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Serial dependencies between form 
orientation and motion direction 
are asymmetric
Fan-Huan You 1, Xiu-Mei Gong 1 and Qi Sun 1,2*
1 School of Psychology, Zhejiang Normal University, Jinhua, China, 2 Key Laboratory of Intelligent 
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Much work has been done to uncover the mechanisms underlying form and 
motion information integration. However, no study examined the symmetry 
of the integration of form and motion across the temporal domain (i.e., serial 
dependence). In Experiment 1, we  presented form and motion displays 
sequentially. In the form displays, dot pairs were oriented toward one screen 
position, indicating the form orientation; in the motion displays, dots moved 
radially outward. Their motion trajectories were oriented toward one screen 
position, indicating the motion direction. In each trial, participants reported 
their perceived form orientation after the form display or their perceived motion 
direction after the motion display. We  found that the current trial’s perceived 
motion direction was biased toward the previous trial’s form orientation and 
vice versa, indicating serial dependencies between form orientation and motion 
direction. In Experiment 2, we changed the form and motion displays’ reliability 
by varying the two displays’ dot densities. The results showed that the serial 
dependence of form orientation on motion direction perception decreased only 
with increasing the current motion display’s reliability; neither the reliability of the 
previous motion display nor that of the current form display significantly affected 
the serial dependence of motion direction on form orientation perception. 
Hence, serial dependencies between form orientation and motion direction 
were asymmetric. Our across-temporal integrations between form and motion, 
together with the simultaneous integration of form and motion revealed in the 
previous studies, depict a comprehensive mechanism underlying the integration 
of the two pieces of information.
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Introduction

“A shooting star slipped across the sky with its long tail.” When we look up at the stars, this 
beautiful image occasionally projects into our eyes. Our visual system immediately reorganizes 
the captured visual information: some are organized into the static, e.g., the long tail (motion 
streak, i.e., form feature); others are moving, e.g., the light moving star (motion feature). Early, 
it has been proposed that our neural system evolved ventral (“what”) and dorsal (“where”) 
pathways to process the form and motion features, respectively (Ungerleider and Mishkin, 1982; 
Mishkin et al., 1983; DeYoe and Van Essen, 1988), supported by many brain-damage cases 
(Goodale and Milner, 1992; Milner and Goodale, 2006). However, many researchers doubted 
this proposal and claimed that the processing of the two types of features was closely linked. For 
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example, Or et al. (2010) found that the perception of form orientation 
was biased toward the concurrently presented motion directions and 
vice versa (see also Pavan et  al., 2017a). Additionally, 
magnetoencephalography (MEG), transcranial direct current 
stimulation (tDCS), repetitive transcranial magnetic stimulation 
(rTMS), and functional magnetic resonance imaging (fMRI) studies 
have shown that cortical areas V1/V2 and V3b/KO (e.g., Pavan et al., 
2017b; Kuai et al., 2020), MT+ (Matsuyoshi et al., 2007; Tang et al., 
2015), IPS (Liu et al., 2017) are involved in the integration of the form 
and motion processing.

Now that many studies have suggested that the processing of form 
and motion features are inextricably linked, the question arises as to 
whether the size of the effects of form features on motion feature 
processing is equal to the size of the effects of motion features on form 
feature processing. To address this question, Or et al. (2010) showed 
participants a series of Glass patterns (Glass, 1969) in which all dots 
were paired orienting toward one orientation, generating a form 
orientation feature. Meanwhile, all dots were simultaneously moved in 
one direction, generating a motion direction feature. The form 
orientation and motion direction were parallel or deflected by several 
degrees. They asked participants to estimate the form orientation or 
motion direction. Their results showed that the perceived motion 
direction was biased toward the form orientation, showing an attractive 
effect of the form orientation on the motion direction perception (see 
also Krekelberg et al., 2003; Niehorster et al., 2010; Pavan et al., 2017a; 
Kuai et  al., 2020). In contrast, the attractive effect of the motion 
direction on the form orientation perception was smaller than the 
attractive effect of the form orientation on the motion direction 
perception; or even the perceived form direction was biased away from 
the motion direction, showing a repulsive effect of the motion direction 
on the form orientation perception (see also Pavan et  al., 2017a). 
Therefore, Or et al. (2010) found that the mutual integrations between 
the form orientation and the motion direction were asymmetric.

Additionally, some researchers proposed that the integration of the 
form orientation and the motion direction was consistent with the 
Bayesian inference theory (Niehorster et al., 2010; Kuai et al., 2020). 
That is, when one feature (e.g., form orientation) becomes unreliable, 
participants will rely more on another feature (e.g., motion direction) 
to make judgments (Cox, 1946; Jaynes, 1986; Bernardo and Smith, 
1994; MacKay, 2003). For example, Niehorster et al. (2010) presented 
participants with Glass patterns, in which all dot pairs were oriented 
toward one screen position, called the focus of expansion in form 
display (form FoE in short, blue “×” in Figure 1A). At the same time, all 
dots moved toward observers in a 3D space, generating a motion 
pattern that looked like all dots moving radially outward from one 
screen position, called the focus of expansion in motion display (motion 
FoE in short, yellow “+” in Figure 1B). They collected participants’ 
perceived position of the motion FoE and found that they were biased 
toward the position of the form FoE. Moreover, by making some dots 
randomly move, they changed the reliability of the motion features. The 
results showed that the perceived motion FoE was more biased toward 
the form FoE when the reliability of motion features decreased, 
suggesting that the integration of motion and form features was 
consistent with a Bayesian inference account (see also Kuai et al., 2020).

Inspired by the Bayesian inference proposal about the integration 
of the form orientation and the motion direction, we argued that the 
asymmetric integrations between the form orientation and the motion 
direction could be due to the unequal reliabilities of the two features 

(Or et al., 2010; Pavan et al., 2017a). Although the form and motion 
features in these studies contain the same number of dots, this cannot 
guarantee that the reliabilities of the two features were equal. Hence, 
the effect of the motion direction on the form orientation perception 
differed from that of the form orientation on the motion direction 
perception. Therefore, a new method should be developed to examine 
the symmetry of the mutual integrations between the form orientation 
and the motion direction.

In addition, researchers presented form and motion displays 
simultaneously in the above studies. That is, these studies revealed the 
mechanisms underlying the instant integration of the form orientation 
and the motion direction. Recently, Wang et al. (2022) first examined 
how the previously seen form orientation affected the current motion 
direction perception, which implied the across-temporal integration 
between form and motion features. On each trial, a form display 
(Figure  1A) and a motion display (Figure  1B) were presented 
sequentially (form-load condition), or only a motion display was 
presented (baseline condition). After the motion display, participants 
were asked to report their perceived motion direction. Their results 
showed that, compared with the perceived motion direction in the 
baseline condition, the perceived motion direction was significantly 
biased toward the previously presented form orientation, showing an 
attractive serial dependence of the form orientation on the motion 
direction perception (see Kiyonaga et al., 2017 for other features). 
However, they did not examine how the previously seen motion 
direction affected the form orientation perception, i.e., the serial 
dependence of the motion direction on the form orientation 
perception. If there were serial dependencies between the form 
orientation and the motion direction, whether the sizes of serial 
dependencies between form and motion perception were equal.

Moreover, similar to the simultaneous integration of form 
orientation and motion direction, Cicchini et al. (2018) first found 
that the serial dependence in the orientation perception was also 
consistent with the Bayesian inference theory. It is known that the 
discriminations of cardinal orientations are more sensitive than that 
of oblique orientations (Caelli et al., 1983; De Gardelle et al., 2010), 
indicating that the cardinal orientations are more reliable (or certain) 
than oblique orientations. Hence, if serial dependence accords with 
the Bayesian hypothesis, serial dependence of cardinal orientation 
would be stronger than that of oblique orientations. Cicchini’s results 
supported this deduction and were well predicted by a Bayesian ideal 
observer model, which were reproduced in other studies with other 
features (van Bergen and Jehee, 2019; Xu et al., 2022).

However, the effectiveness of the Bayesian inference account for serial 
dependence has been questioned. One reason is that some studies have 
found that serial dependence is primarily affected by the reliability of the 
features of the current trials. Varying the reliability of the features of the 
previous trials does not change the size of serial dependence (Ceylan et al., 
2021; Gallagher and Benton, 2022). This contradicts the bidirectional idea 
of the Bayesian inference theory, meaning that as long as a feature’s 
reliability is reduced (or improved), observers will improve (or reduce) 
their reliance on the other feature to make a feature estimation.

In the current study, we conducted two experiments to examine 
whether serial dependencies between form orientation and motion 
direction were asymmetric by varying both form and motion displays’ 
reliabilities. If the changing trends were different between the serial 
effect of form orientation on the motion direction perception and the 
serial effect of motion direction on the form orientation when the 
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displays’ reliabilities were varied, the serial dependences between form 
orientation and motion direction could be asymmetric. Additionally, 
varying displays’ reliability can help us answer whether the serial 
dependences between form and motion are consistent with the 
Bayesian inference account. This study not only enriches the existing 
studies but also improves our understanding of the mechanisms 
underlying the integration of form and motion features and the 
mechanisms underlying serial dependence.

Experiment 1. Attractive serial 
dependence of motion direction also 
on the form orientation perception

Wang et al. (2022) found that the perceived motion direction was 
biased toward the previously seen form orientation, showing an 
attractive serial dependence of form orientation on the motion 
direction perception. In the first experiment of the current study, 
we  examined the opposite trend: whether there was a serial 
dependence of motion direction on the form orientation perception. 
If yes, then the serial dependence was attractive or repulsive.

Methods

Participants
Eighteen participants (9 females, 9 males, age 18–25 years) were 

recruited from Zhejiang Normal University. All were naïve to the 

experimental purpose and had normal or corrected-to-normal 
vision. The sample size was decided based on the previous serial 
dependence studies (e.g., Fischer and Whitney, 2014; Xu et  al., 
2022). The experiment was approved by the Scientific and Ethical 
Review Committee in the Department of Psychology of Zhejiang 
Normal University (ZSRT2022012). One participant did not 
complete the experiment, so the data of 17 participants 
were analyzed.

Stimuli and apparatus
Two types of stimulus displays were generated. (1) Form displays 

(Figure 1A, 112° H × 80° V) consisted of 45 dot pairs (diameter: 
0.28°, luminance: 22.5 cd/cm2). The distance between two dots in 
each dot pair was 1°. When we connected the two dots in each dot 
pair, the extensions of the lines met at a point called the form focus 
of expansion (form FoE), indicating the form orientation (blue “×” 
in Figure 1A). The form orientation was randomly selected from the 
range of [−45°, 45°] with a step of 1°. (2) Motion displays (Figure 1B, 
112° H × 80° V) simulated observers translating in a 3D dot-cloud 
at 1.5 m/s. The dot-cloud consisted of 90 dots (diameter: 0.28°, 
luminance: 22.5 cd/cm2; dot density: 0.01 dots/deg2), and its depth 
range was from 0.2 m to 5 m. From the observer’s view, all dots 
originated from one point on the screen called the motion FoE 
(yellow “+” in Figure  1A), indicating the motion direction. The 
motion direction was also randomly selected from the range of 
[−45°, 45°] with a step of 1°. Note that our form and motion displays 
were separately presented differing from the Glass pattern used in 
Or et al. (2010) and Pavan et al. (2017a).

FIGURE 1

Schematic illustrations of form and motion displays used in Experiment 1. (A,C) Form display. Forty-five or 14 dot pairs were included and oriented to 
one screen position called the form focus of expansion (FoE in short, blue “X,” invisible in the experiment), indicating the form orientation. (B,D) Motion 
display simulated observers translating in a 3D dot-cloud (consisting of 90 or 28 dots) at 1.5  m/s. The white dots indicated the dots’ initial positions at 
the 1st frame of each display; the white lines illustrated the dots’ motion trajectory in the following frame which were invisible in the experiment. The 
lengths of the dots indicated the dots’ velocities. All line oriented toward one screen position called the motion FoE (yellow “+,” invisible in the 
experiment), indicating the motion direction. Note that for clearly showing the differences between the high and low dot-density displays, the dots 
number in the picture could be a little different from the actual stimuli used in the experiment.
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The displays were programmed in MATLAB using the 
Psychophysics Toolbox 3 and presented on a 27-inch Dell monitor 
(resolution: 2560 H × 1,440 V pixels; refresh rate: 120 Hz) with 
NVIDIA GeForce GTX 1660Ti graphics card.

Procedure
The laboratory was light-excluded. Participants’ heads were 

stabilized with a chin-rest. The viewing distance was 20 cm. 
Participants viewed displays with their right eye (monocularly) to 
reduce the conflict between two depth cues: motion parallax 
(indicating a 3D moving stimulus) and binocular disparity (indicating 
a flat 2D display screen). Participants were asked to fixate on the 
display center throughout the experiment.

Each trial (Figure 2) started with a 200-ms blue fixation display, 
followed by one 500-ms form or motion display. After each display, 
participants were asked to move a mouse-controlled probe to indicate 
their perceived position of form FoE or motion FoE along the 
horizontal line. After the participants’ responses, the next trial started. 
Each participant was asked to finish 1,320 trials (660 form and 660 
motion trials). The form and motion trials were alternately presented, 
and the experiment always started with a form trial. In each trial, form 
and motion FoEs were randomly selected from the range of [−45°, 
45°] with a step of 1°.

Before starting the experiment, participants were given 20 practice 
trials randomly selected from the experiment part. The experiment 
started after the practice and lasted for about 30 min.

Data analysis
Consistent with the previous serial dependence studies (e.g., 

Fischer and Whitney, 2014; Fritsche et al., 2017; Sun et al., 2020), 
we analyzed the data on the group level.

Several studies have found that center bias is in the motion perception 
(Sun et al., 2020, 2022; Xu et al., 2022). However, it does not know that the 
size of center bias is constant or linearly or nonlinearly changed with 
increasing the motion direction. Therefore, it is unreasonable to fit the 
perceived motion direction as a linear function of the actual motion 
direction and attribute the predicted perceived motion direction to center 
bias (Sun et al., 2020). As a result, it can be questioned that the difference 
between the predicted and actual perceived motion direction (i.e., the 
residual motion error) is from the serial dependence. To avoid this 
question, we fitted the perceived motion direction (θFL) as a multi-factor 
linear function of the motion direction of the current (nth, n = 2, 3, etc.) 
trial (θcurr FL_ ), the form orientations of the previous 1st (n-1st) trial 
(θ pre FM_ ) and the next (n + 1st) trial (θnext FM_ ), given by (also see 
Zhang and Luo, 2023):

 

θ θ θ
θ ε

FL curr FL curr FL pre FM pre FM

next FM next FM

b b
b

 = +
+ +

_ _ _ _

_ _  (1)

in which, θFL  is the predicted perceived motion direction, 
bcurr FL_ , bpre FM_ , and bnext FM_  are the slopes of different 
factors. ε  is the constant. If bcurr FL_  is equal to 1, the perceived 
motion direction is the same as the actual motion direction, 
showing a perfect performance. The more bcurr FL_  deviated from 
1, the lower the accuracy of the perceptual performance. 
Especially, if bcurr FL_  is smaller than 1, the perceived motion 
direction was systematically compressed toward the center (0°), 
indicating a center bias is in the motion direction perception; if 
there is a serial dependence of form orientation on the motion 
direction perception, the effect of bpre FM_  will be significant but 
the effect of bnext FM_  will be insignificant. In addition, a positive 
bpre FM_  indicates an attractive serial dependence, meaning that 
the current motion direction perception is biased toward the 
previous form orientation; whereas a negative bpre FM_  indicates 
a repulsive serial dependence, meaning that the current motion 
direction perception is repelled from the previous 
form orientation.

Next, we fitted the perceived form orientation (θFM ) as a multi-
factor linear function of the form orientation of the current (nth, 
n = 2, 3, etc.) trial (θcurr FM_ ), the motion directions of the previous 
1st (n-1st) trial (θ pre FL_ ) and the next (n + 1st) trial (θnext FL_ ), 
given by:

 

θ θ θ
θ ε

FM curr FM curr FM pre FL pre FL

next FL next FL

b b
b

 = +
+ +

_ _ _ _

_ _  (2)

in which, θFM


 is the predicted perceived form orientation, 
bcurr FM_ , bpre FL_ , and bnext FL_  are the slopes of different factors. 
ε  is the constant. Similarly, if center bias is in the form 
orientation, bcurr FM_  will be  smaller than 1; if there is a 
serial  dependence of motion direction on the form 
orientation perception, the effect of bpre FL_  will be significant 
but the effect of bnext FL_  will be  insignificant. In addition, a 
positive bpre FL_  indicates an attractive serial dependence, 
meaning that the current form orientation perception is biased 
toward the previous motion direction; whereas a negative bpre FL_  
indicates a repulsive serial dependence, meaning that the current 
form orientation perception is repelled from the previous 
motion direction.

FIGURE 2

Illustration of one trial procedure.
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Results and discussion

Figures  3A,B plots the perceived motion direction (form 
orientation) against the actual motion direction (actual form 
orientation) of the current trial, clearly showing that the perceived 
values are compressed toward the display center (horizontal gray line). 
Table 1 clearly indicates that bcurr FL_  and bcurr FM_  are significantly 
larger than 0 (ps < 0.001) and the upper bands of the 95% CIs of 
bcurr FL_  and bcurr FM_  are smaller than 1, indicating that the 
perceptions of motion direction and form orientation are 
center biased.

Importantly, Figures 3C,D plots the perceived motion direction 
(form orientation) against the form orientation (motion direction) of 
the previous trial, clearly showing that the perceived values are biased 
toward the previous seen features. Both bpre FM_  and bpre FL_  are 
significantly larger than 0 (ps < 0.01) and neither bnext FM_  nor 
bnext FL_  is significant (ps > 0.079), suggesting that the current motion 
direction perception was biased toward the previously seen form 
orientation and the current form orientation perception was biased 
toward the previously seen motion direction. That is, a bidirectional 
attractive serial dependence was between motion direction and form 
orientation perceptions. The current experiment further 
complemented the findings of Wang et al. (2022).

In the current experiment, although both motion and form 
displays contained 90 dots, it could not guarantee that the two displays’ 
reliabilities were identical. Hence, a direct comparison of the slopes of 
the two serial dependencies was unconvincing for examining the 
symmetry of the serial dependencies between form orientation and 
motion direction. To address this question, we varied the dot densities 
of motion and form displays in Experiment 2, which theoretically 
directly changed the stimuli’s internal and external reliabilities. 
We compared the changing trends of the serial dependencies between 
form orientation and motion direction when the reliabilities of motion 
and form display changed. If the changing trends differed, serial 
dependencies between form orientation and motion direction 
were asymmetric.

Experiment 2. Varying the displays’ dot 
density reveals the asymmetric serial 
dependencies between form and 
motion

Several studies proposed that serial dependence was consistent 
with the Bayesian inference theory (Cicchini et al., 2018; van Bergen 
and Jehee, 2019; Xu et al., 2022). These studies showed that when the 

FIGURE 3

(A,B) The perceived motion direction or form orientation is against the actual feature values of current trials. The solid red or blue lines indicate the best 
fitting results of our multi-factor linear functions (Equations 1, 2). The diagonal and horizontal gray lines indicate the perfect performance and pure 
center bias. (C,D) The perceived motion direction or form orientation is against the actual feature values of previous trials. The horizontal gray line 
indicates no effect of previous feature on the current perception. In all panels, dots are the average perceived values across all participants; the solid 
red or blue lines indicate the best fitting results of our multi-factor linear functions (Equations 1, 2).
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reliability of the current feature was reduced, participants would rely 
more on previous features. However, they ignored the effects of 
changing the reliability of previous features on the current feature 
perception. Three studies pointed out that the size of serial dependence 
only depended on the reliability of current features (Cicchini et al., 
2018; Ceylan et al., 2021; Gallagher and Benton, 2022). According to 
the bidirectional proposal of the Bayesian inference theory, serial 
dependence was a partial Bayesian inference process.

The current experiment examined whether the serial dependencies 
between form orientation and motion direction were consistent with 
the Bayesian inference theory by varying the two displays’ dot 
densities. In addition, we examined whether the serial dependencies 
between form orientation and motion direction were symmetric by 
comparing the changing trends of the serial dependencies. If changing 
trends significantly differed, the serial dependences between form 
orientation and motion direction were asymmetric.

Methods

Participants
Two groups of new participants from Zhejiang Normal University 

were enrolled. Each group had 18 participants (Group 1: 10 females, 
eight males; age, 18–25 years; Group 2: 10 females, eight males; age, 
18–25 years). All were naïve to the experimental purpose and had 
normal or corrected-to-normal vision. The sample size was decided 
based on the previous serial dependence studies (e.g., Fischer and 
Whitney, 2014; Xu et al., 2022). The experiment was approved by the 
Scientific and Ethical Review Committee in the Department of 
Psychology of Zhejiang Normal University (ZSRT2022012).

Stimuli, apparatus, and procedures
The stimuli, apparatus and procedures were similar to those in 

Experiment 1, except that (1) participants of Group 1 were shown 
form displays with 90 dots (Figure 1A, high dot density, dot density: 
0.01 dots/deg2), but the motion displays were either with 28 dots 
(Figure 1D, low dot density, dot density: 0.003 dots/deg2) or 90 dots 
(Figure  1B, high dot density, dot density: 0.01 dots/deg2). (2) 
Participants of Group 2, were shown motion displays with 90 dots 
(Figure 1B, high dot density, dot density: 0.01 dots/deg2), but the form 
displays were either with 14 dot pairs (Figure 1C, low dot density, dot 
density: 0.003 dots/deg2) or 45 dot pairs (Figure 1A, high dot density, 
dot density: 0.01 dots/deg2). The displays’ reliabilities decreased with 
the decrease in the displays’ dot densities. (3) Each participant was 

asked to finish two blocks of trials. Each block corresponded to one 
experimental condition: Group 1, form with high density and motion 
with low density, form with high density and motion with high 
density; Group 2, motion with high density and form with low density, 
and motion with high density and form with high density. (4) Each 
participant took about 70 min to finish the experiment.

Data analysis
The data analysis methods were similar to the Experiment 1. Note 

that if bcurr FL_  and bcurr FM_  are equal to 1, the perceived feature 
values are the same as the actual feature values, showing a perfect 
performance. The more bcurr FL_  and bcurr FM_  deviated from 1, the 
lower the accuracy of the perceptual performance, showing that the 
stimuli became unreliable.

In addition, permutation tests were conducted to examine 
whether the reliability of displays increased with increasing the 
dot-density and whether the changing trends of serial dependencies 
between form orientation and motion direction were the same when 
the two displays’ reliabilities were varied. Specifically, we grouped the 
data of low and high dot-density conditions. The data were shuffled 
10,000 times. In each shuffle iteration, for Equation (1), we randomized 
the perceived motion direction and the form orientations of previous 
and next trials; for Equation (2), we randomized the perceived form 
orientation and the motion directions of previous and next trials. 
Then, half of the shuffled data were assigned to the low-density 
condition; the left data were assigned to the high-density condition. 
Equations (1, 2) were fitted with the shuffled data, resulting in to 
shuffled coefficients. Next, we calculated the difference in the shuffled 
coefficient between the low and high dot densities, generating a null 
distribution for each coefficient difference. Finally, we calculated the 
proportion of the coefficient difference larger than the absolute value 
of the coefficient difference of participants’ data (two-tailed test). The 
proportion was taken as the p value. If the p value is smaller than 0.05, 
the difference in the coefficient between low and high dot-density 
conditions is significant.

Results and discussion

Figures 4A,C, 5A,C and Tables 2, 3 show the results of our two 
linear functions when the dot-densities of the form and motion 
displays are varied. Consistent with Experiment 1, bcurr FL_  and 
bcurr FM_  were all significantly different from 0 (ps < 0.001) and 
smaller than 1 (upper bands of 95% CIs are smaller than 1), so there 
is center bias in the perceptions of motion direction and form 
orientation. bpre FM_  and bpre FL_  are generally significantly larger 
than 0 (ps < 0.01, except the bpre FL_  in the low-density form display 
condition, p = 0.19), suggesting attractive serial dependencies were 
between form orientation and motion direction.

When the dot density of the form display was increased, the 
bcurr FM_  was increased (Mean ± SE: 0.71 ± 0.0054  in low dot 
density 0.78 ± 0.0050 in high dot density; Permutation test: 
p value = 0.043) (Left and right panels in Figure 4C), suggesting that 
the size of center bias in the form orientation perception decreased 
and the perception became more accurate. Similar results were also 
observed when the dot density of the motion display was increased 
(bcurr FL_ , Mean ± SE: 0.65 ± 0.0043 in low dot density 0.71 ± 0.0041 
in high dot density; Permutation test: p value = 0.043; p value <0.001) 

TABLE 1 Results of linear function between the current (nth, n  =  2, 3, etc.) 
trial, the previous 1st (n-1st) trial and the next (n  +  1st) trial (Equations 1, 
2).

Equation (1) Equation (2)

bcurr FL_ bpre FM_ bnext FM_ bcurr FM_ bpre FL_ bnext FL_

b 0.78*** 0.0094* −0.0012 0.77*** 0.010* 0.0011

SE 0.0037 0.0037 0.0037 0.0046 0.0046 0.0046

95% 

CI

0.77

0.79

0.0022

0.017

−0.0083

0.0059

0.76

0.78

0.0011

0.020

−0.0079

0.010

The significant level of each coefficient is the result of t-test in linear regression analysis that 
indicates whether the coefficient was significantly different from 0. *p < 0.05; **p < 0.01; 
***p < 0.001.
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(Left and right panels in Figure 5A). These results suggested that 
increasing dot density of the form and motion displays indeed 
increased the two displays’ reliability.

Neither the reliability of the current form display nor that of the 
previous motion display affected the serial dependence of motion 
direction on the form orientation perception (bpre FL_ , Permutation 
test: p values >0.34) (Figures 4D, 5D), inconsistent with Bayesian 
inference account in the current experimental set-up.

However, the serial dependence of form orientation on the motion 
direction perception (bpre FM_ , Permutation test: p value = 0.016) was 
affected by the reliability of the current motion display (Figure 5B) 
rather than that of the previous form display (Figure  4B) (p 
value = 0.54), consistent with the partial Bayesian inference account 
(Ceylan et al., 2021; Gallagher and Benton, 2022).

Taken together, serial dependencies between form orientation and 
motion direction showed different trends when the reliabilities of 
form and motion displays were varied. Hence, the serial dependencies 
between form orientation and motion direction were asymmetric.

General discussion

In the current study, we conducted two experiments to examine 
whether the form orientation and motion direction could be integrated 
across the temporal domain, showing serial dependencies. On this 
basis, we further investigated the symmetry of the serial dependencies 

between form orientation and motion direction and whether they were 
consistent with the Bayesian inference theory. Our results showed 
attractive serial dependencies between form orientation and motion 
direction. When the reliabilities of motion or form displays were 
changed, the changing trends of the serial dependencies between form 
orientation and motion direction were inconsistent (Experiment 2), 
suggesting that the serial dependencies between form orientation and 
motion direction were asymmetric. Moreover, according to the 
Bayesian inference theory, when one feature’s reliability is reduced, 
observers would rely more on other features to make an estimation, 
which is a bidirectional process. However, the serial dependence of 
form orientation on the motion direction perception was only affected 
by the reliability of the current motion display, consistent with a partial 
Bayesian inference account (Ceylan et al., 2021; Gallagher and Benton, 
2022). Neither the reliability of the previous motion display nor that of 
the current form display affected the serial dependence of motion 
direction on the form orientation perception, inconsistent with the 
Bayesian inference account.

From concurrent integration to 
cross-temporal integration (serial 
dependence)

If taking Geisler (1999) as the first study that systematically 
examined the integration of form and motion, we deducted that 

FIGURE 4

Results of Experiment 2 when the dot-density of form displays was varied but that of motion displays was fixed. (A,C) The perceived motion direction 
or form orientation is against the actual feature values of current trials. The solid red or blue lines indicate the best fitting results of our multi-factor 
linear functions (Equations 1, 2). The diagonal and horizontal gray lines indicate the perfect performance and pure center bias. (B,D) The perceived 
motion direction or form orientation is against the actual feature values of previous trials. The horizontal gray line indicates no effect of previous 
feature on the current perception. In all panels, dots are the average perceived values across all participants; the solid red or blue lines indicate the best 
fitting results of our multi-factor linear functions (Equations 1, 2).
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more than 95% of related studies focused on the integration 
mechanisms of two information concurrently presented in the 
past 24 years (see Donato et  al., 2020 for reviews; Krekelberg 
et al., 2003; Edwards and Crane, 2007; Niehorster et al., 2010; 
Mather et al., 2013; Day and Palomares, 2014; Kuai et al., 2020; 
Donato et al., 2022). Tang et al. (2015) found that the perceived 

motion direction was biased toward the previously seen form 
orientation. However, each form orientation was presented for 3 s 
in their study, which induced form orientation aftereffects. Due 
to the form aftereffect when the motion display was presented, 
their findings reflected the mechanisms underlying the 
concurrent integration of motion direction and form orientation. 

FIGURE 5

Results of Experiment 2 when the dot-density of motion displays was varied but that of the form displays were fixed. (A,C) The perceived motion 
direction or form orientation is against the actual feature values of current trials. The solid red or blue lines indicate the best fitting results of our multi-
factor linear functions (Equations 1, 2). The diagonal and horizontal gray lines indicate the perfect performance and pure center bias. (B,D) The 
perceived motion direction or form orientation is against the actual feature values of previous trials. The horizontal gray line indicates no effect of 
previous feature on the current perception. In all panels, dots are the average perceived values across all participants; the solid red or blue lines indicate 
the best fitting results of our multi-factor linear functions (Equations 1, 2).

TABLE 2 Results of linear function between the current (nth, n  =  2, 3, etc.) trial, the previous 1st (n-1st) trial and the next (n  +  1st) trial (Equation 1) when 
the dot-density of the form display was varied.

Form display Equation (1) Equation (2)

bcurr FL_ bpre FM_ bnext FM_ bcurr FM_ bpre FL_ bnext FL_

Low-density

b 0.71*** 0.011** −0.0037 0.71*** 0.0070 0.0057

SE 0.0037 0.0036 0.0036 0.0054 0.0053 0.0053

95% CI
0.71

0.72

0.0041

0.0184

−0.011

0.0034

0.70

0.72

−0.0037

0.0171

−0.0047

0.0164

High-density

b 0.73*** 0.012*** −0.0066 0.78*** 0.011* −0.0030

SE 0.0035 0.0034 0.0034 0.0050 0.0050 0.0050

95% CI
0.72

0.74

0.0057

0.019

−0.013

0.0001

0.77

0.79

0.0013

0.021

−0.013

0.0066

The significant level of each coefficient is the result of t-test in linear regression analysis that indicates whether the coefficient is significantly different from 0. *p < 0.05; **p < 0.01; ***p < 0.001.
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To eliminate the form aftereffect, Wang et al. (2022) reduced the 
presentation time of the previous form display (i.e., 500 ms). 
They found that the perceived motion direction was biased 
toward the previous form orientation, revealing the serial 
dependence of form orientation on the motion direction 
perception. However, Wang’s study did not examine the serial 
dependence of motion direction on the form orientation 
perception. Therefore, inspired by their work, our current study 
not only replicated their attractive serial dependence of form 
orientation on the motion direction perception but also found an 
attractive serial dependence of motion direction on the form 
orientation perception. That is, we  revealed the mutual serial 
dependencies between motion direction and form orientation.

Enriching the studies about serial 
dependencies between different features

Additionally, our current study extended the studies on serial 
dependencies between different features. Before our current study, 
Fornaciai and Park (2019a) first found serial effects between visual 
flash counting and numerosity. After this study, others further 
revealed serial dependencies between dot-array orientations and 
Gabor orientations (strictly speaking, they could be the same features 
with different visual representations) (Ceylan et al., 2021), between 
time and numerosity (Togoli et  al., 2021), and between emotion 
sounds and emotion images (Van der Burg et al., 2021). Moreover, 
after Wang et al. (2022), we found the bidirectional serial dependencies 
between form orientation and motion direction. The serial 
dependencies between different features suggested that the serial 
dependence occurred at either the perceptual-integration stage or the 
post-perceptual decision/memory stages (see also Fornaciai and Park, 
2019b, 2021; Ceylan et al., 2021).

In addition, by varying the displays’ reliability, we found that 
the serial dependencies between form orientation and motion 
direction showed different changing trends, suggesting that the 
serial dependencies between form orientation and motion 
direction were asymmetric. To our knowledge, the current study 
was the first one revealing the asymmetric across-temporal 

integration between different features, inspiring us to examine 
other features further.

Challenging the effectiveness of the 
Bayesian inference account in serial 
dependence

Cicchini et al. (2018) first proposed that the Bayesian inference 
theory could explain serial dependence. However, in this study, the 
reliabilities of current and previous features were positively 
correlated. Although a Bayesian model well explained their results, 
they did not rigorously control the reliability difference between the 
current and previous features. Hence, Ceylan et  al. (2021) 
sequentially showed participants a series of oriented Gabor patches 
with different spatial frequencies. The higher the spatial frequency, 
the more reliable the Gabor patch. They found that when the 
reliability of current stimuli was reduced while the previous was 
stable, observers showed a stronger serial dependence of previous 
stimuli on the current perception. However, when the reliability of 
previous stimuli was reduced while the current was stable, the serial 
dependence was not significantly changed. Therefore, the serial 
dependence was partially consistent with the Bayesian inference 
account (Gallagher and Benton, 2022). The serial dependence of 
form orientation on the motion direction perception well matched 
their findings. However, the serial dependence of motion direction 
on the form orientation perception was not affected by the 
reliabilities of previous motion and current form displays, 
inconsistent with Bayesian inference theory. These findings inspired 
us to think carefully about the computational mechanisms of 
serial dependence.

Additional points

We found that serial dependencies between motion direction 
and form orientation were asymmetric, indicating that the 
neurons responded to the two features differently. Notably, the 
motion direction and form orientation used in the current study 

TABLE 3 Results of linear function between the current (nth, n  =  2, 3, etc.) trial, the previous 1st (n-1st) trial and the next (n  +  1st) trial (Equations 1, 2) 
when the dot-density of the motion display was varied.

Motion display Equation (1) Equation (2)

bcurr FL_ bpre FM_ bnext FM_ bcurr FM_ bpre FL_ bnext FL_

Low-density

b 0.65*** 0.024*** −0.0015 0.74*** 0.016** 0.0060

SE 0.0043 0.0043 0.0043 0.0051 0.0051 0.0051

95% CI
0.64

0.66

0.016

0.033

−0.0097

0.0066

0.72

0.75

0.0066

0.027

−0.0040

0.016

High-density

b 0.71*** 0.0091* 0.0034 0.72*** 0.015** 0.0014

SE 0.0041 0.0040 0.0040 0.0052 0.0052 0.0052

95% CI
0.70

0.72

0.0013

0.017

−0.0046

0.011

0.70

0.73

0.0043

0.025

−0.0089

0.012

The significant level of each coefficient is the result of t-test in linear regression analysis that indicates whether the coefficient was significantly different from 0. *p < 0.05; **p < 0.01; 
***p < 0.001.
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are global features, meaning that participants have to sum up 
several local features to get the motion direction and form 
orientation. Therefore, the receptive field of these neurons should 
be large enough to integrate several local inputs. According to the 
physiological studies, these neurons can be located at the cortical 
areas MT/V5, MST, V3B/KO (see review: Kourtzi et al., 2008; 
Donato et  al., 2020; experimental studies, e.g., Kourtzi and 
Kanwisher, 2000; Kourtzi et al., 2002; Kuai et al., 2020). However, 
there are some cortical areas, such as V1/V2 (Krekelberg et al., 
2005; Sincich and Horton, 2005; Lu et  al., 2010; Wattam-Bell 
et al., 2010), V4 (Ferrera and Maunsell, 2005; Tolias et al., 2005; 
Handa et al., 2010, 2017; Handa and Mikami, 2018) that have 
small receptive fields and mainly process the local form and 
motion features. Therefore, the asymmetric serial dependencies 
between global form and motion displays in our current study do 
not imply asymmetric serial dependencies between local form 
and motion displays. In future studies, we should adopt the local 
form and motion displays in which all dots consistently move 
along the same direction and the orientations of all dot pairs are 
parallel (e.g., Or et al., 2010; Pavan et al., 2017a), to re-examine 
our asymmetric serial dependencies between form and 
motion features.

Moreover, some readers could argue that the asymmetric serial 
dependencies between form orientation and motion direction could 
be due to the different impact of the dot density manipulation on 
the reliability of the form and motion features. That is true. 
However, our data showed that the reliabilities of the form and 
motion were evidently decreased with decreasing dot density. 
We found that the serial dependence of form orientation on the 
perception of motion direction was partially consistent with 
Bayesian inference theory. In contrast, the serial dependence of 
motion direction on the perception of form orientation was not 
consistent with the Bayesian inference theory. This directly shows 
the asymmetric serial dependencies between the two features. 
Future studies can consider use more directly methods (e.g., 
neurophysiological techniques) to re-examine our findings and 
figure out the mechanisms underlying the asymmetry.

Summary

In conclusion, our current study found that serial dependencies 
between form orientation and motion direction could be asymmetric 
and were partially consistent with the Bayesian inference theory. These 
findings suggested that the cross-temporal and concurrent integrations 
of form and motion differed, prompting us to explore the mechanisms 
underlying the serial dependence between form orientation and 
motion direction from the computational and 
neurophysiological perspectives.
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