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ABSTRACT

Visualization of the movement is crucial both for research and pedagogical
activities. The aim of this study was to introduce some methodology for the
visualization of the movement on the basis of the data obtained from conducting
numerical experiments when studying various movements and exercises. The
main task was to design a program module for the visualization of spatial
movements. The visualization of the results from the conducted simulations
allows for having an idea of the studied movement in the course of solving the
equations of motion. The program module for the visualization of an athlete s
movement is working in the MATLAB Computing Environment. We have
constructed an anthropomorphic structure (model) which resembles the shape
of a human body. The model possesses a high degree of mobility which makes it
suitable for applying various movements and actions. A set of artistic gymnastics
exercises was provided as an example. The visualization of the current results
from the simulated movement contributes to the detailed analysis and facilitates
the interpretation of the obtained results. The model can also be applied to
research activities for movements in other sports.
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INTRODUCTION

Presenting the obtained kinematic data
properly is crucial for achieving greater
efficiency when studying a movement. The
visualization of sports movements is essential
for clarifying some details of sports technique.
Prior to designing a method for a visual
presentation of an athlete’s movements, some
details should be specified. Depending on the
specificity of the object to be presented and the
motor activity to be visualized, we determine
the degree of mobility of the visualizing model.
The number of segments and the way they
connect (joint connections) are specified. There
are visual demonstrations of motor activities
for clarification of issues related to sports
technique in a number of scientific studies.
Bauer (1985) designed a manually managed
model of a gymnast to demonstrate some
basic biomechanical principles in teaching
a horizontal bar and showed the effect of
changing some of the parameters. The model
consists of three segments; its height is 0.75 m;

it is with geometrically proportional segments
like a 1.75 m tall gymnast. Yeadon et al. (1990)
applied a sequence of graphic images upon
simulation of rotation movements in the flight
phase. In simulating sports exercises, Casolo
and Zappa (1992) demonstrated a graphical
spatial representation of movement. The
researched exercises were visualized through
images imitating the human body. To clarify
some specific rotations in the shoulder area,
the so-called Codman’s Paradox, Cheng (2006)
developed a 3D model of an arm (he used 3D
graphic functions of Matlab). Kiuchukov and
Kulishev (2007) studied some possibilities for
3D visualization of gymnastics movements
and their benefits for the analysis of technique.
In their survey, Kiuchukov and Yanev (2014)
presented models for the visualization of
gymnasticsexercises. Themodelscanbeapplied
in gymnasts’ training. Dallas and Theodorou
(2020) investigate the influence of visual
regulation on some kinematic characteristics
of the vault in artistic gymnastics.
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One of the key stages in modeling and
visualization of 3D human movements is
the selection of the appropriate parameters
determining the orientation of the body/
segments in space. Various parameters have
been applied depending on the specifics of the
studied movement (Shoemake, 1985; Stirling
et al., 2010; Engin & Peindl, 1987; Peindl &
Engin, 1987; Raikova, 1992; Baker, 2011;
Cheng, 2000, 2004).

Nowadays, kinematic data about certain
exercises can be used to visualize the move-
ments by applying some of the numerous soft-
ware products (usually commercial ones). This
process, however, may be hard to apply and
takes time.

The aim of this study was to introduce a
methodology for the visualization of the mo-
vement. The data obtained from the numeri-
cal experiments were used. The visualization
of the current results is carried out during the
numerical solution of the equations of motion.
This will allow for an immediate visual idea of

g’

the studied movement and facilitate the analy-
sis of an athlete’s motor manifestation.

METHODOLOGY

The first thing was to determine the
structural peculiarities of the anthropomorphic
construction (model), which would be used to
visualize an athlete’s movements.

Structure of the model

The presented model consists of 16 rigid
segments, which include: three segments for
each upper limb (upper arm, forearm, hand);
three segments for each lower limb (thigh,
shank, foot); one segment for the head and
neck. To achieve greater mobility, the torso was
divided into three parts. The relative motions
among the sixteen segments are helped by 15
joints allowing a high degree of agility — 32
inner degrees of freedom. The outer degrees of
freedom are 6 (3 rotational and 3 translational).
The number of rotations of each joint is shown
in Figure 1.

O

Figure 1. Body segments and joints. The number of the degrees of freedom in the joints is indi-
cated with: @ - 3 degrees of freedom; ® - 2 degrees of freedom; O - I degree of freedom
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The characteristic anatomical movements
accessible for imitation are: at the shoulder
and hip joints — flexion/extension, abduction/
adduction, internal/external  longitudinal
rotation; at the elbow joints —flexion/extension,
pronation/supination; at the wrist joints —
flexion/extension and abduction/adduction; at
the ankle and knee joints — flexion/extension.
The movements between the upper and
middle part of the torso are: flexion/extension,
left/right lateral flexion, and longitudinal
rotation. Between the middle and lower part
of the torso — flexion/extension and left/right
lateral flexion. The head has three rotation
degrees of freedom which allow for flexion/
extension, lateral bending to the left/right, and
longitudinal rotation.

In order to determine the anthropometric
characteristics ofthebody, the method described
by Zatsiorsky et al. (1981) was applied.

Determining the orientation of the differ-
ent body segments. Transformation matrixes
Usually, one of the segments plays a
specific role in presenting the dependencies

between the movements. This segmentis called
basic, and in this model, it is the middle part
of the torso (B1). In the presented model, the
parameters for determining the orientation of
the segments are the modified angles of Euler,
known as rotations x-y-z or angles of Bryan.
These angles serve to determine the orientation
both of the basic and the other body segments.

The definition of the angles is related to
determining the relevant coordinate system
(S). We introduce a stationary coordinate
system (So) OXYZ, according to which
we calculate the global movement. Two
coordinate systems are attached to each
segment. One of them (S.,) C, X' Y, Z, is with
the origin in the center of gravity of the
particular segment C. (i = 1....,16). The origin
of the other coordinate system (S_) O, Xy, z,
is situated at the joint O, (i = 2,...,16) of the
proximal end of the particular segment. These
two local coordinate systems are fixed to their
relevant segment (B)) and rotate together with
it(Figure 2). The beginning of the non-rotating
coordinate system CX_.Y Z_is connected to
the body’s center of gravity.

Figure 2. Coordinate system: OXYZ — stationary in space; CX Y Z .- non-rotating;, CXYZ and

O .x.y.z - fixed at the different segments (B)
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The applied system of modified angles of matrix G,

Euler (1-2-3) corresponds to the following - rotation of angle y around the axis OZ",

consecutive rotations: matrix G_ .

- rotation of angle @ around the axis OX,

The resultant matrix of this transition

matrix G, between the coordinate system is of the kind:
- rotation of angle 6 around the axis OY', G,, =G G, ,G, =
1 0 0 c& 0 s8] [cy —-syp O
=10 c¢cp -—sp|.| 0 1 0 |.|sy cy 0=
0 s¢ cop —s68 0 co 0 0 1
(1 clcy —cOsy s6
= [cd)sd) + s¢psOcy —s¢psOsy + cpcyp  —spch ],
s¢psy — cepsOcy cpsOsy + spcy copch

where s = sin, ¢ = cos.

We apply this kind of matrix for rotations
at the joints with three degrees of freedom.
The rotations of the basic segment relative to
the non-rotating coordinate system are also
determined with a transition matrix of the
(2) G9,1,[) = Gy,GGZ,lp = [ sy

There are two degrees of freedom at the
joints of the wrists and in the movements
between the middle and lower part of the

clcy

— Ocy

kind shown above.

For joints with two degrees of freedom of
movement (elbow joints), we use a transition
matrix of the kind:

—cOsy s6
cy 0 ]
0y 7]
torso. The relevant matrix in this transition is
of the kind:

co 0 s6
(3) G¢,9 = er(;b Gy'g = [ S¢59 C¢ —S¢C0 ]
—c¢so s¢ copch

One rotation is performed at the knee and

1 0 0
(4) GX,‘P = [0 C(l) —S¢ .
0 s¢ cop

All of the matrixes shown above describe
the transition from the coordinate system i to
the coordinate system i-1. In order to indicate
the direction of the transition, we introduce
an upper and a lower index. For instance, the
matrix Al™! is a transition matrix from the

100
art = Tt =[O 10 e |
0 0 1
000 1

ankle joints with transition matrix:

coordinate system i to coordinate system i-1.
For greater compactness of the expressions, we
introduce the transition matrixes in rotation and
translation as a homogeneous transformation
with matrixes of the kind:

(G (3x3) _ [ G!

(i
1
Ouxsy 1 l

_ o OO

0 0 0
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Where the matrix G is with size 3X3 and
is of the kind (1), 6™ =[xt yi* i—1]T

Xoi~ Yoi  Zoi
is a vector with components the coordinates
of the origin O, of the coordinate system O,
X.y; z, projected in the coordinate system O,

[}

X, Y., %, ‘T 1s a sign for transponation. The

position vector of the center of gravity C. from
segment i, presented in the local coordinate
system (i.e., it is situated at the proximal end
of the segment and connects the origin of O, x,
y.z.and C)), we can express this vector in the
starting coordinate system CX_.Y Z_. through

matrix 0(1 vy =10 0 0] is with size 1x3. homogeneous transformations:
Forinstance, if p! = [x¢; Ve 2z 1]Tisa
pi= AfA; ... AT'p]

(6)
Where subscript ASA} . . .
rixes of transition between the corresponding

A1 are mat-

coordinate systems of the different bodies.
Generally, when we have “n” number of bod-

ies (when numbering the segments consecu-
tively), the transition from the local (S ) to the
reference (Sj) coordinate system is made with
the matrix:

n-1
j _| | i
An - Ai+1
i=j

The local coordinate systems of all segments are shown in Figure 3.

Figure 3. Local coordinate systems

After the numerical solution of the differ-
ential equation, we obtain the values of the
three angle coordinates (d’l, 6, and ¢1) of the
basic segment for each step in the integration
process. These values can be presented as an
array of numbers in a table format or a graphic
format — curves as functions of time. Howev-
er, their presentation in this way significantly

impedes the perception of the simulated move-
ment. We think that the rational solution is the
creation of a program for the visualization of
the current results. In this case, the data are
redirected to the visualization subprogram af-
ter each stage of integration, and we receive
an image (frame) showing the orientation and
configuration of the body within the current
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time. In this way, we can obtain a clear vision
of the movement during the very process of
integration. The graphic images imitate the
shape of a human body (Figure 4) and frame
by frame, they present the execution of the set
motor program. Each depicted body segment
is a simple geometric construction, which is
easy to build when we know the Cartesian co-
ordinates of the points determining the shape
of the particular segment. If we increase the
number of points used for the shape, we will
achieve amore detailed visualization, but given
the aim of the visualization, it is not necessary.
At first, the coordinates of the points used for
the construction of a particular segment are de-
termined in the local coordinate system of the
segment (Ox.y.z.or C X Y Z for the basic seg-
ment B1). For the transfer of the coordinates in
the global coordinate system (OXYZ), we ap-

(7) (A7 = AL, =

ply the matrixes Al™* of the kind (5). In some
cases, when we visualize a contact with the
support at the one end of the kinematic chain of
the body, the transfer in the global coordinate
system of the coordinates of the points of part
of the segments is in a direction opposite to
the direction of the transfer applied so far, i.e.,
instead of a transfer with a direction from the
end segments to the basic segment, the trans-
fer i1s with direction from the basic segment
to the certain end segment of the kinematic
chain. This means that in this case, we should

apply the reversed matrix [Aii_l]_1 (Angelov,
2008). The matrix [Aii_l] (axa) iTs not (?rth(igl-
onal, which means that [ A[™*] = [AY]
and the inverse matrix [Aii_l]_1 is determined

with the expression:

[6i]" e

0(1><3) 1

RESULTS
When we have the global coordinates of
the points determined for visualization, we can

easily construct the anthropomorphic structure
(Figure 4). Its movement provides us with a
clear visual idea of the simulated exercises.

Figure 4. Options for body visualization - (3D) anthropomorphic structures

The realization of the assigned movement
can be observed from different points of view
by positioning “the camera” according to the
specificity of the movements. We have to set

the azimuth angle (horizontal rotation around
the vertical axis) and the slope of the horizontal
plane (Figure 5).
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Figure 5. Sample point of view when observing a simulated movement

Our full attention is directed to the rotation
components of the movement. That’s why
during the observations, we can neglect the
parabolic movement, determined by three
simple equations describing the displacement
in the center of gravity. The selection of the
point of view is determined by the type of
movement so that we can provide as much

visual information as possible about both the
actions related to the rotation movements and
the mechanical effects of the execution. The
observation is usually made to the side (in
“clear” somersaults) and to the front (at some
points from the top) when the movement is a
combination of rotations (Figure 6).

Bt

15 1!

1 £ 1

05
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Figure 6. Options of points of view depending on the observed movement: (a) from the side;

(b) in front; (c) from the top

The program module for the visualization
of an athlete’s movement is working in the
MATLAB Computing Environment.

DISCUSSION

The aim of the research was to introduce
a methodology for the visualization of the
simulated movement based on the current
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results from the calculations. In visualization,
we get a clear idea of the movement in the
process of solving the equations of motion.
The possibility to observe the movement from
different points of view greatly facilitates the
researcher. We can simultaneously observe the

image from different viewpoints if we consider
it appropriate. Figure 7 presents a sequence
of images corresponding to the stages of the
integration of the equations and corresponding
to different positions of observation of the initial
moment of the flight phase in floor exercises.

ARGRRRRAREN:
SRARARAARAL
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.
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Figure 7. Different points of view of the movement: a) to the side; b) to the front; c) from the

top; d) from a certain angle

To avoid the unnecessary clutter of the
observed image, besides the ‘“stopping” of
the displacement along the set trajectory, the
images of the apparatus and the environment
can also be ignored. Thus, a researcher’s
attention can be focused entirely on these most
important details of the execution, which are
the subject of the research. The visualization
of the obtained current results enables us to
terminate the course of the iterations when the
results (movement) are quite different from
the expected ones or do not correspond to the
researcher’s interest. The visualization of a
particular movement can be made not only with

the solution of the equations upon applying
the simulation model. If we have the overall
coordinates (usually angle coordinates) and
their change over time, we can enter these data
and obtain a visual image of the movement. In
this way, we can visualize new exercises, too.

We use two approaches in the control of
the model (Kyuchukov, 2021). In the first
approach, we first built graphs of the functions
of the change in the angles over time. The
curve’s angle time is built with a cubic spline
function (Figure 8). We view the obtained form
of the curve, and then we build a differential
curve based on velocity-time.
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Figure 8. Interpolation of the change in the angle in the shoulder joint (flexion/extension) with

cubic spline function (with 12 knots)

In the other approach, in order to gain
control over the relative movements in joint
angles, the time for a particular movement
is divided into equal in duration subintervals
(usually, the duration of the subintervals ranges
from 0.04 to 0.1 sec). It is accepted that the
angular velocity of each subinterval is constant
and equal to the average angular velocity for
the change in the angle in this subinterval. The
vectors with the values of angular velocities
for the different subintervals are created.

CONCLUSION

We have designed a program module for
the visualization of sports movements, which is
integrated into the main program for numerical
experiments, thanks to which the simulation
results can be presented in a straightforward,
convenient perception view. The visualization
of the current results from the simulated
movement contributes to the detailed analysis
and facilitates the interpretation of the obtained
results. The model possesses a high degree
of mobility, making it suitable for surveying
various movements and actions characteristic
of gymnastics elements. The model can also be
applied to research activities for other sports
movements.
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