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Abstract

We aim to investigate a control strategy for the circular tracking movement in a three-dimen-

sional (3D) space based on the accuracy of the visual information. After setting the circular

orbits for the frontal and sagittal planes in the 3D virtual space, the subjects track a target

moving at a constant velocity. The analysis is applied to two parameters of the polar coordi-

nates, namely, ΔR (the difference in the distance from the center of a circular orbit) and Δω
(the difference in the angular velocity). The movement in the sagittal plane provides different

depth information depending on the position of the target in orbit, unlike the task of the fron-

tal plane. Therefore, the circular orbit is divided into four quadrants for a statistical analysis

of ΔR. In the sagittal plane, the error was two to three times larger in quadrants 1 and 4 than

in quadrants 2 and 3 close to the subject. Here, Δω is estimated using a frequency analysis;

the lower the accuracy of the visual information, the greater the periodicity. When comparing

two different planes, the periodicity in the sagittal plane was approximately 1.7 to 2 times

larger than that of the frontal plane. In addition, the average angular velocity of the target

and tracer was within 0.6% during a single cycle. We found that if the amount of visual infor-

mation is reduced, an optimal feedback control strategy can be used to reduce the positional

error within a specific area.

Introduction

Imitation movement based on visual information is important in motor learning tasks, such

as daily movements, sports, and working with tools [1–5], and there have been various studies

on human movements utilizing visual information guides [6–14]. Most of the research on

tracking motion using visual guidance has been performed on a one-dimensional (1D) linear

trajectory [12, 13] and two-dimensional (2D) circular trajectory [6–11, 14]. During these

experiments, visual feedback regarding the positions and velocities of a target and a tracer was

provided [6–14].
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However, human motion is performed in a three-dimensional (3D) space, and includes

movement in the sagittal plane, unlike tracking movements of 1D or 2D trajectories on the

frontal plane. Depth information is required in order to determine the position of the target

on the sagittal plane [15]. When performing a tracking movement that includes depth infor-

mation, visual feedback on the position of the target is not sufficient [15–18]. Most of the pre-

vious studies analyzed the tracking motion from the frontal plane, and accordingly, the

tracking motion analysis reflecting depth information was insufficient [6–14].

With the recent development of virtual reality (VR) technology, it was possible to implement

various human movement experiments in a 3D virtual space. Some previous studies analyzed

circular tracking motion in a 3D space, including depth information, using these VR devices

[16–19]. In these studies, the tracking movement with constant velocity was conducted on the

frontal and sagittal planes. One study analyzed positional errors in Cartesian coordinates [16].

Another study analyzed the three parameters ΔR (the difference in the distance from the fixed

pole), Δθ (the difference in the position angle), and Δω (the difference in the angular velocity) in

terms of the polar coordinates [17]. It was reported that the positional error is influenced by the

depth information, and the phase error(Δθ) is proportional to the target velocity.

In circular tracking movement, there is no difference in depth information between each tar-

get position on the frontal plane. However, in the case of the sagittal plane, there is a difference

in depth information depending on each position of the target, which causes a difference in the

visual information where the target exists in the orbit. In the previous studies using VR, the

average value of the parameters measured were analyzed without considering the difference in

depth information according to the position of the target [16, 17]. For this reason, the previous

studies were insufficient for analyzing the difference in visual feedback information [16, 17].

In this study, we analyzed the difference according to the depth information of a circular orbit

divided into four quadrants in a circular tracking movement. The tracking movement along with

the circular orbit has a constant periodicity on the frontal and sagittal planes. On the sagittal

plane, the change in depth information varies with a constant periodicity. The experiment was

conducted under four different velocity conditions in order to compare the difference according

to the target velocity. The ΔR parameter was statistically analyzed in each quadrant. In addition, to

confirm the periodicity, a frequency analysis was conducted on the fast Fourier transform (FFT)

of the Δω parameter. We also investigated the visuo-motor control strategy according to the accu-

racy of the visual information from the viewpoint of the optimal feedback control (OFC).

Materials and methods

Subject

The subjects of the experiment were 26 adult men and women with an average age of

24.88 ± 3.18 years (Table 1). All subjects had normal or corrected-to-normal vision. None of

the subjects had previously participated in a similar study. Four of the subjects were left-

handed, and 22 subjects were right-handed (Table 1). All subjects received sufficient explana-

tion regarding the experimental procedure and gave their written informed consent prior to

the experiment. The protocol was approved by the ethics committee of the National Institute

of Technology, Gunma College.

Experiment setup

We implemented a 3D VR environment using the Unity 3D program. An HTC VIVE Headset

and a handheld controller were used as the interfaces [16]. The subjects were asked to conduct

a circular tracking movement with visual guidance in a VR space, and used a tracer to track a

target (Fig 1), namely, a red ball with a radius of 1.5 cm. The tracer was a yellow ball with a

PLOS ONE Analysis of motor control strategy for frontal and sagittal planes of circular tracking movements

PLOS ONE | https://doi.org/10.1371/journal.pone.0241138 November 11, 2020 2 / 22

https://doi.org/10.1371/journal.pone.0241138


radius of 1 cm and a 20-cm-long stick. The position of the tracer was synchronized using the

handheld controller, as shown in Fig 1. The upper limbs of the subjects were not displayed in

the VR space. Therefore, the subjects received visual feedback of their hand position and direc-

tion through the tracer. Circular orbits were presented on the frontal and sagittal planes with a

15-cm radius. The moving pathway of the target was invisible to the subjects. In previous stud-

ies about tracking movement, the target velocities were set to 0.05~1.8Hz (Table 2). Accord-

ingly, these studies inspired us to select target speeds of four target speeds: V1 = 0.125, V2 =

0.25, V3 = 0.5, and V4 = 0.75 Hz.

In this study, the target was moved clockwise in the circular orbit when the right-handed

subjects were performing the experiment, and counterclockwise in the circular orbit when the

left-handed subjects were performing the experiment. The reason for using the counterclock-

wise direction with the left-handed subjects is to allow them to perform the same movement

based on the human internal coordinate system.

The subjects wore a VIVE headset and held a controller with their dominant hand while sit-

ting on a chair. The distance between the eye and the screen of the VIVE headset was adjusted

according to the criteria of each subject. The upper body of the subject was fastened using a

belt to limit shoulder movement.

We applied a method for calibrating the initial position of the target optimized for the sub-

ject’s arm length and height to minimize the effect of the different anthropometric parameters

Table 1. Subject information: Age, sex, and dominant hand.

Subject no. Age Sex Dominant Hand

1 25 M Right

2 24 M Right

3 24 M Right

4 22 F Right

5 22 F Right

6 24 M Left

7 26 M Right

8 22 M Right

9 22 F Right

10 23 F Left

11 23 F Right

12 22 F Right

13 35 M Right

14 26 M Right

15 25 M Right

16 23 M Right

17 26 M Right

18 26 M Right

19 24 M Right

20 24 M Right

21 23 M Right

22 23 M Left

23 25 M Left

24 25 M Right

25 33 M Right

26 30 M Right

https://doi.org/10.1371/journal.pone.0241138.t001

PLOS ONE Analysis of motor control strategy for frontal and sagittal planes of circular tracking movements

PLOS ONE | https://doi.org/10.1371/journal.pone.0241138 November 11, 2020 3 / 22

https://doi.org/10.1371/journal.pone.0241138.t001
https://doi.org/10.1371/journal.pone.0241138


PLOS ONE Analysis of motor control strategy for frontal and sagittal planes of circular tracking movements

PLOS ONE | https://doi.org/10.1371/journal.pone.0241138 November 11, 2020 4 / 22

https://doi.org/10.1371/journal.pone.0241138


on the experimental results. The initial position of the target was calibrated before the experi-

ments because the height and arm length of each subject were different.

P(px,py,pz) is the coordinate of the target, and px,py,pz indicates the coordinates for the x-

axis [m], y-axis [m], and z-axis [m] of the target. The chin position of the subject was mea-

sured, and the initial Px position was set based on this (Fig 2A). The system measured the

stretched position of the subject’s arm length and initialized Py, Pz (Fig 2B). Px was taken as the

initial position on the same line as the chin. The initial Py position was set to 15 cm above the

center of the circle (Fig 2B). Pz was determined considering the case where the subject per-

formed a tracking motion on the sagittal plane. Using the stated calibration process, feasible

ranges of motion of individual subjects were determined in order to practice the tracking

movements without the need to fully stretch the multi-joint upper limb. Moreover, a virtual

trajectory of the target could be generated at an appropriate distance from the head-mounted

display (HMD) to prevent any potential contact or penetration of the target on the subject’s

body. Accordingly, the target was positioned 20% closer to the body from the position of the

subject’s stretched arm (Fig 2B). The two constants (15 cm, 20%) were set according to a pre-

liminary test to ensure that the subject had a safe and comfortable working space.

Before starting the main experiment, the subject was familiarized with the VR space using a

pre-experiment. The experiment was started by providing an auditory signal to the subject

after a 3-s countdown. One trial consisted of five revolutions of the circle. All subjects continu-

ously conducted five trials of the circular tracking movement at the same velocity, and were

given a break for 5 min before the next five trials. Therefore, a total of 40 experimental trials

were conducted (five trials with 4 velocities × 2 planes) for each subject. To avoid the subjects’

learning effects, the experiment was executed using a random counterbalance for both the

planes and velocity of the target.

Data analysis

The positional data based on the Cartesian coordinates from the tracer and the target were

measured during each task. For the data analysis, the x, y, and z data were converted into the

Fig 1. Experimental procedure. (A) Typical example of experimental setup and x-, y-, and z-axis data in the frontal plane. (B)

Typical example of experimental setup and x-, y-, and z-axis data in the sagittal plane. The diagrams to the right of (A) and (B)

show the plane position, subject’s rotational direction along the target, and the radius of the trajectory. The movement of the

target was only shown to the subject during the experiment, and the pathway was invisible. The green line indicates the target’s

movement, and the black solid line shows the tracking data of the subject.

https://doi.org/10.1371/journal.pone.0241138.g001

Table 2. Target velocities in tracking movement studies.

Previous studies target speed [Hz] (target path)

1 Miall et al. (Behav Brain Res.) 1986 [20] 0.05–1.0 Hz (pseudorandom waveforms on 1D space)

Miall et al. (Behav Brain Res.) 1988 [21] 0.1, 0.2, 0.3, 0.4, 0.45, 0.5, 0.55, 0.6 Hz (sinusoids waveforms on 1D

space)

Miall et al. (J Mot Behav.) 1993 [22] 0.04, 0.06, 0.08, 0.167 Hz (pseudorandom and sinusoids waveforms

on 1D space)

2 Ishida and Sawada (Physical review letters)
2004 [23]

0.1, 0.5, 0.8, 1.3, 1.8 Hz (sinusoids waveforms on 1D space)

3 Inoue and Sakaguchi et al. (Neural
Networks) 2015 [24]

0.073, 0.117, 0.205, 0.278, 0.3 Hz (pseudorandom and sinusoids

waveforms on 1D space)

4 Hayashi et al. (Artif Life Robotics) 2009

[25]

0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 Hz (circular trajectory on 2D space)

5 Kim et al. (Advanced Robotics) 2017 [10] 0.05, 0.1, 0.2 Hz (circular trajectory on 2D space)

https://doi.org/10.1371/journal.pone.0241138.t002
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radial and angular velocities of the polar coordinates, and were designated as R and ω, respec-

tively. In addition, the difference in each parameter was calculated to compare the differences

in movements between the tracer and the target. The experiment was performed using five tri-

als under each condition; however, the first and last trials were excluded from the analysis,

because they were considered to be transient sections.

DRðtÞ½mm� ¼ jRtracerðtÞ � Rtargetj ð1Þ

DRQuadrant1 ¼

Pn=12

t¼1
DRðtÞ þ DR t þ n

3

� �
þ DR t þ 2n

3

� �� �

n=4
ð2Þ

DRQuadrant2 ¼

Pn=6

t¼ n
12
þ1

DRðtÞ þ DR t þ n
3

� �
þ DR t þ 2n

3

� �� �

n=4
ð3Þ

DRQuadrant3 ¼

Pn=4

t¼n=6þ1
DRðtÞ þ DR t þ n

3

� �
þ DR t þ 2n

3

� �� �

n=4
ð4Þ

DRQuadrant4 ¼

Pn=3

t¼n=4þ1
DRðtÞ þ DR t þ n

3

� �
þ DR t þ 2n

3

� �� �

n=4
ð5Þ

Fig 2. Calibration procedure. (A) Initialization of target x-axis position (B) Initialization of target y-axis, z-axis position. Process (A) is performed first, and then

process (B) is performed to set the initial position of the x, y, and z axes of the target.

https://doi.org/10.1371/journal.pone.0241138.g002
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ΔR is defined as the difference in the absolute radial distance from the origin between the

target and the tracer. This can be confirmed using Eq (1). The values of ΔR were classified into

four quadrants, and were calculated as the average value for all subjects in the same quadrant

for each trial. Eqs (2) to (5) represent the definitions of the average values of ΔR in each quad-

rant. The constant n represents the total time of the three trials at each target velocity. We cal-

culated the mean (M) and standard deviation (SD) of the normalized ΔR for the 26 subjects.

DoðtÞ ½deg=s� ¼ jotracerðtÞ � otargetðtÞj ð6Þ

oaverage tð Þ ¼
Pm

k¼1
okðtÞ

m
ð7Þ

In Eq (6), Δω is defined as the absolute difference in the angular velocity between the target

and the tracer. This parameter was calculated as the mean value for 26 subjects, where m repre-

sents the total number of subjects.

In this study, we investigated the relationship between the velocity of the target and the

quadrant position during 3D target tracking movements. Therefore, the data on ΔR were sta-

tistically analyzed using a two-way repeated analysis of variance (ANOVA) for the quadrants

(with four levels, i.e., quadrant 1, Q1, quadrant 2, Q2, quadrant 3, Q3, and quadrant 4, Q4),

and velocity (with four levels of V1 = 0.125, V2 = 0.25, V3 = 0.5, and V4 = 0.75 Hz) factors. Sta-

tistical analyses and data visualization were conducted using SPSS Statistics V26 (IBM) and

MATLAB (MathWorks).

In this study, the subjects repeatedly conducted circular tracking movements. In particular,

it is necessary to check the periodicity on the sagittal plane because the depth information of

the target changes periodically. To do this, Δω was analyzed using the FFT, which is shown in

Eq (8), where n represents the total time for three trials at each target velocity.

The FFT analysis of Δω was conducted after pre-processing with a low-pass filter (LPF).

The cutoff frequency was determined to be 5 Hz, which can sufficiently measure the move-

ment of the human body [26, 27].

fj ¼
Pn� 1

k¼0
xke

� 2pi
n jk j ¼ 0; . . . ; n � 1 ð8Þ

Results

We compared the average trajectories of the target and tracer on each plane. Comparing the

average orbit of the tracer with the orbit of the target on the frontal plane, we noticed that the

orbits are mostly similar in all quadrants (Fig 3), with the difference being independent of the

velocity of the target.

When comparing the trajectories of the tracer and target on the sagittal plane, there is a large

ΔR in the fourth quadrant, regardless of the velocity (Fig 4). This indicates that errors in the

tracer and target trajectory varied depending on the quadrant in which the tracer was located.

Analysis of ΔR between frontal and sagittal planes

The magnitude of ΔR increased as the velocity of the target increased, regardless of the plane

of the task (Figs 5–8). Comparing the frontal and sagittal planes at the same velocity, a larger

ΔR was shown on the sagittal plane (Figs 5–8). In addition, the ΔR value of the target and the

tracer on the sagittal plane was noticeable at certain points, indicating that the size of ΔR varies

depending on the trajectory position of the tracer and target.

On the frontal plane, there was a significant difference between the velocity of the target (F
(1.776, 44.399) = 48.675, p = 0, partial η2 = 0.661, item A in S1 Table) and the quadrant of the
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orbit (F (2.166, 54.143) = 9.658, p = 0, partial η2 = 0.279, item A in S1 Table). On the sagittal

plane, there were significant differences between the velocity of the target (F (3, 75) = 34.941,

p = 0, partial η2 = 0.583, item A in S2 Table) and quadrants of the orbit (F (2.092, 52.288) =

56.260, p = 0, partial η2 = 0.692, item A in S2 Table). These results indicate that the quadrant

and velocity factors affect the value of ΔR during the circular tracking movement. In particular,

Fig 3. Average circular tracking movement in the frontal plane. (A) The movement trajectory of the target and controller at (A) V1 (0.125 Hz), (B) V2 (0.25 Hz), (C)

V3 (0.5 Hz), and (D) V4 (0.75 Hz). The order of the moving target is the Q1, Q4, Q3, and Q2.

https://doi.org/10.1371/journal.pone.0241138.g003
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the significant difference in each quadrant indicates that there is a difference in the control of

the ΔR value according to the track position on the same plane.

Next, a pairwise comparison was conducted to analyze the control performance between

quadrants. As shown in Fig 9A, there was a significant difference in ΔR in the quadrant of the

frontal plane at V1 and V4. There was no significant difference between quadrants at V2 and

V3, when comparing the quadrants for each velocity. At V1, there was a significant difference

Fig 4. Average circular tracking movement in the sagittal plane. (A) The movement trajectory of the target and controller at (A) V1 (0.125 Hz), (B) V2 (0.25 Hz), (C) V3
(0.5 Hz), and (D) V4 (0.75 Hz). The order of the moving target is the Q1, Q4, Q3, and Q2.

https://doi.org/10.1371/journal.pone.0241138.g004
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between quadrant 4 and the other quadrants. For a velocity of 4, there was a significant differ-

ence between quadrants 4 and 2 (items B–E in S1 Table). On the frontal plane, the difference

between the fourth quadrant with the largest ΔR and the second quadrant with the smallest ΔR
averaged approximately 3.38 mm (Table 3). However, on the sagittal plane, the ΔR value

between the second and fourth quadrants was 10.32 mm on average (Table 3), which was

approximately three times higher than on the frontal plane. This implies that there is some dif-

ference in ΔR between the four quadrants on the frontal plane; however, it is not noticeable

when compared to that on the sagittal plane.

As shown in Fig 9B, a significant difference in ΔR in the quadrant is shown for V1, V2, V3,

and V4 on the sagittal plane. There were significant differences between the fourth quadrant

and the other quadrants, regardless of the velocity, when comparing the quadrants at each

Fig 5. Average circular tracking movement at 0.125 Hz. The R value for three trials on the (A1) frontal plane (A1) and (A2) sagittal plane. Absolute value of ΔR on the

(B1) frontal plane (B1) and (B2) sagittal plane, ω value for three trials on the (C1) frontal plane (C1) and (C2) sagittal plane, and absolute value of Δω on the (D1) frontal

plane (D1) and (D2) sagittal plane.

https://doi.org/10.1371/journal.pone.0241138.g005
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velocity. In addition, in the first and fourth quadrants, the errors in the radius tend to be larger

than those in the second and third quadrants. According to the statistical analysis, the ΔR
value in the fourth quadrant was significantly different from that in the other quadrants, and

as aforementioned, the ΔR value of the sagittal plane was approximately three times higher

than that of the frontal plane. We found that the difference in ΔR between the quadrants on

the sagittal plane was more noticeable than that of the frontal plane, and the ΔR value tended

to increase as the distance between the subject and the target increased.

Analysis of Δω between frontal and sagittal planes

The values of Δω increased as the velocity increased, regardless of the plane in which the task

was performed (Figs 5–8). At the same velocity, the values of Δω were larger on the sagittal

Fig 6. Average circular tracking movement at 0.25 Hz. R value for three trials on the (A1) frontal plane (A1) and (A2) sagittal plane. Absolute value of ΔR on the (B1)

frontal plane (B1) and (B2) sagittal plane. ω value for three trials on the (C1) frontal plane (C1) and (C2) sagittal plane. Absolute value of Δω on the (D1) frontal plane

(D1) and (D2) sagittal plane.

https://doi.org/10.1371/journal.pone.0241138.g006
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plane than on the frontal plane (Figs 5–8). During the three trials, the ω values of the tracer

were maintained at substantially constant values at V1 and V2, and at V3 and V4, it was

observed that the ω values of the tracer changed to a sinusoidal shape over time, and periodic-

ity was observed in the variation (Figs 5–8). This shows that the ω values change with periodic-

ity when the target moves fast (V� 0.5 Hz).

Fig 10 shows the ω values for each velocity on the frontal and sagittal planes in the fre-

quency domain. At V1 (Fig 10A) and V2 (Fig 10B), the amplitude spectrum is between 0 and

2.5 Hz, and the area of the amplitude spectrum (1.37 Hz�deg/s (V1) and 2.74 Hz�deg/s (V2) on

the frontal plane, and 2.13 Hz�deg/s (V1) and 4.53 Hz�deg/s (V2) on the sagittal plane) is

smaller than the amplitude spectrum area (8.15 Hz�deg/s (V3) and 22.84 Hz�deg/s (V4) on the

frontal plane, and 14.03 Hz�deg/s (V3) and 39.97 Hz�deg/s (V2) on the sagittal plane) at V3

Fig 7. Average circular tracking movement at 0.5 Hz. R value for three trials on the (A1) frontal plane (A1) and (A2) sagittal plane. Absolute value of ΔR on the (B1)

frontal plane (B1) and (B2) sagittal plane. ω value for three trials on the (C1) frontal plane (C1) and (C2) sagittal plane. Absolute value of Δω on the (D1) frontal plane (D1)

and (D2) sagittal plane.

https://doi.org/10.1371/journal.pone.0241138.g007
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and V4. At V3 (Fig 10C) and V4 (Fig 10D), the amplitude spectrum appears between 0 and 5

Hz, which is relatively large compared to the values at V1 and V2. In addition, it can be seen

that the amplitude spectrum area of the sagittal plane is larger than the amplitude spectrum

area of the frontal plane regardless of the velocity. We found that the periodicity features were

stronger on the sagittal plane than on the frontal plane. We propose that depth information

affects the periodicity of ω.

Table 4 compares the average ω values of the target and tracer during each trial on the fron-

tal and sagittal planes. Regardless of the velocity and plane, the average ω values of the target

and multiple tracers were almost the same, and the error was within 0.5%. The maximum stan-

dard deviation was 3.2 deg/s, and there was no significant difference in the average ω among

the subjects. This means that the time of one trial is almost the same for both the tracer and

Fig 8. Average circular tracking movement at 0.75 Hz. R value for three trials on the (A1) frontal plane (A1) and (A2) sagittal plane. Absolute value of ΔR on the (B1)

frontal plane (B1) and (B2) sagittal plane. ω value for three trials on the (C1) frontal plane (C1) and (C2) sagittal plane. Absolute value of Δω on the (D1) frontal plane

(D1) and (D2) sagittal plane.

https://doi.org/10.1371/journal.pone.0241138.g008
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target. Therefore, the period of one trial is a more important control parameter than the

instantaneous ω value of the tracer in orbit during a repeated circular tracking movement.

Discussion

This research aims to examine motor control strategies based on the reliability of visual infor-

mation on the frontal and sagittal planes for circular tracking movements. The results demon-

strated that the subjects performed the tracking movements to reduce position errors between

the target and the tracer when the reliability of visual information was superior. This was

shown by a minor ΔR during performances on the frontal plane and the velocity of the target

is slow. In contrast, the reduced reliability of visual information led to periodic motor perfor-

mance based on a particular location being the purpose of motor control. This can be con-

firmed by the value of ΔR, which depends on the quadrant of the trajectory, and by the

frequency analysis of Δω.

Fig 9. Evaluation of ΔR in circular tracking movement. (A) Pairwise comparisons are shown for ΔR between four quadrants on the frontal plane. (B) Pairwise

comparisons are indicated for ΔR between four quadrants on the sagittal plane.

https://doi.org/10.1371/journal.pone.0241138.g009

Table 3. Average ΔR values between the target and the tracer, and standard deviation of ΔR.

Plane Quadrant V1 V2 V3 V4

Frontal Q1 5.57 ± 0.80 5.84 ± 0.51 9.68 ± 0.43 12.13 ± 0.98

Q2 3.85 ± 0.27 5.46 ± 0.34 8.55 ± 0.77 10.21 ± 0.73

Q3 5.48 ± 0.65 6.75 ± 0.35 9.37 ± 0.43 13.24 ± 0.98

Q4 8.95 ± 1.44 7.60 ± 1.02 10.76 ± 0.99 14.28 ± 0.96

Q4 –Q2 5.10 2.14 2.21 4.07

Sagittal Q1 8.85 ± 1.55 9.50 ± 1.02 13.21 ± 0.98 16.31 ± 1.30

Q2 5.70 ± 0.63 6.98 ± 0.66 10.90 ± 0.87 12.77 ± 1.05

Q3 5.56 ± 0.63 7.80 ± 0.73 12.48 ± 1.07 14.14 ± 1.09

Q4 16.28 ± 1.94 16.65 ± 2.22 20.93 ± 1.44 23.77 ± 1.69

Q4 –Q2 10.58 9.67 10.03 11

https://doi.org/10.1371/journal.pone.0241138.t003
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The following topics are discussed in the following sections: (1) identification of optimal

feedback control for circular tracking movement, (2) relationship between visual information

and rhythmic movement, and (3) future work.

Identification of optimal feedback control for circular tracking movement

A plane is 2D space consisting of two orthogonal coordinate axes, and it is essential to identify

the relevant axes in order to accurately comprehend the position of an object on a certain

plane. For instance, the x- and y-axes are dominant factors in movements on the frontal plane.

Fig 10. Frequency analysis of ω. Analysis of the ω values of the frontal and sagittal planes within the frequency domain at (A) V1, (B) V2, (C) V3, and (D) V4.

https://doi.org/10.1371/journal.pone.0241138.g010
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Both axes are parallel to the subjects, and any positional changes of the target and the tracer

can be spotted on the x- and y-axes. Therefore, visual information obtained from the frontal

plane is highly accurate [16–18]. However, on the sagittal plane, the y- and z-axes are domi-

nant components. Positional changes on the y-axis can be easily detected because the axis is

parallel to the subjects; however, for the z-axis, it is difficult to observe its positional changes,

because it contains depth information in the orthogonal direction from the subject’s view. The

axis can only be estimated by varying the sizes of the target and the tracer. This indicates that

obtaining accurate visual feedback is relatively challenging on the sagittal plane [16–18].

Motor uncertainty increases when the accuracy of sensory information decreases or is hin-

dered by the presence of noise in human movements [28]. According to the study by Yuille

and Kersten, visuo-motor uncertainty is derived from the ambiguity of projecting 3D informa-

tion on a 2D retina [29]. Moreover, our previous studies illustrated that the accuracy of visual

information was reduced when the target and the tracer became distant from the subjects [16–

18]. These discoveries indicate that insufficiency of visual information increased the motor

uncertainty and consequently allowed larger ΔR between the target and the tracer on the sagit-

tal plane than on the frontal plane. In fact, ΔR increased when the target velocity increased,

irrespective of the planes. Meaning, the growth in ΔR, observed with the increased target veloc-

ity, could be explained by an increase in motor uncertainty due to ambiguity related to the sen-

sory information. Potential causes of motor uncertainty may also be muscular fatigue or the

fact that different muscles are utilized in different planar movements. The reasons will be

investigated in detail in future studies.

The results of the circular tracking movements can be interpreted as multisensory integra-

tion based on Bayesian decision theory [30–32]. The most dominant sensory feedbacks in the

given experimental setup were visual and proprioceptive information. Neural weights of the

feedback are determined by their sensory reliabilities and transfer information with respect to

on motor performance [30–32]. Van Beers and Wolpert discovered that the weight of the

visual information is larger on the frontal plane, whereas the proprioceptive information

retains more weight in accordance with depth on the sagittal plane [15]. However, this study

analyzed the reaching movement, and the purpose location of the movement was one point.

On the other hand, in the circular tracking movement performed in our study, the purpose

location of movement is the number of points on the trajectory. Through this, we inferred that

there would be a difference between the sensory information acquired at each target position

in the tracking movement. In particular, on the sagittal plane, the reliability of visual informa-

tion appears to vary depending on the depth difference. If this is applied to the Bayesian deci-

sion theory, it can be inferred that the weights of visual information and proprioception

information change during the tracking exercise. To confirm this, we divided the trajectory

into four quadrants and checked the value of ΔR.

The characteristics of motor performance in each plane were analyzed to obtain a planar

comparison of the control strategies. By dividing one orbit of the target’s trajectory into four

Table 4. Average ω value of target and tracer, and standard deviation of tracer ω value.

Plane Frontal Sagittal

velocity V1 V2 V3 V4 V1 V2 V3 V4
tracer (deg/s) 45.00 89.86 180.05 270.76 44.92 90.07 180.36 270.54

target (deg/s) 45.00 90.00 180.00 270.00 45.00 90.00 180.00 270.00

tracer/target (%) 99.99 99.85 100.03 100.28 99.83 100.08 100.20 100.20

std (deg/s) 0.13 0.25 0.72 1.19 0.21 0.49 0.97 3.20

std/tracer (%) 0.29 0.28 0.40 0.44 0.47 0.54 0.54 1.18

https://doi.org/10.1371/journal.pone.0241138.t004
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quadrants, the changes in ΔR throughout all quadrants of the frontal plane could be considered

trivial (Figs 3 and 9A). The weight of the visual information did not change because the dis-

tance between the subject and the target on the z-axis remains identical for all quadrants [15].

On the sagittal plane, the second quadrant had the smallest value of ΔR, while the fourth quad-

rant had the greatest ΔR (Figs 4 and 9B). The second quadrant can be considered as the section

where the visual information contains the most sensory weight because the quadrant is the

closest to the subject’s eye compared to other quadrants. In contrast, the fourth quadrant is

located at the farthest distance from the eye, and is examined to cause a decrease in the weight

of the visual information and the rise of the proprioceptive weight [15]. In general, propriocep-

tive information provides less accurate feedback than visual information [32, 33]. This infers

that the accuracy of the tracking movement is increased in the second quadrant and reduced

in the fourth quadrant. However, when a change in direction occurs from downward move-

ment to upward movement affected by the direction of gravity, a change in contraction of the

muscles may occur. This may be the cause of the difference in ΔR depending on the quadrant

in which the target and tracer are located. Since measurements have not been made in the

present study, it is necessary to confirm this in future studies.

Inoue and Sakaguchi investigated target tracking movements by manipulating a vertically

movable slider [12]. The target was repeatedly moved in a sinusoidal waveform on a 1D line by

adjusting its velocity and direction, and the subject was to control the slider to move the cursor

displayed on a screen. The experiment was designed to be performed under five different condi-

tions: target visible at full trajectory, target removal at the top turning point, at the center with

upward, at the bottom turning point, and at the center with downward. In summary, the condi-

tion of the visual feedback during the tracking movement was periodically modified. From the

results of Inoue and Sakaguchi’s study, it can be inferred that the area with the visible

target allowed movements with high weight on the visual-feedback control, whereas the subjects

executed movements with high weight on feedforward control within the target-removed area.

The subjects could only detect y-axis displacements, and hardly noticed z-axis displace-

ments of both the target and the tracer visually when they conducted the tracking movement

on the sagittal plane. Furthermore, the visual condition of the circular tracking movement on

the sagittal plane periodically changed with the difference in depth information. This would

make the main use of information only in one axis, and would lead to repeated adjustment of

visual information’s weight, which indicates some similarity to visual conditions from Inoue

and Sakaguchi’s experiment. According to their study, the position error of the tracer on the

1D trajectory tended to be minimized in a particular section, although the location of the sec-

tion differed depending on the provided visual condition [12]. This indicates that the brain

does not continuously monitor ongoing motor performance but rather executes movements

with the aim of having high accuracy on certain points, implying that the visual condition is a

dominant factor that influences movements [12].

The result of the circular tracking movement in the sagittal plane retained the least ΔR in

the second quadrant, irrespective of the target velocity (Fig 9). Similar to Yasuyuki and Yuta-

ka’s study, our results of the tracking movement were examined to minimize ΔR at certain

points. This could be considered similar to the experimental results obtained by the periodic

weight change of similar visual information. This inference may be controversial because par-

ticular arm kinematics may be the cause of the minimization of ΔR at certain points. Aspects

of the arm kinematics could be different if the subjects conduct the tracking movement in the

opposite direction, so differences in motor performance in counterclockwise circular tracking

movements will be examined in future studies.

The OFC is a control method that integrates feedforward-based optimization and feedback

control to ensure the accuracy of a movement goal [34]. In other words, humans actively
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utilize feedback for an area related to the given movement goal, and feedforward control is per-

formed to reduce the cost in a less relevant area [34]. Van Beers and Wolpert observed that the

distance of target decreases, the weight of visual information is relatively high, and the subject

performs active feedback control [15]. On the other hand, the weight of the proprioceptive

information is high and feed-forward control is performed further with increment of target

distances [15]. In this study, it can also be inferred that the subjects performed active visual

feedback control in the second quadrant where the distance to the target is close, compared

with the results on the sagittal plane, minimizing ΔR in the second quadrant could be inter-

preted as a goal of the tracking movement. Other quadrants can be considered as areas where

feedforward control is more dominant when moving the tracer along the predicted trajectory

than actively utilizing feedback. In these areas, ΔR is believed to increase owing to the absence

of active feedback for optimized movements. Thus, motor control is optimized by actively

applying feedback control to aspects directly related to accomplishing the movement goal, and

by minimizing interference for irrelevant tasks [34–38].

The circular tracking movement on the sagittal plane was analyzed in order to determine

limitations in position feedback control because of the weight change of the visual informa-

tion. As a result, the circular tracking movement appeared to minimize the ΔR through feed-

back control in the second quadrant, where the weight of the visual information is the largest.

However, in the other quadrants, the OFC was applied to the tracking movement by optimally

adopting feedforward control. On the frontal plane, the ΔR throughout all four quadrants was

trivial, and the deviation of ΔR was approximately three times greater on the sagittal plane

than on the frontal plane. This clearly indicates that the tracking movement on the frontal

plane utilizes feedback control as a primary control mechanism for all areas because the frontal

plane provides high accuracy of the visual information on the target through the entire

trajectory.

Relationship between visual information and rhythmic movement

If the target is moving at a relatively slow velocity (V1 or V2), the ω value of the tracer is less

than that of the target at all points in time, regardless of the planes. In contrast, Δω increases if

the target moves at a relatively high velocity (V3 or V4). The extent of the increase was greater

on the sagittal plane than on the frontal plane, and all increases showed a rhythmic change

(Figs 5–8).

The prediction control is suppressed under the conditions of an error correction function,

which can be operated during a slow or tracking motion with sufficient visual information

within the entire trajectory [26]. However, if the error correction function does not work

because of insufficient information from the surrounding environment, the prediction func-

tion is more likely to operate, and while the prediction function is performed, the rhythm

acquired from the surrounding environment is used for prediction control. In other words,

the degree of involvement of the predictive control depends on the reliability of the visual

information, and it can be confirmed based on the rhythmic degree of ω [26].

An FFT analysis was conducted on ω to obtain a more quantitative comparison of the

rhythmic degree. The amplitude spectrum was compared within the low-frequency range of

0–5 Hz at each velocity. Based on the result, the amplitude spectrum is larger than that of the

frontal plane when the circular tracking movement is applied on the sagittal plane.

In addition, the amplitude spectrum was larger during the fast motion than during the slow

motion of the target. This is similar to the frequency analysis of visible and invisible move-

ments [26]. Hence, if the visual information is uncertain during a circular tracking movement,

the rhythmic tendency increases.
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The analysis of ω can be considered to be related to the OFC. When the target moves at V3
and V4, the ω values of the tracer and target indicate errors according to each quadrant posi-

tion. The average values of ω were almost identical between the target and tracer during one

complete cycle (Table 4). Therefore, the rapid tracking movement of the sagittal plane mini-

mizes the ΔR of a specific location (quadrant 2). We confirmed the tendency to control the

rotation period of the tracer to match the rotation period of the target based on quadrant 2.

Even along the frontal plane, a similar tendency was observed when the target moved at V3
and V4. In previous studies by Yoshikatsu and Yurie, there was a control tendency that subject

matched the periodicity of the target and the tracer based on a specific area when performing a

periodic tracking movement [26]. Similarly, the goal of the tracking movement in this study

can be interpreted as matching the periodicity of the target and the tracer. The specific area in

this experiment can be deduced as the second quadrant where ΔR becomes the smallest, as dis-

cussed previously. Therefore, the goal of the circular tracking movement is to match the peri-

odicity of the target and the tracer, and the area as the reference can be considered as the

second quadrant in OFC theory. The second quadrant is a position related to the goal of the

movement, and the other quadrants can be viewed as less related areas.

Future work: Confirmation of learning effect, noise impact reduction, and

application to rehabilitation

In this study, the subjects were asked to exercise within the first environment they experienced.

In this case, we found that the weight of the visual information was larger than the weight of

the proprioceptive information. In the future, the subjects will be sufficiently trained and then

asked to conduct the same exercise. It is expected that the weight of the proprioceptive infor-

mation will increase and that the weight of the visual information will decrease.

During this experiment, the controller was held in the subject’s hand, and the target was

traced with the end point of the controller. This required control of the position and state of

the controller, which means that precise control is difficult to achieve and that a time delay

may occur. This situation may have caused noise in the experimental results. If the subject

traces the target by hand without holding the controller, the subject will be able to reduce the

effects of noise before the pre-processing of the analysis results.

There have been various cases involving controlling visual feedback and applying it to reha-

bilitation. However, the effects of rehabilitation under various visual feedback situations were

not analyzed; therefore, quantitative evaluation was limited [39–42]. We were able to compare

the differences in the control strategy according to the accuracy of the visual information. If

the same study is conducted on hemiplegic patients, it will be possible to identify changes in

the patient’s control strategy after a brain injury. In addition, the parameters measured in nor-

mal persons and those measured in patients with an ailment can be compared and applied to a

quantitative assessment of the patient’s condition, and may be applicable as a standard for

establishing an appropriate visual feedback environment when conducting rehabilitation

treatment.

Conclusions

In this study, we analyzed the control strategy of a circular tracking movement in 3D space

according to the accuracy of the visual information. The value of ΔR was shown to be two to

three times greater in quadrants 1 and 4 than in quadrants 2 and 3 near the subject. We also

found that the value of ΔR increased as the velocity of the target increased. This indicates that

the spatial information of the visuo-motor control is significantly influenced by the accuracy

of the visual information owing to the depth and target velocity. When ω was analyzed within
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the frequency domain, the periodicity was shown to be approximately 1.7 to 2 times stronger

on the sagittal plane than on the frontal plane, and as the velocity of the target increased, the

periodicity also increased. This means that the periodicity of movement is also affected by the

accuracy of the visual information based on the depth and target velocity. However, the aver-

age ω value of the tracer was similar to that of the target (i.e., within 0.6%) during one trial. In

other words, the ω values of the tracer and the target are not the same at all positions, although

the same time is required to perform a single trial.

From the characteristics of the aforementioned two parameters (R, ω), it can be inferred

that the subject performs a periodic circular tracking motion in the sagittal plane and matching

the periodicity in the second quadrant for the purpose of exercise.

Based on the characteristics of the two aforementioned parameters (R, ω), it can be inferred

that the subject performs a periodic circular tracking movement on the sagittal plane and

matching the periodicity in the second quadrant for the goal of tracking. If this is applied to

OFC control, the second quadrant with high reliability of visual information can be thought as

an area that is highly related to the goal of tracking, and the other quadrants can be thought as

areas those are not related to the goal of tracking. Accordingly, we can infer that the subjects

have a high weight of the visual feedback control in the second quadrant, and that the move-

ment with a high weight of the feed forward control performs in the other quadrant where the

reliability of visual information is low. However, since the movement characteristics of the

arm structure may be reflected, further research is required.
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