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Perceptual decisions are biased 
toward relevant prior choices
Helen Feigin1,2, Shira Baror1,2, Moshe Bar1 & Adam Zaidel1*

Perceptual decisions are biased by recent perceptual history—a phenomenon termed ’serial 
dependence.’ Here, we investigated what aspects of perceptual decisions lead to serial dependence, 
and disambiguated the influences of low-level sensory information, prior choices and motor actions. 
Participants discriminated whether a brief visual stimulus lay to left/right of the screen center. 
Following a series of biased ‘prior’ location discriminations, subsequent ‘test’ location discriminations 
were biased toward the prior choices, even when these were reported via different motor actions 
(using different keys), and when the prior and test stimuli differed in color. By contrast, prior 
discriminations about an irrelevant stimulus feature (color) did not substantially influence subsequent 
location discriminations, even though these were reported via the same motor actions. Additionally, 
when color (not location) was discriminated, a bias in prior stimulus locations no longer influenced 
subsequent location discriminations. Although low-level stimuli and motor actions did not trigger 
serial-dependence on their own, similarity of these features across discriminations boosted the effect. 
These findings suggest that relevance across perceptual decisions is a key factor for serial dependence. 
Accordingly, serial dependence likely reflects a high-level mechanism by which the brain predicts and 
interprets new incoming sensory information in accordance with relevant prior choices.

Perceptual decisions are not based solely on current sensory information. Rather, they are substantially influ-
enced by other factors, such as context and prior  experience1–5. Notably, our perceptual decisions are biased by 
preceding perceptual events—a phenomenon, termed ‘serial dependence’, that has garnered considerable recent 
 interest6–10, and which suggests that previous goal selections and outputs are actively tracked by the brain to 
influence subsequent  actions11. Serial dependence can aid or impair performance, depending on circumstances. 
For example, when a discriminated feature is distributed independently over time (or across trials, as is often 
the case in laboratory experiments) preceding information might have little bearing on subsequent stimuli, 
and therefore serial dependence may add noise and can degrade  performance12. By contrast, events in the real 
world are generally not independent in that they follow prototypical regularities in time and space. Hence, 
serial dependence might benefit everyday performance by supporting perceptual stability over  time6,13,14, and/
or by improving speed and efficiency of perceptual  decisions15–17. Overall, serial dependence, like predictions 
more generally, likely reflects a trade-off between efficiency (relying on expectations) and accuracy (relying on 
instantaneous sensory information).

Many factors may trigger serial dependence, including sensory  inputs6,18, motor  responses19,20,  expectations21,22 
and spatial  attention6,23. It has even been proposed that prior choices, in and of themselves, can elicit serial 
 dependence24,25. However, the nature of the elements that underlie serial dependence and their relative contribu-
tion to this phenomenon are not fully known.

Here we reasoned that if serial dependence is harnessed by the brain to aid function and  efficiency11, then 
it should only be applied when prior perceptual events are considered relevant to the impending perceptual 
decision. By “relevant”, we mean that the observer may implicitly presume that similar, consecutive, stimuli are 
statistically related, and therefore prior events can aid subsequent perceptual  decisions26. Conversely, when prior 
stimuli are presumed irrelevant to the current perceptual decision, these should elicit little or no serial depend-
ence. Note that presumed relevance (or irrelevance) is a subjective state—inferred by the observer—and may or 
may not be in line with the objective state (which is unknown to the observer).

In support of this idea, it was recently found that estimates of a stimulus feature (variance) were biased 
only when that same feature was discriminated, but not when a different feature (mean), was  discriminated27. 
However,  others28,29 did find serial dependence when participants were told that prior stimuli were irrelevant 
and were asked to ignore them. Therefore, the question of relevance in serial dependence, as well as how it may 
interact with other sensory and action-related factors requires further investigation, and it is the aim of our study.
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In line with our aim, we hypothesized that relevance between sequential perceptual events, may trigger serial 
dependence, and propose that when a specific feature of interest is sampled and discriminated across multiple 
presentations of a stimulus, people would incorporate prior information from their recent choices.

To test this hypothesis, we devised a novel paradigm of visual location discrimination that induces short-term 
biases over several (prior) stimuli and tests their effects in an interleaved and balanced manner. We manipulated 
specific features of the prior decisions, including stimulus characteristics, which feature was discriminated, and 
the motor action used to report choices. We refer to the process of discriminating a stimulus feature as a percep-
tual decision, and the result of the process as the choice, which may (or may not) be reported via a motor response.

We found that recent perceptual decisions elicit serial dependence only when relevant choices were made. This 
was seen even when the prior choices were reported via different motor actions, and when the prior stimuli had 
different sensory attributes from the test stimuli. As long as the same feature (location) was being discriminated in 
both prior and test stimuli, serial dependence was observed. By contrast, irrelevant prior choices (about stimulus 
color) did not bias subsequent location discriminations, even when the prior motor actions or prior stimulus 
locations (which were not discriminated) were biased. Additionally, even though low-level features did not elicit 
substantial serial dependence by themselves, greater similarity of low-level features boosted serial dependence. 
Thus, relevance across sequential decisions may be a key element for serial dependence.

Methods
Participants. A total of 115 participants took part in the study (68 females; mean age ± SD: 24 ± 3.54, 
range: 18–37 years). All participants were healthy and had normal or corrected-to-normal vision. This study 
was approved by the Bar-Ilan University, Gonda Brain Research Center Ethics Committee, and was performed 
in accordance with the guidelines and regulations under the given ethical approval. All participants signed 
informed consent and received monitory compensation for their participation. The data gathered were pre-
screened to confirm task understanding and cooperation (see Statistical analysis section below for details). This 
excluded 11 participants’ data, leaving 104 for further analysis. Additional participant details, pertaining to spe-
cific experimental conditions, are presented below in the section “Experimental conditions”.

Experimental design. Stimuli were generated and presented using PsychoPy  software30 on an LCD moni-
tor with a resolution of 1920 × 1200 pixels and a refresh rate of 60 Hz. Experiments were run in a dark, quiet 
room. Participants were seated in front of the monitor, with their head positioned 45 cm from the center of the 
screen and supported by a chin rest. Stimuli comprised uniformly filled circles (6.36° visual angle) presented 
around the center of the screen on a dark gray background. Circle location was varied in the horizontal dimen-
sion only. Participants performed a two-alternative forced choice (2AFC) task in which they discriminated the 
location of the circle presented (left or right relative to the screen’s center) by pressing the corresponding arrow 
key on a standard computer keyboard. Participants were instructed to make their choice as rapidly and accu-
rately as possible. They were informed that task difficulty varies with circle proximity to the screen center and 
instructed to make their best guess when in doubt.

Each trial comprised a series of several ‘prior’ circle stimuli, followed by a single ‘test’ circle stimulus (each 
discriminated individually, by sequence). The prior stimuli in a given trial were drawn from a specific distribu-
tion that was biased (either leftward or rightward) or unbiased. The ‘test’ stimulus was unbiased. This novel 
paradigm allowed us to examine the rapid effects of short-term biases, in a controlled and interleaved manner. 
Figure 1 shows the event sequence of a single trial. A fixation cross appeared for 500 ms at the beginning of each 
trial. This marked the center of the screen, and was presented at the beginning of each trial in order to reduce 
possible carry-over effects from the previous trial. The fixation cross was not presented again during the rest of 
the trial in order not to interfere with the priors’ effect being measured. Each circle (prior/test) was presented 
for 250 ms, and was preceded by a 250 ms delay (blank screen) such that the next circle appeared 250 ms after 
the participant’s previous response.

We defined the locations of the stimuli (circle center) in the horizontal plane (x) by its visual angle relative to 
the screen center (x = 0°), such that positive and negative values represent locations positioned to the right and 
to the left of the screen center, respectively. Locations on the vertical plane were fixed (screen centered). Prior 
circles locations were drawn randomly from a normal distribution, and were either (on average) biased to the left 
(mean ± SD: − 3.82 ± 3.82°) or to the right (mean ± SD: 3.82 ± 3.82°) of the screen center, or unbiased (mean ± SD: 
0 ± 3.82°). The prior “type” was defined by its bias: ‘left’, ‘right’ and ‘center’, respectively. With this definition, 
biased priors could still lie to the contralateral side, though with lower probability (~ 16%). Prior stimulus loca-
tions were discriminated with high accuracy: 88.3 ± 5.6% correct (mean ± SD; averaged across participants and 
Conditions #1B, #2 and #3, described below)—i.e., they were relatively easy to discriminate, apart from when 
they (infrequently) lay close to x = 0°.

Test circle locations were balanced to the right/left (the location sign was randomly selected on each trial), 
with magnitude (absolute distance from 0°) set using a staircase  procedure31. This began at a location magnitude 
of |x|= 6.36° and followed a “one-up, two-down” staircase rule. Namely, location magnitude |x| increased (i.e., 
became easier) after a single incorrect response, and decreased (i.e., became harder) after two successive correct 
responses. This staircase rule converges to 70.7% correct  performance32. Staircase step size followed logarithmic 
increments, such that location magnitude |x| was multiplied by 0.6 to increase task difficulty and divided by 
0.6 to decrease task difficulty. Location magnitude was limited to a maximum of |x|= 25.46°, but this was never 
reached in practice. Separate staircase procedures were run for each prior type, each comprising 100 trials that 
were randomly interleaved. Thus, testing all three prior types (right, left and center) comprised 300 trials, and 
took ~ 30 min, and testing only right/left priors comprised 200 trials and took ~ 20 min. A break was automati-
cally given after every 100 trials, and the experiment was resumed by the participant, when ready.
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Experimental conditions. Six experimental conditions were tested. In four of the six conditions (condi-
tions #1–4), the same stimulus feature (location) was discriminated for both prior and test circles. Hence, the 
prior decisions were considered relevant to the subsequent test circle perceptual decision. By contrast, in the 
other two conditions (conditions #5–6), a different feature (color) was discriminated for the prior circles, while 
location was still discriminated for the test circles. Therefore, the prior decisions were considered irrelevant to 
the subsequent test circle’s perceptual decision. The results of each such condition were analyzed separately. 
These six conditions are described below in detail (and summarized in Table 1).

Figure 1.  Event sequence within and across trials. Each trial began with a fixation point (at the screen center) 
followed by a series of discriminations of ‘prior’ stimuli (for example, priors biased to the right, green dashed 
boxes), and then discrimination of a single ‘test’ stimulus (black dashed boxes). The black arrow marks the 
time-course of the experiment, which interleaved trials of different prior types pseudo-randomly (right, left 
and center, marked by green, orange and gray boxes, respectively), each ending with a test stimulus (black 
box). The stimuli were circles on a dark gray screen, and were discriminated individually (in order). The 
discrimination task for the test circles was about location: was the circle to the left or to the right of the screen 
center? For the prior circles, the discrimination task (*) depended on the experimental condition. It was either 
location discrimination (like the test task) or color discrimination (unlike the test task). All discriminations 
required choosing one from two alternatives: right/left or green/purple (for location and color discrimination, 
respectively). Prior circle locations were drawn from a normal distribution and were either biased to the left 
or right of the screen center (orange and green probability distributions,  PL and  PR, respectively) or unbiased 
(center distribution  PC, in gray). Test circle locations followed an unbiased staircase procedure.

Table 1.  Experimental conditions. ✔Indicates that the priors task was relevant to the test task (both were 
location discrimination). ✘Indicates that the priors task (color discrimination) was irrelevant to the test task 
(location discrimination).

# Condition name Goal

Prior stimulus and task features

Biased feature Discriminated feature (relevant to test) Circle color Response keys

1 Baseline (A and B) Test serial dependence of location discrimination Location Location (✔) White Left/right

2 Color invariant Test serial dependence when prior and test stimuli dif-
fer in an undiscriminated physical attribute (color) Location Location (✔) Green/purple Left/right

3 Response invariant Test serial dependence when discriminations for prior 
and test stimuli are reported using different responses Location Location (✔) Green/purple Up/down

4 Response inhibition Test whether response reporting is necessary for serial 
dependence to occur Location Location (✔) White None

5 Alternative feature Test serial dependence on prior actions that report 
irrelevant choices Color Color (✘) Green/purple Left/right

6 Undiscriminated Test serial dependence on low-level sensory informa-
tion Location Color (✘) Green/purple Left/right
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Condition #1: “baseline”. In the baseline condition, the prior and test circle stimuli were indistinguish-
able (white circles). Participants were asked to perform the same task regarding all circles—to discriminate the 
location of each circle. We tested two variants for this condition: in Baseline A, a fixed number of priors (Q = 5) 
preceded the test circle (the parameter Q reflects the number of priors on a given trial, and N the number of tri-
als, which is also the number of test stimuli). In Baseline B, the number of prior circles in each trial was random 
(Q was selected, per trial, according to a discretized Gaussian probability distribution with mean ± SD = 5 ± 2, 
limited within the range 1–9).We tested all three prior types (right/center/left) in Baseline A, but only the two 
biased prior types (right/left) for the rest of the experimental conditions (Baseline B and conditions #2–6), with 
100 trials per prior type (i.e., N = 300 for Condition #1 Baseline A and N = 200 for the rest of the conditions). 
Baseline A and B were performed by two groups of 20 and 19 participants, respectively. In each variant of this 
condition, five participants were excluded from the analysis due to poor goodness-of-fit (see Statistical analysis 
section for details regarding the exclusion criterion). The group that took part in Baseline B also performed 
Condition #4 (Response Inhibition) during the same experimental session, as a separate block, with block order 
counterbalanced between participants.

Condition #2: “color invariant”. In this condition, the same task (location discrimination) was tested for 
both prior and test stimuli, but the prior circles differed in color. By “color invariant” we mean that color does 
not help to perform the task (i.e., although color does change, good performance is invariant to this change). The 
rationale for this condition was to test whether changing a task-irrelevant stimulus feature would affect serial 
dependence. Also, since color was used in the following conditions to indicate a different task, this condition was 
required in order to rule out any differences due to color per se. Participants were instructed to discriminate the 
location of circles, irrespective of their color. This condition was essentially identical to Baseline B, except that 
prior circles were colored (either green or purple) while test circles remained white. All stimuli (priors and test) 
had equal brightness. The color was randomly chosen for each prior stimulus (50% green and 50% purple), such 
that the color parameter was unbiased across trials. Twenty-seven participants performed this condition; three 
participants were excluded from the analysis due to poor goodness-of-fit.

Condition #3: “response invariant”. In this condition, the same task (location discrimination) was 
tested for both prior and test circles, but the choices for the prior and test circles were reported using different 
sets of keys. Like in Condition #2 (Color Invariant) prior circles were colored (50% green and 50% purple) and 
the test circles were white. Participants were instructed to report right and left choices using the ‘up’ and ‘down’ 
arrow keys (counterbalanced) for colored circles, but using the ‘right’ and ‘left’ arrow keys for white circles. 
Participants used their second and fourth fingers for the left and right arrow keys and their middle finger for 
the up and down arrow keys. This condition allowed us to test whether serial dependence ensues even when the 
actions for reporting choices are dissociated, but the high-level relevance of prior choices is maintained. Twenty-
six participants performed this condition; four were excluded from the analysis due to poor goodness-of-fit. 
Twenty-five of the participants also performed Condition #5 (Alternative Feature) in a separate session that took 
place on a different day (with task order counterbalanced between participants), and 15 agreed to return also for 
a third session to perform Condition #6 (Undiscriminated).

Condition #4: “response inhibition”. Here, prior and test stimuli were the same (white circles). How-
ever, participants were instructed to respond only to the last (i.e. the test) circle in each trial. The number of prior 
circles followed a random distribution (range 1–9, like Baseline B, and all the other conditions except for Baseline 
A). Therefore, the last circle could only be identified in retrospect (when it was not followed by another circle). 
Hence, the participants needed to discriminate all the circles, but suppress their responses to the prior circles, 
and respond only to the test circles. This condition allowed us to probe whether choices with unexecuted actions 
would still elicit serial dependence. This condition was performed by the same participants from Condition #1 
(Baseline B) in a counterbalanced order. Two participants were excluded from the analysis of this condition due 
to poor goodness-of-fit.

Condition #5: “alternative feature”. The aim of this condition was to test whether irrelevant choices 
(i.e., relating to prior stimulus features other than location) with biased motor responses would elicit serial 
dependence. Here, participants were instructed to report the color of the circle when it was green or purple 
(prior circles), but to discriminate location for the white (test) circles. Success in the color task was confirmed 
by a high percentage of correct responses (mean ± SD = 96.21 ± 2.46%). The prior circle colors in a given trial 
were biased, with an 84% probability for one color (16% for the other). Trials with prior circles biased green or 
purple were randomly interleaved in a block. The 84/16 percentage bias was chosen to match the ratio of right/
left biased prior locations from the other conditions. Each color was coupled to one of the response keys (right/
left arrow), counterbalanced across participants. Participants were instructed to also report the location of the 
white circle using the same right/left arrow keys. The locations of the prior circles were unbiased and followed 
the ‘center’ prior type distribution. Thus, the responses to prior stimuli were biased by color choices—irrelevant 
to the subsequent location discrimination for the test circle. This procedure therefore biased participants’ choices 
and motor actions in a manner which was irrelevant to the subsequent location discrimination. This condition 
was performed by 25 participants who also performed Condition #3 (Response Invariant) in a different session 
(counterbalanced). Three participants were excluded due to poor goodness-of-fit and another two because of 
poor performance on the priors’ task (both below 50% correct, substantially lower than the rest of the partici-
pants, who all had above 89% correct).
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Condition #6: “undiscriminated”. The aim of this condition was to test whether biased locations would 
still elicit serial dependence when not explicitly discriminated. This was done by instructing the participants to 
report the color for the colored (prior) circles, and location for the white (test) circles. Therefore, by the term 
“undiscriminated” we mean that location (the feature of interest for the test circles) was not discriminated for 
the prior circles. The colors of the prior circles were unbiased (50% green and 50% purple). However, their loca-
tions were biased (with the same distributions as the other biased conditions). By decoupling the discriminated 
from the biased stimulus features (color and location, respectively) we were able to probe whether undiscrimi-
nated, low-level sensory location information alone biases subsequent location decisions, or whether making 
an intentional choice regarding the relevant feature is needed for serial dependence to occur. This condition 
included 38 participants, which consisted of two groups: (i) 15 of the participants who also performed Condi-
tion #3 (Response Invariant) and Condition #5 (Alternative Feature), and (ii) 23 naïve participants, to replicate 
the results of the former group. Results from the two groups did not differ (in terms of Eq. 2 below; t(30) = 1.32, 
p = 0.197, Cohen’s d = 0.475), and were therefore merged. Six participants were removed from this condition due 
to poor goodness-of-fit.

Data and statistical analysis. Data analysis was performed with custom software using Matlab version 
R2014a (MathWorks) and the psignifit toolbox for Matlab, version  433. Plots were prepared in Matlab and Figures 
collated in Corel Draw (version 17). Psychometric plots were defined by the proportion of rightward choices as 
a function of circle location and calculated by fitting the data with a cumulative Gaussian distribution function. 
Separate psychometric functions were constructed for each prior type (center, left and right). The goodness-of-
fit of the psychometric curves was evaluated using the Likelihood‐ratio based pseudo‐R‐squared34,35, calculated 
by the proportional reduction in the deviance of the fitted psychometric model ( Dfitted ) compared to that of the 
null model ( Dnull):

Deviance values for the fitted and null model ( Dfitted and Dnull, respectively) were calculated using the psignifit 
toolbox. Only psychometric curves with R2

L > 0.5 were used for the final analysis. If any of a participant’s psy-
chometric curves did not reach this level, that participant was removed from further analysis in that condition.

The point of subjective equality (PSE, i.e., the stimulus level with equal probability for making a rightward/
leftward choice) was deduced from the mean (μ) of the fitted cumulative Gaussian distribution function. The 
effect of priors on subsequent location discriminations of test circles was assessed by calculating the difference 
in PSE between left and right prior types, as follows:

where the sign of ΔPSE corresponds to the direction of the serial dependence effect. Positive ΔPSE values 
indicate an attractive bias (i.e., subsequent perceptual choices are more likely to be the same as prior choices) 
and negative values indicate a repulsive (or adaptive) bias (i.e., subsequent perceptual choices are more likely to 
differ from prior choices).

Differences between PSEs of the different prior types (within a condition) was assessed using two-tailed 
paired t-tests, except for Baseline A, which included three types of priors (left, center and right) and was therefore 
assessed using a repeated measures one-way ANOVA with the Bonferroni correction for pairwise comparisons. 
ΔPSEs were compared between the different experimental conditions using one-way between-subjects ANOVA 
with pairwise comparisons adjusted with Bonferroni correction. Effect size was estimated by calculating Cohen’s 
d and η2 for t-test and ANOVA analyses, respectively.

Model fits. While the ΔPSE (described above) depicts the aggregate behavioral effects of serial dependence, 
it does not dissociate the effects of prior stimuli from prior choices. Therefore, to further dissect what elements 
of prior experience influence subsequent choices, we fit the data using a logistic regression model that separated 
the effects of prior stimuli from prior choices (Fig. 2). We fit the data from five out of the six conditions (it could 
not be done for Condition #4, Response Inhibition because no location discriminations for prior circles were 
reported).

In this model, each estimated beta coefficient reflects the expected change in the log odds of choosing right 
for a unit increase in the corresponding predictor variable (e.g., prior stimuli and prior choices) while holding 
the other predictor variables constant at a certain value. Accordingly, the beta coefficients estimate the specific 
contributions of the corresponding parameters to the choice, such that the sign and magnitude respectively 
reflect the direction and size of the effect.

The logistic regression model calculated the probability of making a rightward choice for the current circle 
stimulus, as follows:

where zt is a linear combination of different predictors that might affect the current perceptual decision (the 
specific zt used for each model is described below). Choices were binary (right/left; coded by ‘1’ and ‘−1’, respec-
tively), whereas circle locations (i.e., stimulus intensities) were graded along a continuum (with negative and 
positive values for leftward/rightward locations, respectively). To allow better comparison between the logistic 
regression weights of these two parameters, circle locations were normalized by the root-mean-square (RMS) 

(1)R2
L = 1−

Dfitted

Dnull
.

(2)�PSE = PSEleft − PSEright ,

(3)pt =
1

1+ e−zt
,
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of the actual location values presented in the experiment (separately for each experimental condition) such that 
both parameters had RMS = 1.

We tested and compared four competing models (separately for each experimental condition), that were 
based on the same logistic regression and differed only by their input parameters:

M1: “no-history” model. This model does not include information from previous trials and was used as 
a baseline for assessing the added value of incorporating prior information in the following models. The linear 
combination of predictors used for  M1 was:

where β0 represents the observer’s individual baseline bias towards one of the two options (left or right), St is the 
location of the current stimulus and βstim is its fitted weight.

M2: “stimulus-history” model. M2 is like  M1, but with the addition of prior stimulus information as a 
predictor:

where 1q
∑t−1

i=t−qSi is the averaged location of the q prior stimuli and βprior_stim is the weight of this parameter. 
Setting q = 1 (‘1-Back’ analysis) enabled us to investigate the effects of just the previous stimulus and setting q = Q 
(‘Q-Back’ analysis; where Q reflects the number of priors presented on a given trial) enabled us to investigate the 
aggregate effect of the prior stimuli. In this latter case, our aim was not to quantify the individual effects of each 
prior stimulus (as is sometimes done, at the cost of additional parameters), but rather to quantify their average 
effect. This takes advantage of our paradigm design, with consecutively biased priors (interleaved on a trial-by-
trial basis), without the need to add more parameters.

M3: “choice-history” model. M3 is like  M1, but with the addition of prior choice (not prior stimulus) 
information as a predictor:

(4)zt = β0 + βstimSt ,

(5)zt = β0 + βstimSt + βprior_stim
1

q

∑t−1

i=t−q
Si ,

(6)zt = β0 + βstimS+ βprior_choice
1

q

∑t−1

i=t−q
Ci,

Figure 2.  Perceptual decision model schematic. A logistic regression was used to model location discrimination 
choices based on four predictors (and their respective fitted beta coefficients): (1) current stimulus location 
(βstim), (2) stimulus location history (βprior_stim), (3) choice history (βprior_choice) and (4) baseline bias (β0). Black 
stems on the stimulus and choice axes mark stimulus (Si) and choice (Ci) at time step i for an example trial, with 
test stimulus at t (black dashed box), and prior stimuli and choices q steps back (for example, priors biased to 
the right, green dashed boxes). The trial began with a central fixation-point (F.P.). The sum of the product of the 
predictors with their respective coefficients (z) is passed through a logistic function to yield the probability of 
making a rightward choice in response to the test stimulus.
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where 1q
∑t−1

i=t−qCi is the rightward choice ratio for q priors and βprior_choice is the weight of this parameter. As 
before, q = 1 was used to investigate the effects of just the previous choice and q = Q was used to assess the aggre-
gate effect of the prior choices.

M4: “stimulus and choice history” model. Finally, in order to estimate the specific effects of prior stim-
uli and prior choices on subsequent perceptual decisions,  M4 included both prior stimuli and prior choices (in 
addition to the baseline parameters of  M1):

Here too, q = 1 was used to investigate the effects of just the previous prior and q = Q was used to assess the 
aggregate effect of the priors.

Model comparison. We used the Bayesian Information Criterion (BIC) to compare the models. The BIC 
for a given model (Mi) is defined by:

where N is the number of observations, in this case, the number of trials (or ‘test’ circles) within an experimental 
condition. The number of free parameters of Mi is represented by Ki, and Li is its maximum-likelihood. A lower 
BIC value represents a more likely  model36,37. BIC values were calculated, per participant, for each of the models. 
To compare two given models, we calculated the difference between their BIC values (ΔBIC). ΔBIC magnitudes 
between 2 and 6, between 6 and 10 and > 10 are considered positive, strong and very strong evidence (respec-
tively) for the model with the lower BIC  value37–39.

Results
The results from the six conditions of our paradigm (summarized in Table 1), provide a broad view of serial 
dependence, and specifically implicate task relevance as a key feature for the emergence of serial dependence.

Location discriminations are biased towards recent choice history. In the standard form of the 
paradigm (Baseline, Condition #1) participants were required to discriminate whether the stimulus (a solid 
white circle) lay to the right or to the left of the screen center (2AFC). Stimulus locations were biased to the right 
or to the left for the prior discriminations, followed by unbiased (i.e., balanced) test stimuli. Responses to these 
test stimuli were sorted by prior bias, analyzed and fit with psychometric curves.

Results from an example participant (Fig. 3A) expose substantial serial dependence. Following rightward 
biased priors, test stimuli were more likely to be discriminated rightward (green curve). This is best discerned 
by the value of the psychometric function (> 0.5, i.e., greater likelihood for rightward choices) at the ambiguous 
stimulus x = 0° (where it crosses the vertical dotted line). This rightward choice bias is also depicted by a negative 
PSE—the green curve crosses the horizontal dashed line (y = 0.5) at a negative x-value. Similarly, leftward biased 
priors (orange curve) led to a leftward bias of subsequent test discriminations (and a positive PSE). Responses 
following unbiased priors (gray curve) lay in between the other two.

Robust serial dependence was also seen across the group (Fig. 3B–D). PSEs differed significantly by prior 
type (within-subjects one-way ANOVA, F(2,28) = 15.03, p = 0.000037, η2 = 0.518). Post-hoc Bonferroni pairwise 
comparisons revealed significant differences between all three prior types (p = 0.01 for the left vs. center, p = 0.038, 
for the right vs. center, and p = 0.003 for the right vs. left). A subject-by-subject comparison of PSEs demonstrates 
high consistency and robustness across all participants but one (14 out of 15 data points lie above the diagonal 
dashed line; Fig. 3C). Figure 3D presents the distribution of PSEs for leftward and rightward biased priors in 
relation to each individual’s unbiased/center PSE.

Next, a second version of the Baseline (Condition #1, variant “B”) was run. Variant B differed from variant 
A in the number of priors (random, between 1 and 9 vs. constant, 5 in variant A), and in testing only the two 
biased prior types (right and left, without the center/unbiased prior type, which was also tested in variant A). 
PSE shifts following biased priors were quantified by calculating the difference in PSE for leftward vs. rightward 
biased priors. Positive ΔPSE values indicate an “attractive” effect. Baseline B variant, like Baseline A (see above), 
had significantly positive ΔPSEs (Fig. 4A; t(13) = 3.61, p = 0.003, Cohen’s d = 0.966). Since variant B was better 
matched methodologically to the control conditions (#2–6), it was used for cross-condition comparisons (below).

Relevance is key for serial dependence. To test our main hypothesis, we developed five more condi-
tions based on the standard (Baseline) condition. These are divided into two main groups: the relevant control 
conditions (Conditions #2–4) and the irrelevant control conditions (Conditions #5–6). In the relevant control 
conditions, perceptual discriminations for both the prior and test stimuli were about location. For the irrelevant 
control conditions, prior stimuli discriminated color while test stimuli discriminated location.

In all relevant control conditions significant serial dependence was observed (Fig. 4B): Significant PSE shifts 
were observed in the Color Invariant condition (Condition #2), in which prior and test circles differed in terms of 
color (t(23) = 4.7, p = 0.000096, Cohen’s d = 0.961; Fig. 4B left bar). In the Response Invariant condition (Condition 
#3) discriminations for the prior and test circles were reported using different motor responses (up/down or right/
left keys, respectively). Nonetheless, significant PSE shifts were observed (t(21) = 2.52, p = 0.019, Cohen’s d = 0.54; 
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Figure 3.  Baseline (Condition #1A) results. (A) Psychometric functions are presented for an example participant, sorted by 
prior type: left, center and right (orange, gray and green, respectively). The data points represent the proportion of rightward 
choices (for the test circles only) fitted (per prior type) with a cumulative Gaussian distribution function (solid lines). The 
horizontal dashed line marks the point of subjective equality (PSE; y = 0.5), and the vertical dotted line marks the screen 
center (x = 0). Horizontal error bars mark 95% confidence intervals of the PSE. (B) Summarized PSEs of the group data 
for the three prior types: left, center and right (orange, gray and green, respectively). The median and range of the data are 
represented by the black lines and whiskers, respectively. The colored dots represent the respective means. (C) PSEs for left 
vs. right prior types. Each data point represents one participant. The diagonal line marks y = x. (D) Distribution of PSE shifts 
across participants, calculated by subtracting the unbiased (center) PSE from the left and right prior type PSEs (orange and 
green, respectively). The objective screen center (x = 0) is represented by the vertical black dotted line. Above the histograms, 
mean ± SEM are presented by the circle markers and horizontal lines, respectively. *p < 0.05, **p ≤ 0.01.
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Fig. 4B middle bar). Finally, in the Response Inhibition condition (Condition #4) discrimination responses were 
reported only for the test circles, but were withheld for the prior circles. Here too, significant PSE shifts were still 
observed (t(16) = 3.004, p = 0.008, Cohen’s d = 0.73; Fig. 4B right bar).

Irrelevant biases do not lead to substantial serial dependence. In the irrelevant conditions, color 
was discriminated for the prior stimuli, while location was discriminated for the test stimuli. This allowed us to 
examine the effects of other types of prior biases. Firstly, the effect of motor repetition was tested by generating 
choice biases for rightward or leftward choices in the priors’ task (Condition #5 Alternative Feature). Colors were 
reported using the same left/right arrow keys as the subsequent location choices for the test stimuli, thereby bias-
ing prior motor responses. Motor biasing led to a small (but not significant) positive serial dependence effect. 
(t(19) = 1.33, p = 0.199, Cohen’s d = 0.29; Fig. 4C left bar). In the Undiscriminated condition (Condition #6), the 
prior circles’ locations were biased, but participants discriminated color rather than location for the prior circles. 
In this condition as well, no significant PSE shift was seen (t(31) = − 0.1, p = 0.92, Cohen’s d = − 0.018; Fig. 4C 
right bar).

Similarity boosts serial dependence. We further examined whether similarity affects the magnitude of 
serial dependence. Greater similarity between two events increases our belief that they originate from the same 
 distribution40, which might increase serial dependence.

Of the four relevant conditions, the Baseline condition (Condition #1) had the greatest similarity between 
prior and test discriminations. All the other relevant conditions (#2–4) had specific dissimilarities between prior 
and test discriminations. Comparing ΔPSEs across these conditions (#1–4; Fig. 4) indeed revealed significant 
differences (between subjects one-way ANOVA, F(3,73) = 4.478, p = 0.006, η2 = 0.155).

First, the contribution of stimulus similarity was assessed by comparing the Baseline Condition #1B and Color 
Invariant Condition #2, which differed in color similarity between priors and test stimuli. The Baseline Condition 
#1B had significantly larger ΔPSEs vs. the Color Invariant Condition #2 (p = 0.03; post-hoc pairwise comparison 
with Bonferroni adjustment). Therefore, stimulus similarity does boost the effect.

To assess the effects of reporting discriminations using different responses, Condition #3 was compared to the 
Color Invariant Condition #2. No significant difference was seen between the ΔPSEs of these conditions (post-hoc 
pairwise with Bonferroni p > 1). Therefore, serial dependence was still strong even when motor responses were 
dissociated. Note that in a more nuanced analysis that separates the effects of prior choices from stimuli we do 
find that using the same motor actions slightly enlarges serial dependence (see section Choices bias subsequent 
discriminations below). Thus, motor similarity seems to magnify, but not to be required for serial dependence.

To assess the effects of withholding responses, Response Inhibition Condition #4 was compared to the Baseline 
Condition #1B. These two conditions differed by whether or not responses were reported for the prior stimuli. The 
Baseline Condition #1B had significantly larger ΔPSEs vs. Condition #4 (p = 0.02, post-hoc pairwise comparison 
with Bonferroni adjustment). Although the same participants took part in both conditions, for consistency with 
the other comparisons in this section a between-subjects comparison was used (a within-subjects comparison 
provided similar results: p = 0.016). Therefore, actively reporting prior discriminations boosts serial dependence.

Choices bias subsequent discriminations. What aspect of prior discriminations drives serial depend-
ence—prior choices, prior stimuli, or a combination of the two? To answer this question, we fit the data on a 
trial-by-trial basis with a logistic-regression model that could account separately for the effects of prior choices 
and prior stimuli (see Fig.  2 and Methods section Model fits for details). For comparison, we fit the logistic 

Figure 4.  Prior effects across experimental conditions. The PSE difference between left and right prior types 
(ΔPSE = PSELeft_priors −  PSERight_priors) is presented per condition (mean ± SEM). Condition names are presented 
below the bars (Condition number in parenthesis). Significant shifts are seen for: (A) the Baseline conditions 
(blue shades), and (B) control conditions in which the task for the prior stimuli was relevant to the test task 
(green shades). But, not for (C) conditions in which the task for the prior stimuli was irrelevant to the test task 
(pink shades). *p < 0.05, **p < 0.01, ****p < 0.0001.
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regression with four different combinations of parameters. All four had two standard parameters (to account 
for the effects of the current stimulus and a baseline bias), and differed by whether or not they also took into 
account prior choices and/or prior stimuli, as follows:  (M1) no history (no prior choice/stimulus information), 
 (M2) stimulus history only,  (M3) choice history only or  (M4) both stimulus and choice history. Model fits were 
performed per participant, and condition (except for Condition #4, which was not fit because choices were not 
reported for prior stimuli).

To quantify the value of including prior information, we calculated the difference in Bayesian Information Cri-
terion (ΔBIC) between each of the history models  (M2–4) vs.  M1 the no-history model (Fig. 5A; diagonal-stripe, 
filled and vertical-stripe bars, for  M2,  M3 and  M4, respectively). For the relevant conditions (Fig. 5A, light and 
medium gray backgrounds) ΔBICs are large and negative, indicating better model fits with history (the vertical 
black dashed line at ΔBIC = − 10 marks very strong evidence for the models with  history36–38).

Figure 5.  Model Comparisons. (A) The Bayesian information criterion (BIC) is presented for the three history 
models in relation to the ‘no history’ model, across experimental conditions. ‘Stimulus history’, ‘choice history’ 
and ‘stimulus and choice history’ models are represented by the diagonal-stripe, filled and vertical-stripe 
textured bars (ordered: top, middle and bottom within each condition), respectively. Negative ΔBIC values 
(ΔBIC = BICMi—BICM1; where  M1 represents the ‘no-history’ model and  Mi represents one of the ‘history’ 
models, i = 2, 3 or 4) indicate more evidence for the ‘history’ model. ΔBIC < − 10 is considered very strong 
evidence for the history model (the vertical dotted line marks ΔBIC = − 10). Circles represent ΔBIC values 
of individual participants, and bars and error bars mark the mean ± SEM. Choices were better explained by 
models with history for: the baseline conditions (light gray background) and control conditions (medium gray 
background) in which the task for the prior stimuli was relevant to the test task, but not for conditions in which 
the task for the prior stimuli was irrelevant to the test task (dark gray background). (B) Beta coefficients for the 
prior stimulus vs. prior choice (from the ‘stimulus and choice’ history model  M4) are plotted for each participant 
(data points), per condition (color coded). Crosses represent the mean ± SEM per condition.
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By contrast, for the irrelevant conditions (Fig. 5A, dark gray background), ΔBIC values are small, indicat-
ing no clear preference for the models with history. The results presented here used ‘Q-back’ model fits (i.e., all 
the priors in a trial). Using ‘1-Back’ fits (including only the most recent prior) also showed a preference for the 
history models in the relevant conditions, but with smaller ΔBIC values (ΔBIC < 8 compared to the large ΔBIC 
values seen in Fig. 5A).

Comparing between the history models in the relevant conditions (Fig. 5A, light and medium gray back-
grounds) shows better performance for  M3 (choice history only) vs.  M2 (stimulus history only) or even  M4 (both 
stimulus and choice history). We further compared the beta coefficients of prior stimulus vs. prior choice from 
 M4, and found that prior choices had a larger influence vs. prior stimuli (Fig. 5B). The data lie off to the right of 
the y-axis (indicating large prior choice effects), but not far from the x-axis (indicating minor effects of prior 
stimuli). This is especially evident in the relevant conditions for which the prior choice beta coefficients were 
significantly positive (one sample t-test, t(14) = 9.75, t(13) = 6.91, t(23) = 7.93 and t(21) = 6.88, for Conditions 
#1A, 1B, 2 and 3, respectively, p < 0.00003 for all, after Bonferroni correction for multiple comparisons). By con-
trast, their prior stimulus beta coefficients were small and statistically insignificant (t(14) = − 0.8, t(13) = − 0.8, 
t(23) = − 2.73 and t(21) = − 0.66, for Conditions #1A, 1B, 2 and 3, respectively, p > 0.28 for all, after Bonferroni 
correction for multiple comparisons).

Comparing prior choice coefficients across all conditions revealed that they were significantly smaller in 
the irrelevant vs. the relevant conditions (between subjects one-way ANOVA, F(5,121) = 16.595, p = 0.0000001, 
η2 = 0.407). Post-hoc pairwise comparisons between each of the irrelevant conditions vs. each of the relevant 
conditions all revealed significant differences (Fig. 5B; p < 0.004 for all, with Bonferroni adjustment). Prior choice 
coefficients were small but nonetheless significantly positive for Condition #5 (purple cross; t(19) = 3.54, p = 0.048 
after Bonferroni correction for multiple comparisons), and not statistically significant for Condition #6 (pink 
cross; one sample t-test, t(31) = 0.84, p = 0.4, not Bonferroni corrected). Prior stimulus coefficients were small 
and not significant for both the irrelevant conditions (one sample t-test; t(19) = 1.95, p = 0.065 and t(31) = 1.23, 
p = 0.23 without Bonferroni correction, for Conditions #5 and #6, respectively).

Calculating ΔBIC between the choice history model  (M3) and the stimulus history model  (M2), on a subject-
by-subject basis, replicated the observation that prior choices affect subsequent decisions more than prior stimuli. 
Baseline Conditions #1 A and B had large, negative ΔBIC values on average (negative for 90% of participants; 
Fig. 6A, top two rows). In Condition #2 ΔBIC values were still negative on average but slightly less so (negative 
for 75% of participants; Fig. 6A, third row). And, in Condition #3 ΔBIC values were less negative (negative for 
54.5% of participants; Fig. 6A, bottom row).

Accumulation effect of similar discriminations. We next asked whether serial dependence is enhanced 
by a series of prior events or whether it is dominated by the most recent one. Therefore, we examined whether 
the observers’ responses to test stimuli are better predicted by the aggregate effect of the Q prior choices in the 
current trial (‘Q-Back’) or by just the most recent one (‘1-Back’). This was quantified by calculating the ΔBIC 
between Q-Back and 1-Back model fits. The large negative ΔBIC values for the Baseline Condition #1 (Fig. 6B; 
top two rows) show a Q-Back preference, reflecting an accumulation effect of prior choices (negative ΔBIC val-
ues on average, and for 80% of participants). Here too, this effect decreased as similarity of the priors decreased. 
ΔBIC values were on average closer to zero for Conditions #2 and #3 (Fig. 6B, third and fourth row, respectively) 
no longer showing a preference for Q-Back.

An accumulation effect of priors might suggest that a larger number of priors should lead to an increased 
serial dependence effect. To test this hypothesis, we divided the trials into two groups—those with less (Q < 5, 
i.e.: 1–4) or more (Q ≥ 5; i.e.: 5–9) priors, and compared their ΔPSEs, for each of the relevant conditions (#1–4). 
Indeed, we found that the difference between less or more priors was dependent on condition (F(3,73) = 2.863, 
p = 0.043, η2 = 0.102, two-way ANOVA interaction). Specifically, only for Condition #1, trials with more pri-
ors elicited stronger serial dependence (ΔPSE mean ± SD = 2.12 ± 0.33°) compared to trials with less priors 
(1.19 ± 0.32°; p = 0.005; post-hoc pairwise comparison with Bonferroni adjustment). No significant differences 
were found in the rest of the conditions (p > 0.28 for all; post-hoc pairwise comparisons with Bonferroni adjust-
ment). These results as well indicate that greater similarity of prior events leads to greater accumulation effects.

Reduced carry-over to the next trial. The test stimulus (last stimulus presented in a trial) was unbiased 
on average and converged on locations close to zero (due to the staircase). In itself, this should reduce carry-over 
effects from the preceding trial’s priors to the next trial (but might not eliminate them, due to an accumulation 
effect). Thus, to further reduce any carry-over effects, each trial began with a fixation point. This also slightly 
increased the time between the last (test) stimulus of the previous trial and the first prior of the next trial. To 
validate that carry-over effects from the preceding trial’s priors to the next trial were small, we tested whether 
discriminations of the first prior of a trial (after the fixation point) were biased by perceptual history from the 
preceding trial (before the fixation point). Responses to these ‘first prior’ stimuli were sorted according to the 
prior bias from the preceding trial, and analyzed and fit with psychometric curves (in the same manner pre-
sented above for the test stimuli). This analysis was performed on the data from Condition #1 (Baseline variant 
B) because these data had large serial-dependence effects with accumulation, and in this condition, prior and 
test circles were indistinguishable to the participants, and the number of priors was random (so the appearance 
of a fixation-point could not be anticipated).

We found no significant difference between PSEs when separating the data by the prior type (left/right) of 
the preceding trial (paired t-test, t(13) = − 1.83, p = 0.09, Cohen’s d = − 0.49). Assessing the effects of the pre-
ceding trial on discriminating the first prior of the next trial using the logistic regression model  (M4) showed 
a reduced effect of prior choices compared to that described for the test discrimination (prior choice beta 
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coefficients mean ± SD = 1.31 ± 1.59° vs. 2.94 ± 1.59°; paired t-test t(13) = − 3.5, p = 0.004, Cohen’s d = − 0.94). 
However, this effect of prior choices was nonetheless still statistically significant (one-sample t-test, t(13) = 3.08, 
p = 0.036, after Bonferroni correction). Hence, the effects of prior choices were reduced (by more than half) but 
not eliminated. Like above (for the test circles), prior stimulus beta coefficients were not statistically significant 
(mean ± SD = − 0.21 ± 0.84°, one-sample t-test, t(13) = − 0.95, p = 0.36, without Bonferroni correction). The finding 
of a significant (albeit small) effect that persists even beyond the presentation of a fixation point suggests that a 
boundary shift alone does not account for the results.

Discussion
In this study, we found strong serial dependence between sequential perceptual decisions, only when they were 
relevant to one another—namely, when the same perceptual feature (location in our experiment) was discrimi-
nated for both prior and current stimuli. Even when a feature was biased in the series of prior trials, it did not 
bias subsequent decisions about that feature when it was not discriminated in the prior trials—attesting to the 
pivotal role of relevance of prior choices in serial dependence. Our model fits showed that serial dependence 
was best explained by prior choices rather than prior stimuli, and that this effect is aggregated over several prior 
trials. Furthermore, while serial dependence required relevance of prior choices, it was modulated by similarity 
of sensory attributes (color) and action-related attributes (motor response execution).

Figure 6.  Choice vs. stimulus history comparison. (A) Comparison between ‘choice-history’  (M3) and 
‘stimulus-history’  (M2) models for each participant in the four ‘relevant’ conditions. Negative ΔBIC values mean 
more evidence for the ‘choice-history’ (vs. ‘stimulus-history’) model. Each bar represents the ΔBIC value for 
a single participant. The gray solid and black dashed lines represent the mean and median, respectively. (B) 
Comparison between ‘Q-Back’ and ‘1-Back’ choice-history models for the four ‘relevant’ conditions. Negative 
ΔBIC values mean more evidence for the ‘Q-Back’ (vs. ‘1-Back’) model.
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The observed serial dependence in location discrimination could reflect: (a) a shift in the perceived locations 
of the stimuli, (b) a shift in the estimated boundary (screen center), (c) a change in stimulus–response mapping, 
or a combination of these factors. Our finding that the effect of prior choices was still significant (albeit reduced) 
even after the presentation of a fixation point argues against a pure boundary shift explanation. Also, a series of 
biased stimuli (e.g. to the right), might be expected to draw the boundary estimate towards the same side (also 
to the right), which would lead to a choice bias to the opposite side (to the left)—opposite to our results. This 
suggests that the observed serial dependence does not reflect only a shift in the boundary estimate, and, at least 
in part, reflects a change in stimulus–response mapping.

Our finding that relevance is key for serial dependence corroborates previous studies. For example, it was 
recently shown that serial dependence is markedly reduced when attention to the relevant feature is lacking in the 
preceding  stimulus41. Our results extend these findings by providing evidence that this occurs in an accumulative 
manner (not just to a single prior stimulus) and by showing how it is modulated by low-level similarity between 
prior and test stimuli. Our findings are also in line with another recent study that found no serial dependence 
when prior discriminations were about the variance of a stimulus value and subsequent discriminations about 
its  mean26, considering variance and mean to reflect different features of the stimulus. However, in that study, 
the different discriminations were reported using different motor actions. Therefore, it is unclear whether the 
lack of serial dependence resulted from dis-similarity in motor execution or the lack of relevance of prior 
discriminations. Our results address this by showing that motor similarity in itself does not trigger substantial 
serial dependence between irrelevant decisions. This is in line with Braun et al.42, who also found that choice 
history bias is not explained by motor responses, and with Cicchini et al.18, who demonstrate little contribution 
of motor responses to serial dependence. Additionally, we found that serial dependence takes place even when 
priors are not reported at  all43.

Presumably contrary to our findings, Fornaciai and  Park28,29 found serial dependence in numerosity percep-
tion, even when participants were told to ignore the prior stimuli, which were not relevant to the subsequent task. 
Their conclusion that task-irrelevant stimuli do elicit serial dependence might seem, at face value, to contradict 
our results (and those of Suárez-Pinilla et al.27). However, closer inspection reveals that the results are actually 
consistent—the difference lies in the definition of “relevant.” In the numerosity task, the prior stimuli were indeed 
objectively irrelevant since they contributed no information to solving the subsequent task. However, this is the 
case for almost all psychophysics tasks in which stimuli are independent over trials. Yet serial dependence is still 
observed, even though participants are instructed to discriminate just the stimulus presented (with the obvious 
implication that prior information is not relevant). By contrast, we use the term ‘relevance’ here to reflect an 
implicit and subjective inference of relevance—i.e., when the same task is performed in series, the observer might 
behave as if the prior stimuli are statistically relevant. Given that consecutive events in the world are generally 
not independent, this may reflect a valid evolutionary skill.

Furthermore, in the numerosity  experiments28,29 the prior stimuli lay embedded within a sequence of the same 
stimuli that were repeatedly discriminated. Thus, it is probable that the prior stimuli were also discriminated to 
some degree, even if participants were instructed to ignore them. The authors’ subsequent finding that attention 
to the prior stimuli is necessary to elicit serial dependence supports this view. Accordingly, those experiments 
may be more similar to our Condition #4 (Response Inhibition). In this condition, location of prior stimuli was 
not reported, but still had to be discriminated (otherwise the task could not be accomplished). This result is in 
line with previous experiments that also demonstrate serial dependence in the absence of motor  actions6,43,44. 
Notably, the effect for Condition #4 (Response Inhibition) was in the same direction (positive/ attraction, as 
opposed to a negative/ adaptation effect) and of similar magnitude as the other relevant conditions. Therefore, 
we suggest that prior perceptual decisions that are relevant, but not reported can still elicit serial dependence.

Our model analyses showed that perceptual decisions in our study were biased specifically by, and towards, 
prior choices, and not prior low-level sensory information. This is in line with other recent studies that implicate 
prior choices as the cause for serial  dependence24,25,42. This is most clearly demonstrated in the Undiscriminated 
condition, in which serial dependence regarding location did not emerge when stimulus location was biased 
but not discriminated. As such, serial dependence seems to differ from visual priming, which primarily ema-
nates from the stimulus  itself42. It should be noted that a correlation between choice and stimulus information 
is inevitable, which could make it more difficult to discern the separate effects of prior stimuli and choices. 
Nevertheless, in this task stimuli and choices did differ from one another for two reasons. First, stimuli were 
graded, whereas choices could only have binary values (± 1). Second, observers make mistakes, especially for 
stimuli that lie close to the screen center. These differences allowed the models to identify prior choices as the 
primary factor of serial dependence—supported by better performance of the choice history model  (M3) vs. the 
stimulus history model  (M2) and a comparison of prior choice vs. prior stimulus coefficients from the combined 
stimulus and choice history model  (M4).

The fact that choices rather than stimuli triggered serial dependence, may shed light on the role of spatial 
attention in serial dependence. All the conditions reported here, required participants to allocate some degree 
of spatial attention, to be able to see the stimuli in the task. Nonetheless, this form of spatial attention in itself 
did not trigger serial dependence, not even when the location of priors was systematically biased. A distinction 
should therefore be made between two forms of spatial attention. The first pertains to seeing the stimuli that needs 
to be discriminated in its location, and is triggered in a bottom-up manner by the stimuli. The second relates to 
top-down mechanisms of prioritizing location as the specific feature to be discriminated. In the context of the 
location discrimination task, this high-level type of spatial attention may be the basis for presumed relevance, 
and was critical for serial dependence to emerge.

In addition to our finding that prior choices (and not low-level sensory information) trigger serial depend-
ence, we also found that the effect of prior choices was modulated both by sensory information of color, as well 
as by motor responses. Specifically, serial dependence was reduced when the stimuli differed in color and when 
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motor responses were either withheld, or when different actions were used to report choices. How does similarity 
in sensory and motor processes contribute to serial dependence? With regards to motor responses, the action-
related boosting of serial dependence does not seem to result from general processes activated by motor actions, 
such as enhanced post-perceptual  memory45,46 or enhanced attention to events that are acted upon, because serial 
dependence was smaller when different actions were used to report choices. A more probable suggestion is that 
similarity binds events through categorization, such that similar events are labeled under the same  category40. 
Prior events from the same (or close) category would be more likely to share their statistics, making them more 
useful to predicting upcoming stimuli.

Indeed, a study by Petzold and  Haubensak47 has shown that when participants were instructed to relate 
to stimuli with different colors as belonging to different categories, a serial dependence effect emerged only 
within category. But when participants were explicitly asked to ignore stimulus color and relate to all stimuli as 
belonging to the same category, the serial dependence effect emerged within all types of stimuli. These findings 
support the idea that low-level similarities may contribute to higher-order mechanisms such as categorization 
and grouping of events. Taken together, our results point to an interesting interaction between relevance of prior 
choices and other aspects of the prior stimuli and actions for serial dependence: that is, choice relevance is key 
in generating serial dependence, which is then modulated by low-level stimulus similarity and motor execution. 
This is in line with another recent study that showed stronger serial dependence when contextual features were 
the same across  trials48.

Further research is required to understand how neural activity supports serial dependence. One sugges-
tion is that attraction to prior choices might result from residual activity in neuronal populations that encode 
perceptual choices, and therefore increase the probability for making the same choice  again49. This theoretical 
mechanism is in accordance with animal studies that show priors and choice history activity in posterior parietal 
cortex (PPC)50,51. Also the prefrontal cortex (PFC) encodes goals and outcomes of previous  trials52. Specifically, 
the ventro-lateral PFC has been shown to encode prior stimuli, choices and outcomes, and stimulation of this 
brain region biases subsequent  behaviors53. Furthermore, choices, actions and stimulus signals are mixed in 
both  PPC54 and  PFC55, which makes these brain regions suitable candidates to integrate information across these 
heterogeneous factors. Thus, it is possible that PPC and PFC offer a high-level substrate to assess and compare 
prior choice relevance, in light of low-level stimulus and action conjunctions. They may bias subsequent choices 
accordingly via the basal  ganglia56,57.

In conclusion, our findings highlight high-level choice relevance as a critical trigger for serial dependence. 
Using a novel paradigm with unbiased test stimuli we show that serial dependence aggregates over a series of 
biased priors, but occurs only when the relevant feature was discriminated. We further show that although low-
level (sensory and motor) features do not themselves trigger serial dependence, greater low-level similarity boosts 
the effect. Therefore, we suggest that serial dependence reflects an active mechanism in the brain, in which only 
relevant prior choices are used to predict and bias ongoing perceptual decisions.

Received: 5 June 2020; Accepted: 14 December 2020

References
 1. Bar, M. Visual objects in context. Nat. Rev. Neurosci. 5, 617–629 (2004).
 2. Kersten, D., Mamassian, P. & Yuille, A. Object perception as Bayesian inference. Annu. Rev. Psychol. 55, 271–304 (2004).
 3. Clark, A. Whatever next? Predictive brains, situated agents, and the future of cognitive science. Behav. Brain. Sci. 36, 181–204 

(2013).
 4. Panichello, M. F., Cheung, O. S. & Bar, M. Predictive feedback and conscious visual experience. Front. Psychol. 3, 1–8 (2013).
 5. de Lange, F. P., Heilbron, M. & Kok, P. How do expectations shape perception?. Trends Cogn. Sci. 22, 764–779 (2018).
 6. Fischer, J. & Whitney, D. Serial dependence in visual perception. Nat. Neurosci. 17, 738–743 (2014).
 7. Taubert, J., Van Der, B. E. & Alais, D. Love at second sight: sequential dependence of facial attractiveness in an on-line dating 

paradigm. Sci. Rep. 6, 2–6 (2016).
 8. Liberman, A., Manassi, M. & Whitney, D. Serial dependence promotes the stability of perceived emotional expression depending 

on face similarity. Attent. Percep. Psychophys. 80, 1461–1473 (2018).
 9. Liberman, A., Fischer, J. & Whitney, D. Serial dependence in the perception of faces. Curr. Biol. 24, 2569–2574 (2014).
 10. Alexi, J. et al. Past visual experiences weigh in on body size estimation. Sci. Rep. 8, 1–8 (2018).
 11. Genovesio, A. & Ferraina, S. The influence of recent decisions on future goal selection. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 369, 

20130477 (2014).
 12. Abrahamyan, A., Silva, L. L., Dakin, S. C., Carandini, M. & Gardner, J. L. Adaptable history biases in human perceptual decisions. 

Proc. Natl. Acad. Sci. 113, E3548–E3557 (2016).
 13. Liberman, A., Zhang, K. & Whitney, D. Serial dependence promotes object stability during occlusion. J. Vis. 16, 1–10 (2016).
 14. Manassi, M., Liberman, A., Chaney, W. & Whitney, D. The perceived stability of scenes: Serial dependence in ensemble representa-

tions. Sci. Rep. 7, 1–9 (2017).
 15. Stefanics, G. et al. Phase entrainment of human delta oscillations can mediate the effects of expectation on reaction speed. J. 

Neurosci. 30, 13578–13585 (2010).
 16. Burr, D. & Cicchini, G. M. Vision: efficient adaptive coding. Curr. Biol. 24, R1096–R1098 (2014).
 17. Cicchini, G. M., Anobile, G. & Burr, D. C. Compressive mapping of number to space reflects dynamic encoding mechanisms, not 

static logarithmic transform. PNAS 111, 7867–7872 (2014).
 18. Cicchini, G. M., Mikellidou, K. & Burr, D. Serial dependencies act directly on perception. J. Vis. 17, 1–9 (2017).
 19. de Lange, F. P., Rahnev, D. A., Donner, T. H. & Lau, H. Prestimulus oscillatory activity over motor cortex reflects perceptual 

expectations. J. Neurosci. 33, 1400–1410 (2013).
 20. Pape, A. A. & Siegel, M. Motor cortex activity predicts response alternation during sensorimotor decisions. Nat. Commun. 7, 13098 

(2016).
 21. Chalk, M., Seitz, A. R. & Series, P. Rapidly learned stimulus expectations alter perception of motion. J. Vis. 10, 1–18 (2010).
 22. Kok, P., Brouwer, G. J., van Gerven, M. A. J. & de Lange, F. P. Prior expectations bias sensory representations in visual cortex. J. 

Neurosci. 33, 16275–16284 (2013).



15

Vol.:(0123456789)

Scientific Reports |          (2021) 11:648  | https://doi.org/10.1038/s41598-020-80128-0

www.nature.com/scientificreports/

 23. Morales, J. et al. Low attention impairs optimal incorporation of prior knowledge in perceptual decisions. Attent. Percep. Psychophys. 
77, 2021–2036 (2015).

 24. Kaneko, Y. & Sakai, K. Dissociation in decision bias mechanism between probabilistic information and previous decision. Front. 
Hum. Neurosci. 9, 1–11 (2015).

 25. Talluri, B. C., Urai, A. E., Tsetsos, K., Usher, M. & Donner, T. H. Confirmation bias through selective overweighting of choice-
consistent evidence. Curr. Biol. 28, 3128–3135 (2018).

 26. Cicchini, G. M., Mikellidou, K. & Burr, D. C. The functional role of serial dependence. Proc. R Soc. B Biol. Sci. 285, 20181722 
(2018).

 27. Suárez-Pinilla, M., Seth, A. K. & Roseboom, W. Serial dependence in the perception of visual variance. J. Vis. 18, 1–24 (2018).
 28. Fornaciai, M. & Park, J. Attractive serial dependence in the absence of an explicit task. Psychol. Sci. 29, 437–446 (2018).
 29. Fornaciai, M. & Park, J. Serial dependence in numerosity perception. J. Vis. 18(9), 1–12 (2018).
 30. Peirce, J. W. PsychoPy—psychophysics software in Python. J. Neurosci. Methods 162, 8–13 (2007).
 31. Cornsweet, T. N. The staircase-method in psychophysics. Am. J. Psychol. 75, 485–491 (1962).
 32. Leek, M. R. Adaptive procedures in psychophysical research. Percept. Psychophys. 63, 1279–1292 (2001).
 33. Schütt, H. H., Harmeling, S., Macke, J. H. & Wichmann, F. A. Painfree and accurate Bayesian estimation of psychometric functions 

for (potentially) overdispersed data. Vision Res. 122, 105–123 (2016).
 34. Hosmer, D. W. & Lemeshow, S. Applied Logistic Regression (Wiley, New York, 1989).
 35. Menard, S. Coefficients of determination for multiple logistic regression analysis. Am. Stat. 54, 17–24 (2000).
 36. Schwarz, G. Estimating the dimension of a model. Ann. Stat. 6, 461–464 (1978).
 37. Raftery, A. E. Bayesian model selection in social research. Soc. Methodol. 25, 111–163 (1995).
 38. Wagenmakers, E. J. A practical solution to the pervasive problems of p values. Psychon. Bull Rev. 14, 779–804 (2007).
 39. Jarosz, A. F. & Wiley, J. What are the odds? A practical guide to computing and reporting bayes factors. J. Probl. Solving 7, 2–9 

(2014).
 40. Tversky, A. & Kahneman, D. Judgment under uncertainty: Heuristics and biases. Science 185, 1124–1131 (1973).
 41. Fritsche, M. & de Lange, F. P. The role of feature-based attention in visual serial dependence. J. Vis. 19, 1–13 (2019).
 42. Braun, A., Urai, A. E. & Donner, T. H. Adaptive history biases result from confidence-weighted accumulation of past choices. J. 

Neurosci. 38, 2189–2217 (2018).
 43. Czoschke, S., Fischer, C., Beitner, J., Kaiser, J. & Bledowski, C. Two types of serial dependence in visual working memory. Br. J. 

Psychol. 110, 256–267 (2019).
 44. Manassi, M., Liberman, A., Kosovicheva, A., Zhang, K., Whitney, D. Serial dependence in position occurs at the time of perception. 

Psychon. Bull Rev. 1–9 (2018).
 45. Bliss, D. P., Sun, J. J. & D’Esposito, M. Serial dependence is absent at the time of perception but increases in visual working memory. 

Sci. Rep. 7, 1–13 (2017).
 46. Fritsche, M., Mostert, P. & de Lange, F. P. Opposite effects of recent history on perception and decision. Curr. Biol. 27, 590–595 

(2017).
 47. Petzold, P. & Haubensak, G. The influence of category membership of stimuli on sequential effects in magnitude judgment. Percept. 

Psychophys. 66, 665–678 (2004).
 48. Fischer, C. et al. Context information supports serial dependence of multiple visual objects across memory episodes. Nat. Commun. 

11, 1932 (2020).
 49. Berlemont, K. & Nadal, J. Perceptual decision-making: biases in post-error reaction times explained by attractor network dynamics. 

J. Neurosci. 39, 833–853 (2019).
 50. Rao, V., Deangelis, G. C. & Snyder, L. H. Neural correlates of prior expectations of motion in the lateral intraparietal and middle 

temporal areas. J. Neurosci. 32, 10063–10074 (2012).
 51. Hwang, E.J., Dahlen, J.E., Mukundan, M., Komiyama, T. History-based action selection bias in posterior parietal cortex. Nat. 

Commun. 8 (2017).
 52. Genovesio, A., Tsujimoto, S., Navarra, G., Falcone, R. & Wise, S. P. Autonomous encoding of irrelevant goals and outcomes by 

prefrontal cortex neurons. J. Neurosci. 34, 1970–1978 (2014).
 53. Tsunada, J., Cohen, Y. & Gold, J. I. Post-decision processing in primate prefrontal cortex influences subsequent choices on an 

auditory decision-making task. Elife 8, e46770 (2019).
 54. Zaidel, A., DeAngelis, G. C. & Angelaki, D. E. Decoupled choice-driven and stimulus-related activity in parietal neurons may be 

misrepresented by choice probabilities. Nat. Commun. 8, 715 (2017).
 55. Mante, V., Sussillo, D., Shenoy, K. V. & Newsome, W. T. Context-dependent computation by recurrent dynamics in prefrontal 

cortex. Nature 503, 78–84 (2013).
 56. Lauwereyns, J., Watanabe, K., Coe, B. & Hikosaka, O. A neural correlate of response bias in monkey caudate nucleus. Nature 418, 

413–417 (2002).
 57. Hwang, E. J. et al. Corticostriatal flow of action selection bias. Neuron 104, 1126–1140 (2019).

Acknowledgements
This work was supported by The Israeli Centers of Research Excellence (I-CORE) program (Center No. 51/11) 
to AZ and by the Israel Science Foundation (ISF) Grant # 673/17 to MB.

Author contributions
H.F., S.B. and A.Z. conceived the idea for the experiments. H.F. and S.B. collected the data and conducted the 
analyses. H.F conducted the modeling analysis. A.Z. guided all experiments and analyses, while M.B. provided 
constructive advice. All authors were involved in writing and reviewing the article.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.Z.

Reprints and permissions information is available at www.nature.com/reprints.

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

www.nature.com/reprints


16

Vol:.(1234567890)

Scientific Reports |          (2021) 11:648  | https://doi.org/10.1038/s41598-020-80128-0

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Perceptual decisions are biased toward relevant prior choices
	Methods
	Participants. 
	Experimental design. 
	Experimental conditions. 
	Condition #1: “baseline”. 
	Condition #2: “color invariant”. 
	Condition #3: “response invariant”. 
	Condition #4: “response inhibition”. 
	Condition #5: “alternative feature”. 
	Condition #6: “undiscriminated”. 
	Data and statistical analysis. 
	Model fits. 
	M1: “no-history” model. 
	M2: “stimulus-history” model. 
	M3: “choice-history” model. 
	M4: “stimulus and choice history” model. 
	Model comparison. 

	Results
	Location discriminations are biased towards recent choice history. 
	Relevance is key for serial dependence. 
	Irrelevant biases do not lead to substantial serial dependence. 
	Similarity boosts serial dependence. 
	Choices bias subsequent discriminations. 
	Accumulation effect of similar discriminations. 
	Reduced carry-over to the next trial. 

	Discussion
	References
	Acknowledgements


