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SUMMARY: In this paper, the octahedral model of an athlete during physical training is
reconstructed in real time by means of sensor wearing and data acquisition to recognize the
changes of his/her body parts during movement. Two pose description methods, Euler angle
and quaternion, are used to calculate the athlete's actual motion position and the sensor
reference position to locate the human motion position with high accuracy. Combine the
occlusion processing method (DTP) and the action reconstruction algorithm (PE-DLS) to
classify and complete the action reconstruction for different acceleration changes. The
transformed action data are used to construct the action recognition model VT-AGCN, which
accurately recognizes the actions in physical training. The athletes of the swimming team
assisted by virtual reality technology have a greater improvement in stroke performance and
leg striking performance, and the stroke performance is accelerated to 138.705-160.933 s, and
the leg striking performance is accelerated to 190.158-208.846 s. Athletic training in the realm
of competitive sports represents a vital factor for the development of superior athletes, and the
employment of virtual reality technologies will be of great value in increasing the level of
competitive ability of athletes.

KEYWORDS: DTP; PE-DLS; movement reconstruction; VT-AGCN; virtual reality; physical
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1 Introduction

Competitive sports form an important part of the entire sporting environment in China [1]. In
2011, the General Administration of Sport of China developed the Olympic Competition
Program Outline for 2011 - 2020. Later in 2016, the 13th Five-Year Plan for Sports
Development and Competitive Sports were launched, thereby outlining a clear path towards the
development of competitive sports and physical training in China. Over the years, China has
exhibited a continuous and persistent interest in ensuring the healthy development of
competitive sports in the country. From the development of strategic policies down to their
implementation, and from the establishment of the national competitive sports system down to
the selected approaches to the development of competitive sports in the country, the government
has always taken targeted actions to meet its sports expectations [2]. Competitive sports in
China have not only been an important part of the country's goal in achieving healthy China
and becoming a dominant sports power, but also in fulfilling the Chinese dream of rejuvenation
[3-5].
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The physical training of an athlete can be considered as the primary stage of preparation in
each sport. The essence of the concept under discussion is to cultivate the athletic abilities of
athletes comprehensively and hence increase the quality of athletic activities, optimize the body
composition, and master skills in addition to their major area [6, |7]. Being an integral part of
athletic training, physical training provides important prerequisites for the improvement of the
technical and tactical qualities of athletes and for producing excellent achievements in
competitions [8]. In doing so, it guarantees the comprehensive development of physical
attributes, makes the body resistant to high loads during training sessions, and enables athletes
to learn sophisticated techniques and improve their tactical abilities [9-11]. Thus, physical
training plays an instrumental role in producing remarkable athletic achievements and
prolonging the career of athletes. Owing to its importance, physical training has always been
receiving great attention from the coaches working at international sport levels. Besides, it has
become a hot topic among researchers across the globe [12]. In this context, virtual reality
technology pertains to the construction of a simulated network space using computer systems,
which would give rise to the experience of full immersion into a digitized environment [13].
Over the past years, considerable development was achieved in this field, and the application
of this technology has been gradually integrated into multiple spheres of social life, ranging
from the implementation of aerospace engineering worldwide to everyday entertainment
purposes [14-16]. Virtual reality is far beyond a mere instrument for shaping and changing the
perception of time and space in today's world. On the contrary, it provides new insights for the
reform of existing methods of physical training [17]. What is more important regarding this
issue, virtual reality technology offers the possibility for athletes to be trained in acquiring both
theoretical and practical knowledge and skills as well as develop new ways to practice physical
training [18, 19]. The intersection between virtual reality technology and physical training
implies significant potential opportunities for the future. By utilizing the possibilities of virtual
training, athletes will not only gain practical, lifelike experience of training but also foster their
independent training mindset along with developing their critical, independent thinking skills.
All of these aspects play a significant role in innovating the methods of physical training among
athletes [20-22]. However, unlike sports training in general, the matter of how to employ virtual
reality technology properly and create a new model of physical training on its basis still requires
further investigation.

Relevant surveys show that injury is a key factor that causes athletes to be unable to sustain
participation, which requires athletes to have good physical fitness, if the athletes do not have
sufficient physical training, physical reserve is insufficient, The problem of injuries remains a
constant factor during the training process and also while competing, and scientific physical
training can improve the athletes' physical function and physical adaptability, and effectively
prevent sports injuries [23-25]. Saunders et al [26] studied the physical training of stroke
patients and designed cardiorespiratory training, resistance training, and a mixture of the two
for the patients, cardiorespiratory training improved the walking ability of the patients, and the
mixture of the training methods had a certain degree of influence on the balance ability, the
conclusions of this research can be taken into consideration when dealing with the training
process of athletes. Nygaard et al. [27] studied the influence of different kinds of physical
training on changes in the orientation skills, including augmentative training, strength training,
sprint training, and other single forms and combinations of forms, and all of the training
modalities used resulted in varying degrees of enhancement in orienteering ability effect
measures. In a study conducted by Lu et al. [28], the impact of physical training on the hitting
skill of tennis players was analyzed through experimentation with 32 tennis professionals who
were categorized into two groups based on the kind of training each received. The data obtained
from the physical training was statistically analyzed using software, and it was established that
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physical training significantly improved the functional movement and hitting skills of the
athletes. In another study done by Tian et al. [29], it was established that engaging in physical
interval training before basketball training significantly improved the vertical jump and 20-
meter sprint performance of male athletes, and it also has the same improvement effect on
female athletes but to a lesser extent, so it is necessary to develop different physical training
programs for different genders of athletes.

In relation to improvements in physical fitness among athletes, research by Xiao et al. [30]
showed that functional training is a positive contributor, resulting in improvements in areas
such as speed, muscle strength, power, balance, and agility. Lamberth et al [31] divided golfers
into two groups for functional and traditional strength training, and the experimental data
showed that the strength of the traditional strength group of athletes in the deep squat and leg
raises was elevated high, while the vertical jump and swing speed and other specialized
movements were not improved, while the functional training group was significantly improved
in all data. The impact of elastic training on physical fitness was studied by Slimani et al. [32].
It was found that short term elastic training leads to improvement in jJump height, sprinting, and
agility performance. However, combining elastic training with specific sport training showed
to be less effective compared to implementing elastic training alone. Akbar et al. [33] undertook
an analysis of the effect of neuromuscular training on physical fitness in different sports, based
on information obtained from 144 studies on the topic. concluded that neuromuscular training
helps athletes to adjust their body movements according to their own situation and thus improve
their performance in physical fitness indicators.

With the international deepening and development of physical training in the field of
competitive sports as well as in the field of virtual virtual reality, progressive breakthroughs
have been made in a number of research areas related to them [34]. Li et al [35] combined the
use of VR technologies and smart sensors in physical training programs, resulting in the
provision of training optimization, skill improvement, and psychological support to athletes.
Such combination was able to overcome some shortcomings of current smart sensors during
sports training. Ali et al [36] developed a virtual reality application for sports training, such as
walking and running, and carried out a training effect test and survey to evaluate the
effectiveness of the virtual reality program through body movements, voice commands, gesture
control, and other interactive experiences to effectively improve the physical training effect of
the testers. The virtual reality program provided an interactive experience through body
movements, voice commands, gestures and other ways to effectively improve the physical
training effect of the testers. Hong et al [37] designed a virtual reality-assisted convolutional
neural network model for athletes to enhance the effectiveness of sports training, and the virtual
reality-assisted provided athletes with real-time interactive environments, which enhanced the
athletes' self-confidence and mastery of sports training knowledge. Donath et al [38] researched
the effectiveness of virtual reality technology in increasing physical abilities of senior people.
The results obtained showed that physical abilities of seniors, such as balance, mobility, were
improved greatly after the use of virtual reality, helping reduce the probability of falling down
in old age. Liu et al [39] obtained findings consistent with Donath et al, who pointed out that
the immersive features of virtual reality technology play a key role in gait recovery of the elderly,
and that weekly immersive training qualitatively improves functional mobility and balance in
the elderly.

The practice of developing virtual reality systems for sports training has also become a
feature of international research in the field of competitive sports. CannavOet al [40] designed
a virtual reality-based sports training system, which incorporates standardized movements for
a variety of sports, such as basketball free throw movements, and improves the training effect
of athletes on specific technical movements, and verified the system in training effectiveness
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testing experiments. The feasibility of the system was verified in the training effectiveness test
experiment. Pastel et al [41] designed a virtual reality training system in order to achieve
efficient karate technique training effects without the accompaniment of a coach, including the
whole body visual presentation and forearm visual presentation of the two training modalities,
and after a period of time training athletes all body parts of the training effect has been improved.
Faure et al. [42] analyzed systematically the ways in which virtual reality technology is used in
team ball sport training and provided a general assessment of the efficiency of these methods.
As a result, the authors came to the conclusion about certain drawbacks associated with the use
of virtual reality technology in sport training caused by the technical issues and imperfection of
training programs. Cao et al. [43] studied the issue of virtual reality technology in sports
training in detail. The results of the research have shown that virtual reality soccer training
provides tactical situations for athletes in training and using artificial intelligence algorithms to
analyze athletes' movement, decision-making increases the efficiency of training.

The upgraded breakthroughs of virtual reality technology such as VR and AR have brought
more possibilities for the in-depth development of competitive sports. With the aim of
improving the accuracy of physical training of athletes and their success in sports competitions,
this paper applies virtual reality technology in detecting, reconstructing and recognizing
athletes' training actions. The Euler angles and quaternion body postures of athletes during
physical training are measured, and the spatial angular parameters and acceleration of each
action data are calculated to locate the absolute and relative positions of the limb coordinates
and to improve the accuracy of action capture. According to the changes of joint acceleration
in the captured data, the occlusion processing method (DTP) and the motion reconstruction
algorithm (PE-DLS) are categorized and applied to complete the reconstruction of the training
motion. Afterwards, the human skeleton sequence data are input into the deep learning model
VT-AGCN to recognize and classify each training movement to understand the athletes in
physical training in real time.

2 Motion capture and analysis of physical training based on
virtual reality technology

2.1 Human movement data monitoring

2.1.1 Human posture description methods

There are three principal methods for describing human posture, namely Euler angles, rotation
matrices, and quaternions, each of which carries its own advantages, disadvantages, and
applicable scope.

1) Euler Angle

Figure 1 illustrates how Euler angles describe the fixed-point rotation process. In the figure,
Oxyz and Ox'y'z" represent the right-handed coordinate systems, and three angular
parameters y,8,¢ are employed to express the relationship between the angular changes of
a rigid body rotating around a fixed point, with Oxyz serving as the reference coordinate

system.
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Figure 1: The diagram of rotation expressed by Euler angle

The angle from the fixed axis Oz to Oz’ is the angle of chapter motion &, and the
perpendicular ON of the plane zOz' is the knuckle line, which is also the intersection of the
planes Ox'y" and Oxy. The angle from the fixed axis Ox to the nodal line ON is the

angle of progression i/, and the angle from the nodal line ON to the movable axis Ox’ is
the angle of rotation ¢ (w,0,¢ are all measured counterclockwise). The initial position is
Ox'y'’z" coinciding with Oxyz , which is successively rotated Z(w), N(8), Z'(¢) around
the three axes of Oz, ON, and Oz', and R(y,8,9) is obtained after the rotation, and the
transformation relationship is formulated as follows:

R(y,0,0)=Z'(p)N(O)Z(w) (1)

The rotation operator in the rotation matrix representation demands the computation of
numerous trigonometric values along with extensive matrix multiplication operations. The

1 0 0 cose sing 0
rotation  operator: N(@)=|0 coséd sind : Z'(p)=|-sinp cosep O :
0 -sin@ cosd 0 0 1
cosy siny O
Z(y)=| -siny cosy O |.
0 0 1

Euler angles can decompose the fixed-point rotation of a coordinate system into three
successive rotations about a fixed axis. This method offers a more intuitive representation of
the rotation angle of a rigid body or vector within a reference coordinate system.

2) Quaternion

A quaternion is composed of four elements, and its complex number form is expressed as

Q(qO’qlqu’qS):q0+q1i+q2j +q3k (2)

where q, is the scalar of the quaternion representing the angle of rotation; ¢@,,q,,0; are
the vector parts of the quaternion; and i, j,k represent standard orthogonal vectors, which by
the nature of the complex numbers can be shown to be iI®i=-10, j®j=-10, and
k®k =-1.0, with the ® symbol represents the multiplication of quaternions.
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A quaternion can be thought of as a vector in four dimensions, or as a hypercomplex number.
Where | represents a rotation from the x-axis positive to the Y -axis positive in the plane

where the x-axis intersects the y-axis, j represents a rotation from the z -axis positive to

the x-axis positive in the plane where the z -axis intersects the x-axis, and k represents a
rotation from the Yy -axis positive to the z -axis positive in the plane where the Y -axis

intersects the z-axis. The rotation relation of i, j,k can be described by multiplication of
quaternions as

i®j=k jOk=ik®i=] } -

j®i=-Kk®j=-i,k®i=—]
In the equation above, the multiplication of two distinct unit vectors by a quaternion
conforms to the cross-multiplication properties of unit vectors. The addition and subtraction of

quaternions follow the general laws and properties governing complex numbers.
Quaternion multiplication is defined by the symbol ® and expressed as:

P®Q=(po+ pi+ P J+ PK)®(dy +04i +0, j +05K)

=(Poly — P1G; — P20, — Pyl ) +( Pl + Py + P,0; — P30, )i 4)
+(Pol, + P,0o + Pyl — Pils ) J +( Pl + Paly + P1G, — P,0; ) K

The above equation is written in matrix form:

b -0 -9 -0z} P
peo=|® % G WP
qz _q3 qo ql pz
Q3 g, -0 qo pa

(%)

PBo —P =P P}

OrP®Q= P P =P P || %

P, Ps Po —P | 9

Ps =P Py Po Os

Quaternion multiplication satisfies the laws of distribution and combination:

P®(Q+R)=P®Q+P®R (6)
P®Q®R=(P®Q)®R=P®(Q®R) @)

Quaternion inverse: if P®R=1.0,then P and R are inverse to each other, denoted as
P=R! or R=P?, and the computational expression: P®P = ( P+ P+ P, J+ p3k)®

(Po— P — P J— Psk) = pg + P + p; + p; + p5 =|P|, is found:

*
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where P” is the conjugate quaternion of P, and |P| is the paradigm of the quaternion,
which indicates the size of the quaternion.

2.1.2 Calculation of motion data parameters

1) Space angle (®,0,¢) calculation

In the calculation of joint range of motion, it is necessary to determine the relative positional
relationship between neighboring upstream and downstream limbs through the measured
attitude quaternion. The quaternion measurements output from the wearable inertial sensors
s1,s2 are all based on each sensor's own coordinate system S as the reference system, and

the relative position of the wearable inertial sensors sl1,s2 with respect to the ground reference

system G changes continuously throughout the process of motion. The ground reference
system G is kept unchanged, and three or more node data are required to determine the
attitude and perform the coordinate system transformation, so that the wearable inertial sensors

s1,s2 both adopt the ground coordinate system as the reference system. The vector Vg in the
S system is described in the S system coordinate expression Vg by Equation (9):

*

g P_
T ®)

where ¢ is the conjugate quaternion of q,and g =q~ if |q|=1.

Q=p®q=(py+ Pi+P,J+ P:K)® (0 + i + 0, J + 0k
Po =P =P —Ps}[
Py Po —Ps P, 0 (10)
P, Ps Po —P || O
Ps —P, Py Po Os

According to the principle of quaternion synthesis, if quaternions p and q represent the
first and second coordinate system rotations, respectively, the synthesized quaternion Q is

described by Equation (10). It can be obtained that (= PT®p®Qq=p'®Q, and if the
quaternions of the upstream limb and the downstream limb measured by the wearable inertial
sensors sl,s2 are Q and Q,, respectively, the coordinate system rotation relation AQ
between the two quaternions is characterized by Equation (11) that

AQ=Q'®Q, (11)

The quaternion AQ:(qo,ql,qz,qS) of the coordinate rotation of the upstream and
downstream limbs is obtained according to Eq. (3), and the vector V represents the Oz’ -axis
negative direction vector (0 0 —l)T the matrix of coordinate transformations from the
Ox'y'z" -system to the Oxyz -system is described by Eq. (12), the
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VX
V=V,
VZ
(12)
o+ —O; —Gs  2(00, +000s)  2(0,s—0ll,) (O
=| 2(0,0,~ %) OG-0 +0;—0;  2(qp0, +0,%) | O
200,05 +0o0,)  2(0,0 +G0)  Go —C —Cp +05 J\ -1
V, 0
To find the reference vector n=| V, |, the y-axis vector m=|1 |, and according to
0 0

Euler's formula for the angular rotation angle, it can be found that (a),e,(p) is described by
equation (13):

)

® = arccos| ——

Al m|

0= arccos[r:]'—\{] (13)
Y
2( 9% +9,9; )

¢ = arctan —;

o —C —C; +05

2) Acceleration Calculation
Assuming that the attitude vector in the S system is V, and remains constant, and the

coordinate system S is rotated to the G system as the conjugate quaternion ¢ of q, the
accelerations a;,a;,a; measured by the sensor are based on the S system, and the G

system is used as the reference system. The calculation process is as follows: the acceleration
vector is expressed in the coordinates of the S system as A° :(aS a as). If the vector is

X1y
fixed, the coordinate system rotates the S systemtothe G system, and the new coordinates
of the acceleration vector are:

A =(az.al.ar)=q e Ao’ (14

2.1.3 Trainer Virtual Octahedron Model Acquisition

Human body parts included the pelvis, left thigh, right thigh, left calf, right calf, left foot, right
foot, chest and abdomen, neck, head, left upper arm, right upper arm, left lower arm, left hand,
right lower arm, and right hand. Based on the actual paste locations of marker points related to
the same limb segment and the 3D spatial coordinates of the collected marker points, each part
was represented by an octahedron. Exactly which MARKER points are used to represent which
part of the body is to be measured by visualization.

For the position of the marker points depicting the same body segment, there are differences
between subjects due to the disparity in physical attributes. Referring to the case of the RFHD
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marker situated on the front portion of the right side of the simulated human head, the values
for its world coordinate for a person of smaller physical dimensions are (13, 11, 1645), whereas
those of a person with higher physical dimensions have been found to be (13, 8, 1800). In terms
of physical size difference, this has been evident in the values associated with the z-coordinate
of the mentioned point. Based on the three-dimensional coordinates of the marker points
denoting particular body segments, it will then be possible to obtain octahedral models that
accurately represent the physical sizes of the human trainees with varied body sizes.

This virtual human head will be used as a representative example for demonstrating how an
octahedral model can be obtained for the particular person undergoing training.

Three marker points have been placed for the virtual head: RFHD, LFHD, and LBHD,
indicating the right front, left front, and left back portions of the head. First, the position of the
head end center is calculated using the spatial coordinate points for these three marker points.
After that, the center point of the neck and head joint is obtained by considering the chest
landmark CLAV and the upper back landmark C7 points. An octahedral model can now be
developed for the virtual human head based on the proper angular rotation and scaling of these
two centers.

2.2 Reconstruction of key modules based on virtual reality technology

2.2.1 Data pre-processing

Before real-time motion capture starts, the offset between the body parts and the corresponding
sensors should be obtained through pose calibration, so as to get the position p°(t) and

rotation qib (t) of the corresponding joints of the virtual human. In this paper, we use the “T”

pose calibration method. When the calibration program starts, the user needs to assume the “T”
pose. The virtual human model is scaled according to the ratio of the height of the head-mounted

display and the height of the virtual human head, I, SO as to ensure that the virtual human
and the real human body are the same size.

r-scale = pEead J (15)

head,y

The sensor position and rotation in the “T” attitude are defined as 3D vector p;(t,) and
quaternion g’ (t,), respectively, and the position and rotation of the corresponding body joints
are defined as p°(t,) and rotation g’ (t,), respectively, so that the positional and rotational

offsets pf” and qiOff of the VR device and the body parts, respectively, are calculated as
follows:

QiOﬁ = qis (to)_l‘Qib (to) (16)
piOff = pib (to)_ piS (to) (17)

where t, denotes the calibration moment. q’(t,) and ¢’(t,) denote the rotation of the
sensor and the rotation of the corresponding joint of the digitizer, respectively, at the time of
calibration. The p°(t,) and p(t,) denote the position of the sensor and the position of the
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corresponding joint of the digitizer at the time of calibration, respectively. The calibration
method is based on two assumptions, one is to assume that the virtual human and the real human
body have the same bone length ratio, and the motion retargeting with different bone length
ratios is out of the research scope of this paper. In this paper, the virtual human model is adjusted
to maximize the alignment between the user and the virtual human bone length ratio. Second,
it is assumed that the offset between the VR device and the human body is fixed after the
calibration is completed.

The VR Grip has interactive buttons and haptic feedback, supports teleportation, and other
features, so in practice, the HTCVIVE trackers for both hands can be replaced with the VR Grip
for more interactive features. It should be noted that if a VR grip is used instead of a two-handed
tracker, the user needs to hold the grip tightly after calibration to prevent the grip from sliding
and introducing large errors. Although the calibration results based on the above assumptions
have unavoidable errors with the real situation, the experimental results show that this method
Is a simple and effective way to calibrate.

In real-time operation, based on the position and rotation offsets of the VR device and body
parts obtained from the calibration, the original sensor data can be transformed to the virtual

human model coordinate system, so as to obtain the position p’(t) and the rotation g°(t) of
the corresponding joints with the following transformation formula:

HOESHORS (18)
Py ()= p O+ 1) )" p” (19)
where ¢’ (t) and p’(t) denote real-time sensor rotation and position data, respectively.

2.2.2 Motion Reconstruction

In order to improve the real-time, accuracy and robustness of action reconstruction, this paper
integrates a high-precision, real-time action reconstruction algorithm (PE-DLS) and an
occlusion processing method (DTP) in the action reconstruction module.The DTP algorithm is
mainly aimed at the occlusion problem, and it is essentially a deep learning method, which is
limited to generalization in real-time motion capture due to the complexity and diversity of the
human body movements. The PE-DLS algorithm, as a generalized high-precision, real-time
action reconstruction algorithm, has a performance that is not limited by the type of action and
scene, but it cannot deal with the occlusion problem. Therefore, in this paper, the DTP method
is used for reconstruction when it may suffer from the occlusion problem, otherwise the PE-
DLS method is used to reconstruct human actions, which can improve the performance and
efficiency of the algorithm.

This paper introduces a simple and effective determination method for occlusion processing:

when there exists any joint i such that Aa >Aa™, the system is reconstructed by using the

DTP method, otherwise it is reconstructed by using the PE-DLS method. Under normal
circumstances, the human body movement continuity is good and the acceleration change is
small. When the sensor suffers from occlusion by the human body or the surrounding
environment, the data affected by the occlusion usually jumps, so when the acceleration change
is faster, it is likely to suffer from the occlusion problem. In this paper, we characterize the
continuity of the data by calculating the acceleration change of the sensor in m/s®. When the
acceleration change is greater than a certain acceleration change threshold, the DTP method is
selected for motion reconstruction, otherwise the PE-DLS method is used for motion
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reconstruction. The joint acceleration change of normal human natural motion is usually very
small, and the acceleration change threshold does not have a fixed value, which is usually

related to the type of motion. In this paper, the maximum joint acceleration change value Aa™

of the root node and the end node in all the motion sequences is calculated based on the large
human motion capture dataset AMASS as the threshold value, and the joint acceleration change

value Aa, atthe moment of t is calculated as follows:

Cp(t-2)+p(t-2)-2p(t-1)
Aa, = 0 (20)

where p’(t), p’(t—-1) and p°(t—2) denote the joint positions of the current frame, the

previous frame and the last two frames. In this paper, the system is stabilized at 55FPS, so
At=1/55.

Because the training of the deep learning model in the DTP framework is based on the
AMASS dataset that uses a right-handed coordinate system, whereas the collected data using
the Unity3D engine is represented in a left-handed coordinate system, the coordinate
transformation is inevitable. That is, the collected position and orientation data should be
converted from the left-handed to right-handed coordinate system before reconstruction, and
then the reconstructed motion of the entire body should be converted from the right-handed to
left-handed coordinate system again before its usage in the DTP algorithm. In the Unity3D
engine, the three-dimensional coordinate system uses a left-handed system where the positive
x-axis is in the right-hand direction, the positive y-axis in the upward direction, and the positive
z-axis in the frontward direction. On the contrary, the AMASS dataset uses a right-handed
coordinate system where the positive x-axis is toward the left-hand direction, the positive y-
axis in the upward direction, and the positive z-axis in the frontward direction. The
transformation process from one coordinate system to another can be performed by converting
the quaternion @ into the rotation matrix R using Rodrigues' formula:

R=1+ad-sin0+a&-(1-cosb) (21)

where | e R®*® is the unit matrix. @<R® denotes the rotation vector form of the quaternion

g and @ denotes the angle of rotation. The @ is the antisymmetric matrix generated by the
rotation vector w:

0 -0, o
o= o, 0 -o (22)
-0, o, 0

Taking the left-handed system as an example, the position and rotation under the left-handed
coordinate system F' are defined as the three-dimensional vector p!(t) and the rotation

matrix R'(t), and the position and rotation under the transformed right-handed coordinate
system F" are defined as the three-dimensional vector p; (t) and the rotation matrix R/ (t),

respectively. In this paper, the transformation from the left-handed coordinate system F' to
the right-handed coordinate system F" is realized by flipping the x-axis direction of the left-
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handed coordinate system. The position data p;(t) under F" can be obtained by inverting
the x-component of the 3D position vector under F' as:

pir t)=S;- pil (t) (23)
-1 00

where S; =l 0 1 0| denotes the three-dimensional vector transformation matrix from
0 01

F' to F". Suppose a point p' in the left-handed coordinate system F' is transformed by
rotating R!(t) to obtain a new point pas:

p=R® P (24)
Substituting Eq. (24) into Eq. (25) yields:
Sr- p"= RiI ®)-GS; - p") (25)

Apoint p" in the right-handed coordinate system F' is rotated R'(t) to obtain a new

point p" as:
pr=R(t)-p' (26)

According to Egs. (25) and (26), the rotation matrix R/ (t) in the right-handed coordinate

system F" is related to the rotation matrix R'(t) in the left-handed coordinate system as
follows:

R'(t)=S"-R'(t)-S; (27)

Given the inherent symmetry between left-handed and right-handed coordinate systems, the
procedure for converting from a right-handed system to a left-handed system is identical to that
for converting from a left-handed system to a right-handed system, and is therefore not repeated
here.

2.2.3 Motion Recognition

After preprocessing the motion capture data, more complete and realistic motion data are
obtained. By inputting these data into the deep learning model, the sports training movements
can be recognized and evaluated. Due to the existence of many complex movement features in
sports training movements, such as the turning movement, the general deep learning model
cannot accurately recognize sports training movements. This is because in the motion capture
of sports training, for the same action, the difference in viewpoints will lead to a large difference
in the motion capture data. Taking the selfie action as an example, under different viewpoints,
there are large differences in the skeleton representation of the human action.

To address this problem, the study proposes a VT-AGCN model. The action recognition
process of this model is as follows: according to the features of sports training, a reasonable
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angle is obtained by using the viewpoint adaptation subnetwork, and the transformation of
consistent viewpoint is realized. The transformed data is input into the classification model and
the model is trained. In a human skeleton sequence, let the number of joints be n and the

number of frames be m, n joints form a vertex set V ={v, [t=12,---,m,i=12,---,n}, and

the edge set connecting the vertices is E. The E is categorized into two kinds of spatial
trajectories Eg and temporal trajectories E;, as shown in Eq. (28) and Eq. (29).

Eq ={vvy (i, J)eH} (28)

E. = {Vtiv(t+l)i } (29)

In Equation (29), H is the set of natural connections of human joints. By obtaining Eg

and E., the spatio-temporal topology graph can be constructed, so as to obtain the global and

local representations between a node and the neighboring nodes, and then extract the multi-
dimensional features. Figure 2 shows the spatio-temporal topology of the human skeleton.

The nodes in the topology graph are classified into three categories, which are source points
(nodes themselves), proximal points (nodes close to the center of gravity of the human body),
and distal points (nodes far away from the center of gravity of the human body), and are
assigned with different weights of 0.0, 1.0, and 2.0. The definition of each node is shown in Eq.
(30).

0, r=r,
i (V) =d (Vgovy ) =41 1y<r (30)
2, r;>r

In Equation (30), I is the average clustering of the center of gravity to the joint i in all

frames of the training set. With Eqg. (30), centripetal and centrifugal motions can be
distinguished more clearly. Through Eqg. (30), the human motion data is divided into bone
information and joint information, which are input into the respective classification networks
for training, and the two outputs are summed to finally output the action categories.
Synthesizing the above, the sports training action capture and recognition model based on VT-
AGCN is constructed.

Figure 2: Spatiotemporal topological structure of the human skeleton
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3 Performance testing and application practice of virtual
reality technology

3.1 Simulation of Joint Movement Training

A simulation experiment was set up to verify the effectiveness of the proposed virtual reality
technology in reconstructing and recognizing changes in body parts during physical training. A
competitive sports athlete was invited to wear sensors and other tools to complete several
physical training sessions. The motion data of this athlete was collected and input into a deep
learning model for recognition and evaluation. Figure 3 shows the simulation trajectory of the
athlete's elbow joint kinematic training simulation. Figure 4 is the simulation trajectory of the
athlete's knee joint sports training simulation. In the simulation process of physical training, the
virtual coordinates of the three axes of X-Y-Z of the athlete collected and restored by the system
are more consistent with the actual coordinates. For example, during the movement of the elbow
joint, the coordinates of the X-axis only showed an error of about 0.06m in frames 2-8 (i.e.,
during the physical training process), and the axes of the rest of the joints also showed smaller
errors.

1.60

1.50

1.45
1.8 1.40
- Actual trajectory Simulated trajectory

X L7

Figure 3: Simulation trajectory of elbow joint motion training

Actual trajectory - Simulated trajectory

22

Figure 4: Simulation trajectory of knee joint motion training

14



INGEGNERIA SISMICA — INTERNATIONAL JOURNAL OF EARTHQUAKE ENGINEERING

3.2 Performance test of the model in physical training

3.2.1 Training Motion Capture Speed Comparison

From the simulation trajectory of joint movement training simulation, the model in this paper
can capture and restore the training movements of athletes more accurately. In order to better
reflect the application value of the proposed method, the algorithm (DTP+PE-DLS) and model
(VT-AGCN) used in the action reconstruction module and action recognition module are
examined. Table 1 shows the results of the comparison of the reconstruction speed of human
motion training actions with different algorithms. In the reconstruction experiments with
different numbers of training movements, the algorithm chosen in this paper, DTP+PE-DLS,
consistently maintains a reconstruction speed of 25-29 movements/min, which is faster than
that of Pw3D++ (13-16 movements/min), RGB-D (10-13 movements/min), and LVA (10-12
movements/min). In terms of reconstruction real-time, DTP+PE-DLS achieves faster
reconstruction speed and better experience in the actual virtual restoration of human body
movements due to the simple determination of the motion occlusion that exists during the
training process, and the consequent selection of appropriate DTP/PE-DLS algorithms to
realize motion reconstruction.

Table 1: Comparison of Rebuilding Speed of Human Movement Training Actions

Number of training exercises Action reconstruction speed (minutes per unit)
DTP+PE-DLS Pw3D++ RGB-D | LVA
50 25 14 10 12
100 27 13 12 12
150 28 15 10 11
200 26 16 11 10
250 28 14 11 11
300 29 13 13 12
350 27 15 11 10
400 26 15 12 10

3.2.2  Loss Function and Recognition Accuracy Analysis

In terms of action recognition, since it is necessary to input the preprocessed action data into
the VT-AGCN model to complete action recognition and classification, the recognition effect
of the VT-AGCN maodel is crucial for the later training strategy adjustment and so on. Figure 5
shows the loss function and training accuracy of the VT-AGCN model obtained after 500
iterations. Figure 6 shows the recognition rate results of the VT-AGCN model for different
training actions. The model iterates for 500 times, with a sudden change at the 122nd time, and
stabilizes the rest of the time, and finally stabilizes at a lower loss value (0.1244) i.e. by the
250th time. The model accuracy increases with the number of iterations and eventually
stabilizes at a higher accuracy of around 0.9904. And the recognition rate of the model is always
above 95% in the recognition of four different training actions. Among them, the recognition
rate of the paddling action is the highest, reaching 99.60%-99.95%, which is close to 100%.
This is followed by the recognition rate of the leg striking action, which reaches the range of
99.24%-99.58%. The recognition module chooses the VT-AGCN model to recognize and
classify the action data, which has a more stable recognition effect and higher recognition
accuracy.
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Figure 5: The loss function of VT-AGCN and training accuracy
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Figure 6: Recognition rate of VT-AGCN for different training movements

3.3 Comparison of athletes' physical training performance assisted by
virtual reality technology
3.3.1 Comparison of rower performance

After validating the efficacy of the suggested technique, virtual reality technology was utilized
for the physical training of the swimming team at Sport D College, experimenting. The
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swimming team is a women's swimming team with 40 athletes and alternates, and the daily
physical training includes stroke training and leg beating training. Before and after the
experiment, the athletes' rowing and hitting scores were collected through the test, the results
obtained before and after the experiment were analyzed to measure the influence of virtual
reality technology on the physical training result. This experiment was carried out for one
semester, covering 16 weeks altogether.

Graph 7 shows the results of the athletes”  strokes performed before and after the
experiment. The stroke performance of 40 swimmers before the experiment was around
101.680-122.245s. After 16 weeks of virtual reality technology-assisted practice, the stroke
performance of these 40 athletes accelerated to 138.705-160.933s, and the hand pain caused by
irregular training movements was reduced.

After the experiment

. T = T
100 110 120
Before the experiment

Figure 7: Rowing performance of the athletes before and after the experiment

3.3.2 Comparison of leg striking performance

Figure 8 shows the comparison of the athletes' leg striking performance before and after the
experiment.The leg striking performance of 40 swimmers was accelerated from
[131.742,176.810]s before the experiment to [190.158,208.846]s after the experiment, and the
athletes of the sports team were more average. The use of virtual reality technology to assist the
practice can be real-time view of the athlete's paddling hand, leg striking posture, etc. whether
to comply with the norms as well as the specific location of the error occurs, so as to facilitate
the coach to quickly adjust. This also reduces the risk of injuries that may occur in the process
of physical training of athletes and improves their performance in competitive sports.
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Figure 8: Leg-strengthening performance of athletes before and after experiment

4 Conclusion

In this paper, virtual reality technology is utilized to capture and recognize athletes' physical
training movements to provide data references for improving movement standardization. The
reconstruction speed of training movements of DTP+PE-DLS algorithm reaches 25-29
movements/min, which is able to complete the reconstruction of training movements very
quickly. Meanwhile, the recognition model VT-AGCN has a recognition accuracy of more than
95% for different actions. The fast and accurate recognition makes the physical training
performance of the swimming team assisted by the virtual reality technology improve greatly.
40 swimmers' rowing and leg striking performance is accelerated from [101.680,122.245]s,
[131.742,176.810]s to [138.705,160.933]s, [190.158, [208.846]s after the experiment.
208.846]s.

The application of virtual reality technology to physical training provides a real-time
reference basis for coaches and athletes to facilitate the rapid completion of error correction
exercises and optimization of training, which also leads to better athletes' competitive sports
performance.
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