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Effects of attention on the
asymmetric serial dependences
between form and motion
patterns and their computational
processes

Qian Sun'?, Si-Yu Wang?, Meng-Ying Sun?!, Fan-Huan You?,
Ping Ran! and Qi Sun'?*

‘Department of Psychology, Zhejiang Normal University, Jinhua, China, ?Intelligent Laboratory of
Zhejiang Province in Mental Health and Crisis Intervention for Children and Adolescents, Jinhua, China

Recent studies have revealed that serial dependences are asymmetric in the
estimation of the focus of expansion (FOE) in the global static form and dynamic
optic flow displays. In the current study, we conducted two experiments to
examine whether and how attention affected the serial dependences between
the two displays. The results showed that when all attentional resources are
allocated to the FoE estimation task, the serial dependence of the form FoE
estimation on the previous flow FOE (SDEfg,, rorm) still existed even as the
flow FoE was 40°, while the serial dependence of the flow FoE estimation on
the previous form FoE (SDE¢y,m fiow) disappeared as the form FoE was beyond
30°. When attentional resources are distributed by other tasks, the SDEgo, form
tended to be stronger than the SDEso,m fow. Therefore, the SDEfow form
and SDE¢orm_fow are asymmetric regardless of observers’ attentional states.
Finally, we developed two Bayesian models to address the computational
mechanism underlying the attentional effects. Both models proposed that
attention modulated the certainty of sensory representations of currently
presented features. In addition, the effects of working memory on previously
presented features were considered in one model. The results showed that the
Bayesian inference model that included working memory predicted participants’
performances better than the model without considering working memory. In
summary, the current study demonstrated that attention and working memory
affected the serial dependences between form and flow displays, and the effects
could be quantitatively predicted by Bayesian inference models.

KEYWORDS

heading perception, form perception, attention, serial dependence, optic flow, Bayesian
inference, information decay

Introduction

The integration between dynamic and static visual features has always been a hot issue
that attracts much research attention. At the beginning, researchers were led to think that
the two types of features were processed independently and proposed a dual-pathway
(“what” and “where”) model of information processing (DeYoe and Van Essen, 1988;
Goodale and Milner, 1992; Milner and Goodale, 2006; Mishkin et al., 1983; Ungerleider

and Mishkin, 1982). However, as research gets deep, more and more researchers now have
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Flow display
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FIGURE 1
Stimulus displays used in the current study. (a) Form display consisted of dot pairs that are oriented to one position of the display (form FoE),
illustrated by the blue “x.” (b) The flow display simulated observers translating in a 3D dot-cloud. White dots indicate the dots’ position on the display
in the first frame; white lines indicate the motion trajectories in the following frame. Yellow “+" indicates the heading direction (flow FoE). The white
line, blue "x", and yellow “+" are invisible in the experiments

come to understand that the processing of one feature encounters
interference by another feature. That is, the two types of visual
features are integrated with each other ( ;
), which has been supported by many neurophysiological and
brain imaging studies ( ] ;
; )-

Previous studies have typically examined the integration of

two types of simultaneously presented features ( ;
,b; ). However, given the fact

that the natural world is stable and continuous in a short-time
window, some researchers show their interests on information
integration across the temporal domain. One of them is serial
dependence, which was first proposed by

. They found that the estimate of the currently presented
orientation was biased toward the previously seen orientation (also
see ; ;

for reviews). Inspired by their studies,
alternatively showed participants form and flow displays in some
conditions. The form display ( ) consisted of dot-pairs that
converged at a position on the screen, forming a focus of expansion
(i.e., form FoE). The flow displays ( ) simulated observers
moving forward in a 3D dot-cloud, generating a dot-motion pattern
that also contains a FoE (i.e., FOE). They found that the estimate
of flow FoE was biased toward the previous form FoE, suggesting
that the form and motion features can be integrated across the
temporal domain.

Additionally, previous studies pointed out that the integration
of simultaneously presented two features is asymmetric. That is,
the effect of the form feature on the perception of motion feature
was not equal to the effect of the flow feature on the perception
of form feature ( H ).

alternatively presented form and flow displays and found
the asymmetric serial dependences between form and flow displays,
suggesting that the across-temporal integration between the two
features is also asymmetric.

In addition to examining the integration of two features
across the temporal domain, researchers also investigate the
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cognitive mechanisms involved in this integration. In the baseline
condition of , participants were shown a flow
display and asked to estimate the flow FoE; in the perceptual
condition, a form display was presented before the flow display and
participants were asked to view the form display; in the memory-
load condition, participants were asked to remember the form FoE
and estimate it after estimating the flow FoE. The result showed the
serial dependence sizes between the perceptual and memory-load
conditions were not significantly different. This suggests that the
serial dependence of the flow FoE estimation on the previous form
display occurs at the sensory level and is information-driven. In a
recent study, asked the participants to complete
anumber-addition task before estimating the form or flow FoE. The
additional number-addition task distracted participants’ attention,
reducing the attentional resources allocated to estimating the
form or flow FoE. They found that attention affected the serial
dependence. Specifically, when the attentional load was on the
flow FoE estimation, participants were more biased toward the
previous form FoE estimate. In contrast, when the attentional load
was on the form FoE estimation, the bias was reduced. Therefore,
serial dependence is both information-driven and cognitive. In
other words, the serial dependence occurs at both perceptual and
post-perceptual levels.

Moreover, previous studies argue that serial dependence can
be a Bayesian inference process. This means that when the
reliability of current features is reduced, observers will bias their
estimates more toward previously seen features, and vice versa
( ; ; )-
Neurophysiological studies have shown that the neural activities
of sensory cortices are affected by attention. When the attentional
load is increased, these activities of the neurons to the stimuli are
reduced and their tuning functions become less sensitive (

R ). As a result, the stimuli’s representations are
less reliable. Accordingly, it is expected that when the attentional
load is on the current feature, the serial dependence on the previous
feature will increase. Conversely, when the attentional load is on
the previous feature, the serial dependence on the previous feature
will decrease. These patterns have been found in several studies

( ,

), indicating a Bayesian inference process.
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FIGURE 2

two integers up and compare the sum to the third integer

Illustrations of trial procedures in Experiments 1 and 2. (a, b, e, f) Illustrate the trail procedures in the non-load conditions. (c, d, g, h) Illustrate the trial
procedures in the load conditions, in which, three integers were positioned vertically on the display center. Participants were asked to sum the first
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However, no study has developed a Bayesian inference model to
directly examine this proposal.
In summary, the current study, designed based on

, conducted two experiments to examine the effect of
attention on the asymmetric serial dependences between form and
flow FoE estimations. Additionally, a Bayesian inference model
was developed to directly examine the computational mechanism
underlying the asymmetric serial dependences. The study reveals
the manifestation of the asymmetric serial dependences and
provides a basis for future neural computational models.

Methods

Participants

Forty participants were enrolled in our university. All
participants had normal or corrected-to-normal vision and were
naive to the purpose of the experiment. The study was in
accordance with the declaration of Helsinki and was approved by
the Scientific and Ethical Review Committee of our University. We
obtained all participants’ written informed consent form before
starting the experiment. The participants were divided into two
groups (Group 1: 8 men, 12 women; 18-25 years; Group 2: 8
men, 12 women; 18-24 years) and conducted Experiments 1 and 2,
respectively. The sample size was decided based on previous studies

(e.g. R ; ).

Stimuli and apparatus
The current study consisted of two experiments: Experiments
1 and 2. In each experiment, participants were shown with
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two types of stimulus displays (112° H x 80° V; luminance of
background: 0.24 cd/cm?). (1) Optic flow displays ( )
simulated observers moving forward along different directions in
a 3D dot-cloud at a speed of 1 m/s. The 3D dot-cloud consisted
0f 90 dots (depth range: 0.2-10 m; diameter: 0.24°; luminance: 22.5
cd/cm?). From the observer’s viewpoint, all dots appeared to radiate
from a single point on the display, corresponding to the focus of
expansion (FoE). The FoE was spatially aligned with the observer’s
self-motion direction in the 3D dot-cloud space, that is, heading
direction. In Experiment 1, the flow FoE was randomly selected
from the range of [—20°, 20°] with a step of 10°. Positive (negative)
values indicate that flow FoEs are to the right (left) of the display
center (0°). (2) Form displays ( ) consisted of 45 dot pairs
that converged at a single position on the screen, referred to as the
form FoE. In Experiment 1, the form FoE was positioned to the left
or right of the flow FoE by 0°, 10°, or 20°, resulting in a range of
form FoE positions from —40° to 40° with a step of 10°. Positive
(negative) values indicate that form FoEs are to the right (left) of
the display center (0°).

Additionally, in Experiment 2, the form FoE was selected from
the range of [—20°, 20°] with a step of 10°. The flow FoE was
positioned to the left or right of the form FoE by 0°, 10°, and 20°.
As a result, the flow FoE was selected from the range of [—40°,
40°] with a step of 10°. Moreover, the difference between the form
and flow FoEs was referred to as the FoE offset, which ranged from
—20° to 20° in a step of 10°. In Experiment 1, positive (negative)
values indicate that form FoEs are to the right (left) of flow FoEs. In
Experiment 2, positive (negative) values indicate that flow FoEs are
to the right (left) of form FoEs.

Each experiment consisted of four blocks, with each
corresponding to one condition ( ): no-load without
pre-display, load without pre-display, no-load with pre-display,
and load with pre-display. In the two load conditions, three integers
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(RGB: [0, 0, 200]; 1.76° V x 1.76° H) were presented vertically
at the center of the form or optic flow displays. The gap between
the two numbers was 0.44°. Two random integers were chosen
from the range of [11, 40] and the third integer was randomly
chosen from the range of [40, 92]. Participants were asked to add
the first two integers and compare the sum with the last integer.
This resulted in a smaller allocation of attentional resources to
the FoE estimation task in the load conditions compared to the
no-load conditions.

The experiment was programmed using MATLAB with the
Psychophysics Toolbox 3. Stimuli were displayed on a 27-inch
ASUS monitor (resolution: 2,560 H x 1,440V pixels; refresh rate:
60 Hz) with an NVIDIA GeForce GTX 1660Ti graphics card.

Procedure

The experiment was conducted in a dark room. The distance
between the participants and the display center was 20cm.
Participants viewed the display monocularly with their right eyes
to reduce the conflict between the motion parallax and binocular
disparity depth cues. Participants’ heads were stabilized using a
chinrest, and they were instructed to maintain stillness in their
eyes, head, and body to minimize the influence of non-visual
information on heading estimation (Sun et al., 2020, 2022; Warren
et al., 1988; Warren and Saunders, 1995; Xu et al., 2022).

As mentioned in stimuli and apparatus, each experiment
consisted of four conditions: no-load without pre-display, load
without pre-display, no-load with pre-display, and load with pre-
display. As shown in Figure 2, the trial procedures of the two
experiments were similar, except that Experiment 1 used the form
display as the pre-display and the flow display as the current
display, while Experiment 2 used the flow display as the pre-display
and the form display as the current display.

Each trial of the load with pre-form condition in Experiment
1 (Figure 2g) started with a 200-ms fixation, followed by a 500-ms
form display. Participants were then asked to report the position of
the form FoE by moving a mouse-controlled probe on a horizontal
line within 1,500 ms. If their response time was <1,500 ms, a blank
display would be presented to make up the time. Following this, a
500-ms optic flow display was presented. Meanwhile, three integers
were positioned at the center of the flow display. Participants were
asked to add the first two integers up and compare the sum to the
third integer as quickly and accurately as possible. If participants
did not respond within 500 ms, a number reminder display was
presented to remind them to complete the number-addition task.
After responding, the participants reported the flow FoE by moving
the mouse-controlled probe on the horizontal line. Note that the
participants were asked to finish the number-addition task and the
flow FoE estimation task within 2,000 ms. If they finished within
2,000 ms, a blank display was presented until the full duration of
2000 ms had elapsed. Then, the next trial began.

The trial procedures of other conditions (Figures 2a, ¢, and ¢)
were developed on the above conditions. Specifically, (1) replacing
the pre-form display and the form FoE response display with blank
displays generated the load without pre-form condition (Figure 2c);
(2) removing the number-addition task generated the no-load with
pre-form condition (Figure 2¢); (3) removing the number-addition
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task and the pre-form display generated the trial procedure of the
no-load without pre-form condition (Figure 2a).

The trial procedures of the four conditions in Experiment 2
(right graphs in Figure 2) were similar to those in Experiment 1 (left
graphs in Figure 2), except that the pre-display was the flow display
and the current display was the form display.

The no-load and load without pre-display conditions included
five current FoEs (0°, +10°, and £20°). Each current FoE was
repeated 50 times. Thus, there were 250 trials (five current FoEs
x 50 trials) in each condition. In no-load and load with pre-
display conditions, each current FOE was accompanied by five FoE
offsets (0°, +10°, and £20°)—the difference in the FoE between
the previous and current displays. Each FoE offset was repeated 10
times. Thus, there were a total of 250 trials (five current FoE x five
FoE offsets x 10 trials). Note that each block ideally contained 250
trials. If participants did not respond to the number-addition task
or the heading estimation task within the allotted time, the trial
would be added back to the trial list. As a result, some participants
completed more than 250 trials in some blocks.

Participants were given approximately 15 practice trials before
each condition block to familiarize themselves with the condition.
The corresponding block then started and lasted for about
20 min. The conducting sequences of the four conditions were
counterbalanced across participants.

Data analysis

In the load (with or without pre-display) conditions of each
experiment, we first calculated the accuracy of the number-addition
task. Participants with an accuracy below 0.75 were removed. The
results showed that all participants had an accuracy above 0.75.
Trials where participants did not complete the number-addition
or heading-estimation tasks within the specified time interval were
excluded. As a result, each participant had 250 trials in each block.

For the form or flow FoE estimation tasks, we recorded the
participants’ FoE estimates and calculated the difference between
the estimated and actual FoEs, which we named estimation error
(EE). The estimation accuracy decreases as the absolute value of EE
increases. To examine whether the attentional load affected the FoE
estimation, a 2 (load conditions: load vs. no-load) x 9 (actual FoEs:
0°, +£10°, £20°, £30°, and £40°) repeated measures ANOVA was
conducted for the pre-form and pre-flow displays, and a 2 (load
conditions: load vs. no-load) x 5 (actual FoEs: 0°, +=10°, and +20°)
x 2 (pre-displays: with vs. without) repeated measures ANOVA was
conducted for the current form and flow displays.

To examine whether the current flow FoE estimation relied
on the previously presented form display, we first calculated the
difference in the estimated FoE between the previous and current
displays in the no-load with pre-display conditions. This difference
was named the FoE offset, with values of 0°, £10°, and =420°.
Therefore, each current FoE (0°, £10°, and +20°) was paired with
five FoE offsets, resulting in 25 combinations. Then, the estimation
error of each current FoE in each FoE offset was calculated
(EEyo—load_ with_pre—form) and then subtracted from the estimation
error of the corresponding current FoE in the no-load without pre-
form conditions (EE;o—joad_without_pre—form)- This resulted in the
residual estimation error in the no-load condition (REE,;,_jyzq). It
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Results of estimation errors. (a, b) Show the results of Experiment 1. (¢, d) Show the results of Experiment 2. Left panels show the estimation of
previous displays. Right panels show the estimation of current displays. Dots and shaded areas indicate the mean and standard error of heading
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was given by:

REEo—joad = EEno—load,with,pre—form

—EE5—load_ without_ pre—form>

Similar procedures were adopted to calculate the residual
estimation error in the load condition (REE},,;). It was given by:

REEjoqd = EEjpad_ with_pre—form (2)

—EEjpad_ without_ pre—form>

If the REE,,_jpaq Or REE},,; was significantly different from 0,
then the current flow FoE estimation was affected by the previous
form FoE. Additionally, if the REE,, j,qq Or REEjy,; shared the
same sign with the FoE offset, then the current flow FoE estimate
was biased toward the previous form FoE, indicating an attractive
seral dependence.

To examine whether attention affected the serial dependence
of the flow FoE estimation on the previous form FoE, a 2 (load
conditions: load vs. no-load) x 5 (actual FoEs: 0°, +=10°, and £20°)
x 5 (FoE offsets: 0°, £10°, and 20°) repeated measures ANOVA
was conducted.
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Next, similar procedures were adopted to examine the serial
dependence of the form FoE estimation on the previous flow FoE
in Experiment 2.

Behavioral results

Estimation accuracy

Figures 3a, ¢ plot the estimation error against the actual FoE
of pre-form and pre-flow displays. They show that the estimation
errors in the no-load and load conditions are overlapped. A 2 (load
conditions: load vs. no-load) x 9 (actual FoEs: 0°, +10°, £20°,
+30°, and £40°) repeated measures ANOVA showed that the
absolute estimation errors were not significantly different between
the load and no-load conditions [Experiment 1: F(; 19y = 3.44, p
= 0.079, partial n2 = 0.15; Experiment 2: F(;, 19) = 1.95, p = 0.18,
partial n? = 0.093]. This suggests that the attentional load presented
after the stimulus displays does not affect the estimation of form
and flow FoEs.

Figures 3b, d plot the estimation error against the actual FoE
of current-form and current-flow displays. They show that the
absolute estimation errors in the load conditions (blue markers)
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are higher than those in the no-load conditions (black markers).
A 2 (load conditions: load vs. no-load) x 5 (actual FoEs: 0°,
£10°, and £20°) x 2 (pre-displays: with vs. without) repeated
measures ANOVA showed that the interaction between actual FoEs
and load conditions was significant [Greenhouse-Geisser corrected:
Experiment 1: Fj1 2209) = 17.42, p < 0.001, partial N =
0.48; Experiment 2: F(; 56 26.70) = 43.68, p < 0.001, partial =
0.70]. Furthermore, simple-effect test with Bonferroni correction
showed that when the FoE deviated from the display center
(0°), the absolute estimation errors in the load condition were
significantly higher than those in the no-load conditions for (ps
< 0.0088). Additionally, in Experiment 2, the interaction between
pre-displays and load conditions was also significant [Greenhouse-
Geisser corrected: F(;47,27.01) = 8.07, p = 0.0038, partial =
0.30]. Furthermore, a simple-effect test with Bonferroni correction
showed that only when the pre-flow display was presented, the
absolute estimation error in the no-load condition (Mean =+ SE:
0.071 £ 0.36) was marginally smaller than that in the load condition
(0.93 = 0.53) (p = 0.062). Together, these results suggest that the
estimation of form and flow FoEs was affected by the attentional
load. When the attentional resources were distracted by irrelevant
tasks (e.g., the number-addition task), the FoE estimation accuracy
was reduced.

Additionally, comparing Figures 3a, ¢ shows that the absolute
estimation errors for form FoE estimation are generally larger
than those for flow FoE estimation. A repeated measures ANOVA
with load conditions and actual FoEs as the within-subject factor
and experiments as the between-subject factor showed that the
interaction between actual FoEs and experiments was significant
[Greenhouse-Geisser corrected: Experiment 1: F(j 32, 50,03) = 6.44,
p = 0.0088, partial n> = 0.15]. Furthermore, a simple-effect test
with Bonferroni correction showed that when the FoEs were £30°
and 440°, the absolute estimation errors for form FoE estimation
tended to be significantly larger than those for flow FoE estimation
(ps < 0.010), suggesting that the estimation of form FoEs was
harder than that of flow FoEs when the FoE was beyond the 30°.

Serial dependence

Figures 4a—d plot the residual estimation error against the
actual flow FoE. They show that the residual estimation error
overall shares the same sign with the actual FoE (also see Figures 4e,
). That is, the residual estimation error is negative as the FoE offset
is negative (circle markers) and vice versa (light solid dots). This
suggests that the flow (form) FoE estimates are biased toward the
previously seen form (flow) display in Experiment 1 (2). A 2 (load
conditions: load vs. no-load) x 5 (actual FoEs: 0°, 10°, and £20°)
x 5 (FoE offsets: 0°, 10°, and +20°) repeated measures ANOVA
showed that the main effects of FoE offsets were all significant
[Greenhouse-Geisser corrected: Experiment 1, F(; 23, 23.43) = 20.55,
p < 0.001, partial n? = 0.52; Experiment 2, F(; 23, 23.09) = 7548, p
< 0.001, partial ? = 0.80]. Furthermore, the post-hoc analysis with
Bonferroni correction showed that in Experiment 1 (Figure 4¢), the
estimation errors of +10° and £20° FoE offsets were significantly
larger than that of 0° (ps < 0.011), and the estimation error of the
20°-FoE offset was also significantly larger than that of the 10°-
FoE offset (p = 0.026); in Experiment 2 (Figure 4g), the estimation

Frontiersin Psychology

10.3389/fpsyg.2025.1505031

errors of £10° and +20° FoE offsets were significantly larger than
that of 0° (ps < 0.001), and the estimation errors of +20° FoE
offset was also significantly larger than that of £10° FoE offset (ps
< 0.0026). These results indicate that attractive serial dependences
are between form and flow FoE estimations.

Additionally, the interactions between load conditions and FoE
offsets were significant [Greenhouse-Geisser corrected: Experiment
1, F(1.23, 23.43) = 20.55, p < 0.001, partial n* =0.52; Experiment 2,
F(1.22,23.09) = 7548, p < 0.001, partial n* = 0.80]. Furthermore,
a simple-effect test with Bonferroni correction showed that the
residual estimation error tended to be larger in the load condition
than in the no-load condition (Figures 4¢, g). This suggests that
when the attention resources allocated to the estimation task were
reduced, the observers relied more on the previously seen display,
showing a stronger serial dependence.

Moreover, the interactions between load conditions and
actual FoEs were also significant [Greenhouse-Geisser corrected:
Experiment 1, F(; 64 31.16) = 9.05, p = 0.0015, partial n? = 0.32;
Experiment 2, F(j 57,2974y = 6.38, p = 0.0082, partial n? = 0.25].
The simple-effect test with Bonferroni correction showed that in
the no-load condition of Experiment 1 (black markers in Figure 4f),
the residual estimation errors were positive when the actual flow
FoEs were negative, and vice versa. This suggested that form FoEs
close to the display center had a stronger effect on flow FoE
estimation than those farther away. In the load condition (blue
markers in Figure 4f), the opposite trend was observed, indicating
that the form FoEs, which are further away from the display center,
had a stronger effect on the estimation of flow FoE than those that
are closer to the display center.

In the no-load condition of Experiment 2 (black markers in
Figure 4h), the residual estimation errors were not significantly
different among different form FoEs (x-axis), showing that the sizes
of serial dependences were very close for the flow FoEs that were
symmetric about the form FoE. For example, when the form FoE
was —20°, the absolute values of residual estimation errors were
3.18° (SE: 1.27°, 95% CI”: [0.53°, 5.84°] and 3.53° (SE: 1.23°, 95%
CI: [0.96°, 6.10°]) for the —40° and 0° flow FoEs. Their difference
was not significant. The trend in the load condition (blue markers
in Figure 4h) was consistent with that in Experiment 1, indicating
that the flow FoEs further away from the display center had a
stronger effect on the estimation of form FoE than those closer to
the display center.

Next, comparing Figures4b, d shows that the residual
estimation errors tend to be larger in Experiment 2 than in
Experiment 1. To test this trend, a three-factor repeated measures
ANOVA with experiments (1 vs. 2) as a between-subject factor
was conducted. The results showed that the interaction between
experiments and FoE offsets was significant [Greenhouse-Geisser
corrected: F(124 4722) = 447, p = 0.032, partial > = 0.11].
Furthermore, simple-effect test with Bonferroni correction showed
that only when the FoE offset was 20°, the residual estimation error
of Experiment 2 was significantly larger than that of Experiment 1
(p = 0.017).

In summary, the results suggest that attractive serial
dependencies are between the form and flow FoE estimations,
which are affected by attention. Furthermore, when comparing
the serial dependence of the flow FoE estimation on the

frontiersin.org


https://doi.org/10.3389/fpsyg.2025.1505031
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Sun et al. 10.3389/fpsyg.2025.1505031

a No-load condition b Load condition
Form affects flow . Form affects flow
15~ FoE offset () 15~
c 0 T
g 10t oo g0t
— O 00 -10 7]
€ 5§ 5f : -20 S 5
2z ] 3
E £ o} WSS - E 0
o 7 7
o o 5 v 5
X  — o
(¥R} o o
> >
T-10+ S-10-
9] 4
oc -15L ! ! L I o 15 I L ! !
20 -10 0 10 20 20 -10 0 10 20
Actual flow FoE (°) Actual flow FoE (°)
C Flow affects form d Flow affects form
~ 15r ~ 15
2 10+ 2 104 {
N O 7}
€ § 5 . S SF
2 B e . s
EEo : - E o
o B 2 . ] 7
g 8 5 ‘ S st (
w3 3 [
T-10+ S-10-
wv w
& 2 15
-15 1 | 1 1 1 - | L 1 1 I
20 10 0 10 20 20 <10 0 10 20
Actual form FoE (°) Actual form FoE (°)
Interaction between
e Interaction between f Interaction between J experiments and offsets
load and offsets load and FoEs in the load condition
~15F ~ 15F e 1 FoE offset (°)
8: FoE offset (7} °T_’ ® No-load < 20
S 10k o 28 S 10+ o Load S 10+ e 10
= G A ] i 0
€ g 5+ 1, ©0 -10 g S 50 ¢ i ° :;g
2 3 4 20 F B g 4
El £ of H-—— £ E OF-===7--
8- " D ’:}‘ a2 7 ! -1
g s T = 57
= =] =1
T-10F S-10- o-10F
wv wv wv
[} [ U
o 15 2 -15L— 1 | L L o 45
No-load Load 20 10 0 10 20 Expt1 Expt2
Actual flow FoE (°)
h
9 ~ 157 ~ 157
g 10+ p g 10+
~N O . F @
e § 5t T 5 5t
& < i 5
= £ O R E O -
[T 1 n
e v g5f 1 v 5L
Kl & K]
=] 3
T-10+ T-10-
" w
[} [
L | E— = g5 i i i i
No-load Load 20 -10 0 10 20
Actual form FoE (°)
FIGURE 4
Results of serial dependence. (a—d) Plot the residual estimation error against the actual FoEs. (a, b) Show the results of Experiment 1. (c, d) Show the
results of Experiment 2. Left panels show the serial dependence in the no-load condition. Right panels show the serial dependence in the load
condition. Dots and shaded areas indicate the mean and standard error of heading errors across 20 participants. (e, g) Show the interaction between
load conditions (no-load vs. load) and FoE offsets. (f, h) Show the interaction between load conditions (no-load vs. load) and actual FoEs. (j) Shows
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previous form FoE (SDEfu_fion» Experiment 1), the serial  estimation task, the SDEp,, form exists even as the flow FoE
dependence of the form FoE estimation on the previous flow is 40°, while the SDEf,, fioy disappears as the form FoE
FoE (SDEfoy_form» Experiment 2) is stronger. Specifically, is beyond 30°. When attentional resources are distracted
when all attentional resources are allocated to the FoE by other tasks, the SDEg,, form tends to be higher than the
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SDEform_flow- Therefore, the SDEgoy form and  SDEfonu_flow
are asymmetric.

Bayesian inference models

Previous studies have revealed that serial dependence is
consistent with a Bayesian inference process (Cicchini et al., 2018;
van Bergen and Jehee, 2019; Xu et al, 2022). This means that
observers depend more on the previously seen feature to estimate
the current feature as the reliability of the current feature decreases
or reduce the dependence on the previous feature as the reliability
of the current feature increases. In addition, previous studies have
revealed that the form FoE can affect the estimation of the flow FoE,
and vice versa (Nichorster et al., 2010; You et al., 2023). Previous
neurophysiological studies have also revealed that the cortical areas
V3a and V3b/KO could be involved in the integration of the two
FoEs (Kuai et al., 2020). Therefore, it is reasonable to take the
previously presented form feature as the prior of the flow FoE.

The analysis above showed that the attentional load reduced
the accuracy of current FoE estimation and biased the estimation
of current FoEs more toward previous feature, which well matches
the Bayesian inference process. Next, we developed a Bayesian
inference model to quantitatively examine the proposal.

Methods

Our model consisted of two layers. Layer 1 predicted FoE
estimates of form and flow displays in the load and no-load
conditions. This layer generated the likelihoods of different
FoEs without serial dependence. Layer 2 predicted the residual
estimation error induced by serial dependence. The details of each
layer are provided below.

Layer 1: generating likelihood distributions

According to the Bayesian inference theory, the final estimate
(m) of one feature (6) is from a posterior distribution (p(6|m))
that is the optimal combination of the prior distribution (p(6)) and
likelihood distribution (p(m]0)). It can be given by:

p@lm) ocp (@) -p(mlo). (©)

In the current study, the participants were shown with the form and
flow displays. We hypothesized that the prior distributions (p(6))
about form and flow FoEs were the same and could be depicted by
a Gaussian function:

(=e=0?)
e 2 (4)

pO) =

A2 Op

where o, indicates the standard deviation of the prior. For
computational convenience, it was given by tuning curve of the
population activities of MSTd neurons (Chen et al., 2008). That is,
0p Was a constant.
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Additionally, the likelihood distributions (p(m|6)) were also
given by a Gaussian function, given by:

1 (—<m—20)2)
(m|0) = e (5)
P V2mo;

where o7 represents the standard deviation of the likelihood
distribution. Its value varied systematically across the experimental
conditions, such as (1) stimulus type (form vs. flow displays),
(2) cognitive load (load vs. no-load conditions), and (3) focus of
expansion (FoE) locations. Consequently, o; was modeled as a
set of free parameters that were independently estimated for each
unique combination of experimental conditions, stimulus types,
and FoE positions.
The final estimate (171) of each FoE (6) was given by:

180

m(0) = pOIm) - xdx, (6)
80

—1
Therefore, Layer 1 consists of two types of parameters {0},
o1}, representing standard deviation of prior and likelihood
distribution. Note that o; varies across different load conditions,
stimulus types and FoEs. The best parameter values were decided
by the least square error methods. That is

min(|im — m|?), (7)

Moreover, the above procedures finally generated the predicted
estimate error for the form and flow displays with different FoEs
in the load and no-load conditions.

Layer 2: predicting residual estimation error
induced by serial dependence

Layer 1 provides the likelihood distributions of different FoEs
in the load and no-load conditions and the predicted estimation
error without previous displays (EEno—load,wnhout,pre—disngy and
EEjoad_without_pre—display)- Next, Layer 2 predicted the estimation
error with previous displays (EE,o—ioad_with_pre—display 2nd
EAEload, with_pre— display)~

Given that the serial dependence means the bias of the estimate
of current features toward previous features, the prior distributions
also included the likelihood distribution of previous display aside
from the prior (6). The posterior was given by:

P(eclm) O<P(9c) p (ml6,) - P(m|9p), (8)

where subscripts ¢ and p indicate the current and previous FoEs.

It was noted that a 1,500-ms time interval existed was between
the previous and current displays. Hence, the FoE of the previous
display should be firstly stored in the working memory and then
integrated with the current display (Sun et al., 2023). While in the
working memory, the representation of the previous FoE could be
changed. Consequently, the standard deviation of the likelihood
when the feature was currently presented differed from when
the feature was previously presented. Therefore, we introduced a
scaling factor (a) to represent the effects of working memory. That
is, the standard deviation of previous display (0;_,) was the product
of a and the standard deviation of current display (o7_.), given by:

Ol p=0a-0l ¢ 9)
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Replacing the posterior in Equation (6) with Equation (8) and
repeating Equations (6) and (7), we would get the predicted
estimatAion error with previous displays (EAEno—load,with,pre—display
and  EEjoad_with_pre—display)- We then use them to subtract
the predicted estimation error without previous displays
(E}\Enofload,without,prefdisplay and E\Eloud,yithout,prefdisplayA) to get
the predicted residual estimation error (REE,;,_joqq and REEj,,4).
Therefore, in Layer 2, there is a free parameter {a} indicating
the working memory effect. To optimize the parameter estimation,
we implemented a least-squares minimization approach, which
minimizes the squared differences between the model-predicted
residual estimation errors and the empirically observed residual

estimation errors, given by
min(|REE — REE[), (10)

Aside from the above model, we also developed another model
without considering the effects of working memory. That is, the
standard deviation of previous display (0;_,) was equal to the
standard deviation of current display (o7_.), given by:

0l_p =0l (11)

If the model involving working memory predicted participants’
data better than the model excluding working memory, then the
working memory played a role in serial dependence.

Results

Figure 5 plots the serial dependence results of participants
(dots and circles) and model predictions (triangles). Figures 4a—d
clearly show that the predictions of model involving the working
memory well match participants’ data. This suggests that the serial
dependences between the form and flow FoE estimations are
consistent with a Bayesian inference process even as the attentional
resources allocated to the FoE estimation task were reduced, and
the attentional load affects serial dependence by reducing the
certainty of the feature representation.

However, compared with the predictions of the model
involving working memory, the predictions of the model excluding
working memory were deviated from the participants’ data a lot
(Figures 5e=h). This suggests that working memory is also involved
in serial dependence.

Discussion

In the current study, two experiments were conducted and it
was found that the serial dependences between the flow and form
FoE estimations were asymmetric. Specifically, when all attentional
resources are allocated to the FoE estimation task, the serial
dependence of the form FoE estimation on the previous flow FoE
(SDEfiow_jorm) still existed even as the flow FoE was 40°, while
the serial dependence of the flow FoE estimation on the previous
form FoE (SDEfym_fiow) disappeared as the form FoE was beyond
30°; however, when attentional resources are distracted by other
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tasks, the SDEfoy_form tended to be stronger than the SDEf,,_flow-
These findings enrich the asymmetric serial dependences revealed
by directly varying the displays (You et al., 2023). Additionally, the
asymmetric serial dependences and the attentional effects were well
predicted by a Bayesian inference model, revealing the underlying
computational mechanisms.

Wang et al. (2024) is the first study to examine the effects of
attention on the serial dependence of the flow FoE estimation on
previous form display. Our current study extended their research
and revealed the effects of attention on the serial dependence of
form FoE estimation on previous flow display. Taken together, these
findings, we point out that serial dependence between form and
motion features are cognitive rather than solely information-driven
(Wang et al., 2022). In addition, this finding further enriches the
evidence for the proposal that serial dependence occurs at different
stages of perception (Bae and Luck, 2020; Ceylan et al, 2021;
Fritsche et al., 2017; Pascucci et al., 2019; Sun et al., 2023; Xu et al.,
2022).

You et al. (2023) alternatively presented form and flow displays
and varied the dot densities of two displays. They found that
the pattern of serial dependence of the flow FoE estimation on
the previous form, along with the change of stimulus reliabilities,
differed from that of the serial dependence of the form FoE
estimation on the previous flow, indicating asymmetric serial
dependences. Previous studies have shown that serial dependence
occurs within a 12-s time window, meaning that only the two
stimuli presented within that time window can be integrated
(Fischer and Whitney, 2014; Manassi et al., 2023). In You et al.
(2023), there are at least three flow and three form displays
presented in that time. As a result, the estimation of current flow
was affected by both previous form and flow displays. Hence, their
conclusions should be re-examined. Our current study used a block
design and calculated the difference in the estimation error between
with and without pre-display conditions (Figure 2). This ensures
that the left estimation error is solely induced by previous displays
or serial dependence. Therefore, we confirmed the asymmetric
serial dependences between the two displays using a more rigorous
experimental design.

Additionally, we identified the asymmetric patterns in different
attentional states. Firstly, when all attentional resources were
focused on the estimation task (Figures 4a, c), the current form FoE
estimation was affected by the flow FoE even at 40°. In contrast, the
current flow FoE estimation was only affected by the form FoE only
when it was <30°. These findings suggest that the range of effects
of flow display on form display is wider than the range of effects of
form display on flow display. Previous studies have demonstrated
some neurons in several cortices respond to form and motion
stimuli simultaneously, such as V1 (Adelson and Movshon, 1982),
KO (Kuai et al., 2020; Pavan et al., 2017b) and MT+ (Matsuyoshi
etal., 2007; Tang et al., 2015), and the receptive fields of which have
smaller receptive fields when responding to form stimuli (De Valois,
1977) compared to when responding to motion stimuli (Albright,
1984). Integration only occurs when the neurons with overlapping
receptive fields capture both the form and flow FoEs. Therefore,
it can be proposed that in our current study, the previous form
display with the 40° FoE falls outside of the neurons’ receptive field
when the neurons respond to the form display with the 20° FoE.
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TABLE 1 The standard deviations of likelihood distributions in the
no-load and load conditions.

Flow display No-load 6.18 3.12 2.39 7.15 8.55
Load 15.05 12.90 2.71 16.72 15.57
Form display No-load 9.05 6.56 2.55 7.02 9.95
Load 17.66 15.35 2.56 15.37 17.07

In contrast, the previous flow display with the 40° FoE falls inside
of the neurons’ receptive field when the neurons responding to the
flow display with the 20° FoE.

Secondly, when the attentional resources allocated to the
FoE estimation of current features were reduced (Figures 4b, d),
the effect size of previous flow displays on the current form
FoE estimation tends to be higher than that of previous form
displays on the current flow FoE estimation. These suggest that
the representation of flow displays is more reliable than that of
form displays. As shown in Figure 3, the estimation accuracy of
flow displays was higher than that of form displays, supporting
our proposal.

Moreover, previous studies have demonstrated that working
memory is involved in serial dependence (Bae and Luck, 2020; Bliss
et al,, 2017; Fritsche et al., 2017; Sun et al.,, 2023). Furthermore,
the attentional load can reduce the representation precision of
stimuli stored in working memory (Allen et al., 2017; Souza
and Oberauer, 2017). In the current study, the numbers used to
distract participants’ attention were presented on the display center
(Figure 2). As a result, the representation reliabilities of previous
displays are reduced. According to the Bayesian inference theory,
it is reasonable that the biases toward the FoEs of these previous
displays are decreased (Figures 4b, d).

Another important contribution of the current study is
that our Bayesian inference model well predicts the effects
of the attentional load on serial dependence, suggesting that
the attentional effect is consistent with a Bayesian inference
process from the computational perspective. Previous studies only
proposed that the serial dependence effect between form and flow
information was consistent with the Bayesian inference process
based on the trend of the data but did not examine it by developing
a computational model (Wang et al., 2024; You et al,, 2023). In
addition, our model proposes that the attentional load modulates
the standard deviation of likelihood distributions that are positively
correlated with the width of sensory neurons’ tuning curves (Ma
et al., 2008; Stocker and Simoncelli, 2006; Butts and Goldman,
2006). Previous neurophysiological studies have found that the
tuning widths increase with the increase in the attentional load
(Dubin and Duffy, 2007, 2009). Our model suggested that the
standard deviation of likelihood distributions in the load condition
were larger than those in the no-load condition (Table 1).

Aside from the effects of attention, our models also took the
effects of studying memory into account. Compared with the
predictions of model without the studying memory parameter, the
model with the parameter well predicted participants’ performance
(Figure 5). Hence, our model implies that studying memory and
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attention simultaneously affect serial dependence. Their roles were
discussed independently in different studies (Bae and Luck, 2020;
Bliss et al., 2017; Fischer and Whitney, 2014; Fritsche and de Lange,
2019; Fritsche et al., 2017; Sun et al., 2023; Wang et al., 2024).
Additionally, we also admit that the above conclusion is made
based on the computational modeling. From the perspective of
modeling, a model with an extra parameter can overfit the data
regardless of the parameters’ psychological mechanisms, which
makes sense. However, the proposal that the parameter represents
studying memory is a direction for future studies.

It should be noted that compared with the non-load condition,
the numbers in the load condition could guide participants’ gaze
direction. As a result, the gaze would be more such asly to be fixed
on the display center in the load condition than in the no-load
condition. In other words, there were more free gazes in the no-
load condition than in the load condition. Moreover, the number-
addition task could lead to the longer onset time for the estimation
task than in the no-load condition, which could lead to more
internal noise that cannot be totally attributed to attention. Hence,
these two confounding factors (gaze and delay) could reduce the
reliability of our conclusions about estimation standard deviation,
which are good open questions for future studies.

In summary, the current study systematically addresses
the effects of attention on the asymmetric serial dependences
between static form and dynamic flow features and reveals
the underlying computational mechanisms. These conclusions
are made based on the behavioral and computational modeling
evidence, some of which are only hypotheses. Future studies can
employ neurophysiological and brain imaging techniques to further
investigate these findings.
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