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Abstract

Humans have remarkable abilities to construct a stable visual world from continuously changing input. There is increasing
evidence that momentary visual input blends with previous input to preserve perceptual continuity. Most studies have shown that
such influences can be traced to characteristics of the attended object at a given moment. Little is known about the role of ignored
stimuli in creating this continuity. This is important since while some input is selected for processing, other input must be actively
ignored for efficient selection of the task-relevant stimuli. We asked whether attended targets and actively ignored distractor
stimuli in an odd-one-out search task would bias observers’ perception differently. Our observers searched for an oddly oriented
line among distractors and were occasionally asked to report the orientation of the last visual search target they saw in an
adjustment task. Our results show that at least two opposite biases from past stimuli influence current perception: A positive
bias caused by serial dependence pulls perception of the target toward the previous target features, while a negative bias induced
by the to-be-ignored distractor features pushes perception of the target away from the distractor distribution. Our results suggest
that to-be-ignored items produce a perceptual bias that acts in parallel with other biases induced by attended items to optimize
perception. Our results are the first to demonstrate how actively ignored information facilitates continuity in visual perception.
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Introduction

Imagine searching for an apartment for your dream vacation.
After looking at a throng of ramshackle flats that are little
more than distractions, even a half-decent room would look
nice. However, when you see a few places that match your
target criteria, each one you look at affects how the next one is

Public Significance Statement: We used visual search to show that both
attended and ignored items in a visual search task contribute to the
optimization of visual perception. Previously attended items create an
attractive bias (serial dependence) while ignored items produce a
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perceived. Such contextual and sequential presentation effects
are ubiquitous in social psychology (Simonsohn &
Loewenstein, 2006; Simonson & Tversky, 1992). But can
what we look for be affected by distractors and previously
seen targets in visual search within ensembles of visual
stimuli?

Perception is noisy and ambiguous, both due to external
noise (e.g., differences in illumination, blur, and occlusion)
and due to internal noise in the brain. The visual system might
therefore utilize multiple sources of information to make cor-
rect inferences in the presence of noise. For example, knowl-
edge of the statistics in natural images can help in perceptual
decisions about visual ensembles, such as about orientation
(Girshick, Landy, & Simoncelli, 2011), motion speed
(Sotiropoulos, Seitz, & Seri¢s, 2011; Weiss, Simoncelli, &
Adelson, 2002), or the color of objects (Allred, 2012;
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Brainard, 2009). The same knowledge, however, leads to
biases in perception — for example, perceived orientation is
biased towards cardinals (Girshick et al., 2011; Wei &
Stocker, 2017). Similarly, knowledge that the visual input is
mostly constant over time might help to optimize perception
in the real world (van Bergen & Jehee, 2019), but leads to
biases from recently seen stimuli in the lab — an effect coined
serial dependence by Fischer and Whitney (2014).

Here we ask if the visual system utilizes multiple sources of
information to optimize perception of visual ensembles such as
when we search for targets among distractors. A search task is
particularly interesting since it involves ensembles that involve
attended stimuli (targets) and to-be-ignored stimuli (distractors).
For example, a radiologist might look for signs of tumor on an
X-ray image while ignoring salient distractors, such as bones.
While many studies have demonstrated how attended items
create perceptual biases (see below), the potential role of to-
be-ignored items has not been addressed in the same way.
Natural environments often involve situations involving
distracting stimuli that need to be actively ignored rather than
simply not attended. We may need to select targets that meet our
goals, that may be hard to distinguish from others, and that must
then be actively rejected. Active inhibition of irrelevant items is
observed for example during visual search (Arita, Carlisle, &
Woodman, 2012; Beck & Hollingworth, 2015; Cunningham &
Egeth, 2016). The biases created by such to-be-ignored items
have not been studied to the same degree as target-based effects
(but see Chelazzi, Marini, Pascucci, & Turatto, 2019; Gaspelin,
& Luck, 2018; Geng, Won, & Carlisle, 2019; Noonan,
Crittenden, Jensen, & Stokes, 2018).

In the context of visual search, previous studies have
assessed biases in templates that observers use for search.
Geng and colleagues (Geng, DiQuattro, & Helm, 2017,
Geng & Witkowski, 2019; Won & Geng, 2018; Yu & Geng,
2019) showed that the target template, that is, the representa-
tion of the target used for search assessed through analysis of
search times for different targets, can be gradually biased
away from distractors. Due to noisy and unstable visual input
(e.g., because of occlusions or eye movements as well as noise
inherent in the nervous system), the potential function of such
biases from ignored distractors could be to generate a predic-
tive code in order to correct possible errors and to stabilize
perception. However, it is not clear to what extent such effects
might cause biases in target perception in visual search.

The effect of distractors on perception might be especially
strong when the distractor representation can be used to facili-
tate search on following trials. We have previously shown that
the visual system can implicitly learn the feature distributions of
a set of to-be-ignored items (Chetverikov, Campana, &
Kristjansson, 2016, 2017b, ¢, d, 2020; Hansmann-Roth,
Chetverikov, & Kristjansson, 2019; for review see
Chetverikov, Hansmann-Roth, Tanrikulu, & Kristjansson,
2019, and Chetverikov, Campana, & Kristjansson, 2017a).
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Our feature distribution learning (FDL) paradigm shows that
observers learn remarkably intricate details of distributions of
distractor features, not only their mean and variance, but the
probability distributions of the distractors, be it a Gaussian,
uniform, skewed, or bimodal distribution (Chetverikov et al.,
2016). The particular kind of a search task utilized in these
studies — an odd-one-out search — ensures that observers have
to analyze both target and distractors, because otherwise the
target identity cannot be determined. While the target-defining
feature is not known in advance, the target can often be easily
found because of the similarities among the distractors. In ad-
dition, the distractor distribution remains constant for a few
trials. Observers are therefore implicitly prompted to encode
the distractors to facilitate search, making this an ideal task to
test whether representations of ignored items bias perception.

In addition to currently present distractors, information about
previous targets can also help with identifying the current target.
Fischer and Whitney (2014) found that the judgment of the
orientation of a Gabor patch can be strongly biased towards
the previously perceived Gabors (see Kiyonaga, Scimeca,
Bliss, & Whitney, 2017, for review). Such serial dependence
has been shown to occur for stimulus dimensions as varied as
shape (Manassi, Kristjdnsson, & Whitney, 2019), position
(Bliss, Sun, & D'Esposito, 2017; Manassi, Liberman,
Kosovicheva, Zhang, & Whitney, 2018), eye gaze (Alais,
Kong, Palmer, & Clifford, 2018), body size (Alexi et al.,
2018), or perceived motion coherence (Suarez-Pinilla, Seth, &
Roseboom, 2018). Fischer and Whitney (2014) found that se-
rial dependence was produced by attended items only and sug-
gested that attention serves as a “gating” mechanism for serial
dependence (see also Fornaciai & Park, 2018; Fritsche & de
Lange, 2019). We therefore expect that previously attended
items will bias the perception of the current target in the context
of visual search as well, further optimizing target perception.

In sum, our aim was to study the simultaneous effects of
previously attended (targets) and ignored (distractors) items
on perceived orientation of a line presented in isolation.
After searching for an odd-one-out line among distractors
for several trials, observers were presented with a single line
and were asked to adjust its orientation to the orientation of the
target seen on the last trial. Given that targets on consecutive
trials varied, we were able to measure any serial dependence
from preceding targets. But importantly, we additionally
assessed whether the to-be-ignored items can also cause a bias
in the line-orientation judgments.

Method
Participants

Twenty participants (11 females and nine males, mean age =
31.55 years) participated in the experiment. They signed a
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consent form that included a brief description of the experi-
mental procedure. Each test took about 1 h. All participants
had normal or corrected-to-normal vision.

Stimuli and procedure

The design of the experiment is shown in Fig. 1. All stimuli
were presented on a gray background on a 24-in. Asus mon-
itor with a 1,920 x 1,080-pixel resolution at a viewing distance
of approximately 70 cm. MATLAB (2016) with
Psychtoolbox-3 (Brainard, 1997; Kleiner, Brainard, & Pelli,
2007) was used to program and run the experiment.

The experiment contained 264 blocks. Each block had
four to five search trials (1,188 trials per participant) follow-
ed by an adjustment task. On search trials (following the
design of Chetverikov et al., 2016), participants searched
for an oddly oriented line in an array of 36 lines displayed
in a 6 x 6 matrix at the center of the screen. The length of
each line was 1°. The positions of the lines on the screen
were jittered by randomly adding values between +0.5° to
both the vertical and the horizontal coordinates. Participants
were asked to press the E key when the target (an oddly
oriented line) was among the three upper rows and press
the D key when the target was located in the lower three
rows. If the response was incorrect, the word "Error" ap-
peared for 1 s on the screen. To encourage participants to
be as fast and accurate as possible we used a scoring system
based on the formula: Score = 10+(1-RT) *10, where RT is
the response time in seconds, while for errors: Score =- |10+

(1-RT) *10| - 10. This equation results in positive scores for
correct responses faster than 2 s and negative scores other-
wise. The score for each trial was shown on the screen fol-
lowing each response.

The orientations of the distractors on learning trials were
drawn from either a truncated Gaussian distribution with a
standard deviation of 15° or from a uniform distribution with
arange of 60°. The mean and the type of the distribution were
kept constant within a block. The orientation of the targets on
each trial was selected pseudo-randomly. On the last trial in
each block (i.e., series of learning trials, trial &), the target
orientation was selected from a range of -70° to +70° distance
to the distractor distribution mean in 4° steps, so that targets
were clockwise (T>D) relative to the distractor mean on half
of the trials and counter-clockwise (T<D) on the other half.
The distances in orientation space between target and
distractor mean on trial N were counterbalanced with the dis-
tances between the target on trial N and target on trial N-1. To
this end, on trial N-1 the target had either a +10° (T>PrevT) or
-10° (T<prevT) distance from the target on trial N. On the rest
of the learning trials in each block, targets were oriented 60—
120° away from the mean of the distractor distribution.

At the end of each block (after the last trial N), participants
were asked to match the orientation of a single test line to the
target orientation on trial N. The initial orientation of the test
line was selected randomly. The test line was always presented
at the center of the display. Participants were encouraged to
respond as quickly and accurately as possible. The response
time was limited to 6 s.

One block of the experiment

Visual search trials

Fig. 1 Design of the experiment. In each block, participants were asked
to perform a visual search task that had four to five trials (learning trials);
they searched for an oddly oriented line in a search array of 36 lines

Adjustment task

shown in a 6 x 6 matrix in the middle of the screen, and subsequently
they had to adjust the orientation of a single randomly oriented line to the
orientation of the target that was presented on trial N
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Data analysis

To filter out trials with exceedingly long response times, trials
with log-transformed RTs outside of the mean + 3 SD were
removed. We also excluded trials with incorrect responses.
Since many studies (Appelle, 1972; Li, Peterson, &
Freeman, 2003; Nasr, & Tootell, 2012) have shown that hu-
man vision is more sensitive to cardinal (horizontal and verti-
cal) than oblique orientations, the adjustment responses were
corrected for cardinal biases by fitting a fourth-degree poly-
nomial on distance to cardinal orientations for each participant
and taking the residuals (the analysis of uncorrected data
yielded the same results). The fourth-degree polynomial was
fit using the robust regression procedure (#/m function from
the MASS package in R) that fits the model by applying an
iteratively reweighted least-squares approach.

The parameters of the adjustment response distributions
were then estimated by fitting a mixture of uniform and von
Mises distributions (Zhang & Luck, 2008) to the observers’
responses. The fitting was done separately for each observer
and each condition included in a particular analysis. For exam-
ple, for our main analysis of interest, we fitted a mixture of
uniform and von Mises distributions for each participant and
each combination of target and distractor conditions (i.e., 20 X 2
x 2). For the analysis of effects of N-2 and N-3 targets, the
fitting was done for each participant and each target condition
(i.e., 20 x 2 for N-2 and 20 x 2 for N-3), and so on. The mixture
of von Mises and uniform was fit using maximum likelihood
estimation with ten different starting points for the mixture pro-
portion (from 0.01 to 0.91 in steps of 0.1; the starting points for
the mean and precision of von Mises were chosen from ran-
domly from [-7t,7t] and [0,10] range, respectively). After run-
ning ten MLE optimization runs with the aforementioned
starting points, the one with the highest likelihood was used
in the following analyses. The mean of the von Mises part of
the fitted distribution provides information about systematic
shifts in target perception while random responses (e.g., from
attention lapses) are reflected in the uniform part.

Results
Judgments of target orientation

A repeated-measures ANOVA with the mean of the von Mises
part of the fitted distribution as the dependent variable was
used to study the effects of the previous target and distractor
distributions on orientation judgments for the target.! The es-
timated orientation of the target on the last trial was pushed

! These analyses were performed on the parameters of fitted distributions
rather than the raw data. We therefore present hierarchical analsyses performed
on the raw data in supplementary information, which lead to similar results.
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away from the distractors, F(1, 19) =4.93, p =.039, 172G =.07
(M =-0.59°, SD = 2.34° for T<D and M = 0.38°, SD = 2.37°
for T>D). In contrast, it was pulled towards the preceding
target, F(1, 19) = 36.88, p < .001, 1°g = .45 (M = 1.45°, SD
= 1.76° for T<PrevT and M = -1.66°, SD = 1.88° for
T>PrevT), similar to previously observed serial dependence
effects (Figs. 2A and B). Both effects were observed for 19 out
of 20 participants as shown in the slopes in Figs. 2C and D.
Interestingly, there was no interaction between the orientation
of the previous target and current distractors, (1, 19) = 0.26,
p=.614, 175 < .0l.

Although our main question involved the distractor and
target repetition effects, for completeness we also assessed
any effects of the distractor distribution type (Gaussian and
uniform) on previous target and distractor distribution effects
with a 2 x 2 (distractors relative orientation x distractor distri-
bution type) repeated-measures ANOVA. As in the previous
analysis, the mean part of the fitted distribution was used as
the dependent variable. The results showed that neither the
main effect of distribution type, F(1, 19) = 0.05, p = .820,
nZG < .01, nor the interaction with the target-distractor rela-
tionship, F(1, 19) =4.08, p =.058, 7720 =.03, were significant.

Temporal effects and target and distractor distance

It is well known that history effects upon visual perception can
last for a long time (Brascamp, Pels, & Kristjansson, 2011,
Fischer & Whitney, 2014; Maljkovic & Nakayama, 1994; see
review in Kristjansson & Asgeirsson, 2019). For example,
Fischer and Whitney (2014) found that their serial dependence
effect lasted for at least three trials. We therefore analyzed
cumulative effects of the target2 (one-back, two-back and
three-back targets) during the learning trials after excluding
the adjustment responses identified by the mixture model as
belonging to a uniform component with probability > 0.5
(8.7% of trials). Figure 3 shows the results. Similar to the main
analyses, the mean parts of the mixture distribution (depen-
dent variable) were estimated for trials where preceding tar-
gets were clockwise or counterclockwise relative to the
probed target, controlling for the distractor-to-target orienta-
tion difference. We found that N-2 targets created a significant
bias in adjustment response (M = 1.16 [0.60, 1.73], #(19.0) =
4.32, p <.001), which was weaker than the bias created by the
immediately preceding target (M =3.23 [2.26,4.19], #(19.0) =
7.01, p <.001), while the target on the N-3 trial did not create a
significant bias (M = 0.22 [-0.56, 1.00], #19.0) = 0.59, p =
.564). We also performed a control analysis using the N+1
target, and, as expected, it did not create any bias (M = -0.55
[-1.17, 0.07], #(19.0) = -1.86, p = .078).

2 We could not estimate the effect from distractors on previous trials with the
current design as distractor mean was kept constant during learning.
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Fig. 2 Effects of preceding distractor distribution and previous target on
perceived orientation. (A) and (B): Shaded areas show the raw response
error distribution. The lines show the fitted mixture model that combined
the Gaussian and uniform distributions. (C) and (D): The mean
adjustment error by participants (gray lines) and the average across
participants with a 95% confidence interval (blue and red bars). T<D

Additionally, we studied the role of the mean distance be-
tween the target and distractors in feature space on adjustment
error using the same mixed effects approach as described
above. The results revealed that the bias away from the

Target attraction bias

3 2 -1 +
Trial number relative to the adjustment probe

Fig. 3 Attraction bias created by targets in preceding trials and in a control
analysis using the next trial. Bars show 95% confidence intervals

= T<PrevT

— T>PrevT

-50 25 0 25 50
Adjustment Error

T<PrevT T>PrevT
Target Relative to Previous Target

means that the target was oriented counterclockwise to distractors,
while T>D indicates that it was oriented clockwise to distractors.
T<PrevT and T>PrevT indicate the same relative to the previous target.
Note that in panels A and C, the shift in the means of the response
probabilities is away from the distractors (repulsion effect), while in
panels B and D it is toward the previous target (attraction effect)

distractor mean was similar for different distractors, non-
significantly increasing with distance between the target and
distractors, B = 0.37, SE = 2.53, #(14.98) = 0.15, p = .886.

Performance on search trials and the effect of search
performance on reported orientation

We also measured the effects of the different distributions,
with RTs and accuracy on the search trials as dependent var-
iables, using repeated-measures ANOVAs. As Fig. 4 shows,
visual search accuracy was higher when the distractor distri-
bution was Gaussian than when it was uniform, F(1, 19) =
21.62, p <.001, nzG =.05 (M =96.0, SD = 2.4 for Gaussian
and M = 94.6, SD = 2.4 for Uniform) and changed over the
learning trials, F(4, 76) = 4.42, p = .008, 172(; = .04. RTs were
also affected by distractor distribution, F(1, 19) = 66.81, p <
.001, 7726 =.02 (M =868.5, SD =261.8 for Gaussian and M =
962.4, SD = 308.1 for Uniform) and by trial number, F(4, 76)
=9.04, p = .002, 7’ = .03. We then ran a polynomial mixed
effect regression to assess the effect of trial repetition in more
detail. For accuracy, only the linear effect on trial number was
significant, B =22.95, SE=3.47,Z=6.61, p <.001, while for
RT there was a quadratic relationship, B = 5.27, SE = 1.31,
#(19.02) = 4.03, p < .001. This pattern of results suggests that
while observers benefitted from repetitions (resulting in de-
creased RT after the first trial), they also spent more time
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Fig. 4 Performance on the search trials. Response times (RTs) on the left and accuracy on the right. Bars show 95% confidence intervals

analyzing the stimuli towards the end of the learning trials
blocks, possibly preparing for the upcoming adjustment task.
We then analyzed the time course of distractor and target
effects using search times on the last search trial and adjust-
ment times. First, we aimed to see if the amount of time spent
searching for a target (and, potentially, memorizing it) affects
the observed bias magnitude. To account for differences in
search time distributions between observers, we used RT per-
centiles for each observer. For statistical tests, we used a
mixed model that included the interaction of RT percentile
and the effect of interest. As Fig. 5 shows, the effects of both
previous target and distractors were similar across search
times (B = 0.87, SE = 1.13, #45.13) = 0.77, p = .444 for the
interaction of RT with the previous target effect, and B = 0.47,
SE =1.18, #25.75) = 0.40, p = .696 for the interaction with the
distractor effect). Similarly, adjustment time did not signifi-
cantly interact with the effects of interest (B = 0.24, SE = 1.04,
#(130.92) = 0.23, p = .820 for the interaction of RT with the
previous target effect, and B = -1.03, SE = 1.10, #(81.40) = -
0.93, p = .353 for the interaction with the distractor effect).
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This suggests that the amount of time observers spent
searching for the target or memorizing it as well as how de-
liberate they were in their adjustment responses was not cru-
cial for the biases we observed.

Discussion

Our results are the first to show that when observers scan their
visual environment, two simultaneous biases occur that pull
the judgment of the orientation of a line in different directions.
Firstly, our results show that orientation judgments of a single
line can be biased towards a recently attended target line,
consistent with findings on serial dependence (Fischer &
Whitney, 2014). This occurs even though observers did not
have to decide, on preceding trials, what the target orientation
was. Secondly, we show for the first time that the judgment of
the orientation of a line can be biased away from an ensemble
of to-be-ignored items, in our case distractors in a visual
search task. We propose that these two parallel effects serve

Effect of distractors

b

— T<D
— T>D

e — —

0.00 0.25 0.50

Search RT percentile

0.75 1.00

Fig. 5 The time course of target and distractor effects as a function of search response time (RT). Shaded areas show 95% confidence intervals
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a similar purpose in reducing noise and preserving continuity
in perception, biasing perception towards important stimuli
and away from items that should be ignored. Although the
effects of previous targets and distracters on target perception
were not particularly large, they were stable for the vast ma-
jority of participants and such biases can nevertheless affect
perception in important ways.

Studies on visual attention have shown that by selecting
and limiting the information that is available at different levels
of perceptual processing, attention can optimize perception,
selecting stimuli of importance (Driver, 2001; Kristjansson
& Egeth, 2019). Interestingly, serial dependence is observed
for attended items but not for unattended ones (Fischer &
Whitney, 2014; Fornaciai & Park, 2018; Fritsche & de
Lange, 2019; Liberman, Zhang, & Whitney, 2016).
However, ignored items differ categorically from unattended
ones. Recent studies suggest that we are remarkably good at
picking up intricate patterns over time from ignored stimuli
(Chetverikov et al., 2016, 2017b, c; Chetverikov et al., 2019;
Hansmann-Roth et al., 2019). The results of the present study
further show the importance of ignored items. To-be-ignored
objects, in addition to the ones selected by attention filtering
systems, can bias perception.

Fischer and Whitney (2014) introduced the concept of the
continuity field, which integrates consecutive stimuli to pro-
mote perceptual stability and continuity. They argued that se-
rial dependence from targets was due to the operation of this
continuity field, which in turn reflects constant attempts of our
brain to infer the present based on the past. This is consistent
with the behaviour of an optimal observer in a Bayesian
framework (Burr & Cicchini, 2014; Cicchini et al., 2017,
Kalm & Norris, 2018; van Bergen & Jehee, 2019).
However, in preserving continuity, ignored stimuli might be
no less important than attended ones. Our results highlight that
the continuity field concept will need to encompass effects
upon perception from the stimuli that we actively try to ignore.

Our paradigm also opens up the avenue of testing serial
dependencies for visual ensembles where ignored and
attended items can be contrasted. Manassi et al. (2017) have
previously shown serial dependencies for ensembles of orient-
ed Gabor patches, and that this effect occurred at the level
where a group of objects was perceived as ensembles, but
our results argue that such dependencies may differ depending
on the role particular items play within visual ensembles.

In a serial dependence study, the items can be treated as
multiple observations coming from the same source. We may,
in other words, assume that as in the real world, sequential
observations are likely to originate from the same object
(Kiyonaga et al., 2017). Under that assumption, it makes sense
to merge the incoming sensory inputs to obtain a more precise
percept. However, in the visual search task that we tested,
targets and distractors clearly do not belong to the same
source. This is especially evident in odd-one-out search where

the target is defined as the item that stands out, the item that is
different from the other items (the distractors). Under the as-
sumption that the target comes from a different source than
distractors, a negative bias from distractors might in fact be
optimal. Consider the case with categorically defined
distractors in an odd-one-out color search. When you know
from previous experience that the target is anything but red (a
priori, using the ideal observer framework language), and your
sensory information tells you that it is between red and yellow
(a likelihood), it is likely that the target is actually yellow and
the part of the sensory information that suggests red color is
just noise. This is similar to the negative biases sometimes
observed in multisensory integration with high stimulus dis-
parities that are explained by a causal inference model
(Kording et al., 2007; Wallace et al., 2004).

Target representations might also become tuned during re-
tention or decision making to avoid interference from
distractor memory. This is in line with previous findings in
visual working memory (VWM) studies, where distractors
were found to affect target representations as well. However,
the specific pattern of results in our study is different.
Rademaker, Bloem, De Weerd, and Sack (2015) found that
when observers have to remember the first of two sequentially
presented stimuli, memory is biased towards the second, irrel-
evant stimulus. When both stimuli have to be remembered, the
bias is severely reduced. This is similar to a positive serial
dependence effect. In contrast, Golomb (2015) found that
for two simultaneously presented items, the memory of the
target is biased away from the distractor when they are similar
but towards it when they are dissimilar. Similar results were
also reported by Chunharas, Rademaker, Brady, and Serences
(2019) for hue memory, but they found that repulsion turns to
attraction under high memory load. Bae and Luck (2017) also
found that when two sequentially shown motion directions are
to be remembered, high similarity leads to repulsive biases but
low similarity to attractive ones. These studies suggest that
dissimilar distractors, such as the ones used in our odd-one-
out search task, should create attractive rather than repulsive
biases. Thus, while we cannot reject the possibility that
distractors affected target representations, the mechanisms
are likely to be different from those observed in VWM studies.
It is important to note, however, that the extent to which serial
dependence reflects perception and to what degree it reflects
VWM is a hotly debated topic that cannot be addressed with
the current data (see Kiyonaga et al., 2017 for review).

The observed repulsion bias cannot be explained by well-
known adaptation and simultaneous contrast effects in orien-
tation perception. The tilt illusion and the tilt aftereffect are
known to produce repulsive biases in perceived orientation
(Gibson, 1937; Gibson & Radner, 1937). However, these
biases occur when the target stimulus is relatively similar to
inducers and changed into attractive biases when the two are
distinct (see, e.g., Clifford, 2014, for a review). In contrast, we
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did not observe any dependence on target-to-distractor simi-
larity, and in the range of orientation difference we studied
(70-90°) both the tilt illusion and tilt aftereffect should create
positive rather than negative biases.

Is serial dependence a perceptual or decisional bias?

Serial dependence in visual search is especially interesting
because by itself visual search does not require explicit judg-
ments of target features. Serial dependence studies typically
involve sequential decisions on stimulus features, leading
some researchers to conclude that serial dependence occurs
post-perceptually (Bliss et al., 2017; Fritsche, Mostert, & de
Lange, 2017), while others have argued that perception is
affected (Cicchini, Mikellidou, & Burr, 2017; Fornaciai &
Park, 2018; Gekas, McDermott, & Mamassian, 2019;
Manassi et al., 2018, 2019). Recently, Pascucci et al. (2019)
further developed the idea of decisional biases suggesting that
even without an explicit task, observers might continuously
make implicit decisions about target orientation, applying the
same “decisional template.” Our findings, however, argue that
decision making is not necessary for serial dependence, even
in this implicit form. In the odd-one-out search task, on the
majority of trials observers need to analyze orientation but
only to find a target, not to report the orientation itself, and
the target is defined as the item that differs most from the
others. It is unlikely that on each trial of the search task ob-
servers make an implicit decision about target orientation.
Instead, they utilize the perceived orientation of different stim-
uli to decide which one is most likely to be the target (Ma,
Shen, Dziugaite, & van den Berg, 2015; Schoonveld,
Shimozaki, & Eckstein, 2007). That is, while they have infor-
mation about target orientation, the "decisional template” in-
volves the target location. Thus, given that we are able to
observe serial dependence in the context of a search task, it
is likely to be caused by representations of previously present-
ed stimuli rather than by decisions about them. Note, however,
that serial dependence may of course arise at many stages of
processing (Cicchini & Kristjansson, 2015; Kiyonaga et al.,
2017).

Accuracy and response times during learning trials

Before discussing RT and accuracy for our so-called learning
trials, we must note that the task was a tool toward assessing
history effects upon orientation judgments, rather than being
thought of as a measure in this study. The results for perfor-
mance accuracy (Fig. 4B) are in agreement with previous
studies (Chetverikov et al., 2016, 2017b, c, d), suggesting that
participants learned the probability distribution of the
distractors, resulting in more accurate visual search in the last
trials within a block than the first trials. However, the RT
analysis (Fig. 4A) showed that RTs did not improve during

@ Springer

the learning trials in contrast with the previous studies. A
possible explanation for this RT pattern is that since partici-
pants did not know how many search trials would occur in
each block, after the second trial they may have started to
prepare for the later adjustment task, perhaps causing delays
in responding.

Conclusions

Our results show that perception reliably reflects not only
what is attended in each case (serial dependence), but for the
first time our results reveal serial dependencies from ignored
information, in this case distractors in a search task.
Importantly, the bias arises even when distractors are very
dissimilar to targets, distinguishing it both from the well-
known tilt illusion and the tilt adaptation. Additionally, our
results show that explicit reports of stimulus features are not
necessary for serial dependence. The results suggest that per-
ception takes both attended and ignored stimuli into account
in preserving the continuity of the visual world to an even
larger degree than previously found.
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