton
targets that were presented among distractors of a different
shape. The color ratio of all display items changed dynami-
cally across trials. A trial sequence started with one uniquely
colored item (which was always one of the targets), and the

number of items in similar colors increased by one from trial
to trial.

Because color is a feature that enables preattentive process-
ing (Treisman, 1988) and that can capture attention even when
it is task-irrelevant (Theeuwes, 2004, 2010, 2013, 2018), we
hypothesized that participants would be affected by the dy-
namically changing ratio of distractor colors: We assumed that
participants started by selecting the uniquely colored target
and continued adjusting their target choices with respect to
the changing color ratio in the displays.

The adaptive choice visual search task is a relatively new
and particularly unconstrained task, thus our study inherently
has an exploratory component. Participants’ selection behav-
ior might not be affected by the changing color ratio at all.
Alternatively, participants might adjust their attentional con-
trol settings in a similar way as observed in Irons and Leber
(2016) study. If so, this would indicate that target choice ad-
aptation is not limited to changes in target-defining feature
dimensions.

Rationale of the present study

In two experiments we investigated whether a change in the
appearance of distractors affects target choice, even if the
change occurs in a dimension that must not necessarily be
considered to detect a target. In particular, participants report-
ed one of two shape singleton targets presented among circle
distractors. This difference in shape clearly distinguished tar-
gets from distractors, and the task could be accomplished
without taking any further properties of the items into account.
However, the two targets could also be in one of two color
states, which was always different between the targets. A var-
iable proportion of distractors shared the color state with either
target. In Experiment 1 the color states were “colored” (col-
ored items had different hues of blue) and “noncolored”
(gray). In Experiment 2, the color states were blue or red.
Over the course of an experimental block, the proportion of
distractors in each color state changed systematically.

As is depicted in Fig. 1, for Experiment 1, blocks started in
plateaus (three trials: P1, P2, and P3) in which all distractors
had the same color state and only one of the targets was in the
other state. In this example, all distractors were noncolored
(“gray plateau”); only one of the diamond targets was colored.
In subsequent trials, the proportion of colored distractors in-
creased one by one until all distractors were in the colored
state (“color plateau”). In this plateau, one of the targets was
the only gray item in the display. A reverse transition then led
back to a gray plateau.

This type of task can be accomplished by searching for a
shape singleton (the diamond) and ignoring color, since color
is not required in order to find a target. However, since the two
targets differ in their color state, participants can alsomake use
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of the dynamical change in distractor colors to select their
target. They might prefer targets whose color state is rare in
the display because (1) fewer items stand out from the back-
ground and (2) fewer items have to be inspected to find the
target. In the plateaus, both aspects come together and provide
their maximum utility in facilitating search, since there is only
a single salient item: one of the diamond-shaped targets. Most
theories of attentional selection would assume that partici-
pants prefer to select such a target. However, from the first
plateau toward the center of the transition, selecting this target
becomes less efficient, because the proportion of distractors in
the same color state as the target increases. If participants
adapt their target choice to the color ratio, they are likely to
switch to the target with the other color state near the center of
the transition, as the proportion of distractors in this color state
decreases. This adaptation requires participants to estimate the
proportion of items in one or the other color state, and it is
likely that observers will not perform this estimation with
absolute accuracy. It is also likely that observers will not
show target choice adaptation in every trial, since Irons and
Leber (2016) observed a considerable amount of apparently
spontaneous target switches. We therefore modeled the ten-
dency to adapt to the color change during the transition with a
psychometric function (see, e.g., Woodworth & Schlossberg,
1954), as depicted in Fig. 2. For every trial in the transition,
the function returns the probability of selecting that target
whose color state was unique in the starting plateau. The ten-
dency to adapt target choice (adaptive choice [AC] tendency)
is reflected in the slope of the curve. The figure depicts exem-
plary slopes, including extreme cases of no adaptation (flat
line) and the ideal observer (step function that instantly falls
from 1 to 0). The trial in the transition at which participants are
likely to select either of the two targets with the same proba-
bility is the point of subjective equality (PSE), because

whichever influences bias the choice at other transition trials
are subjectively equal and balance target choice at this trial. In
our evaluation, we fitted a formal version of this model to the
experimental data in a Bayesian estimation procedure at the
participant level. The estimates of AC tendency and PSE
allowed a differentiated analysis of how individuals perform
the task that goes beyond the discussion of average curves of
target choices used in similar studies.

Experiment 1

Method

Participants

Forty volunteers (31 female, ninemale), naive to the paradigm
and objective, participated for course credit or payment. The
participants were between 19 and 30 years old (M = 22.4, SD
= 3.21), had normal or corrected-to-normal visual acuity and
normal color vision (both tested with Oculus Binoptometer 3).
Participants attested written understanding and consent before
the experiment started. The experiment was conducted in ac-
cordance with the ethical standards of the Declaration of
Helsinki and was approved by the Ethics Committee of the
Faculty of Psychology at Philipps-University Marburg.

Apparatus

Participants sat in a comfortable chair in a dimly lit and sound
attenuated room. They used their index and middle fingers of
both hands to press one of four buttons at the backside of a
gamepad (Speedlink STRIKE Gamepad). The stimuli were
presented on a LCD-IPS screen (Cambridge Research

5

86

8 5

7

6

6

5

1

4

7

6

8

5

6

5

8

6

8

5

7

6

6

5

3

2

7

6

8

5

6

5

8

6

8

5

7

6

6

5

3

1

7

6

8

5

6

C 1 1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 15 15 14 13 12 11 10 9 8 7 6 5 4 3 2

G 15 15 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 1 1 2 3 4 5 6 7 8 9 10 11 12 13 14
P1 P2 P3 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 P1 P2 P3 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13

Color 
plateau

Gray-to-color Color-to-gray

Transi�onGray 
plateau Transi�on

a)

b)

Fig. 1 Exemplary search displays and trial sequence in a block of
Experiment 1. The search display always contained two shape targets
(diamonds) and fourteen distractors (circles). One target was always gray
and the other colored. The proportions of gray and colored distractors

transitioned from gray plateaus (no color distractors: A, left display) to
color plateaus (no gray distractors: A, middle display). Panel B shows the
numbers of gray (“G”) and colored (“C”) items in the display in each trial.
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Systems, Display++ LCD Monitor 32 in., 1,920 × 1,080
pixels, 120 Hz), placed 100 cm in front of participants. A
Windows 7 PC running E-Prime Professional (2.0.10.356)
controlled stimulus presentation and response collection.

Stimuli and general procedure

The search displays always consisted of 16 items—14 circles
(distractors) and two diamonds (targets)—sparsely distributed
on an imaginary 12 × 7 grid (see Fig. 1A). All items had a
diameter of 1.66° and were presented with a minimal distance
of 1.66° between any two items. The two diamond targets
could appear in eight target locations, four on each side of
the screen, arranged semicircularly on both sides with an av-
erage distance of 14.52° (SD = 0.47) from screen center. The
two target positions were selected randomly among these lo-
cations in each trial. Fourteen distractors were placed random-
ly on the grid. The stimuli were gray (RGB 122, 122, 122;
55.85 cd/m2) or colored on a black background (RGB 0, 0, 0;
0.16 cd/m2); color was chosen randomly for each item in each
trial from a set of four colors: turquois (RGB 0, 170, 136;
55.86 cd/m2), light blue (RGB 18, 152, 197; 55.80 cd/m2),
dark blue (RGB 64, 131, 237; 55.86 cd/m2), or purple (RGB
111, 111, 240; 55.84 cd/m2). A gray digit (Gill Sans MT, font
height 0.46°) was placed in the center of each item. The targets
contained different random digits between 1 and 4; distractors
contained random digits from 5 to 8.

In each trial, the search display included one gray and one
colored diamond target along with 14 circle distractors. The
proportions of colored and gray distractors varied systemati-
cally across consecutive trials, from “gray plateaus” in which
all distractors were presented in gray, to “color plateaus” in
which all distractors were colored (cf. Fig. 1). In the gray
plateaus (three successive trials), the colored target was the
only colored item in the search display, whereas in color pla-
teaus (also three successive trials), the gray target was the only
gray item in the display. The plateau was followed by a

transition phase of 13 trials in which the proportion of colored
distractors successively increased by one (transition from gray
plateau to color plateau) or decreased by one (transition from
color plateau to gray plateau) in every trial. An experimental
block consisted of 32 trials, starting with a plateau (three tri-
als), followed by a transition phase (13 trials), the opposite
plateau (three trials), and a transition phase back to the first
plateau (13 trials; see Fig. 1B). The starting plateau was bal-
anced across the participants.

Experimental procedure

The experiment consisted of two experimental sessions on
separate days with one day in between. The first session
started with two practice blocks of the free-choice visual
search task (16 trials each), in which the participants were free
to select either target. These practice blocks consisted of bal-
anced displays containing a constant proportion of eight col-
ored and eight gray items. After the practice, participants
worked through 21 blocks of the free-choice task. The session
ended with the Corsi block and the color Stroop task of the
PEBL Test Battery. Participants then filled the follow-up sur-
vey, in which they were asked to report their strategy for
selecting the target and to report any regularities they might
have noticed. The second session started with the forced-
choice task, which was followed by the informed-choice task.
Although the instructions differed across the free-choice, in-
formed-choice, and forced-choice task, the search display and
general procedure was the same in all three tasks.

Free-choice task The free-choice task was conducted to eval-
uate which target was chosen in each trial. Participants were
informed that the search displays always contained two shape
targets (diamonds among circles) and that they were free to
choose either one. They were asked to identify the digit pre-
sented inside the chosen target and to respond by pressing the
corresponding button on the gamepad (1, 2, 3, or 4).
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Fig. 2 Visualization of adaptive target choice. The dotted gray line
represents an “ideal observer” who always selects the target in the color
state that is less frequent at the starting plateau. Less ideal, more realistic
observers will adapt only to some extent, as is shown by the shallower
slope (lower AC) of the solid yellow line. Weak adaptation produces

curves such as the green one. Random selection of the target produces
flat lines (dashed gray line). The point of subjective equality (PSE) de-
scribes the trial in which observers switch their preference from one target
to the other. The cartoon displays at the bottom illustrate the changing
distractor color states in Experiments 1 and 2.
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Participants were neither informed about the trial sequence,
nor that one target was always colored and one always gray,
nor were they given particular instructions about how to
choose between the targets.

Trials started with a central fixation dot surrounded by a
thin line. After 1,000 ms the thin line disappeared, and after
500 ms the search display was shown. It was presented until
participants reported the chosen target, and then it was re-
placed by an empty black screen presented for 800 ms. After
each block, performance feedback (mean response time and
accuracy) was presented, followed by a pause of at least 5 s.
Participants performed 672 trials of the free-choice task (21
blocks with 32 trials).

Informed-choice task In the informed-choice task, participants
were informed about the dynamically changing trial sequence
and about the number of trials in the plateau and transition
phase. Participants were encouraged to adapt their target
choice to the changing color ratio, but they were also told that
they were still free to select any target in each trial.
Participants performed 224 trials (seven blocks with 32 trials)
of the informed-choice task.

Forced-choice task In the forced-choice task, participants
searched for a specific target (either the gray or the colored
target) throughout an entire block. This task allowed us to
assess response times (RTs) for each target in the trial se-
quence. A textual cue indicated the relevant target at the be-
ginning of each block. Participants performed 448 trials, split
into seven blocks (with 32 trials) in each search condition.

Individual differences: Covariates In addition to the three var-
iations of the visual search task, we assessed the individual
working memory capacity and the capability of attentional
filtering, which are known to be associated with attentional
control (e.g., Fukuda & Vogel, 2011; Fukuda, Woodman, &
Vogel, 2015; Jost, Bryck, Vogel, & Mayr, 2011; Robison &
Unsworth, 2017).

Participants performed a computerized version of the Corsi
block-tapping task, to assess individual visuospatial short-
term memory capacity (Corsi block span), and the color
Stroop task, as a measure for the capacity to inhibit irrelevant
information (RT increase in incongruent relative to congruent
trials). Both tasks were taken from the PEBL Test Battery
(PEBL Portable 0.14; Mueller & Piper, 2014).

Data analysis

Throughout the analyses, we used Bayesian estimation
(Kruschke & Liddell, 2018) and made inferences based on
parameter differences. When explicit models were applied,
we report the posteriors of the parameters and differences of
interest. The ranges of the 95% highest probability density

(HPD) intervals are reported in square brackets after the esti-
mates. If the 95% HPD interval of a difference does not in-
clude zero, a null effect is highly improbable.

When percentages of target choices were assessed (e.g., in
the plateaus or the overall transitions), the success probabili-
ties of binomial distributions over the trial repetitions were
estimated. They are reported as percentages or differences in
percentage points with their 95% HPD intervals. For compar-
isons of RTs, the BEST procedure (a Bayesian version of a
two-sample t test, see Kruschke, 2013) was applied, and
means, differences, and the 95% HPDs are reported. For in-
vestigating potential correlations, a Bayesian estimation of
Pearson’s coefficient (see Ly, Verhagen, & Wagenmakers,
2016; tests were executed in JASP [JASP Team, 2018]) was
conducted (and r is reported with its 95% HPDs). If not indi-
cated otherwise, the two-sided test was used.

Target choices Target choices were assessed in the free-choice
task and compared to the choices in the informed-choice task,
separately for the gray-to-color and color-to-gray transition.
Trials with button presses not corresponding to a digit present-
ed inside one of the targets were removed (2.6% in free
choice, 2.8% in informed choice). To quantitatively analyze
the target choices, a graphical Bayesian model was imple-
mented, which estimates the adaptive choice (AC) tendency
and PSE with an S-shaped psychometric function as visual-
ized in Fig. 2. This function describes the probability of
selecting the target whose color state was unique in the plateau
and became more frequent during a transition. It can be for-
malized with a sigmoid based on a cumulative Gaussian dis-
tribution (cf. Wichmann & Hill, 2001):

Ψ t;AC;PSEð Þ ¼ 1

2
erf −

ffiffiffiffiffiffiffi
AC

p
* t − PSEð Þffiffiffi

2
p

� �
þ 1

2
; ð1Þ

where t is the trial in the transition, erf is the Gaussian error
function, PSE is the trial at which the function crosses the .5
level, and AC the slope of the function (cf. Fig. 2), and an
index of how strongly participants adapt. Formally, AC is the
precision (inverse of the variance) of the underlying Gaussian
distribution. The PSE is the point of subjective equality—that
is, the trial in the transition at which observers select each
target at the chance level of .5.

This function is at the core of the graphical Bayesian model
we used to estimate the participant and mean parameters (see
Fig. 3). At the inner levels, a binomial distribution models the
number of trials (yjt) (out of all repetitions njt of that transition
trial t) in which participant j selects a target of a particular type
(i.e., the colored or gray one). The success probability θjt is
calculated via the psychometric function Ψ(t, ACj, PSEj)
(Eq. 1) for each trial in the transition. The overall distributions
of ACμ and PSEμ are sampled as means of the individual
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estimates. The priors used in the evaluation are stated in Fig. 3.
They have been selected to be weakly informative: The PSE
priors are broad normal distributions centered at the objective
point of equality (T7). Gamma distributions on the AC param-
eters assignmost of the density to values in the range from 0 to
5, which corresponds to the spectrum from entirely flat adap-
tation curves to immensely steep ones that drop from 1 to 0
from one trial to the next (cf. Fig. 2).

The estimation procedure was implemented in PyMC3
(Salvatier, Wiecki, & Fonnesbeck, 2016) and 20,000 samples
were drawn using NUTS (Hoffman&Gelman, 2014) after the
same number of tuning iterations. For our experiments, we
report the AC and PSE means over participants and assess
relationships between estimates for different transitions on
the participant level.

Response times The RTs in the forced-choice task, in which
participants had to select a specific target during one block,
were analyzed as an index of the efficiency of finding either
target. The mean RTs were assessed for each trial in the pla-
teaus (P1–P3) and transitions (T1–T13) and were aggregated
separately for trials in which participants selected the gray or
the colored target. With the number of distractors sharing the
target’s color state increasing or decreasing during the transi-
tion, this task is somewhat similar to a standard visual search
task in which the set size increases or decreases. Therefore, the
usual data pattern with RTs depending on the set size was
expected. To analyze search efficiency in the forced-choice
task, we estimated search slopes by fitting the following linear
function to the mean RTs at the transitions trials t:

RT tð Þ ¼ RTT7 þ t−7ð Þ � slope: ð2Þ

Subtracting the value 7 from the trial position in the tran-
sition centers the function at T7, so that RTT7 is an estimate of
the RT at the center of the transition, where both color states
were equally frequent. The slope parameter reflects the in-
crease (or decrease, for negative values) in difficulty in milli-
seconds per item.

We fitted this function with a Bayesian graphical model,
similar to the one depicted in Fig. 3, so that RTT7j and slopej
were estimated at the participant level and fed into the overall
estimates RTT7μ and slopeμ. The priors were set up as follows:

RTT7 j ;Normal μ ¼ 1; 000; SD ¼ 300ð Þ; s l ope j , No rma l

(μ = 0, SD = 40); common standard deviation of all
RT(t), SDRT j ;Normal μ ¼ 0; SD ¼ 500ð Þ.

Results

Target choices

Free-choice and informed-choice tasks Overall, the target
choice results revealed that participants adapted their choice
to the trial sequence in free choice task (Fig. 4). However,
adaptive choice behavior was more pronounced in the
informed-choice task than in the free-choice task.

In the plateaus in the free-choice task (Fig. 4, upper panels),
participants showed a tendency to select the target in a unique
color state. These targets were selected with a probability of
57% [55% to 59%] (colored target in the gray plateau) and
53% [51% to 55%] (gray target in the color plateau).
Participants then adapted their target choices to the changing
color ratio to some extent, although in a relatively weak form,
with selection frequencies barely reaching 60% close to the
plateaus (however, note that this is a range similar to that in
Irons & Leber, 2016). In the informed-choice task, in which
participants had been informed about the regularities and were
encouraged to make use of them, color targets in the gray
plateaus were selected with a probability of 83% [81% to
85%], and gray targets in the color plateaus with a probability
of 82% [80% to 85%] (Fig. 4, lower panels). Participants thus
selected the target whose color state was more unique in the
display, a tendency that was strongest close to the plateaus and
weaker toward the center of the transition, where presumably
estimating the color ratio became more difficult.

The aggregated adaptation curves in Fig. 4 provide a coarse
summary of the overall observer behavior. However, as Irons
and Leber (2016) showed, there can be large individual dif-
ferences in adaptive choice behavior. To deal with the greater
noise on the individual data level, we applied the differentiat-
ed observer model described in the introduction. The posterior
distributions of the mean AC and PSE estimates are visualized
in Fig. 5.

The estimated mean AC parameters confirmed the pres-
ence of adaptation to the color state ratio in the free-choice

Fig. 3 Graphical model that connects the parameters of interest to binomial likelihoods at every level. The distributions and deterministic relations at
every node and the priors are listed to the right.
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task (see Fig. 5A). For both the gray-to-color and color-to-
gray transitions, AC was estimated at .005 (and the difference
between gray-to-color and color-to-gray was only .000019 [–
.001 to .003]. The participant-level plots in Fig. 5C, which
depict predicted adaptation curves and AC estimates, provide
some intuition about the typical range of these values. To
demonstrate that the estimated adaptation did not automatical-
ly result from the prior distributions and the model structure,
we fitted simulated null-model data as a baseline (see the gray
“Null-Sim” distribution in Fig. 5A). The null data were gen-
erated with a .5 probability of selecting either target (i.e., the
equivalent to the flat line in Fig. 2). The difference between
the baseline distributions estimated from the null data was
.002 (with the HPD interval [.001 to .003] excluding “no
difference” zero).

For the informed-choice task, AC was estimated at .32 [.25
to .41] for gray to color and .26 [.21 to .34] for color to gray.
The difference between the two was .06 [–0.041 to 0.17], but
zero was still within the HPD interval [– .41 to .01]. The AC
estimates were substantially larger in the informed-choice than

in the free-choice task. The lower 95%HPD boundaries on the
differences were more than .2 above zero.

We additionally calculated correlations of the AC estimates
and the Corsi and Stroop scores that were reported to relate to
attentional control. We found no correlation for Stroop incon-
gruence costs with AC estimates, in either the free-choice task
or the informed-choice task. The Corsi block span, however,
correlated with the individual AC estimates, but only in the
gray-to-color transition in the free-choice task (r = .43 [.135 to
.641], with a Bayes factor of 16.19 for the alternative hypoth-
esis that the correlation is positive; one-sided test; see Fig. 6).
Given that similar correlations were absent in the other task,
the other transition direction, and all tasks and transition di-
rections in Experiment 2, the presence of a correlation in this
case should probably not be overinterpreted.

The PSE parameter models the subjective point at which
selection was equally affected by both color states, with ob-
servers deciding for each target with a probability of 50%. As
Fig. 5B shows, for the free-choice task, the PSE was slightly
later than T7, which marks the transition trial in which both
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Fig. 4 Experiment 1: Target choices in the free-choice (upper panels) and
informed-choice (lower panels) tasks, averaged across all participants,
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panels) transitions. Percentages of chosen colored targets are depicted
as dashed lines, and gray targets as solid lines. Error bars depict the
standard errors of the means.
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color states were represented by the same number of
distractors. For gray-to-color transitions, the PSE was located
at 7.6 [7.2 to 7.9], and for color-to-gray, at 7.5 [7.2 to 7.9].
These estimates differed only marginally, by 0.24 [– 0.07 to
0.55], with zero lying inside the HPD interval. Only the PSE
for gray-to-color differed substantially from the estimate from
the simulated null data. For color-to-gray transitions, “no-dif-
ference” zero was still in the HPD interval (estimated as 0.48
[–0.06 to 1.09]), which was due to the broad distributions
reflecting the uncertainty in the estimates.

In the informed-choice task, the PSE for gray-to-color tran-
sitions was estimated at 7.8 [7.6 to 8], and the one for color to

gray at 8 [7.8 to 8.2]. The PSE of color to gray seemed to
occur relatively late in this task. However, for the difference
of 0.24, “no-difference” zero fell just inside the HPD interval
[– 0.07 to 0.55]. Both PSE estimates differed substantially
from the simulated null data.

Response times

Forced-choice task RTs in the forced-choice task were consid-
ered as a measure of search difficulty when searching for a
single and defined target (i.e., either the colored or the gray
target). The forced-choice RTs are depicted in Fig. 7A.
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mated adaptation curves for six exemplary participants for the CTG and
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The analysis showed that search difficulty for either target
depended on the number of distractors in similar color states in
the display. Overall, performance was very accurate: An in-
correct target was reported in 2.1% of trials, and a number not
contained in the display in 1.8%. For statistical comparisons,
the mean RTs in correct trials were pooled separately for tran-
sitions and plateaus (i.e., all data points within in a transition
range, or plateau, were considered as independent samples).
The fastest responses were observed for targets whose color
state was unique in a plateau—that is, when searching for the
colored target in the gray plateau (1,027 ms [1,000 to 1,053])
and for the gray target in the colored plateau (1,118 ms [1,090
to 1,148]). Responses were much slower when participants
searched for the gray target in the gray plateau (difference
from “color target in gray plateau”: 175 ms [134 to 217]) or
the color target in the color plateau (difference from “gray
target in color plateau”: 217 ms [169 to 265]); in both cases,
zero, “no difference,” is far outside the HPDs.

To quantify the impact of the changing color ratio on
the efficiency of selecting either target, we estimated the
slopes of the RTs and intercepts at T7. The search slopes
and RTs at T7 during transition in forced choice are re-
ported in Table 1. RTs were higher for colored than for
gray targets (by 64 ms [42 to 86] in color-to-gray, and by
64 ms [43 to 86] in gray-to-color, transitions). All slopes
showed the expected pattern: When the number of items
that shared the target’s color state became smaller,
slopes were negative, reflecting the facilitation from
having to inspect fewer items. When the number of
items that shared the target’s color state increased,
slopes were positive, indicating increasing search
difficulty.

Slopes in color-to-gray transitions showed that when com-
ing from a colored plateau, the facilitation for a colored target
by removing colored distractors was much stronger than the
negative impact of adding gray distractors was for the gray

target (the difference was 6.34 ms/item [2 to 10.8]; in gray to
color, the difference was only 0.25 ms [−3.81 to 4.4]).

Figure 7A shows that the RT pattern for the gray and
colored targets intersect far from the center of the tran-
sition. Estimating these intersection points on the basis
of the RTT7 and slope estimates reported in Table 1 puts
the intersection from gray to color at T3 (estimated at
2.9 [− 0.78 to − 4.8]), and the one from color to gray
at T10 (estimated at 9.5 [8.5 to 10.5]). Keeping in mind
that the gray-to-color transition began with a gray pla-
teau and the color-to-gray transition led into one, this
result shows that the intersections were shifted by more
than two trials toward the gray plateau.

Free-choice and informed-choice tasks RTs in the free-choice
and informed-choice tasks are depicted in Fig. 7B and C.
Since these RTs were not of primary interest, they are shown
for completeness but are not analyzed in detail. The overall
pattern shows that in the free-choice task, RTs did not vary
much over the trial sequence, whereas in the informed-choice
task, they were more variable and increased toward the center
of the transition. This RT increase could hint that target choice
was most difficult at the center of the transition, likely because
the color ratio was hard to estimate.

Discussion

The results of Experiment 1 showed that observers were
tuning their attentional control settings toward the
changing color state ratio even though color was not a
target-defining dimension. Participants selected the col-
ored target most frequently when it was unique, in the
gray plateau, and the gray target when it was unique, in
the color plateau. The AC estimates in the free-choice
task showed that during the transition, participants
shifted their target preference to the other target. PSE
estimates further showed that the point at which partic-
ipants became more likely to prefer the other target was
near or shortly after the center of the transition.
However, the results also revealed asymmetries in the
AC behavior and the PSEs. Participants were better in
adapting in the gray-to-color transition, in which they
started by predominantly selecting the color target, than
in the color-to-gray transition, in which they started by
predominantly selecting the gray target. This was indi-
cated by a later PSE and a smaller AC estimate in the
color-to-gray transition. Although the HPD intervals
suggested that these differences were rather uncertain,
the color target seemed more likely to lead observers
into target choice adaptation than the gray one.

To our surprise, we found no correlations of the AC
estimates with known covariates of attentional control,
except for the gray-to-color transition in the free-choice
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task. In this transition, items of the same color state but
heterogeneous in hue were added across trials. The het-
erogeneity in hue might have increased working memo-
ry demands, and capacity limitations thus might have
had an impact on adaptive choice behavior. If so, this
finding suggests that observers can adapt their choices
with little effort when items of homogeneous hue (as in

the gray color state) were added across trials, while
adding items of heterogeneous hue hindered adaptation.

This consideration receives support from the RT pattern
observed in the forced-choice task: RTs also showed
asymmetries between gray-to-color and color-to-gray transi-
tions, as evidenced by differences in the absolute slopes and
intersection points of search for gray and colored targets (cf.

Table 1 Forced-choice task: Estimated means of the response times (RTs) at T7 and the search slopes for different targets and transitions in Experiment 1

Target Transition RTT7 [95% HPD] Slope [95% HPD]

Colored Color to gray 1,247 ms [1,231 to 1,264] −17.63 ms/item [−21.67 to −13.45]
Gray Color to gray 1,184 ms [1,169 to 1,198] +8.2 ms/item [4.67 to 11.74]

Colored Gray to color 1,242 ms [1,226 to 1,259] +9.29 ms/item [5.21 to 13.56]

Gray Gray to color 1,178 ms [1,164 to 1,192] −6.85 ms/item [−10.37 to −3.34]

The 95% highest density intervals are stated in square brackets.

a) Forced-choice task

noitisnartyarg-ot-roloCnoitisnartroloc-ot-yarG
Re

sp
on

se
 �

m
e 

[m
s]

ksateciohc-demrofnIc)ksateciohc-eerF)b

RT [ms] Gray-to-color Color-to-gray RT [ms] Gray-to-color Color-to-gray

800

1000

1200

1400

1600

800

1000

1200

1400

1600

800

1000

1200

1400

1600

P1 P2 P3 T1 T2 T3 T4 T5 T6 T7 T8 T9 T1
0

T1
1

T1
2

T1
3 P1 P2 P3 T1 T2 T3 T4 T5 T6 T7 T8 T9 T1
0

T1
1

T1
2

T1
3

Color target
Gray target

…

Gray
plateau Transi�on Color

plateau Transi�on

GP Transi�on CP Transi�on GP Transi�on CP Transi�on

Fig. 7 Response times (RTs) in the forced-choice (A), free-choice (B),
and informed-choice (C) tasks in Experiment 1. Results are shown sepa-
rately for gray-to-color (left panels) and color-to-gray (right panels) tran-
sitions. For the forced-choice task (A), RTs for colored targets are

depicted separately as dashed lines, and gray targets as solid lines. For
the free-choice (B) and informed-choice (C) tasks, the general RT levels
are displayed. Error bars depict the standard errors of the means.

Atten Percept Psychophys (2020) 82:457–477466



Fig. 7A). This suggests that hue heterogeneity might not have
influenced only target choices but also RTs when searching for
either target.

Experiment 2

Some results of Experiment 1 suggested that hue heterogene-
ity of the colored distractors affected RTs (cf. Duncan &
Humphreys, 1989; Feldmann-Wüstefeld & Schubö, 2013)
and AC behavior. In Experiment 2, we therefore used items
of homogeneous hues whose color state changed dynamically
from red to blue. For each trial sequence, two particular hues
of each color (i.e., a particular red and blue hue) were chosen
(see Fig. 8 for the trial sequence and exemplary search
displays in Exp. 2). We expected that using homogeneous
hues in changing color states would balance the effort needed,
and result in an increasing adjustment of target choices to the
changing color ratio.

Method

Participants

Forty new volunteers (27 female, 13 male), naive to the par-
adigm and objective, participated for course credit or pay-
ment. The participants were between 19 and 30 years old (M
= 22.5, SD = 2.65) and had normal or corrected-to-normal
visual acuity and normal color vision (both tested with
Oculus Binoptometer 3). Participants attested written under-
standing and consent before the experiment started. The ex-
periment was conducted in accordance with the ethical stan-
dards of the Declaration of Helsinki and was approved by the

Ethics Committee of the Faculty of Psychology at Philipps-
University Marburg.

Apparatus and stimuli

The apparatus and stimuli were identical to those of
Experiment 1, except that the stimuli were now red and blue.
The exact hues of both colors were constant during one ex-
perimental block but varied randomly across blocks. For each
block, one of four possible hues was selected in the range of
the colors red and blue. The four blue hues were the same as in
Experiment 1 (RGB 0, 170, 136; 18, 152, 197; 64, 131, 237;
and 111, 111, 240). The four red hues were determined by
rotating the blue hues from Experiment 1 by 180° in the color
space (HSV) and matching the new colors in luminance (RGB
255, 88, 47; 236, 92, 45; 179, 118, 17; and 130, 130, 13). As in
Experiment 1, one target was always blue; the other was al-
ways red, and the ratio of red and blue distractors dynamically
varied throughout the trial sequence (see Fig. 8).

Procedure and data analysis

The experimental procedure was identical to that in
Experiment 1, except that all tasks were performed on a single
day. Target choices, RTs, and individual differences were an-
alyzed as in the analysis of Experiment 1.

Results

Target choices

Free-choice and informed-choice tasksWe found stronger ad-
aptation in this experiment than in Experiment 1 in both the
free-choice and informed-choice tasks. Also in Experiment 2,
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participants showed stronger adaptation in the informed-
choice than in the free-choice task, which can be seen in Fig.
9.

In the free-choice task, the red target was selected with a
probability of 81% in the blue plateaus [78% to 83%], and the
blue target with a probability of 73% [72% to 75%] in the red
plateaus. In the plateaus of the informed-choice task, in which
the participants were encouraged to adapt, the target unique in
color was selected with a probability of 90% [88% to 92%] for
blue among red and 91% [89% to 93%] for red among blue.

For a differentiated analysis of the AC behavior, we
applied the same model with the same priors as in
Experiment 1. The estimated posterior distributions are
depicted in Fig. 10. In the free-choice task, AC was esti-
mated at .024 for both transitions, thus differing strongly
from that of the simulated null data (the difference was
.02 [.018 to .023]). The AC estimates were similar for
both transition directions; the difference was only .0004
[– .0027 to .0036]. This was far from the sizes in the
informed-choice condition, for which the values were

estimated at .55 [.45 to .66] for red to blue and .62 [.52
to .75] for blue to red. However, in Experiment 2 both the
free-choice and informed-choice AC estimates were sub-
stantially larger than in Experiment 1. A direct compari-
son across experiments confirmed the higher ACs in
Experiment 2: free choice, .019 higher [.017 to .02]; in-
formed choice, .289 higher [ .195 to .384]. The
participant-level plots in Fig. 10C show that the partici-
pants in Experiment 2 reached the convergence levels ear-
lier (close to the center of the transition), whereas in
Experiment 1 the participants had reached them later
(closer to the plateaus), if they reached them at all.

In the free-choice task, the PSE estimate was located at 8.0
[7.8 to 8.2] for the red-to-blue transition, and at T9 in the blue-
to-red transition (estimated at 9.5 [9.2 to 9.7]). In the
informed-choice task, both PSE estimates were located around
T8 (red to blue, 7.9 [7.8 to 8.0], blue to red, 7.8 [7.7 to 7.9]).
All PSE estimates differed clearly from the simulated null-
data PSE at 7.2 (all lower 95% HPD boundaries of the differ-
ence were at 0.18 or higher).
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Response times

Forced-choice task RTs in the forced-choice task are shown in
Fig. 11A. As in Experiment 1, the RTs increased with the
number of distractors in the same color states. However, in
contrast to Experiment 1, this effect was symmetric, showing
similar increases for targets of either color state.

In the plateaus, responses to the target unique in color state
were faster: RTs were on average 964 ms [922 to 1,008] for
the red target in the blue plateaus, and 411 ms slower [347 to
475] when the blue target was selected in the blue plateau. For

blue targets in the red plateau, the average RT was 969 ms
[935 to 1002], whereas participants responded 439 ms [361 to
512] slower in the “red among red” plateau.

As in Experiment 1, search slopes during transition and
RTs at T7 were estimated (cf. Table 2). In contrast to
Experiment 1, the RTT7 estimates of the two target colors
during transition were only slightly different (mean differ-
ence for blue to red estimated at 11 ms, “no-difference”
zero still inside the 95% HPD interval [−11 to 33]; mean
difference for red to blue estimated at 27 ms [−50 to −5]).
Again, the slopes showed the expected pattern: The slope
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estimated adaptation curves for six exemplary participants for the RTB
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was negative when the number of items that shared the
target’s color state was reduced, and positive when the
number increased. The estimates of the absolute slopes
within one transition differed only slightly, and not be-
yond the uncertainty in the estimate: For blue to red, the
slope was 2.81 ms/item steeper for the blue than for the
red targets, but the 95% HPD interval [−1.86 to 7.7] left
much doubt about the presence and direction of a

difference. For red to blue, the blue target’s slope was
slightly steeper (by 3.42 ms/item, [−1.24 to 8.19], again
reflecting no substantial difference).

In stark contrast to Experiment 1, the estimated intersection
points of the search curves (see Fig. 11A) were close to the
center of the transition. In the red-to-blue transition, the inter-
section was at T8 (estimated at 7.81 [7.12 to 8.52]), and for
blue to red, at T7 (estimated at 7.27 [6.71 to 7.83]), indicating
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Fig. 11 Response times (RTs) in the forced-choice (A), free-choice (B),
and informed-choice (C) tasks in Experiment 2, separately for red-to-blue
(left panels) and blue-to-red (right panels) transitions. For the forced-
choice task (A), RTs for blue targets are shown separately as dashed lines,

red targets as solid lines. For the free-choice (B) and informed-choice task
(C), the general RT level is displayed. Error bars depict the standard errors
of the means.

Table 2 Forced-choice task: Estimated means of the response times (RTs) at T7 and search slopes for different targets and transitions in Experiment 2

Target Transition RTT7 [95% HPD] Slope [95% HPD]

Blue Blue to red 1,232 ms [1,216 to 1,248] −21.82 ms/item [−25.67 to −17.95]
Red Blue to red 1,221 ms [1,205 to 1,236] +18.64 ms/item [14.81 to 22.52]

Blue Red to blue 1,216 ms [1,201 to 1,231] +15.57 ms/item [11.68 to 19.34]

Red Red to blue 1,243 ms [1,227 to 1,260] −18.14 ms/item [−22.3 to −14.03]

The 95% highest density intervals are given in square brackets.
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that searching for red or blue targets was similarly difficult in
displays with homogeneous hues. Therefore, and in contrast to
Experiment 1, the RT pattern was symmetric with respect to
T7.

Free-choice and informed-choice tasks RTs in the free-choice
and informed-choice task are shown in Fig. 11B and C. In the
free-choice task, RTs seemed to increase toward the center of
the trial sequence. This pattern looks even more pronounced
in the informed-choice task, as there seems to be a sharp peak
of RTs at trial T7.

There was also a difference in RTs in the free-choice tasks
between the two experiments. Responses in Experiment 2
were on average 77 ms [15 to 135] slower than those in
Experiment 1. RTs in the informed-choice task differed by
13 ms [– 59 to 82] from Experiment 1, but with “no-differ-
ence” zero inside the interval.

Discussion

Experiment 2 was similar to Experiment 1, except that homo-
geneous distractor hues were used, as we expected homoge-
neous hues to facilitate the adaptation of choice behavior. We
replicated the finding of Experiment 1 and found that partici-
pants adapted their target choices to the changing ratio of color
states, although color was not required in order to find one of
the targets. AC behavior was clearly more pronounced than in
Experiment1, reflected inmuch largerACestimates in the free-
and informed-choice tasks. Homogeneity in hues seemed to
have facilitated spontaneous grouping of stimuli (Duncan &
Humphreys, 1989), which fostered the adaptation of choice
behavior to the dynamically changing ratio of color states.

Most PSEs were estimated to be close to T8 (similar to
Exp. 1), indicating that on average observers’ internal esti-
mates of the color state ratio lagged slightly behind the objec-
tive ratio of items in one or the other color state. A very large
PSE was estimated for blue-to-red transitions in the free-
choice condition. That is, when participants started with
selecting the red target in blue plateaus, they tended to stick
much longer with this preference than they did in the opposite
condition. However, our findings did not reveal a similarly
strong PSE shift in the opposite direction (indicating an early
switch to red) when participants started with selecting blue in
the red plateau.

In contrast to Experiment 1, similar search slopes and RTs
at T7 were observed for both target color states in both tran-
sitions in the forced-choice task. The intersection points at
which searching for red was equally fast as searching for blue
were now close to the center of the transition. This shows that
search efficiency was affected similarly for both targets when
items were added from a different color state. In sum, our AC,
PSE, and RT results showed that using homogeneous hues for
both color states removed the search asymmetries and

facilitated the adaptation of choice behavior to the changing
color state ratio.

Individual differences in the point of subjective
equality in Experiments 1 and 2

Up to here, we have discussed the averaged behavior,
and AC estimates indicated that adaptation was present
in Experiment 1 but stronger in Experiment 2. The
mean PSE estimates, however, provided not much in-
sight, beyond the fact that participants lagged slightly
in updating their internal color ratio estimates. For a
more differentiated analysis of the PSEs, we fitted the
observer model at the participant level. In particular, we
correlated the individual estimates from the different
transition directions (gray to color vs. color to gray
and red to blue vs. blue to red). Positive correlations
indicate that the predominant factor determining interin-
dividual variation was how long observers stayed with
targets in the color state they started with, irrespective
of the particular target color and transition direction.
Negatively correlated PSEs would occur if individual
differences were predominantly determined by prefer-
ences for targets in a particular color state, even if they
occurred in the larger color set.

For Experiment 1 we found no evidence for such
correlations (see Fig. 12, top panels), most likely due
to a high level of noise in the estimates (which was
also reflected in the broad posterior distribution in Fig.
5B). However, in Experiment 2 both negative and pos-
itive correlations occurred, depending on the task (see
Fig. 12, bottom panels). In the free-choice task, the
PSEs were correlated negatively, indicating that variabil-
ity in PSEs was determined by individual preferences
for the red or the blue target. As can be seen in the
scatter plot, two participants stayed especially long with
preferring the red targets (when starting from the blue
plateau). They stayed with it so long that their PSE
estimates were even larger than 13, outside the actual
trial range. Such extreme cases might have driven much
of the very large mean PSE estimate for blue to red
depicted in Fig. 10B.

In the informed-choice task, in which participants were
encouraged to adapt their target choices, the PSEs correlated
positively (note, however, that the Bayes factor is below 3,
which sometimes has been referred to as “anecdotal evidence”
only). The scatter plot shows that most PSEs cluster rather
close to T7, but a few participants had the tendency to select
the target of the color state they had started with for as long as
until T10 and T11.

The pattern of results in Experiment 2 hints that when
adapting to a regularity implicitly learned during the task (free
choice), individual preferences (as for particular colors) were
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the main cause for deviations from the “ideal-observer”
switching point. When performing with explicit information
(informed choice), such preferences might have been inhibited
in favor of a general tendency to stay longer with the initially
selected target. Note that both behaviors could have been
manifestations of target switch avoidance, reported by Irons
and Leber (2016) as a strategy employed by “effort
minimizers.”

General discussion

In this article, we studied the adaptation of attentional selec-
tion in a visual search task in a dynamically changing envi-
ronment. We conducted two experiments, in which two shape

singleton targets were present in every trial. Participants were
free to select either of the targets. The targets could be in one
of two color states and were presented among 14 circle
distractors whose color state changed systematically across
trials. The color state varied dynamically from one plateau in
which one target (e.g., blue) was the only blue item in the
display (and thus unique in its color state), to the other plateau
in which the other target was the only uniquely colored item.
These plateaus were connected by transition phases in which
the ratio of distractors in one or the other color state gradually
changed, as one of the distractors changed its color state (e.g.,
from red to blue) in each trial. Although color was not required
to find one of the shape targets, we hypothesized that partic-
ipants would adapt their target choice to the changing color
state ratio by selecting the target from the color state of the

Free choice Informed choice
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Fig. 12 Correlations of the points of subjective equality (PSEs; the
modes of the individuals’ posteriors were taken as point estimates)
between transition directions. The insets state Pearson correlation

coefficients, with Bayesian 95% highest probability density intervals in
square brackets. The Bayes factors (BFs) indicate how many times a
correlation was more likely than no correlation.
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smaller subset, and that they would change their preference
during the trial sequence when the ratio of the color states
reversed.

The results showed that participants adapted their tar-
get choices to the changing color ratio. During the pla-
teaus, they preferred selecting the target unique in color
state, and switched to selecting the other target when
the color ratio gradually changed. This adaptive choice
behavior was visible in Experiment 1, in which the col-
or states were “colored” and “gray,” and was even more
pronounced in Experiment 2, in which color states were
“red” and “blue” and homogeneous hues were used.
Estimated PSEs showed that participants inverted their
target preference later than in trial T7, the trial in which
both color states comprised the same number of
distractors. An additional analysis of PSEs reported
above revealed that this tendency was not only due to
a delayed updating of the target preference in general
but also to individual preferences for one or the other
color state.

In both experiments, participants responded slower
toward the center of the transition (T7) when informed
about the changing distractor color ratio, and when thus
encouraged to adapt their behavior accordingly.
Although these RTs were not our primary dependent
variable, but rather were assessed as a control, this RT
slowing points to an interesting aspect: It indicates that
task demands might have differed when participants had
been asked to adapt on purpose. Adapting on purpose
required preparing actively for an upcoming trial—for
instance, by estimating the color ratio and updating at-
tentional control settings. Such active preparation is
known to require proactive control (e.g., Braver,
2012). Proactive control might have led to a more ac-
curate adaptation, but it also slowed responses, especial-
ly around trial T7 when the number of items in each
color state approached equality and it became more dif-
ficult and therefore time-consuming to determine the
smaller subset.

As a reference for the impact of gradually changing
color states on target search, we conducted an additional
forced-choice task that mirrored more “standard” visual
search tasks. When participants had to select a particular
target (e.g., the blue target) throughout the trial se-
quence, RTs increased with each additional distractor
sharing the target’s color state, thus mimicking slopes
of classical (RT × Set Size) functions in visual search.

Relationship to Irons and Leber’s (2016) results

Our findings replicate the results of Irons and Leber (2016),
that observers adapt to gradually changing regularities in vi-
sual search when choosing one of two targets. As in the

original paradigm, participants adapted target choice to a grad-
ual color change in the trial sequence and showed a tendency
to select the target from the smaller color subset.

Note that the experimental design used in the present
study differed from the original task in an important
aspect. In the studies by Irons and Leber (2016,
2018), the targets were either blue or red. The color
change of the distractors in the display was insofar rel-
evant, as color was a target-defining dimension. In our
paradigm, the dynamical color change was decoupled
from the target-defining shape feature, as color was
not a required feature to find the target. Furthermore,
we instructed our participants differently: In Irons and
Leber's initial (2016) experiment, the authors informed
their participants that the targets were smaller in size
and red or blue, and told them that they may find it
easier to search for the color shared by fewer objects in
the display. In the free-choice task in our study, partic-
ipants were neither informed that the targets differed in
color, nor that the distractor colors changed across trials.
Our results therefore show that observers not only adapt
to changing distractor colors when color is a relevant
target-defining dimension, but also when color is not
necessarily required in order to find a target. In other
words, choice behavior was affected by a dynamic yet
irrelevant change in the color state ratio, simply by its
presence.

Adapting to color when searching for shape

Why did participants adapt their behavior to color if they
could have performed the task by only searching for the shape
singletons? Perhaps color was difficult to ignore: Adapting
target choice to color was efficient in the plateaus, since the
unique color state of one target in the starting plateau allowed
for fast and spontaneous processing of this item (cf.
Theeuwes, 1992; Treisman & Gelade, 1980). Uniquely col-
ored items are known to result in attentional capture even
when participants intend to search for shape, an effect well-
known from the additional-singleton literature (Theeuwes,
2004, 2010, 2013, 2018). Once being captured toward a
particular color feature, participants might have consid-
ered the color dimension helpful for finding the target.
Dimensions are known to play an important role in
target selection in visual search (cf. Krummenacher &
Müller, 2012; Müller, Heller, & Ziegler, 1995).
Moreover, attentional weights assigned to a single color
feature can generalize to the entire color dimension
(Feldmann-Wüstefeld, Uengoer, & Schubö, 2015;
Müller, Reimann, & Krummenacher, 2003). The dimen-
sional weighting account assumes that assigning atten-
tional weights to particular dimensions not only leads to
facilitated processing of the weighted dimension in
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visual search. Since capacity is limited, up-weighting
one dimens ion en ta i l s down-weigh t ing others
(Krummenacher & Müller, 2012; Müller et al., 1995).
Following this logic, one could speculate that assigning
some attentional weight to the color dimension in our
paradigm has resulted in down-weighting of the shape
dimension, which might have enhanced the impact of
color not only in plateaus but also during transition
phases.

Alternatively, observers might have used the changing
ratio of color states in a less explicit, and more passive
and spontaneous, way. Observers are known to sponta-
neously extract statistical regularities in the environment
for determining attention guidance, a process that is re-
ferred to as statistical learning (Failing & Theeuwes,
2018; Theeuwes, 2018, 2019). For instance, observers
rather implicitly exploit invariant contextual information
in visual search when these regularities can be used to
facilitate target detection, especially when encountering
similar contexts again (Chun & Jiang, 1998; Goujon,
Didierjean, & Thorpe, 2015). For finding the target,
learning of such contextual information can be highly
relevant. Recent studies also demonstrated statistical
learning of rather irrelevant environmental regularities.
Several studies have shown that statistical regularities
regarding the location of irrelevant color distractors in-
fluenced attentional capture, although observers were
searching for shape targets. Similar to our findings, using
such regularities was occasionally detrimental to task
performance (Ferrante et al., 2018; Wang & Theeuwes,
2018a, 2018b, 2018c; see also Sauter, Liesefeld, &
Müller, 2019; Sauter, Liesefeld, Zehetleitner, & Müller,
2018). Participants in our paradigm also adapted their
choices to the regularly changing distractor color ratio.
They did so despite the fact that ignoring color and
selecting the target with the help of a shape template
might have been a more efficient search strategy: In their
article on visual marking, Watson and Humphreys (1997)
suggested that observers generate a target template to
guide their selection throughout the trial sequence.
According to this notion, participants would have been
able to simplify their search remarkably in our paradigm
by establishing an (inhibitory) template based on the
target-defining dimension. In doing so, the number of
to-be-selected items would have been reduced to those
two items in a trial that matched the target-defining di-
mension. Although also taking color into account might
have been more efficient than focusing on shape alone
on some trials, establishing a shape template would have
provided an immense benefit in every trial.

Interestingly, our results showed more pronounced adapta-
tion when the distractor colors were homogeneous in hue, as
was reflected in the larger AC estimates in the free-choice and

informed-choice tasks in Experiment 2. We assume that homo-
geneity in hue facilitated similarity-based grouping; that is,
grouping of distractors in the same color state. According to
Duncan and Humphreys (1989), items that share the same basic
feature can be linked into a single perceptual unit, a grouping
process that is spontaneous and requires no attentional control.
Such spontaneous grouping of similar items was possible for
both color states in Experiment 2, what might have facilitated
adapting target selection to changing color states similarly in
both transitions (i.e., red-to-blue and blue-to-red transitions)
between plateaus. In Experiment 1, however, heterogeneity in
one of the color states seemed to have hindered grouping,
resulting in several asymmetries in performance in gray-to-
color as compared to color-to-gray transitions. Following this
consideration, we assume that observers can easily adapt to
changes that can be registered spontaneously and without atten-
tional control, whereas changes that increase the demand for
attentional resources lower adaptive behavior.

It is not surprising that the spontaneous adaptation was
lower in the free-choice than in the informed-choice task, in
which participants were encouraged to adapt: A host of fac-
tors might have fostered a balanced selection of both target
types across the trial sequence. For instance, even though
target positions were randomized and their eccentricity was
matched, spatial configurations occurring by the random
placement of the distractors might have promoted the selec-
tion of one target irrespective of its color. Beyond such ran-
dom influences from display configuration, there might
have been conflicting components of participants’ overall
search strategies—for instance, a tendency to select both
target types equally often. Importantly, despite such influ-
ences that would drive the adaptation curves toward chance
level, we still detected the signature pattern of adaptation in
all tasks of both experiments, confirming that participants
always incorporated statistical regularities of the displays
into their behavior.

It is known that learning statistical regularities cannot only
guide attention to specific spatial locations (e.g., Ferrante et al.,
2018), but also influence processingof target features (Cosman
&Vecera, 2014). Our results add to these findings by revealing
that statistical learningnot only takesplacewhen target features
exhibit regularities, but also when nonrelevant distractor fea-
tures change in a regular manner. Our experiments also show
that statistical learning takes place even when learning is not
resulting in an overall reduction of RTs.

From a broader perspective, the extraction of regularities
from the environment seems to be deeply rooted in biological
organisms. The same might hold for spontaneous adaptation
toward regularities, especially since they are often (although
not always) beneficial for behavior. Superstitiously spinning
pigeons in Skinner boxes are just one curious example (e.g.,
Morse & Skinner, 1957). After completing our experiments,
we asked participants whether they had noticed any

Atten Percept Psychophys (2020) 82:457–477474



regularities. We obtained answers that described patterns that
were elaborately complex but that were, in fact, not there. For
instance, one person stated that “[a]fter a series of stimuli in
the same place, the side was changed or the stimulus was
shown more hidden.”When investigating adaptive choice vi-
sual search and other behaviors that draw on statistical learn-
ing, one should keep in mind that observers integrate environ-
mental regularities into their behavior in versatile ways, which
may not necessarily relate to (global) optimality criteria, pos-
ing a challenge for ideal-observer models and similar
approaches.

A model-based assessment of adaptive choice visual
search

In contrast to earlier adaptive choice visual search studies, this
study employed a model-based approach. Borrowing a sig-
moid function usually used for more restrictive psychophysi-
cal tasks, we modeled how observers adapted their target
choice to the changing ratio of the items’ color state. The
model allowed estimating the precision with which observers
selected targets from the smaller color subset, a parameter we
took as an index of AC behavior. Estimation of the PSE quan-
tified how many trials participants lagged behind in updating
their internal representation of the changing color ratio.
Although this observer model leaves open the reason for low
or high ACs and shifted PSEs, it summarizes adaptation quan-
titatively on the participant level. This is an important step
forward, relative to earlier approaches that have discussed
the shape of adaptation curves qualitatively and averaged
across many observers. Moreover, our model provides an in-
terface for Bayesian parameter estimation, which allows for
describing the observed behavior and the uncertainties at all
levels and enables assessing differences between experiments,
tasks, and observers.

That the model-based approach can lead to behavioral in-
sights that are more fine-grained than those based on average
adaptation curves can be seen in our findings concerning the
delayed switching points: Similar to the participants in Irons
and Leber’s (2016, 2018) studies, our participants tended to
switch their target preference later in the transition than ex-
pected. Irons and Leber (2016) argued that late switching
might be due to effort minimization, since it might be less
effortful to search for the same target as in the previous trial.
In the present study, a correlation analysis of participant-level
PSE estimates (which reflect the switching points) hints that
there might have been further reasons for switching at loca-
tions other than the center of the transition. Performance in the
free-choice task of Experiment 2 showed that some partici-
pants had a bias for a particular color; for instance, they stayed
unexpectedly long with red targets in blocks that started with
blue plateaus. Although this behavior does not contradict

effort minimization, it might also result from individual pref-
erences (e.g., Fortier-Gauthier, Dell’Acqua, & Jolicœur,
2013).

By applying a parametric data model, the present approach
constitutes a first step in exploring AC visual search data from
a model-based perspective. In future work this model could be
extended toward a more fine-grained, process-based model.
This might help to disentangle set size discrimination ability
from other influences on adaptation strength.

Conclusion

The present study has demonstrated that observers adjusted
their attentional control settings to gradually changing regu-
larities in the distractor colors although they were not
instructed to do so, nor was the change needed to accomplish
the task. These results show that observers extract regularities
from their environment and spontaneously use this informa-
tion in their behavior. The observers did so even though they
did not seem to benefit, in terms of search speed. On the
contrary, increasing RTs toward the transition center hint that
adapting occasionally even had a negative impact on perfor-
mance. One conclusion from these results is that observers can
easily adapt to changes at the feature level, which are regis-
tered spontaneously and without attentional control.
Observers can do so even though there might be other, more
obvious strategies for selecting the target, such as focusing on
shape singletons in the present study. These findings add to
the growing body of studies reporting the influence of statis-
tical learning of nontarget features on attentional control.

Author note This research was supported by the Deutsche
Forschungsgemeinschaft (DFG; grants SFB/TRR 135, TP
B3 [project number 222641018], and RTG 2271 [project
number 290878970]).
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