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Abstract
This study aims to investigate the influence of motion information on multiple
object tracking, specifically examining whether a grouping effect based on mo-
tion information exists in multiple object tracking, and how different types of
surface features (color and shape) affect this effect. Experiment 1 found that a
grouping effect based on motion information exists in multiple object tracking,
and that this grouping effect is automatic. Experiments 2 and 3 examined the
stability of the grouping effect based on motion information under conditions
of different color and shape combinations, respectively; both results indicated
that the combination of different surface features does not interfere with the
formation of the grouping effect based on motion information, but its effect size
is reduced by the presence of surface features. Overall, an automatic grouping
effect based on motion information exists in multiple object tracking, and this
effect represents a concrete manifestation of the law of common fate in Gestalt
principles, which can stably exist across different combinations of surface fea-
tures.
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Abstract

This study investigated the influence of motion information on multiple object
tracking, specifically examining whether a grouping effect based on motion in-
formation exists in multiple object tracking and how different types of surface
features (color and shape) affect this effect. Experiment 1 found that a grouping
effect based on motion information exists in multiple object tracking, and this
grouping effect is automatic. Experiments 2 and 3 examined the stability of
the motion-based grouping effect under different color and shape combination
conditions, respectively. The results showed that different surface feature combi-
nations did not interfere with the formation of the motion-based grouping effect,
but the effect size was reduced by the presence of surface features. Overall, an
automatic grouping effect based on motion information exists in multiple object
tracking, and this effect represents a concrete manifestation of the Gestalt law
of common fate, remaining stable across different surface feature combinations.

Keywords: multiple object tracking; common fate; motion information; group-
ing effect

1. Introduction
In daily life, people often need to use dynamic vision to track and observe the
surrounding world. For instance, beach lifeguards must constantly monitor the
status of people on the beach, and soccer players need to continuously track the
positions of players and the ball on the field. Dynamic visual tracking ability is
more complex and ecologically valid than static attentional perception, facilitat-
ing better processing and understanding of the dynamic objective world. In the
1980s, Pylyshyn and Storm (1988) proposed the multiple object tracking (MOT)
task paradigm to systematically explore this dynamic visual ability. Since then,
the multiple object tracking task has become a typical task for reflecting human
capacity to acquire objects in spatiotemporally changing scenes. After nearly 30
years of research, it has been found that ordinary people can generally track 4–
5 targets simultaneously, corresponding to an equivalent number of index tags
(Pylyshyn & Storm, 1988). However, this capacity is still influenced by numer-
ous factors, such as the number of targets or distractors (Oksama & Hyönä,
2004; Zhang, Lu, & Wei, 2011), object speed (Feria, 2013), motion trajectory
(Luu & Howe, 2015), reference frame for motion (Huff, Meyerhoff, Papenmeier,
& Jahn, 2010), spatial separation (Holcombe, Chen, & Howe, 2014), spatial
symmetry features (Wang, Zhang, Li, & Lyu, 2016), surface features (Makovski
& Jiang, 2009a; Lei, Wei, Lyu, Zhang, & Yan, 2016), categorical features (Wei,
Zhang, Chuang, & Zhen, 2016), and identity transformations (Lyu, Hu, Wei,
Zhang, & Talhelm, 2015; Hu, Lyu, Zhang, & Wei, 2018).
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1.1 The Role of Motion Information in Multiple Object Tracking

Although multiple object tracking performance is affected by many factors, mo-
tion information is more fundamental and critical compared to other features.
This is evident in two aspects. First, in typical multiple object tracking tasks
where all moving objects are identical (Pylyshyn, 2004; Scholl, Pylyshyn, &
Feldman, 2001), observers cannot use surface features to assist tracking but can
still maintain simultaneous tracking of multiple targets effectively. Second, even
when surface features change constantly (Makovski & Jiang, 2009b; Hu et al.,
2018) or are occluded (Franconeri, Pylyshyn, & Scholl, 2012; Scholl & Pylyshyn,
1999), observers cannot effectively use surface features to assist tracking but can
still rely on spatiotemporal characteristics to establish object continuity and
maintain simultaneous tracking of multiple moving objects. Therefore, the vi-
sual system’s dependence on motion information is relatively strong in multiple
object tracking (Keane & Pylyshyn, 2006; Zhang, Yao, & Lu, 2008).

Motion information concerns how current objects move (Fencsik, Klieger, &
Horowitz, 2007) and can include comprehensive information such as position,
speed, and direction (Suganuma & Yokosawa, 2006). Early on, Yantis (1992)
and Scholl and Pylyshyn (1999) found that when visual objects disappeared or
were occluded, they could still be tracked as continuous existences, meaning
that objecthood was maintained (Scholl & Pylyshyn, 1999; Yantis, 1992). Even
when the disappearance time was extended to between 150–900 ms, tracking per-
formance showed no difference (Keane & Pylyshyn, 2006). When investigating
the reasons for target recovery, Horowitz, Birnkrant, Fencsik, Tran, and Wolfe
(2006) speculated that this target recovery ability mainly triggered an offline
storage mechanism when target stimuli suddenly disappeared from view, with
the visual system storing target information at the moment of disappearance
in this offline memory (Horowitz et al., 2006). When targets reappeared, ob-
servers could match the current display with the stored information to recover
targets. Regarding the information stored by this hypothesized offline storage
mechanism, Keane and Pylyshyn (2006) believed it mainly consisted of target
position information, while Fencsik et al. (2007) further used experiments to
demonstrate that in addition to target position information, it should also en-
compass target motion direction and trajectory information (Fencsik, Horowitz,
Kliege, & Wolf, 2004; Fencsik et al., 2007).

In addition to assisting target recovery, motion information can also serve as an
auxiliary cue to influence multiple object tracking performance. First, Horowitz
and Cohen (2010) required observers to judge the motion direction of targets
after the motion phase in a typical MOT task, and the results showed that ob-
servers could identify it accurately. Second, StClair, Huff, and Seiffert (2010)
also used a typical MOT paradigm and found that in real-time continuous mo-
tion of visible moving objects, texture background motion information signifi-
cantly affected multiple object tracking performance (StClair et al., 2010). Com-
pared to a static texture background, texture background motion opposite to
target motion direction hindered multiple object tracking performance, while
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texture background motion in the same direction as target motion facilitated
it. This suggests that motion information from moving objects can be used
to promote multiple object tracking performance. Third, when moving objects
moved linearly and their positions were predictable, observers could use motion
information to assist tracking to some extent. However, when moving objects
changed direction randomly and their positions were unpredictable, observers
could not utilize motion information (Howe & Holcombe, 2012a).

Motion information helps establish object continuity, but whether it can pro-
mote multiple object tracking performance depends on whether it can be ef-
fectively organized and recognized. When motion information is randomly dis-
tributed in multiple object motion without regularity, the utilization degree of
motion information is low, as in typical multiple object tracking tasks. How-
ever, when motion information is highly organized or highly recognizable, the
facilitating effect of motion information is relatively obvious, such as with pre-
dictable motion positions and multiple object motion without directional infor-
mation conflict. Suganuma and Yokosawa (2006) conducted a study focusing
on how the organization of motion information affects multiple object tracking
performance. The study selected four different motion trajectories as experimen-
tal conditions (see Figure 1 [Figure 1: see original paper]), namely the chase
condition, the parallel condition, the trail condition, and the baseline random
condition. In the chase condition, a target and a distractor first separated by
a certain distance, after which either of them moved first (the chased object or
leading object), and the other subsequently moved in the same direction and
speed as the chased object (the chasing object or led object). The motion direc-
tion of the two objects was the same as the direction of the line connecting their
centers. The parallel condition was the same as the chase condition in the initial
stage, with two objects first separated by a certain distance and then moving
in the same direction sequentially, but the front and rear objects differed by at
least 30° in the same direction orientation, meaning they moved parallel to each
other but with non-overlapping paths. The trail condition was the same as the
chase condition, but while the leading object’s direction and speed were fixed
and unchanging in the chase condition, the leading object in the trail condition
was allowed to change direction and speed randomly. The random condition
was consistent with typical MOT tasks and served as the experimental baseline.

Through sequential comparisons, it was found that performance in the chase
condition was significantly lower than in the baseline random condition, indi-
cating that multiple object tracking performance was affected by object motion
trajectory. Furthermore, both the parallel condition and the trail condition were
significantly lower than the baseline random condition but showed no significant
difference from the chase condition, respectively indicating that sharing motion
direction and sharing motion trajectory both reduce multiple object tracking
performance. Therefore, when targets and distractors share certain motion in-
formation, such as direction or trajectory, it will impair multiple object tracking
performance, even if observers do not successfully detect this relationship (Sug-
anuma & Yokosawa, 2006). This study also implies that even in the absence
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of other effective grouping cues, different types of common motion information
seem to be able to form grouping as a holistic object representation. However,
this study mainly used the grouping hypothesis to explain the effect produced
by common motion information, suggesting that high-level perceptual organi-
zation can use common motion information to maintain tag-target updating,
representing a process from phenomenon to theoretical explanation. It did not
directly elaborate on motion information itself as a type of feature forming
grouping under different circumstances and its impact on multiple object track-
ing performance. Specifically, whether motion information features can form
grouping both within targets and between targets and distractors, similar to
other surface features (such as color, shape), and whether these two types of
grouping produce different effects on multiple object tracking performance. In
comparison, the content explored in this study is more direct and specific than
that of Suganuma and Yokosawa (2006).

[Figure 1: see original paper] Three types of motion trajectories (Suganuma &
Yokosawa, 2006)

Note: a. Chase motion; b. Parallel motion; c. Trail motion. Dashed lines
represent the motion trajectories of solid objects, while solid lines represent the
motion trajectories of hollow objects. The bolded portions of dashed and solid
lines indicate the critical phase of motion matching. The motion positions in the
above images are captured from the first frame of the critical phase. Note that
8 or 10 identical objects appeared in the formal experiment, with no indicator
lines present.

1.2 Grouping Effects in Multiple Object Tracking

Yantis (1992) first reported that grouping effects facilitate multiple object
tracking performance, meaning that observers can top-down form virtual
polygons at a high cognitive level to maintain multiple tracking targets. Specif-
ically, in multiple object tracking, observers first automatically form grouping
through stimulus-driven processes (group formation), and then maintain
grouping through top-down goal-driven processes (group maintenance). Scholl
et al. (2001) used target merging methods, connecting a target and a distractor
with visible or invisible lines, and found that target merging technology caused
the merged target and distractor to be automatically perceived as a holistic
object, increasing tracking task difficulty. Subsequently, a series of multiple
object tracking studies have also shown that moving objects in multiple object
tracking can form perceptual grouping based on different characteristics, such
as similarity (Feria, 2012; Howe & Holcombe, 2012b; Makovski & Jiang, 2009a,
2009b), interpolated contours (Keane, Mettler, Tsoi, & Kellman, 2011), stereo
depth and contrast polarity (Erlikhman, Keane, Mettler, Horowitz, & Kellman,
2013), symmetry regularity (Wang et al., 2016), conceptual categories (Wei et
al., 2016), and combined features (Erlikhman et al., 2013; Howe & Holcombe,
2012b).
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Makovski and Jiang (2009a, 2009b) showed that when targets and distractors
share color features, it impairs attentional tracking. Feria (2012) demonstrated
that when distractors differ from targets in shape, color, or stationary state,
the impairment to tracking performance is smaller than when distractors are
identical to targets. Howe and Holcombe (2012b) further showed that when dis-
tractors do not share combined features with targets, combined features can also
facilitate multiple object tracking performance. Keane et al. (2011) found that in
addition to surface features, interpolated contour features can also bind targets
and distractors, subsequently causing impaired tracking performance, and this
binding is automatic. To verify whether this automatic grouping effect is unique
or universally present, Erlikhman et al. (2013) more comprehensively examined
grouping effects across eight features, including color, contrast, orientation, size,
shape, stereo depth, interpolation, and feature combinations (color, shape, size).
The results showed that most features forming inter-target grouping could signif-
icantly improve tracking performance, except for grouping based on orientation
and interpolation features. However, when forming target-distractor grouping
based on specific features, it significantly impaired tracking performance, in-
cluding color, size, shape, feature combinations, and interpolation. Therefore,
the vast majority of features can produce grouping effects based on feature sim-
ilarity, even when these features are irrelevant or contrary to the current task,
and in dynamic tracking, feature similarity-based grouping effects seem to favor
automatic and parallel processing. Wang et al. (2016) recently also found that
regular features, such as spatial symmetry, can affect multiple object tracking
performance. When targets and targets are in symmetric positions, multiple ob-
ject tracking performance improves, whereas when targets and distractors are
in symmetric positions, performance decreases. Furthermore, symmetry-based
grouping effects can be additive with color- or shape-based grouping effects,
further improving multiple object tracking performance. This indicates that
grouping effects between two different types of features can operate indepen-
dently without interfering with each other.

While the above studies have discovered numerous grouping effects based on
different surface features, whether basic motion and spatiotemporal feature at-
tributes can also produce similar grouping effects remains to be further inves-
tigated in detail. Motion and spatiotemporal features play important roles in
establishing object continuity, and theoretically, different types of motion group-
ing effects will influence the process of establishing object continuity. Therefore,
this experiment hypothesizes that if motion information can assist observers
in forming grouping within the target group, this grouping effect will be more
conducive to establishing object continuity. Conversely, if motion information
assists observers in forming grouping between targets and distractors, this group-
ing effect will more likely interfere with the establishment of object continu-
ity. This can explore whether motion information-based grouping effects ex-
ist, and also examine whether motion information-based grouping effects tend
toward automatic processing. In Experiment 1, three different motion infor-
mation conditions were set up, corresponding to intra-target paired motion,
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target-distractor paired motion, and random motion (baseline condition), to in-
vestigate this grouping effect. According to Keane et al. (2011) and Erlikhman
et al. (2013), for a feature to form automatic grouping during multiple object
tracking, two conditions must be met. First, performance when grouping forms
within targets must be better than performance in random motion state. Sec-
ond, performance when grouping forms between targets and distractors must
be worse than performance in random motion state. Meeting the first condition
indicates that the feature can effectively form perceptual grouping, meaning ob-
servers can effectively distinguish targets from distractors based on this feature
to improve tracking performance. However, meeting the first condition does
not mean the feature is automatically processed; it could also be voluntarily
processed. Therefore, the second condition must also be met. If the second
condition is also satisfied, it indicates that this feature can not only effectively
distinguish targets from distractors but also effectively interfere with the visual
object independence of targets, hindering targets from being distinguished from
distractors. Moreover, this effect cannot be changed by observers’voluntary
inhibition but is a bottom-up automatic process that inevitably causes visual
confusion. Therefore, in Experiment 1, if tracking performance in both the
intra-target paired motion condition and the target-distractor paired motion
condition is significantly different from random motion, it indicates that paired
motion can affect multiple object tracking, meaning observers can use motion
information to form grouping. Moreover, if tracking performance in the intra-
target paired motion condition is significantly higher than in random motion
and tracking performance in the target-distractor paired motion condition is
significantly lower than in random motion, it indicates that this grouping effect
also supports bottom-up automatic processing.

Additionally, considering that a large number of moving objects in daily life
have their own surface feature information, the current study further investi-
gated whether the motion information-based grouping effect can stably exist in
multiple object tracking tasks with surface features, that is, whether surface fea-
tures affect the formation of motion information-based grouping effects. Specifi-
cally, in Experiment 1, the surface feature information available to observers was
consistent, meaning observers mainly relied on motion information to maintain
multiple object tracking. However, when surface feature information appears,
will the utilization degree of motion information be affected? Pylyshyn (2004)
believed that surface features have a small effect on multiple object tracking,
while Makovski and Jiang (2009b) and Feria (2012) believed that surface fea-
tures play an important role in multiple object tracking. Therefore, examining
motion information-based grouping effects under different surface features has
important theoretical and practical significance. In Experiments 2 and 3, we ex-
plored the stability of motion information-based grouping effects by manipulat-
ing different color and shape combination features, including three combination
conditions: identical feature condition, distinct feature condition, and mixed
feature condition. If motion information-based grouping effects exist under dif-
ferent color and shape feature conditions, there will be sufficient evidence to
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support that motion information-based grouping effects stably exist in multiple
object tracking. Overall, the current study is of considerable significance for
understanding the role of motion information in multiple object tracking and
for further understanding the impact of perceptual grouping effects on multiple
object tracking.

2. Experiment 1: The Effect of Motion Information-Based
Grouping on Multiple Object Tracking Performance
Motion information is widely used in multiple object tracking, such as in target
recovery and assisted tracking, but its utilization degree varies depending on or-
ganizational forms. Although grouping effects have been proven to widely exist
in numerous surface features, for basic spatiotemporal features, there is still no
complete direct evidence indicating the existence of motion information-based
grouping effects and whether this effect is driven by bottom-up automatic pro-
cessing. The essence of automatic grouping effects in multiple object tracking
is that intra-target grouping facilitates multiple object tracking performance,
while target-distractor grouping impairs performance (Erlikhman et al., 2013;
Keane et al., 2011; Wang et al., 2016). Therefore, this experiment will demon-
strate the existence of motion information-based grouping effects and their au-
tomatic processing characteristics by examining differences in multiple object
tracking performance between intra-target motion grouping, target-distractor
motion grouping, and random motion conditions.

Sixteen participants were recruited from universities in the Beijing area, in-
cluding 6 males and 10 females, with a mean age of 21.38 ± 2.17 years. All
participants had normal or corrected-to-normal vision. They signed informed
consent forms before the experiment and received corresponding compensation
after the experiment.

The experimental display was a 17-inch CRT monitor with a screen resolution of
1024×768 pixels (1 pixel = 0.032 cm) and a vertical refresh rate of 85 Hz. The
experimental program was written using the Psychophysics Toolbox (Brainard,
1997; Pelli, 1997) based on Matlab 2012b (www.mathworks.com).

During the formal experiment, participants sat approximately 57 cm in front of
the computer screen. The stimulus presentation area was a black [RGB (0, 0, 0)]
square frame of 900×675 pixels (36°×27°) at the center of the screen. Both the
background and motion area were filled with natural gray [RGB (128, 128, 128)].
The tracking objects were 12 black rings with a diameter of 30 pixels (8 pixels
wide), including 6 targets and 6 distractors. At the beginning of the experiment,
the initial positions of tracking objects were randomly assigned, with an average
motion speed of 8.5°/s. The direction was not changed randomly during motion;
objects rebounded after hitting the outer walls but did not rebound upon contact
with each other.

The experimental design was a single-factor three-level within-subjects design
(see Figure 2). The independent variable was the pairing form of tracking objects’
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motion trajectories. Condition 1 was target-target paired chase motion (target-
target pairing condition), where one target moved in front while another target
followed closely behind. Condition 2 was target-distractor paired chase motion
(target-distractor pairing condition), where one target moved in front while a
distractor followed closely behind. Condition 3 was the control condition (ran-
dom no-pairing condition), where targets and distractors moved independently
and randomly, consistent with typical MOT tasks. The dependent variable was
tracking accuracy.

The chase motion began in a paired state, with the front and rear moving
objects separated by three times the center-to-center distance (90 pixels, 3.6
degrees). Thereafter, the chasing target followed the motion trajectory of the
chased target. The chasing and chased targets had consistent motion speed and
direction, with their motion direction pointing toward the line connecting their
centers. The front object rebounded when hitting the black border, and the
rear chasing object rebounded at the same position along the front object’s
trajectory, then continued chasing the front object.

Note: The red dashed circles indicate tracking targets. Dashed arrows repre-
sent paired motion relationships; in each paired motion relationship, the object
pointed to by the arrow is the leader, and the object at the arrow’s starting
point is the follower. The follower’s motion trajectory is consistent with the
leader’s, showing a chasing state. In formal motion, red dashed circles and
dashed arrows are not displayed.

[Figure 2: see original paper] Schematic diagram of three experimental condi-
tions

At the beginning of the experiment, instructions were automatically presented
on the screen. After confirming that participants understood the task, they
pressed the spacebar to continue. Then, 12 rings with a diameter of 30 pixels
were presented simultaneously on the screen, with 6 rings selected as targets.
A red ring with a diameter of 40 pixels (4 pixels wide) appeared around the
targets and flashed 4 times for 2000 ms. After flashing, the marking state was
maintained for 1000 ms (i.e., the red ring continued to appear around track-
ing objects). After the marking phase, all tracking objects entered the motion
phase. In paired chase motion, the center-to-center distance between front and
rear paired objects was 90 pixels (three times the ring diameter). Paired rings
moved in the same direction and speed (appearing as one object chasing an-
other). The front object rebounded when hitting the black border, and the rear
chasing object rebounded at the same position along the front object’s trajectory,
then continued following the front object. During motion, rings could occlude
each other without collision rebound. In random motion without pairing, all
rings moved randomly and independently, repelling each other at a center-to-
center distance of three times the ring diameter. The occlusion settings differed
between paired motion and random motion. Occlusion was allowed in the for-
mer setting to avoid large-scale collision rebound phenomena that would affect
paired tracking effectiveness. The latter setting used collision rebound without
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occlusion because half of the moving objects in paired chase motion were in a
non-contact state with a spacing of three times the object diameter. To coun-
teract the potential gain effect caused by this phenomenon in paired motion,
random motion was set to rebound before contact. This setting is more conser-
vative and less likely to cause false-positive results. The entire motion phase
lasted 10 s, entering the paired state directly from the start of motion. To pre-
vent participants from relying only on chased object information and ignoring
chasing object information in paired chase motion, all objects were unpaired 1
s before the end of paired chase motion and entered random motion. After the
motion phase, participants were required to select all targets with the mouse.
A red ring with a diameter of 40 pixels appeared around selected rings, and
selections could be changed. After selecting all 6 targets, participants pressed
the spacebar to proceed to the next trial.

Before the formal experiment, participants practiced for at least 4 trials with ac-
curacy feedback until they clearly understood the experimental task. The three
experimental conditions were presented in mixed random order, with 20 trials
per condition, totaling 60 trials. The entire experiment lasted approximately 20
minutes. The experimental program automatically recorded response data.

2.5 Results and Analysis

Repeated measures ANOVA revealed significant differences between different
motion patterns (see Figure 3 [Figure 3: see original paper]), F(2, 30) = 22, p <
0.001, �p² = 0.6. Post-hoc pairwise comparisons (Bonferroni corrected) further
showed that the target-target pairing condition was significantly higher than
the target-distractor pairing condition, t(15) = 7.51, p < 0.001, Cohen’s d =
1.88, and the random no-pairing condition, t(15) = 3.23, p = 0.006, Cohen’s d
= 0.81. Moreover, the target-distractor pairing condition was significantly lower
than the random no-pairing condition, t(15) = –3.06, p = 0.008, Cohen’s d =
0.76.

[Figure 3: see original paper] Tracking accuracy for three motion conditions
(error bars represent +1 SE)

Experiment 1 found that tracking accuracy was highest in the target-target pair-
ing condition, followed by the random no-pairing condition, and lowest in the
target-distractor pairing condition. That is, compared to the baseline condition,
when distractors share motion information with targets, tracking performance
is impaired, consistent with previous research (Makovski & Jiang, 2009b; Sug-
anuma & Yokosawa, 2006). Compared to the baseline condition, when targets
share motion information with each other, tracking performance can be im-
proved (Howe & Holcombe, 2012b). This indicates that the grouping effect
based on motion trajectory is also automatic (Erlikhman et al., 2013). This
suggests that motion information, like surface features such as color, size, and
shape, is also an important factor in forming grouping effects.
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3. Experiment 2: The Stability of Motion Information-
Based Grouping Effects Under Different Color Feature
Combinations
Experiment 1 found that a grouping effect based on motion information exists
in multiple object tracking, and this grouping effect is automatically processed.
In Experiment 1, all moving objects had identical surface features, meaning they
had the same color and shape. However, in the real world, moving objects have
certain surface features. Does the motion information-based grouping effect sta-
bly exist under different surface features? Specifically, do different surface fea-
tures affect the formation of motion information-based grouping effects? Based
on this, Experiment 2 selected color features as surface features and divided
surface feature combinations into three situations: same color between targets
and distractors (identical color condition), different colors between targets and
distractors (distinct color condition), and mixed colors between targets and dis-
tractors (mixed color condition). Under these three surface feature conditions,
we examined whether the motion information-based grouping effect still stably
existed.

Eighteen participants were recruited from universities in the Beijing area, in-
cluding 7 males and 11 females, with a mean age of 21.25 ± 1.52 years. All
participants had normal or corrected-to-normal vision. They signed informed
consent forms before the experiment and received corresponding compensation
after the experiment.

The experimental apparatus and program were the same as in Experiment 1.
The experimental materials were 12 solid circles with a diameter of 30 pixels,
including 6 targets and 6 distractors. The colors filled in the solid circles were
as follows (see Figure 4 [Figure 4: see original paper]): green [RGB (0, 255,
0)], magenta [RGB (255, 0, 255)], cyan [RGB (0, 255, 255)], blue [RGB (0, 0,
255)], red [RGB (255, 0, 0)], orange [RGB (255, 165, 0)], and deep pink [RGB
(255, 20, 147)]. Target and distractor colors were randomly selected from the
above colors. The average motion speed of moving objects was 10.2°/s. Other
parameters were the same as in Experiment 1.

[Figure 4: see original paper] Experimental color materials (see color version in
electronic edition)

This experiment used a 2 (motion information grouping: target-target pairing
condition vs. target-distractor pairing condition) × 3 (color grouping: identical
color condition, distinct color condition, mixed color condition) within-subjects
design. The experimental combination design is shown in Table 1 and Figure 5
[Figure 5: see original paper].

Table 1 Experimental Design Description for Experiment 2
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Combination Condition Explanation
Target-Target Pairing Target-target paired chase

motion, with targets and
distractors in the same
color

Target-Target Pairing Target-target paired chase
motion, with targets in one
color and distractors in
another color

Target-Target Pairing Target-target paired chase
motion, with half targets
and half distractors in one
color and the other half
targets and distractors in
another color

Target-Distractor Pairing Distractor-target paired
chase motion, with targets
and distractors in the same
color

Target-Distractor Pairing Distractor-target paired
chase motion, with targets
in one color and distractors
in another color

Target-Distractor Pairing Distractor-target paired
chase motion, with half
targets and half distractors
in one color and the other
half targets and distractors
in another color

[Figure 5: see original paper] Schematic diagram of experimental conditions
(color + motion information, see color version in electronic edition. Circles
within dashed square frames are marked as tracking targets, others are distrac-
tors. In the formal experiment, red rings were used for marking during the
marking phase; this is only illustrative here. Dashed arrows indicate paired
motion relationships; in each paired motion relationship, the object pointed to
by the arrow is the leader, and the object at the arrow’s starting point is the
follower. The follower’s motion trajectory is consistent with the leader’s, show-
ing a chasing state. Dashed frames and dashed arrows are not displayed during
formal motion)

The experimental procedure and parameters were basically the same as in Ex-
periment 1. However, color was added as a surface feature in each trial, and at
the end of motion, solid black circles of the same size (30 pixels) were used
for masking to prevent participants from using memory strategies for selec-
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tion. Participants first completed the target-target pairing condition under
three color combinations, then completed the target-distractor pairing condi-
tion under three color combinations. In each chase condition, the three color
combinations were randomly mixed. Each combination condition was repeated
for 20 trials, totaling 120 trials. The entire experiment lasted approximately 40
minutes. The experimental program automatically recorded response data.

3.5 Results and Analysis

Tracking accuracy under different motion information and color combination
conditions is shown in Figure 6 [Figure 6: see original paper]. Repeated mea-
sures ANOVA revealed a significant main effect of motion information grouping,
F(1, 17) = 28.76, p < 0.001, �p² = 0.63. This indicates that overall, tracking
accuracy in the target-target pairing condition was significantly higher than in
the target-distractor pairing condition. The main effect of color grouping was
significant, F(1.37, 23.37) = 213.86, p < 0.001, �p² = 0.93 (Greenhouse-Geisser
corrected). This indicates that different color grouping treatments in the experi-
ment were effective. The interaction between the two factors was also significant,
F(2, 34) = 9.44, p < 0.001, �p² = 0.36. This indicates that the differences in
tracking accuracy between target-target pairing and target-distractor pairing
conditions under different color feature groupings were not the same.

[Figure 6: see original paper] Tracking accuracy based on motion grouping under
three color grouping conditions (error bars represent ±1 SE)

Further simple effect tests (Bonferroni corrected) under different color grouping
conditions found that tracking accuracy in the target-target pairing condition
was significantly higher than in the target-distractor pairing condition under
the identical color condition (t(17) = 6.65, p < 0.001, Cohen’s d = 1.57),
distinct color condition (t(17) = 2.72, p = 0.015, Cohen’s d = 0.64), and mixed
color condition (t(17) = 2.19, p = 0.043, Cohen’s d = 0.52). This indicates
that motion information-based grouping effects stably exist across different color
feature groupings. On the other hand, simple effect tests (Bonferroni corrected)
under different motion information grouping conditions found that the three
color grouping conditions were significant in the target-target pairing condition,
F(2, 16) = 93.36, p < 0.001, �p² = 0.92. Specifically, the distinct color condition
was significantly higher than the identical color condition (t(17) = 12.39, p <
0.001, Cohen’s d = 2.92) and the mixed color condition (t(17) = 14.08, p < 0.001,
Cohen’s d = 3.32). The mixed color condition was significantly lower than the
identical color condition, t(17) = –2.9, p = 0.03, Cohen’s d = 0.68. The three
color grouping conditions were also significant in the target-distractor pairing
condition, F(2, 16) = 173.36, p < 0.001, �p² = 0.96. Specifically, the distinct
color condition was significantly higher than the identical color condition (t(17)
= 18.79, p < 0.001, Cohen’s d = 4.43) and the mixed color condition (t(17)
= 13.13, p < 0.001, Cohen’s d = 3.1). The mixed color condition showed no
significant difference from the identical color condition, t(17) = –2.15, p = 0.139,
Cohen’s d = –0.51. This indicates that in feature combination conditions, the
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distinct color condition can also significantly facilitate multiple object tracking
performance, while the mixed color condition cannot facilitate and may even
impair tracking performance. That is, to a certain extent, color features and
motion information can be utilized simultaneously.

Furthermore, to analyze the effect of color features on motion information, the
tracking performance in the target-distractor pairing condition was subtracted
from the target-target pairing condition under the three color grouping condi-
tions, yielding gain scores of 10.1%, 3.6%, and 3.4% for the three color grouping
conditions, respectively. Using the gain score under the identical color condition
as a baseline, paired-sample t-tests with the other two gain scores revealed that
the gain scores in both the distinct color condition (t(17) = –3.73, p = 0.002,
Cohen’s d = –0.88) and the mixed color condition (t(17) = –4.26, p = 0.001,
Cohen’s d = –1) were significantly lower than in the identical color condition.
However, there was no significant difference in gain scores between the distinct
color and mixed color conditions, t(17) = 0.1, p = 0.924, Cohen’s d = 0.02.
This indicates that although motion information-based grouping effects stably
exist across different color feature groupings, their effect sizes are significantly
reduced by surface features. When color grouping is advantageous, such as in
the distinct color condition, the reduction is due to color grouping gains. When
color grouping is disadvantageous, such as in the mixed color condition, the
reduction is due to color mixing interference.

In different color combination conditions, target-target pairing was always more
conducive to tracking than target-distractor pairing, indicating that motion
information-based grouping effects are stable. Color-based grouping effects did
not interfere with the formation of motion information-based grouping effects.
However, compared to when targets and distractors had identical colors, the
presence of color features significantly reduced the difference between target-
target pairing and target-distractor pairing conditions. Although the reasons for
the reduction differed—gain reduction in the former and interference reduction in
the latter—this demonstrates on one hand that motion information-based group-
ing effects have stability and can still function even when color-based grouping
effects exist. On the other hand, it also shows that although color-based group-
ing effects did not interfere with the formation of motion information-based
grouping effects, motion information-based grouping effects were still influenced
by color features.

4. Experiment 3: The Stability of Motion Information-
Based Grouping Effects Under Different Shape Feature
Combinations
Experiment 2 examined motion information-based grouping effects under differ-
ent color feature combinations and still found that intra-target grouping yielded
better multiple object tracking performance than target-distractor grouping.
However, color features are only one type of surface feature, and shape fea-
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tures are needed for further verification. Shape features, like color features, are
external features widely present on object surfaces, but the cognitive process-
ing of shape features differs from that of color features. Therefore, Experiment
3 further examined motion information-based grouping effects under different
shape grouping conditions.

Forty participants were recruited from universities in the Beijing area (including
11 males and 29 females, with a mean age of 22.38 ± 2.89 years). All partici-
pants had normal or corrected-to-normal vision. They signed informed consent
forms before the experiment and received corresponding compensation after the
experiment.

The experimental apparatus and program platform were the same as in Exper-
iment 2. However, the experimental materials were no longer fixed as solid
circles but used circles, isosceles triangles, squares, and pentagons as stimulus
materials according to shape features. The latter three were inscribed geomet-
ric figures of the circle (see Figure 7 [Figure 7: see original paper]), with the
reference circle diameter remaining at 30 pixels. In the experiment, the shapes
used for targets and distractors were randomly selected from the above four
shapes. The average motion speed of moving objects in the experiment was
10.2°/s, consistent with Experiment 2.

[Figure 7: see original paper] Experimental shape materials (in formal experi-
ments, the circumscribed circles are not displayed)

The experimental procedure and parameters were the same as in Experiment 2,
but shape was changed as a surface feature in each trial. At the end of motion,
circumscribed black solid circles of the same size (same size as the reference circle,
i.e., 30 pixels in diameter) were used for masking to prevent participants from
using memory strategies for selection. In each chase condition, the three shape
combinations were randomly mixed. Each combination condition was repeated
for 20 trials, totaling 120 trials. The entire experiment lasted approximately 40
minutes. The experimental program automatically recorded response data.

4.5 Results and Analysis

Tracking accuracy under different motion information and shape combination
conditions is shown in Figure 9 [Figure 9: see original paper]. Repeated mea-
sures ANOVA revealed a significant main effect of motion information grouping,
F(1, 39) = 195.52, p < 0.001, �p² = 0.83. This indicates that overall, tracking
accuracy in the target-target pairing condition was significantly higher than in
the target-distractor pairing condition. The main effect of shape grouping was
significant, F(2, 78) = 241.57, p < 0.001, �p² = 0.86. This indicates that differ-
ent shape grouping treatments in the experiment were effective. The interaction
between the two factors was significant, F(2, 78) = 5.23, p = 0.007, �p² = 0.12.
This indicates that the differences in tracking accuracy between target-target
pairing and target-distractor pairing conditions under different shape feature
groupings were significantly different.
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[Figure 9: see original paper] Tracking accuracy based on motion grouping under
three shape grouping conditions (error bars represent ±1 SE)

Simple effect tests (Bonferroni corrected) under different shape feature grouping
conditions found that tracking accuracy in the target-target pairing condition
was significantly higher than in the target-distractor pairing condition under the
identical shape condition (t(39) = 13.91, p < 0.001, Cohen’s d = 2.20), distinct
shape condition (t(39) = 10.67, p < 0.001, Cohen’s d = 1.69), and mixed shape
condition (t(39) = 10.59, p < 0.001, Cohen’s d = 1.67). This indicates that
motion information-based grouping effects stably exist across different shape
feature groupings. On the other hand, simple effect tests (Bonferroni corrected)
under different motion information grouping conditions found that the three
shape grouping conditions were significant in the target-target pairing condi-
tion, F(2, 38) = 126.05, p < 0.001, �p² = 0.87. Specifically, the distinct shape
condition was significantly higher than the identical shape condition (t(39) =
13.58, p < 0.001, Cohen’s d = 2.15) and the mixed shape condition (t(39) =
15.99, p < 0.001, Cohen’s d = 2.53). The mixed shape condition showed a
marginally significant difference from the identical shape condition, t(39) = –
2.38, p = 0.067, Cohen’s d = –0.38. The three shape grouping conditions were
also significant in the target-distractor pairing condition, F(2, 38) = 91.63, p
< 0.001, �p² = 0.83. Specifically, the distinct shape condition was significantly
higher than the identical shape condition (t(39) = 13.30, p < 0.001, Cohen’
s d = 2.10) and the mixed shape condition (t(39) = 12.93, p < 0.001, Co-
hen’s d = 2.05). The mixed shape condition showed a significant difference
from the identical shape condition, t(39) = 2.56, p = 0.044, Cohen’s d = 0.4.
This indicates that in feature combination conditions, the distinct shape condi-
tion can also significantly facilitate multiple object tracking performance, while
the mixed shape condition cannot facilitate and may even significantly impair
tracking performance. That is, to a certain extent, shape features and motion
information can also be utilized simultaneously.

Furthermore, subtracting the target-distractor pairing condition from the target-
target pairing condition under the three shape grouping conditions yielded gain
scores of 20.99%, 17.06%, and 16.64% for the three shape grouping conditions,
respectively. Using the gain score under the identical shape condition as a
baseline, paired-sample t-tests with the other two gain scores revealed that the
gain scores in both the distinct shape condition (t(39) = –2.41, p = 0.021,
Cohen’s d = –0.38) and the mixed shape condition (t(39) = –3.98, p < 0.001,
Cohen’s d = –0.63) were significantly lower than in the identical shape condition.
However, there was no significant difference in gain scores between the distinct
shape and mixed shape conditions, t(39) = –0.25, p = 0.803, Cohen’s d = –0.04.
This indicates that although motion information-based grouping effects stably
exist across different shape feature groupings, their effect sizes are significantly
reduced by surface features. When shape grouping is advantageous, such as
in the distinct shape condition, the reduction is due to shape grouping gains.
When shape grouping is disadvantageous, such as in the mixed shape condition,
the reduction is due to shape mixing interference.
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In different shape combination conditions, target-target pairing was always more
conducive to tracking than target-distractor pairing, again indicating that mo-
tion information-based grouping effects are stable. Shape-based grouping effects
did not interfere with the formation of motion information-based grouping ef-
fects. However, compared to when targets and distractors had identical shapes,
the presence of shape features also significantly reduced the difference between
target-target pairing and target-distractor pairing conditions. Therefore, this
demonstrates on one hand that motion information-based grouping effects have
stability and can still function even when shape-based grouping effects exist.
On the other hand, it also shows that although shape-based grouping effects
did not interfere with the formation of motion information-based grouping ef-
fects, motion information-based grouping effects were still influenced by shape
features. The results of Experiment 3 are consistent with those of Experiment
2, indicating that motion information-based grouping effects stably exist under
different color or shape conditions, and the effect size is reduced due to the
presence of surface features.

5. General Discussion
Experiment 1 demonstrated the existence of an automatic grouping effect based
on motion information. Experiments 2 and 3 further examined the stability of
this motion information-based grouping effect under different color and shape
combination conditions. The results showed that different surface feature combi-
nations did not interfere with the formation of motion information-based group-
ing effects, indicating that motion information-based grouping effects have sta-
bility, but their effect size is reduced by surface features.

5.1 Grouping Effects in Multiple Object Tracking and Gestalt Laws

The automatic grouping effect based on motion information found in the current
study, along with previously discovered grouping effects based on color, shape,
interpolated contours, and symmetry (Erlikhman et al., 2013; Feria, 2012; Howe
& Holcombe, 2012b; Keane et al., 2011; Wang et al., 2016), may all represent
concrete applications of Gestalt laws in multiple object tracking.

Gestalt laws mainly include the law of connectedness, law of similarity, law
of closure, law of figure–ground, law of symmetry, law of common fate, etc.
(Wertheimer, 1938). Based on the grouping effects discovered in multiple object
tracking, it appears that grouping effects formed by different types of features
correspond to specific Gestalt law principles. The target merging method used
by Scholl et al. (2001), which connected two objects and caused them to be
processed as a holistic object, is similar to the law of connectedness, where
connected objects are grouped together. The grouping effects based on color,
size, shape, contrast, stereo depth, or combined features discovered by Feria
(2012), Howe and Holcombe (2012b), and Erlikhman et al. (2013) all obey the
law of similarity. That is, objects with similar surface features are organized as
a holistic unit.
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The interpolated contour features discovered by Keane et al. (2011) and Er-
likhman et al. (2013) conform to the law of closure. Several objects with closure
characteristics are organized as a holistic unit. StClair et al. (2010) found that
when texture motion direction is consistent with target motion direction, track-
ing performance is facilitated, whereas when it is opposite to target motion
direction, tracking performance is impaired (StClair et al., 2010). This is simi-
lar to the law of figure–ground, where moving objects as a whole are perceived as
one group and background texture as another group. Wang et al. (2016) found
that when targets and targets are symmetric, tracking performance is better,
whereas when targets and distractors are symmetric, tracking performance is
worse. This is similar to the law of symmetry, where symmetric objects are
organized together. Yantis (1992) found that relative speed differences between
targets and distractors can improve tracking performance, even when this speed
difference cannot be consciously perceived. Suganuma and Yokosawa (2006)
found that when chase motion, parallel motion, or trail motion occurs between
targets and distractors, tracking performance is reduced. These two studies
demonstrate that common motion tendencies resulting from motion informa-
tion such as speed, position, or direction all form grouping. This is consistent
with the law of common fate.

The current study can also be viewed as a concrete manifestation of the law of
common fate. When targets themselves have common fate internally, tracking is
facilitated. Conversely, when targets and distractors have common fate, tracking
is hindered. Therefore, Gestalt laws have important implications for studying
grouping effects in multiple object tracking.

5.2 The Automatic Grouping Mechanism Based on Motion Informa-
tion in Multiple Object Tracking

Regarding the automatic processing of grouping effects, Keane et al. (2011) first
discovered that interpolated contour features affect multiple object tracking
automatically, meaning that binding targets and distractors impairs multiple
object tracking performance. Wang et al. (2016) found that regular features
(symmetry) are also automatically processed in multiple object tracking; when
targets and distractors are bound by symmetry rules in symmetric positions,
tracking performance decreases. Erlikhman et al. (2013) comprehensively sum-
marized various types of automatic surface features, temporarily dividing fea-
tures affecting multiple object tracking into four categories. The first category is
features irrelevant to tracking, such as orientation. However, this orientation is
static, not motion direction. In fact, orientation is not completely irrelevant to
tracking tasks either (Keane et al., 2011). The second category is voluntary pro-
cessing features, such as stereo depth and contrast. These features can facilitate
multiple object tracking performance when forming a group within targets, but
do not impair performance when forming a group between targets and distrac-
tors. The third category is automatic non-grouping processing features, such as
size. These features can automatically form grouping within targets but cannot
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automatically form grouping between targets and distractors. That is, when
these features are shared between targets and distractors, they only disrupt the
unity within targets but do not group targets and distractors sharing the same
feature into one group. The fourth category is automatic grouping processing
features, such as color, shape, feature combinations, and interpolation. The ap-
pearance of these features is automatically processed, whether appearing within
targets or between targets and distractors. The common motion information in
this study belongs to automatic grouping processing features, but its internal
cognitive mechanisms have not been directly and fully elaborated in previous
research. Therefore, there is currently no unified theory that can provide a
definitive explanation for the automatic grouping mechanism based on motion
information in multiple object tracking.

This study proposes that the automatic processing mechanism of motion
information-based grouping effects needs to be elaborated by integrating Visual
Index Theory, Grouping hypothesis, and visual working memory theory. First,
according to Pylyshyn’s Visual Index Theory (Pylyshyn, 1989; Pylyshyn,
2001), in the pre-attentive stage, the visual index system pre-allocates a certain
number of visual index tags to individuate visual objects to be tracked. That is,
for the three motion conditions (target-target pairing, target-distractor pairing,
and random no-pairing), each condition is allocated six visual index tags before
motion begins. Visual index tags also have a certain stickiness; after being
allocated to visual objects, they “stick”to the visual objects and can remain
unchanged with environmental changes. Thereafter, when each object begins to
move, according to Yantis’s (1992) Grouping hypothesis, observers consciously
organize each tracking target into a higher-level virtual polygon during multiple
object tracking. The vertices of this virtual polygon object correspond to each
tracking target, meaning that the multiple object tracking process is essentially
converted into a process of continuously processing a virtual polygon object
with a constantly changing shape. Therefore, when object motion presents
a paired chase state, the visual system automatically organizes front and
rear moving objects into common-fate visual objects according to Gestalt
perceptual organization principles. For example, when grouping forms within
targets, front and rear targets have common fate due to common direction and
same speed and are organized as common-fate visual objects. When grouping
forms between targets and distractors, the front target and rear distractor
are organized as common-fate visual objects due to common fate. When
common-fate visual objects are formed, the motion information of front and
rear objects is subsequently shared, and this motion information is stored in
visual working memory. From the perspective of visual working memory, when
targets and distractors share features, it leads to decreased multiple object
tracking performance (Horowitz et al., 2007; Makovski & Jiang, 2009a, 2009b),
but when targets and distractors do not share features, it facilitates multiple
object tracking performance (Feria, 2012; Howe & Holcombe, 2012b). This
is because sharing features between targets and distractors impairs feature
independence, and this impairment is not caused by visual differences but
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originates from working memory confusion, damaging the unique identity
information of visual objects and preventing lost objects from being recovered
(Makovski & Jiang, 2009a, 2009b).

This is also similar to the situation where Scholl et al. (2001) used target merging
methods to combine two visual targets. Although the merging methods differed,
both resulted in visual object grouping and damaged the independence of visual
index tags. Therefore, when grouping forms within targets, observers can rely
on the position information of leading targets stored in visual working memory
to reversely search for the position information of led targets. When grouping
forms between targets and distractors, observers can no longer use the position
information of leading targets stored in visual working memory for reverse search.
In addition, the load of motion information stored in visual working memory
may also differ between these two motion conditions. Ideally, in intra-target
grouping, front and rear targets share motion information, meaning two targets
can store the same motion information, whereas in target-distractor grouping,
independent and different motion information needs to be stored for each tar-
get. That is, in terms of updating and maintaining spatiotemporal information,
intra-target grouping may be superior to target-distractor grouping. Finally,
the inhibition of distractors also differs. In the intra-target grouping condition,
distractors do not share motion information with targets, so inhibiting distrac-
tors does not interfere with target memory information. Conversely, in the
target-distractor grouping condition, distractors share motion information with
targets, so inhibiting distractors interferes with target memory information.

In summary, it can be speculated that the multiple object tracking process
based on motion information grouping first allocates visual index tags in the
pre-attentive stage, then automatically groups according to Gestalt perceptual
organization principles during motion to form visual objects with common fate.
When grouping is formed, each target’s motion information is also stored in
visual working memory space. When grouping forms within targets, targets and
distractors do not share motion information, so observers can rely on common
fate to retrieve lost targets, and the stored target motion information load is rel-
atively reduced. When grouping forms between targets and distractors, targets
and distractors share motion information, which prevents relying on common
fate to retrieve lost targets, increases visual working memory load, and damages
the visual uniqueness of each moving object. The above results only discuss the
internal cognitive mechanism of automatic grouping based on motion informa-
tion in multiple object tracking, while the involved cognitive neural mechanisms
remain to be further explored.

5.3 The Influence of Surface Features on Motion Information-Based
Grouping Effects in Multiple Object Tracking

Most previous studies have examined multiple object tracking performance un-
der single features alone, such as Suganuma and Yokosawa (2006) exploring the
influence of single spatiotemporal features on multiple object tracking. Makovski
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and Jiang (2009b) used color features as an operational variable to examine the
role of unique identity working memory in multiple object tracking. Keane et
al. (2011) discovered the automatic influence of interpolated contour features
on multiple object tracking. Feria (2012) manipulated color feature similarity
between targets and distractors to analyze how distractors affect multiple object
tracking performance. Although Erlikhman et al. (2013) examined a large num-
ber of surface features, their analysis of each feature was independent, without
much involvement of interactions between multiple features. Strictly speaking,
although these studies only examined single features, from another perspective,
these single surface features all caused changes in multiple object tracking perfor-
mance. That is, surface features do affect the utilization of motion information
in multiple object tracking. Fewer studies have involved interactions between
features, such as Howe and Holcombe (2012b), who found by changing the com-
bination of color and size features that when combined features do not share any
feature with distractors, combined features can be used to facilitate multiple ob-
ject tracking performance. Conversely, if they share a certain feature, combined
features impair multiple object tracking performance. Wang et al. (2016) found
additivity between regular features (symmetry) and surface features when ex-
amining regular feature-based grouping effects, but no additivity between two
surface features. This suggests that interference may exist between features of
the same type.

The current study examined the influence of color and shape features as sur-
face features on motion information-based grouping effects and found that al-
though the two surface features did not interfere with the formation of motion
information-based grouping effects, their appearance significantly reduced mo-
tion information-based grouping effects. This implies that in multiple object
tracking, motion information may belong to the same feature type as color and
shape surface features. Furthermore, Suganuma and Yokosawa (2006) and Fenc-
sik et al. (2007) found that motion information is stored in visual working mem-
ory, while Makovski and Jiang (2009b) found that surface feature information
is also stored in visual working memory. Therefore, the cognitive mechanism
by which surface features affect motion information grouping effects in multiple
object tracking may originate from mutual occupation and interference between
working memories.

6. Conclusion and Outlook
This study discovered an automatic grouping effect based on motion informa-
tion, and this effect stably exists under different surface features (color and
shape). This corresponds to the law of common fate in Gestalt principles. Addi-
tionally, although surface features do not interfere with the formation of motion
information-based grouping effects, they significantly reduce the effect size of
this grouping effect, suggesting that surface features and motion information
may share visual working memory components.

Future research should further explore the neural mechanisms of motion
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information-based grouping effects to understand brain functional differences
between spatiotemporal feature-based grouping effects and surface feature-
based grouping effects. Simultaneously, more attention should be paid to the
interaction relationships between different types of features in multiple object
tracking. Finally, the role of Gestalt laws in multiple object tracking and their
cognitive mechanisms can be further explored.
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