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Abstract
Recent experiences bias the perception of following stimuli, as has been verified in various
kinds of experiments in visual perception. This phenomenon, known as serial depen-
dence, may reflect mechanisms to maintain perceptual stability. In the current study, we
examined several key properties of serial dependence in temporal perception. Firstly, we
examined the source of the serial dependence effect in temporal perception. We found
that perception without motor reproduction is sufficient to induce the sequential effect;
motor reproduction caused a stronger effect and is achieved by biasing the perception of
the future target duration rather than directly influencing the subsequent movement. Sec-
ondly, we ask how working memory influences serial dependence in a temporal reproduc-
tion task. By varying the delay time between standard duration and the reproduction, we
showed that the strength of serial dependence is enhanced as the delay increased. Those
features of serial dependence are consistent with what has been observed in visual percep-
tual tasks, for example, orientation perception or location perception. The similarities
between the visual and the timing tasks may suggest a similar neural coding mechanism of
magnitude between the visual stimuli and the duration.
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INTRODUCTION

Our perception of the external world is remarkably stable over
time despite the rapid changes of physical attributes of sensory
stimuli. Past experience influences the perception of current stim-
uli. This sequential dependence produces an auto-correlation cre-
ating a stream of continuous perception. The temporal stability is
presumably based on a mechanism that is experimentally reflected
in serial dependence of stimulus processing (Fischer &
Whitney, 2014). Serial dependence has been demonstrated in dif-
ferent studies using various visual stimuli, e.g., spatial position
(Papadimitriou et al., 2015), motion direction (Alais et al., 2017),
numerosity (Pascucci et al., 2019), direction of eye gaze (Alais
et al., 2018), and some of the higher level attributes like facial
expression (Liberman et al., 2014) or attractiveness (Xia
et al., 2016), and even in complex judgments such as variance
(Su�arez-Pinilla et al., 2018) and confidence (Rahnev et al., 2015).
All these results indicate that serial dependence may serve as a
general principle on different levels at least in visual perception.

A similar serial dependence effect has also been observed in
timing (Wang et al., 2023). Our previous study showed that
current reproduced duration was biased towards the one-back
standard duration in the temporal reproduction task. Similar to
the effect in the visual perceptions, this attractive bias showed a
nonlinear relationship with the difference between the current
and the previous standard durations: the bias increases with the
difference when it is relatively small and then decreases when
the difference between durations is too large.

However, when we tried to examine the source of this
sequential effect, serial dependence is almost neglectable if par-
ticipants made their perception without performing a repro-
duction. Similar to this result, other studies in temporal
perception also showed that the effect of immediately-prior
experience would be extinguished if the prior interval was not
linked to a motor command (Cai et al., 2017; Dyjas
et al., 2012; Wehrman et al., 2018). Given these results, it is
unclear whether serial dependence in timing actually rests in
perception or it could be a pure motor effect, that is, the
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current motor reproduction biases the subsequent reproduc-
tion without changing the perception of the standard duration.
It should be noted that in the previous study evaluating the
relative contribution of perception and motor reproduction
(Wang et al., 2023), participants were exposed to the duration
twice in the action trial (perception and reproduction) but only
once (perception) in the no-action trial. This difference might
result in a weakened effect in no-action trials; thus serial
dependence might not have been captured in those trials.

To reexamine the question whether perception without
movement can induce serial dependence, in Experiment 1, we
introduced a temporal reproduction task where we repeated
non-action trials for 1–5 times between each of two action tri-
als. Moreover, in a continuous temporal reproduction task,
participants are required to make motor responses in each trial;
thus it is not sufficient to answer the question whether it is the
motor response or whether the perception of the current trial is
influenced by the prior trial. To this end, in Experiment 2, we
combined a temporal reproduction task with a temporal com-
parison task, the rationale being that by using a temporal com-
parison task to probe serial dependence, we rule out the
possibility of the effect of motor responses between subsequent
trials. The preceding reproduction task provides a temporal
context for the following comparison task. If the serial depen-
dence induced by the reproduction task works as changing the
perceptual representation of the current stimuli, then we would
observe that the subjective equivalence point will be biased by
the preceding reproduction task.

Besides the source of serial dependence, in Experiment
3, we examine whether the working memory influences serial
dependence. In visual perception, a number of studies showed
that increasing the interval between perception and reproduc-
tion enhances the serial dependence effect, perhaps because the
uncertainty of the current perception increases across time so
that during retrieval the neural system relies more on the prior
information. It is interesting to ask whether serial dependence
in duration perception is modulated in a similar way. If serial
dependence increases over longer delays in temporal tasks, it
might suggest a similar mechanism for duration and visual
stimulus processing during their retention period in working
memory; this would further validate the argument that the
serial dependence effect is the result of a generalized processing
mechanism.

In summary, there were three primary goals of the current
studies: In Experiment 1 we aimed to disentangle different cog-
nitive factors that could potentially influence serial depen-
dence. In Experiment 2 we developed a novel two-stage
paradigm to examine whether serial dependence could be
transferred between different components, for example, from
reproduction to perception. In Experiment 3 we sought to
assess the effect of a delay period on the serial dependence in a
temporal reproduction task.

EXPERIMENT 1

Previous research has shown that in temporal reproduction
tasks, the serial dependence bias was contributed mainly by the

reproduction rather than the perception (Wang et al., 2023).
However, it should be noted that in the prior experiment
examining the serial dependence effect, participants were
exposed to the duration twice in the action trial (perception
and reproduction), but only once (perception) in the no-action
trial. This difference might cause different results in the ana-
lyses of action and no-action trials. Moreover, serial depen-
dence originating from perception was possibly not captured in
the prior experiment perhaps due to the insensitive measure-
ment used. Thus, to amplify the potential serial dependence
effect caused by perception, here we increased the percentage
of no-action trials.

Materials and methods

The first experiment was designed to disentangle the motor
and perceptual component in serial dependence.

Participants

Fourteen healthy volunteers (8 males and 6 females, 18–
30 years old, mean age = 21.7 � 4.00), with normal or cor-
rected to normal vision, participated in Experiment 1. All sub-
jects reported not taking any psychotropic drugs before the
experiment. Before the experiment started, all participants had
given written informed consent; this study and the following
two experiments were approved by the Ethical Committee of
the School of Psychological and Cognitive Sciences, Peking
University, in agreement with the Declaration of Helsinki.
Subjects were screened for red-green color blindness before
conducting the experiment. Financial compensation was given
upon the completion of the experiment.

Apparatus

The visual stimuli were presented on a 27-inch monitor
equipped with a GeForce 1080 graphics card. The computer
was equipped with Windows 8 operating system, with a refresh
rate of 100 Hz, and a resolution of 1024 � 768 pixels. Partici-
pants were seated 65 cm from the monitor in a dark sound-
proof room, and participants’ heads were stabilized using a
chin rest. The brightness of the screen was controlled in an
appropriate range and kept constant, and a Dell keyboard was
used for participants to respond.

Stimuli and procedure

Each trial started with a fixation point at the center of the
screen. After a random interval ranging from 0.75 to 1.25 s
(following an exponential distribution), a ripple-shaped stimu-
lus centering at the fixation point (see Figure 1A) was pre-
sented for sample duration and then disappeared. After
300 ms, the fixation point changed into either a “+”, which
informed participants to reproduce the duration of the
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stimulus (action trial), or a “x”, which informed participants to
make no response (no-action trial). In the action trials, partici-
pants could make a response at any time they wanted by hold-
ing the keypress for sample duration. After the key was
released, an adaptive feedback was given by the color of the fix-
ation point. Reproduction accuracy was calculated by rn�snj j

sn
,

where sn represents the standard duration of the nth trial and
rn represents the reproduced duration of the nth trial. The ini-
tial threshold was set at 30% and updated adaptively with the
subject’s performance. Trial with a reproduction accuracy
below the threshold was given “correct” feedback (green fixa-
tion point), otherwise a red fixation point was given as “incor-
rect” feedback. The feedback signal lasted for 100ms. This
feedback ratio was controlled using a one-up, one-down stair-
case method that adds or subtracts 3 for each incorrect or cor-
rect trial, respectively; for example, if the current trial was a
correct trial and the current threshold is at 20%, then the
threshold for the next trial will change to 17% until there is no

room for improvement. After the feedback, the fixation chan-
ged into a gray circle and indicated the beginning of the next
trial. In the no-action trial, the “x” was presented for 700ms.
Then the fixation point changed back into a point indicating
the start of a new trial.

The sample duration of action trials was fixed at 700 ms.
Zero to five no-action trials sampled from either the long or short
prior conditions were inserted between every two action trials.
The short prior condition contained sample durations of
500, 550, 600, 650 ms. The long prior condition contained sam-
ple durations of 750, 800, 850, 900 ms. All eight sample dura-
tions in the short and long prior conditions appeared for equal
times in the experiment. The probability of 0, 1, 2, 3, 4, 5 no-
action trials between two action trials was 10%, 10%, 10%,
10%, 30%, 30%, respectively. Participants went through a total
of 2064 trials, among which 480 trials were action trials. Prior
conditions were pseudo-randomized within blocks of 516 trials
(120 action trials), with a rest of 1 min between every two blocks.

F I GUR E 1 (A) Schematic procedure of Experiment 1. A ripple-shaped stimulus was presented for sample duration. After it disappeared, the fixation point will
change into one of following two shapes, “+” indicating that participants should press a key to reproduce the stimulus (action trial) and “x” indicating not to make
a response (no-action trial). Participants were instructed to press and hold the key for a period matching the sample duration. After the key was released, the fixation
point changed color to give feedback. In the no-action trial, a new trial started after presenting the “x” for 700 ms. (B) Result of Experiment 1. The left panel shows
the reproduction time under different preceding conditions (long or short). Each colored dot represents one subject. The error bar represents the standard error. The
right panel calculates the difference of reproduced durations between the long and short prior conditions across different numbers of no-action trials preceded by the
current action trial. The error bar represents the standard error.
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Analysis

The reproduced durations shorter than 0.3 s or longer than
1.5 s (less than 1‰) were seen as outliers and excluded from
further analysis. Action trials were grouped based on the num-
ber of no-action trials ahead of them and whether those no-
action trials belonged to the long prior or the short prior condi-
tions. Action trials after 1, 2, and 3 no-action trials were
grouped together to make each no-action trial number condi-
tion (1 to 3, 4, 5 no-action trials) contain 30% of action trials.
The difference between the reproduced durations in long and
short prior conditions was calculated for different numbers of
no-action trials, respectively. One sample t-tests were applied
to compare the differences from zero.

As for the calculation of serial dependence, we applied an
index “deviation” as in previous research to quantify the
strength of response error (Wang et al., 2023). The deviation
was calculated by subtracting the mean reproduced duration of
the corresponding standard interval from reproduced duration
on each trial. The purpose was to detrend the influence of cen-
tral tendency effect from all trials.

Results

We first divided the data according to the number of no-action
trials ahead of them and the type of no-action trials (long prior
condition or short prior condition). We confirmed that no par-
ticipant realized that the sample duration in the action trial was
fixed from the post-experiment inquiry. As shown in Figure 1B,
when preceded by 1–4 no-action trials, no significant difference
between reproduced durations was found between long and
short prior conditions (1–3 no-action trials: t(11) = 0.76,
p¼.460; 4 no-action trials: t(11)= 0.14, p¼.890). However,
the reproduced duration in the long prior condition was signif-
icantly longer than that in the short prior condition when pre-
ceded by five no-action trials (difference: 16.14 ± 18.20ms,
t(11)= 3.07, p¼.011). It should be noted that though the
effect is significant, its magnitude is much smaller compared to
the serial dependence effect in the previous study (Wang
et al., 2023) or that in Experiment 3. These results suggested
that the perceptions in the no-action trials weakly attracted the
reproduction in the action trial, and it can only be observed
when the effect has been accumulated, such as five no-action
trials preceded before the current action trial. Another issue
that needed to be addressed was that we have an imbalanced
portion of non-action trials, which might cause a bias towards
more non-action trials. This might increase the attention
towards the fifth non-action trial and tend to have a stronger
impact on the following action trial. Further studies using bal-
anced conditions could be done to rule out this possibility.

EXPERIMENT 2

It is possible that the attractive effect we observed in Experi-
ment 1 was due to motor hysteresis, that is, individuals tend to

reuse a recently used motor response rather than generating a
new one. To answer this question, we need to include a non-
motor task to capture this bias. Here we also want to test
whether the bias from a reproduction is task specific and
whether it can also influence a different subsequent task, for
example, a temporal comparison task. Thus, we developed a
two-stage paradigm to answer these questions.

Materials and methods

Participants

Sixteen healthy volunteers (6 males and 10 females, 18–
30 years old, mean age = 22.87 � 2.26) with normal or cor-
rected to normal vision participated in Experiment 2. All sub-
jects reported not taking any psychotropic drugs before the
experiment. Before the experiment started, all participants had
given written informed consent. Financial compensation was
given upon the completion of the experiment.

Apparatus

The visual stimuli were presented on a 27-inch monitor
equipped with a GeForce 1080 graphics card. The computer
was equipped with Windows 10 operating system, with a
refresh rate of 100 Hz, and a resolution of 1920 � 1080
pixels. Participants were seated 70 cm from the monitor in a
dark soundproof room, and participants’ heads were stabilized
using a chin rest. The brightness of the screen was controlled
in an appropriate range and kept constant, and a Dell keyboard
was used for participants to respond.

Stimuli and procedure

The experimental procedures were generated using
MATLABR2021b and PsychToolBox 3.0.14 toolkit
(Mathworks, Natick, MA; Brainard, 1997; Pelli, 1997). A
scheme of the task is shown in Figure 2A. Each trial included
two phases. In the first phase of each trial, a gray center fixation
point 0.5 degrees in diameter was presented on a black screen.
After a period of 0.5–1 s, a ripple shape stimulus was presented
on the screen for a certain standard duration. The subjects were
instructed to reproduce the intervals with their dominant
hands. The standard interval ranged from 400 to 1200 ms in
five arithmetical equal steps. After the reproduction, the central
fixation point changed into a cross, indicating the beginning of
the second phase. After a 500 ms delay, a ripple shape pattern
with a standard duration of 800 ms appeared on the screen.
We added 7% of catch trials, in which the standard duration
was either 400 or 1200 ms. The purpose of catch trials was to
avoid participants remembering the standard duration instead
of attending to it. The catch trials were discarded in further
analysis. After another 500 ms, a ripple shape pattern with a
comparison duration appeared. The comparison duration
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comprised of five durations ranging from 400 to 1200 ms in
five arithmetical equal steps. The task in the second phase was
to indicate whether the second duration was longer or shorter
than the first duration by pressing either the “s” or “l” key
respectively. To promote better performance, a feedback of
block accuracy was presented after each block. The reproduc-
tion accuracy was calculated by rn�snj j

sn
, where sn represents the

standard duration of the nth trial and rn represents the repro-
duced duration of the nth trial. The comparison accuracy was
indexed by the correct responses divided by the total trials.

Before the formal experiment, participants completed a
practice session with 20 trials in order to familiarize themselves
with the task. Participants completed eight separate experimen-
tal blocks in total, each of which contained 100 trials. After
participants completed the eight experimental blocks, they
were given another additional block. In the additional block,
they only needed to perform the comparison task without the
reproduction phase. We used this block as a baseline. There
were 100 trials in the additional block. All stimuli were

identical with the two-phase task. All but one subject com-
pleted this additional block.

After participants completed all experiment blocks, they
were asked to rate the difficulty of the comparison task in the
first eight blocks and in the last block on a 7-point Likert scale.

Analysis

In order to analyze the biases during the comparison phase, we
fit psychometric curves to the behavioral data. The function
we used was as follows:

Ψ x;α,βð Þ¼ 1
1þ e� αþβxð Þ

where Ψ denotes the proportion of subjects choosing a “lon-
ger” response, α denotes the position parameter, β denotes the
slope of the curve, and x represents the difference between the

F I GUR E 2 (A) Schematic procedure of Experiment 2. Each trial consisted of a reproduction task and a comparison task. The reproduction task started with a
circle central fixation point. A ripple pattern was then presented on the screen for a certain sample duration. Participants were instructed to press and hold a key for
a period matching the standard duration. Then the fixation point changed into a cross, indicating the following phase turned into a comparison task. Two ripple
patterns were sequentially presented on the screen, with the first one as the standard duration and the second one as the comparison duration. After the second
ripple pattern disappeared, the central fixation turned into a question mark, promoting the participant to judge whether the second one is longer or shorter. No
feedback was given on either of these two tasks. (B) Group-level psychometric curve of different inducer condition. Different colors represent different inducer
conditions, with purple denoting the short inducer condition (400 and 600 ms) and red denoting the long inducer condition (1000 and 1200 ms). The dashed line
represents the equal inducer condition (800 ms). The shaded area represents the 95% confidence interval band separately for each inducer condition. The hollowed
circle represents the average proportion of “long” response under corresponding comparison duration across all subjects. The error bar represents the standard error.
(C) Subject-level PSEs of different inducer conditions. Different colors represent different conditions. The filled dots represent individual data. The error bar
represents the standard error.
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standard and comparison stimuli. α determines the location of
the subjective point of equivalence (PSE), which in our
hypothesis will shift if the reproduction task has a sequential
effect on the following comparison task.

The raw data were split into two conditions according to
the reproduction duration in the first phase. If the standard
duration in the reproduction phase had a duration of 400 or
600 ms, that is, was shorter than the standard duration, then
the trial was classified as “short inducer”, and if the standard
duration in the reproduction phase had a duration of 1000 or
1200 ms, that is, was longer than the standard duration, then
the trial was classified as “long inducer”. Trials in which the pre-
vious reproduction duration was 800 ms, that is, identical to the
standard duration, were classified as “same inducer” and served
as a baseline. In our hypothesis, the long inducer condition will
shift the subject’s PSE rightward, and the short inducer condi-
tion will shift the subject’s PSE leftward. The subtraction of
PSEs on the two conditions ΔPSE¼ PSElong�PSEshort was
classified as the bias induced by the reproduction, with positive
values representing the attraction effect and negative values
representing the repulsion effect. For the analysis of different
inducer durations, we use the same approach.

At group level, a permutation test was adopted to test
whether the ΔPSE was significantly higher than zero under dif-
ferent conditions. Taking the short inducer and long inducer
conditions as an example, we first shuffled the condition labels
of the responses and then fit it with the psychometric function
to calculate the ΔPSE. This process was repeated 10,000 times
to obtain the distribution of ΔPSE under the null hypothesis,
and the p-value was the proportion of ΔPSE under the null
hypothesis that was greater than or equal to ΔPSE under the
empirical distribution. The analysis for different inducer condi-
tions were performed in the same way as above.

We also performed the fitting process at the individual level
and obtained subject-wise PSEs on different inducer condition.
We then performed repeated-analysis of variance (ANOVA) to
test whether the duration of inducer would cause a PSE shift.
All tests were two-sided with a significance level α¼ 0:05 and
Tukey correction was used for multiple comparisons.

Results

In Experiment 2, a reproduction task and a comparison task
were interleaved to exclude the possibility of motor hysteresis.
Through manipulating the immediate prior experience, we are
expecting to observe a PSE shift for different conditions. As
shown in Figure 2B, we plot the proportion of “long” response
against the comparison interval, and we fit the psychometric
curves at the group level for different inducer conditions.

Given a previous shorter reproduction duration, the PSE of
the comparison task shifted to the left, and if preceded by a
longer reproduction duration, the PSE shifted to the right. At
the group level, the ΔPSE reached 55.8ms between the two
conditions. The permutation test showed that the ΔPSE
between the long and short conditions was significant
(p < :001), as was the PSE shift between the long induction

condition and equal condition (p < :001), and PSE shift
between the short induction condition and equal condition
(p¼ :046). These results are shown in Figure 2B.

We also conducted the analysis at the subject level. First, we
fitted the psychometric curve for each individual subject and
obtained their PSEs on different inducer conditions. Then we
performed r-ANOVA and the result is shown in Figure 2C. PSEs
among different inducer conditions are different (F(2,30) = 27.5,
p < :001), PSEs of inducers with the same length were longer
than those of the shorter inducer (t(15)= 2.68, p¼ :043), while
PSEs of inducers with same length were shorter than those of
the longer inducer (t(15)= 5.13, p < :001).

Next, we want to ask if the PSE shift could be greater if
the difference between the reproduction interval and standard
interval in comparison is larger. The result showed that a
reproduction duration of 400 ms would cause the PSE to shift
5 ms more to the left than a duration of 600 ms (p¼ :333),
and a duration of 1200ms would cause the PSE to shift 8ms
more rightward than a duration of 1000ms (p¼ :273), but
these results did not reach significance.

We also evaluated the serial dependence of reproduction
tasks between trials. To quantify the strength of serial depen-
dence, we fit the Derivate of Gaussian (DoG model; Fischer &
Whitney, 2014) to our data (detailed methods can be found in
Section B of the Supporting Information):

y¼ a�M � c� x� e�
x
Mð Þ2

The instantaneous slope of the DoG curve indicates the
direction of the sequential effect, with positive values implying
an attractive effect and negative values implying a repulsive
effect. To evaluate the strength of serial dependence, we used
the peak-to-peak value (p2p) in the DoG curve as a measure.

We examined whether the reproduction task in the last
trial could have an effect on the reproduction task in the cur-
rent trial. The result showed no such inter-trial serial depen-
dence (p¼ :110).

EXPERIMENT 3

In the third experiment, we further investigated how a delay
period would influence a potential bias. To this end, we
manipulated the time interval between the stimuli presented
and the subject’s response. We expected that the amplitude of
serial dependence would differ at different delays, and that the
effect would likely exhibit an increasing strength with longer
retention time of information in working memory.

Materials and methods

Participants

Sixteen healthy volunteers (8 males and 8 females, 18–30 years
old, mean age = 22.40 � 2.41) with normal or corrected to

PsyCh JOURNAL 779

 20460260, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pchj.653 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [19/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



normal vision participated in Experiment 3. All subjects
reported not taking any psychotropic drugs before the experi-
ment. Before the experiment started, all participants have given
written informed consent. Subjects were screened for red-green
color blindness before conducting the experiment. Financial
compensation was given upon the completion of the experi-
ment. All subjects finished four blocks of experiments sepa-
rated by 2 days.

Apparatus

The visual stimuli were presented on a 27-inch monitor
equipped with a GeForce 1080 graphics card. The computer
was equipped with Windows 10 operating system, with a
refresh rate of 100 Hz, and a resolution of 1920 � 1080
pixels. Participants were seated 70 cm from the monitor in a
dark soundproof room, and participants’ heads were stabilized
using a chin rest. The brightness of the screen was controlled
in an appropriate range and kept constant, and a Dell keyboard
was used for participants to respond.

Stimuli and procedure

The experimental procedures were generated using MATLA
BR2021b and PsychToolBox 3.0.14 toolkit (Mathworks,
Natick, MA; Brainard, 1997; Pelli, 1997). A scheme of the
task is shown in Figure 3A. At the beginning of each trial, a
gray center fixation 0.5 degrees in diameter was presented on a
black screen. After a period of 0.75–1.25 s a pair of brief fan-
shaped stimuli (see below for stimulus descriptions) were pre-
sented sequentially on the screen. Subjects were instructed to
reproduce the intervals between the pair of stimuli with their
dominant hands. The standard interval ranged from 540 to
1260 ms in 10 arithmetical equal steps. After the second stim-
ulus disappeared, a delay period (0, 1, 3, and 6) was introduced
before the subject’s response. After a certain delay period, the
fixation circle transformed into a fixation cross to prompt the
subject to respond as soon as possible. Subjects responded by
holding the spacebar for a duration that matched the standard
interval. Participants completed four separate experimental
blocks, each of which contained only one condition of delay
time. Before each block, participants completed a practice ses-
sion with 20 trials in order to familiarize themselves with the
task. After the practice session, participants completed a total
of 200 trials in each block. Each standard interval was repeated
20 times. Each block was divided into four sessions and there
was a resting period between adjacent sessions. The presenta-
tion order of intervals within a session was randomized. The
order of delay period across participants was counterbalanced
using a Latin square method. Participants completed all four
blocks on two separate experimental days.

Previous studies have found that successive presentations of
the identical visual stimulus would cause repetition inhibition,
resulting in the following duration being perceived as shorter
(Matthews, 2011). Therefore, in the present experiment, we

pre-generated 20 different ripple-like stimuli and presented a
different pattern in each trial. The stimulus luminance was
kept consistent across trials. We also used a 1/4 sector of the
ripple stimuli to indicate the beginning and end of the stan-
dard interval. The two sectors were controlled to not overlap in
space.

Analysis

We removed the first trial in each session as there was no pre-
ceding trial. Trials with reproduced durations shorter than
0.3 s or longer than 1.5 s or deviated more than 3 SDs from
each condition’s mean were seen as outliers and excluded from
all analyses (126 trials in total, 9.8‰). Outliers or unattended
trials usually drastically affected the results, since subjects
underwent an attention shift and the current stimulus did not
enter the perceptual process or was processed incorrectly. In
previous studies, it was found that only the correct response tri-
als had an effect on the perceptual bias of the current trial,
while the incorrect trials had no effect on the perceptual bias
(Braun et al., 2018). Thus, pre-excluding abnormal trials was
necessary for further analysis.

For the analysis of central tendency, the reproduced inter-
vals were linearly regressed to the standard intervals, and we
used one minus the linear regression coefficients as indices of
the central tendency. The range of central tendency was then
between 0 and 1, with larger values representing larger central
tendency.

As for the analysis of serial dependence, there are two dif-
ferent types of metrics: absolute serial dependence (ASD) and
relative serial dependence (RSD) (Fischer & Whitney, 2014;
Glasauer & Shi, 2021a). ASD is calculated based on the
response error of the current trial and the standard stimulus of
the previous trial, while RSD uses the response error of the cur-
rent trial and the standard stimulus difference between the pre-
vious trial and the current trial (Alais et al., 2017; Cicchini
et al., 2017). In the following, we will use RSD as an indicator
of serial dependence, as RSD is a more realistic reflection of
nonlinear characteristics of our experimental data and has bet-
ter mathematical intuition. We also performed ASD analysis,
presented in Section A of the Supporting Information, for
comparison purposes with a previous study. It should be men-
tioned that the two different metrics do not differ in their con-
clusions. The calculation process for serial dependence is the
same as in Experiment 2.

Results

To estimate the central tendency, we calculated the difference
between one and the regression coefficient of reproduction dura-
tion as a function of the standard duration for different delay
conditions. The central tendency effect enhanced significantly as
the delay increased (F 3,45ð Þ ¼ 12:4,p < :001,η2 ¼ 0:087,
Figure 3B,C). The mean central tendency for a delay of 0 s was
0.452 � 0.205, for a delay of 1 s was 0.459 � 0.171, for a
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F I GUR E 3 (A) Schematic procedure of Experiment 3. Two brief flashes were sequentially presented and participants made button presses after a varying
waiting time. Correct or incorrect feedback was presented after the response on each trial. Each trial started with a fixation point in the center of the screen. After a
random fixation time, two fan-shaped patterns flashed on the screen for 100 ms subsequently, with the standard duration indicated by the interval between the two
patterns. After the presentation of the second fan shape, there was a waiting time. Subjects were instructed to withhold their response until they saw the fixation
point turn into a cross. The task was to replicate the standard duration by pressing a key. A feedback signal was given in each trial. (B) Central tendency for different
delays. Each dot represents one subject. The solid red line represents the linear regression fit to the data. The dashed line represents the reference line of y = x.
(C) The strength of central tendency under different delays. Different colored bars represent the average values under corresponding conditions. Each dashed line
represents one subject. The error bar represents the standard error. (D) Fitted DoG curve for different delays. Colored dots represent the group mean under
corresponding conditions. The red curve represents the fitted DoG curve between the deviation (the reproduced duration minus the mean reproduced duration
under the same condition) and the difference between successive standard stimuli (the standard duration from the previous trial minus the standard duration from
the current trial). (E) The strength (peak to peak values) of the best-fitted DoGs under different delay conditions. Each bar represents the group average under
different delay conditions. The error bar represents the standard error.
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delay of 3 s was 0.501 � 0.184, and for a delay of 6 s was
0.591 � 0.189 (mean � SD), and all results were significantly
different from zero (p < :001). Post-hoc comparison showed
that the central tendency was significantly different between
delays of 0 s and 3 s (t 15ð Þ ¼�3:383,p¼ :025), delays of 0 s
and 6 s (t 15ð Þ ¼�4:393,p¼ :003), and delays of 1 s and 6 s
(t 15ð Þ ¼�5:213,p < :001). All other comparisons were not sig-
nificant. The results suggest that central tendency was modu-
lated by the delay time. There were two clusters for the four
delays; no difference was observed between delays of 0 s and
1 s, and at the same time no difference was observed between
delays of 3 s and 6 s, while those two groups differed
significantly.

For the serial dependence effect, we fit the deviation as a
function of the difference between the standard stimulus using
the DoG model. The analysis was performed at the group level.
The model fitting was conducted separately for different delays
and the result is shown in Figure 3D. We characterized the
strength of serial dependence using the peak-to-peak value,
defined as the difference between the highest and lowest values
of the DoG curve. To estimate the variations of peak-to-peak
values at delay conditions, we used the JackKnife resampling
method, where each participant was left out once from the col-
lapsed group data. We then compared these estimations using
one-way ANOVA.

Similar to the central tendency effect, one-way ANOVA
showed that the magnitude of the serial dependence was signif-
icantly increased as the delay increased (Figure 3E). Games-
Howell post-hoc tests for different delays showed that, the p2p
values were significantly different between delays of 0 s and 3 s
(t 18:3ð Þ ¼�27:1,p < :001), delays of 0 s and 6 s (t 21:5ð Þ ¼
�9:88,p < :001), delays of 1 s and 3 s (t 17:6ð Þ ¼ �28:0,
p < :001), and delays of 1 s and 6 s (t 23:1ð Þ ¼�11:54,p < :001).
There was no statistically significant difference in p2p values
between delays of 0 s and 1 s (t 29:9ð Þ ¼�2:36,p¼ :108) or
between delays of 3 s and 6 s (t 15:8ð Þ ¼ 2:66,p¼ :073). This
result suggests that the serial dependence started to rise shortly
after the offset of stimuli and saturated in a later period.

The relationship between central tendency and
serial dependence

Another famous context influence in temporal reproduction
tasks is the Vierordt effect, that is, overestimation of relatively
short and underestimation of relatively long temporal intervals
(e.g. Pöppel, 1971/72, 1997; Vierordt, 1868). This effect is
also assumed to reflect central tendency. Several previous
models proposed that central tendency and serial dependence
might result from the same underlying mechanism
(Petzschner & Glasauer, 2011; Wiener et al., 2014). Petzsch-
ner and Glasauer developed an iterative Bayesian model that
updates the internal reference, the prior, on a trial-by-trial
basis, and argued that the Vierordt effect is a byproduct of an
optimal strategy that aimed to improve the reliability by utiliz-
ing extra cues. Though these two phenomena both fit in the
Bayesian framework, the underlying assumptions are distinct.

The Vierordt effect, or regression to mean, considers the entire
distribution from which the stimuli are drawn. Serial depen-
dence takes place in a real-time trial-by-trial manner, and the
effect size is comparably smaller than the Vierordt effect. In
other words, the Vierordt effect assumes a static prior through-
out the experiment, and the successive stimuli are independent
of each other. On the contrary, an iterative process is essential
for the generation of serial dependence; the consecutive stimuli
are believed to have temporal continuity. In a recent study by
Glasauer and Shi (2021b), the authors proposed a two-stage
model that combined the static model with a simple iterative
model. The model assumes that the mean of the stimulus dis-
tribution in each trial varies in a random walk manner. This
imparts the auto-correlation feature to the model and a random
Gaussian noise with fixed variance is superposed on that. They
also derived an upper and lower boundary for the relationship
between central tendency and serial dependence. The lower
boundary was confined by a static model, which predicts that,
regardless of the central tendency, the serial dependence will
stay at zero. The upper boundary is on the other extreme and
predicts that the serial dependence has a deterministic relation-
ship with the central tendency.

The relation of serial dependence and central tendency for
all individual participants is depicted in Figure 4. According to
the two-state model, all points should lie within the shaded
area. What we observed here was that there were two obvious
outliers that showed relatively large serial dependence while
keeping a small central tendency. Though most of the partici-
pants were within the range, the two-stage model partially
failed to explain the two outliers we observed. Alternatively, we
computed the first-order correlation between the ASD and
central tendency by fitting a regression line: the result showed
there was significant negative correlation between the central

F I GUR E 4 The relationship between central tendency and absolute serial
dependence. Each dot represents an individual subject. The shaded area shows
predicted plausible regions of the two-stage model from Glasauer and Shi
(2021a). The error bar represents the standard error. The solid black curve
represents the first-order linear regression line.
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tendency and serial dependence (regression coefficient =
�0.2558, p¼ :003,adj:R2 ¼ 0:4517). This result might imply
that there is a balance between the two strategies that subjects
use when encountering a duration reproduction task. On one
extreme are subjects with low serial dependence but high cen-
tral tendency; their hypothesized model about the world
assumes that the stimuli were drawn from a fixed distribution
with a fixed mean and there is no relationship between succes-
sive stimuli. On the other end are subjects who implicitly
believe that there is temporal continuity to some extent, that
is, that the world is changing slowly; it is an optimal strategy to
just integrate over a short period rather than assume a static
prior. Most of the subjects showed a combination of the two
strategies though we could observe some extreme cases in the
figure. Furthermore, the results that both serial dependence
and central tendency were modulated by the delay time sug-
gests that there might be an indirect connection between those
two effects through some mediating mechanism.

GENERAL DISCUSSION

Our prior experience can affect how we perceive subsequent
events. Previous studies proposed that serial dependence might
be a common processing mechanism and includes various cog-
nitive functions. It is theoretically worthwhile to study the
serial dependence in temporal perception and how different
functions are potentially involved. To this end, we conducted a
series of experiments to examine serial dependence in temporal
perception. We hypothesize that for temporal perception, sub-
jects do not only rely on real-time perception of stimuli, but
the information about the context is also recruited to create a
prior for the current temporal processing.

In the present study, we addressed these questions by inves-
tigating the serial dependence using temporal reproduction and
temporal comparison tasks. We showed that the prior experi-
ence influences both the following reproduction task and the
comparison task. In these tasks, the bias was attracted towards
the preceding stimulus, that is, a positive serial dependence. In
Experiment 1, we extended previous research and found that
perception without a motor response could also cause serial
dependence, albeit a weaker one. In Experiment 2, we demon-
strated that the bias did not arise from motor hysteresis, that is,
the tendency to repeat the motor response in the last trial;
instead, it altered the perception of the interval in a task that
does not include a motor response. In Experiment 3, we dem-
onstrated that this effect occurred regardless of the delay period,
and the magnitude of the effect increases with delay time.

Perception without motor response showed a
weak attractive effect

Previous studies on serial dependence showed inconsistent
results when testing serial dependence in perception without
motor response in visual perceptions (Manassi et al., 2018;
Pascucci et al., 2019). It is even more difficult to predict this
result in the context of the temporal perception as previous

results on duration judgment implied opposite sequential
effects. When participants are continuously exposed to one
duration and suddenly perceive a new one, they tend to overes-
timate the difference between the old and the new durations,
known as the adaptation effect, predicting negative serial
dependence (Heron et al., 2012; Li et al., 2017; Shima et al.,
2016; Walker et al., 1981). However, studies in the duration
judgment tasks show that the estimation of the current com-
parison duration is attracted by the one in the previous trial
(Lapid et al., 2008; Rammsayer & Ulrich, 2012). Moreover,
inconsistent results were found in the recent studies regarding
whether the passive observations have any influence on
regression-to-mean of the duration reproduction in different
studies (Roach et al., 2017; Zimmermann & Cicchini, 2020),
which makes it more confusing whether motor response is nec-
essary to construct the internal reference frame. In Experiment
1, we indeed observed a significant attraction from the previous
stimuli duration instead of an adaptation effect after amplifying
the effect of perception by repeatedly presenting durations
either all longer or all shorter than the target sample duration.
This attraction effect confirms that the perception itself is suffi-
cient to influence the internal reference. However, the impact
of perception is much weaker than the reproduction and can
only be detected when repeated five times, which perhaps
explained no impact of passive observation on the central ten-
dency in some previous studies.

Serial dependence as a common mechanism
in different paradigms

In Experiment 2, we used a two-stage task to show that the
serial dependence was not specifically linked to the temporal
reproduction task. Methods to evaluate temporal perception
are extensive, and a central problem that lies among those
methods is the question whether they reflect a common factor
of temporal perception or whether the measurements are
task-specific (Bao et al., 2015; Pöppel, 1971/72; Zhou
et al., 2014). Here we used two classical temporal duration par-
adigms and found that positive serial dependence exists regard-
less of different paradigms. Furthermore, the strength of serial
dependence at a group level was also comparable with Experi-
ment 3. In Experiment 3, the peak-to-peak values for a delay
of 3 s was 54.8 ms, for a delay of 6 s 52.5 ms, while the PSE
shift here was 55.8 ms. The two different tasks converging to a
similar serial dependence strength suggest that there might be a
central mechanism involved in the integration of temporal
adjacent events.

It should be noted that in the temporal comparison task
there was a commonly observed bias, that is, a time-order
error. With brief intervals the first interval is overestimated
and/or the second one is underestimated. According to previ-
ous research, the comparison is rather accurate if two stimuli
are presented for a temporal interval of 2 or 3 s
(Pöppel, 1971/72, 1997; von Steinbüchel et al., 1996). Since
we adopted a very short inter-stimulus interval in the compari-
son task, we exclude the possibility that the bias we observed
here was contaminated or caused by time order error.
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Several previous studies suggested that the generation of con-
text bias was related to the task itself. In a temporal reproduction
task, the effect could be detected only when the previous stimulus
was accompanied by a motor response. In a temporal bi-
section task, no motor response was required, and the effect
emerged automatically without any further control (Cai
et al., 2017; Wehrman et al., 2018). This indicates that the task
demand might play a role in the generation of serial dependence.
It is interesting to ask whether the context bias generated by one
task will affect another different task subsequently, or whether the
effect can only carry over within the same kind of tasks. Accord-
ing to our results, the former holds true. Taken together, in
Experiment 2, we demonstrated that serial dependence can also
be transferred between different temporal tasks. This adds general
support for the robustness of the effect and the evidence accumu-
lation process between different temporal proximity tasks provides
a new perspective on the mechanisms of serial dependence.

The dependency of serial dependence on
delay time

By manipulating the delay time between the stimulus and the
response, we could assess the temporal course of trial history.
We observed an increasing magnitude of serial dependence
with lengthened delay time, similar to previous results in visual
tasks (Bliss et al., 2017; Fritsche et al., 2017). Our findings
suggest an increasing magnitude of serial dependence over lon-
ger delay periods, which may reflect a relation with working
memory processes. If the serial dependence merely happens at
a perceptual level, once the perception is formed, it should pre-
sumably not change with increasing delay time. The alternative
hypothesis is that if the serial dependence has a mnemonic
component, it should scale with an increasing delay period.
Our results support the latter statement. Although the effect
we observed in Experiment 3 saturated after 3 s and did not
continue increasing with delay time, this does not contradict
previous findings that the effect saturates at around 6 s (Bliss
et al., 2017). This was possibly due to the different trial length
of the tasks. In a temporal reproduction task, the average trial
length is longer than a visual task. Taking this into consider-
ation, the interval between the offset of response in the last trial
and the onset of response in the current trial would be approxi-
mately the same. The statement that serial dependence in tem-
poral perception involves a mnemonic component does not
exclude the possibility that it could also has a perceptual com-
ponent. In fact, in Experiment 1, we observed a positive serial
dependence after several no-action trials.

The involvement of working memory in the creation of
serial dependence is supported also from research on time win-
dows. Experiment 3 showed two clusters up to 3 s and beyond
3 s. Ample evidence has been collected about a pre-semantic
time window of approximately 3 s that underlies cognitive pro-
cesses as a logistic function (Bao et al., 2015; Pöppel, 1997,
2009; Zhou et al., 2014). Using the reproduction paradigm
(Mu et al., 2022), behavioral experiments with healthy adult
subjects (Pöppel, 1971/72) or children (Szelag et al., 2002), with

brain injured patients (Kagerer et al., 2002; von Steinbüchel
et al., 1996) or autistic children (Szelag et al., 2004), and elec-
trophysiological studies (Chen et al., 2015; Elbert et al., 1991;
Wang et al., 2016) have substantiated the functionality of a time
window of approximately 3 s. Thus, the data obtained in Exper-
iment 3 support, on the one hand, the notion of this time win-
dow and, on the other hand, furthermore provide an
explanation of the two clusters in serial dependence as one is
dealing with two different neural processes.

CONCLUSION

One crucial question about serial dependence was what role
the perception component plays in it. By accumulating no-
action trials, we managed to prove that perception without
motor response was sufficient to generate serial dependence
but with a relatively weaker attraction. We further tested
whether serial dependence could bias the perception in a differ-
ent task following a reproduction task. The results confirmed
the robustness of the effect and demonstrated that it could be
transferred between different tasks. Further, we used the
delayed temporal reproduction paradigm and found that for
brief presentation of interval, only attractive serial dependence
emerged with the absence of repulsive adaptation. By checking
the time course and strength of serial dependence, we argue
that serial dependence involves the participation of working
memory. Our study showed that serial dependence might not
be a goal-directed behavior merely, but rather a shared mecha-
nism across different tasks.
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