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A SYSTEM FOR MONITORING THE PROGRESS OF REHABILITATION
OF PATIENTS WITH MUSCULOSKELETAL DISORDER

Abstract. The work is devoted to the development of a system for monitoring the rehabilitation process of patients with
musculoskeletal disorders, as well as identifying possible postural distortions in both children and adults based on
anthropometric data, which confirms the relevance and practical significance of the work during the period of military
operations in Ukraine and a large number of people with musculoskeletal injuries. The paper proposes a model of a system
consisting of two subsystems: a subsystem for collecting pododynamic parameters based on a dynamic baropodometric
platform and a visual posture monitoring subsystem. The combination of different gait and posture analysis methods in a
single system provides high diagnostic and prognostic value. The main purpose of the proposed system is to monitor the
progress of patient rehabilitation using hardware and computer-optical diagnostic methods without radiation exposure with
the ability to easily transport the created system, the possibility of high-precision diagnostics in real time, as well as the
ability to store and analyze changes in the musculoskeletal system over time. For the collection and analysis of
pododynamometric parameters, computer data visualization methods, methods of statistical and dynamic data analysis, and
data segmentation methods were used. To collect and analyze anthropometric parameters, methods of detecting objects in
the image, methods of computer classification, segmentation and image processing, methods of analyzing graphic
information were used. In addition, the paper researches the influence of marker characteristics (shape, color model of
representation) and lighting conditions during the acquisition of kinematic parameters on the accuracy of marker detection
for further determination of the angles of the pelvis and shoulder line. The results obtained by using the hybrid marker
detection algorithm show that the representation of any of the used shapes in all the colors under study in the presence of
additional lighting gives 100% marker detection accuracy, only in the HSV color model for a simple scene. The RGB
model provides 100% accuracy in detecting only yellow markers with additional lighting. In the absence of the possibility
of using additional lighting, only round markers in all the studied colors represented in the HSV color model can achieve
100% accuracy. For a complex scene, representing the input images in the RGB color model does not allow achieving
100% accuracy for any of the marker shapes and colors, even with additional lighting. The highest accuracy for a complex
scene is also shown by round markers colored in green or orange, regardless of the presence of additional lighting. Further
research will focus on expanding the range of system parameters necessary for diagnosing the patient's condition and
analyzing the course of treatment using electromyographic indicators.
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curvature.

Introduction

The investigations in the development of systems to
support the rehabilitation of patients with musculoskeletal
disorders are relevant in the present time. In the context of
the war in Ukraine, this topic is extremely important for
both the military and the civilian population. According to
the Ministry of Health of Ukraine, from February 2022 to
November 2023, more than 50,000 people lost one or more
limbs as a result of the war. Restoration of body parts that
have been lost or damaged due to injury, disease, or
congenital pathologies is possible through the process of
prosthetics. The state of the art in lower limb prosthetics
makes it possible to create the most functional and
comfortable prostheses. As of August 2023, there were
more than 80 prosthesis manufacturers in different parts of
Ukraine that produce auxiliary (technical) means of
rehabilitation, including functional and cosmetic prostheses
of the upper and lower extremities.

The purpose of prosthetics is to compensate for the
missing or treat the impaired function of the support and
movement organs with the help of special mechanical
devices — prostheses. However, the consequences of limb
prosthetics should also be noted, including the following:

— improving the user's mobility and independence;

—reduction of pain and discomfort after
amputation;

—improved psychological state due to increased
activity;

— phantom pains;

— posture disorders.

The latter two consequences are negative, as they are a
manifestation of the continued psychological and physical
feeling of losing a limb. Patient recovery needs consistent
training, physiological procedures, and monitoring of the
patient's gait by an orthopedist to perform various activities,
as the shape and size of the remaining limb will change and
prostheses will fail [1-3]. Therefore, rehabilitation systems
are required for these patients.

However, it is not only lower limb prosthetics that
can lead to postural disorders (Fig. 1).

Depending on the type of posture disorders, the
following consequences might develop [4, 5]:

—tension and pain in the neck, upper back, lower
back, and shoulders;

—the risk of circulatory disorders in certain parts of
the body, as the musculoskeletal system is unevenly
involved in the loads;

—impaired lung function, as the constant forward
bending leads to a decrease in lung capacity and
inhalation depth. It also puts pressure on the heart;

—compression of the abdominal organs, which can
negatively affect the functioning of the gastrointestinal
tract;
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Causes of posture
disorders

Congenital anomalies of the musculoskeletal system

Traumatic injuries of the musculoskeletal system

Neurological injuries of the musculoskeletal system

Amputations of limbs

Degenerative and dystrophic lesions and deformities of the musculoskeletal system

Some infectious diseases

Not physiologically oriented organization of the workplace and sleeping place

Muscle tone

Incorrect motor loads with uneven load

A protective response of the body to prolonged pain

Overweight

Fig. 1. Causes of posture disorders

- nerve endings may be pinched and neuralgia may
develop;

- structural diseases of the musculoskeletal system.

Understanding the possible consequences of
posture disorders, great attention should be paid to
rehabilitation aimed at correcting posture, as well as to
methods for monitoring the progress of rehabilitation
and improving the patient's condition.

Rehabilitation efficiency can be increased by the
use of support systems developed according to the
tendencies of Medicine 4.0 or precision medicine [6].

The principal goal of Medicine 4.0 is the
personalization of a patient treatment based on different
types of data, including genomic. The use of different
data types causes the exploitation of Artificial
Intelligence (Al) methods and approaches [7, 8]. Al-
based methods, including, machine learning methods, can
analyze medical images, patient data, and other clinical
sources to help doctors make quick and accurate diagnoses
[9, 10]. They can also predict disease risks and the
effectiveness of treatment [11]. Conception of Medicine
4.0 includes other directions from IT too (Table 1).

Table 1 — Areas of medical automation and Al application in diagnostics

The direction of
automation

Example of application

Robotics

— robot assistants.

— robotic surgical systems [12];
— Al-enabled exoskeletons [13, 14];

Artificial intelligence

— analysis of medical images (X-rays, MRI, CT, etc.) [15, 16];

methods — decision support and providing recommendations based on patient data analysis [17];
— personalized medicine to create personalized treatment plans [6].
Telemedicine — virtual visits to doctors online for people who live in remote areas or have limited mobility;

— remote monitoring of patients' health status.

In this study, the development of a system to
support patient rehabilitation is proposed. This system
allows monitoring of the rehabilitation process of patients
with musculoskeletal disorders, as well as identifying
possible postural distortions in both children and adults
based on anthropometric data. And needs to be noted, that
the system has a higher demand for the period of military
operations in Ukraine which have been going on for three
years and have led to an increase in the number of
patients with combat injuries, explosion injuries, burn
marks, injuries due to building collapses, etc.

Research task rationale

The spine is called the "supporting structure” of
the human body. It holds the entire skeleton, it’s

responsible for motor functions, and protects the spinal
cord. Unfortunately, more than 80% of the world's
working population suffers from some degree of spinal
disease. Among the most common diseases are
osteochondrosis, scoliosis, sciatica, and herniated disc.
Other reasons that create an additional unbalanced load
on the spine, shoulders, shoulder blades and pelvis are
shown in Fig.1. Spinal diseases develop gradually and
manifest themselves as sharp pains when the disease has
already been progressing for a while, so it is very
important to monitor the condition of the spine.

Among modern methods of diagnosing the spine,
the position of the shoulders, shoulder blades and pelvis,
we can distinguish: neurological examination, X-ray
examination, computed tomography (CT) scan, magnetic
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resonance imaging (MRI), anthropometry (Fig.2) [18,
19]. The most common and objective method of
monitoring the spine in orthopedic practice, in particular
in corset therapy, is X-ray examination. However, taking
into consideration the impact of radiation exposure on
humans, the use of X-rays should be limited, especially

when multiple controls are required to determine the
effectiveness of treatment and assess the dynamics of
changes in the spine and the position of the shoulders,
shoulder blades and pelvis. Therefore, in such cases, it is
important to use non-invasive, harmless methods of
spinal examination, including an anthropometer.

condition of the spine, the
position of the shoulders,

\
Methods for diagnosing the I
' I
|
shoulder blades and pelvis :

With radiation
exposure

computed tomography

scan

)
s . [
magnetic resonance |
imaging i

i

Without radiation
exposure

Fig. 2. Overview of methods for examining the position of the shoulders,
shoulder blades and pelvis and the position of the spine in the frontal plane

To assess the nature of pathological spinal
curvature and postural disorders, anthropometric studies
are used, which measure the spatial coordinates of
control points on the human body in the sagittal and
frontal planes [20, 21]. The readings are taken from the
bone protrusions of the skeleton, which serve as
reference points (Fig.3). In the case of an unchanged
anatomical structure of the spine, bone protrusions can
be easily palpated or determined visually. Knowing the
topography of the vertebrae and, respectively, finding
out their place on the torso, the patient is examined with
an anthropometer.

The most protruding point of
the occipital tubercle

The spinous process of the V
cervical vertebra is the deepest
point of cervical lordosis

The spinous process of the VI
cervical vertebra is the most
protruding point of the
cervical spine

Acromial processes of the
right and ieft shouiders

Lower corners of the right
and lefi scapulae

Spinous process of the VI

thoracic vertebra

Spinous process of the V
lumbar vertebra

Spinous process of the IV
sacral vertebra

Sacral vertebrae

a b
Fig 3. Schematic location of reference points on the torso:
a — during the examination in the frontal plane;
b — during the examination in the sagittal plane

To determine the sagittal curvature of the spine,
the defined points are sequentially connected by
imaginary straight lines and the angles that are formed
between the lines and the vertical that are drew from
each point are measured (Fig.3b). The results of
measuring the value of each angle in the sagittal plane
of the patient are automatically compared with the norm
for his or her age.

Lateral curvature of the spine in the frontal plane is
a deviation of the spine from a straight line, and can
have different localization of the apex of the angle of
primary curvature (cervical-thoracic, thoracic, lumbar-
thoracic, lumbar and combined), which affects the
condition of the chest and pelvic bones. Curvature of the
spine in the frontal plane leads to a violation of the
correct positioning of internal organs and, respectively,
to malfunctions in their work. The manifestation may be
that the shoulder blades, shoulders and pelvis on the
right and left sides are located at different levels.
Thoracic scoliosis is recognized by a pronounced
asymmetry of the spinal column and waist, different
levels of shoulders and shoulder blades. When the
pelvis is displaced (tilted) from its normal position, the
axis of load distribution changes during movement. In
the absence of muscle imbalance, the pelvis and
shoulders are aligned. The biomechanics of movement
is balanced and the distribution of load vectors is also
uniform.

Changes in the anatomical structure of the spine
can be examined by computer-optical video recording
of human movements, a characteristic feature of which
is the presence of only an optical communication
channel between the recording equipment and the
subject [22-26].

Since almost any orthopedic traumatic pathology is
a motor pathology, the focus of doctors (orthopedists,
traumatologists, prosthetists) exclusively on anatomical
categories does not allow for the full restoration of the
patient's functional component. The formation of a
functional type of clinical thinking is possible on the
basis of clinical analysis of human movement. It is
possible to automate the process of functional diagnosis
of motor pathology, planning of the treatment process,
dynamic observation during rehabilitation and its
management, assessment of long-term results and long-
term prognosis using dynamic baropodometric platforms,
which are one of the methods of gait analysis (Fig. 4)
[27, 28].
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By kinematic parameters we mean a large family
of parameters that characterize the spatial movements of
the pelvis, axial movements of the lower leg and thigh,
trajectories and amplitudes of movement of various
body segments, including the torso, upper limbs, and
head [29, 30]. Dynamic parameters mean the force of

interaction with the support during walking with the
subsequent construction of vector diagrams, trajectories
of the center of pressure under the foot, etc. It is also
possible to measure the load on individual points of the
sole of the foot or on its entire area with different
discreteness for further analysis of load distribution.

Data acquisition for gait

analysis

Acquisition of
clectromyographic parameters

Acquisition of
accelerometric parameters

Acquisition of
kinematic parameters

Acquisition of
pododynamic parameters

Acquisition of general
parameters

Spatial parameters:
step length

Time parameters:
* podometry

foot pivot angle
gait speed

step frequency

Fig. 4. Gait analysis methods

The analysis of the move is especially useful when
solving the following tasks [29-32]:

—diagnostic: diagnosis and quantification of
asymmetry, balance of the musculoskeletal system, the
state of the coordinative and motor abilities, diagnosis
of motor pathology and the degree of recovery of
damaged organs and tissues;

—dynamic observation: assistance in choosing a
treatment method, determining the nature of the

dynamics of the disease, determining the effect of
medical procedures and manipulations, evaluating the
therapy being performed;

—expert tasks: assessment of treatment results,
determination of the adequacy of health restoration
devices (including prostheses).

The combination of these gait analysis methods
(Fig. 4) in a single system will ensure high diagnostic
and prognostic value of the examination.

Table 2 — Overview of dynamic baropodometric platforms on the market

Platform Device description Platform Device description
Gaitway 3D with/without .
i . Measurement type: ressure
Zebris PodoScan Il elevation yp p

e Measurement type: pressure distribution,

distribution, pressure force, gait

= pressure force, gait speed, cadence speed, cadence, balance
g \ Additional features: Additional features:
e L b |wide range of functions, high accuracy multifunctional, used in many
- scientific studies
BTS Biodex System 3 Measurement  type: pressure
Novel Pedar X M ¢ tvoe: distributi distribution, pressure force, gait
easurement type: pressure distribution, :;} speed, cadence, balance,

pressure force, gait speed, cadence
Additional features: easy to use, clear
display

4L

coordination
Additional features: wide range of

G ; ; e
=~ g O gy functions, used in rehabilitation
centers
. Bertec Corporation
Footscan Dynamic P 7\ Measurement  type:  pressure

Measurement type: pressure distribution,
pressure force, walking speed

Additional features: portable, affordable
price

s -

distribution, pressure force, gait
speed, cadence

Additional features: easy to use,
clear display, affordable price

Platform

Device description

AMTI (Advanced Mechanical Technology Inc)

Measurement type: pressure distribution, pressure force, gait
speed, cadence, balance
Additional  features:
rehabilitation centers

multifunctional, used in many
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Methods for processing and interpreting studies on
dynamometric platforms are currently being actively
developed in biomechanical laboratories, preparing to
enter the diagnostic and treatment market.

The problem formulation

The objective of the work is to develop a system
for monitoring the progress of rehabilitation of patients
with musculoskeletal disorders using hardware non-
radiation and computer-optical diagnostics with the
possibility of easy transportation of the created system,
the possibility of high-precision diagnostics in real time,
as well as the ability to store and analyze changes in the
musculoskeletal system over time.

To achieve this objective, the following tasks have
to be solved:

—analysis of systems for collecting kinematic
parameters of patient;

—analysis of systems for
pododynamometric parameters of patient;

—creating a model of the proposed system for
monitoring the progress of rehabilitation of patients
with musculoskeletal disorders;

collecting

Placement of sensors on the body

-
- L

|
I
I
1
/

L4

Data acquisition

me Marker detection

Marker classification

I
1
1
I
I
1
) Analysis of marker state changes
[/

i

Visual posture monitoring subsystem

Data acquisition on the
baropodometric platform

Stabilogram construction

Subsystem for collecting pododynamic parameters

—development of a portable baropododynamo-
metric platform;

—researching the effect of marker characteristics
and lighting condition during the acquisition of
kinematic parameters on the accuracy of marker
detection for further determination of pelvis and
shoulder lines angles.

Further research will focus on expanding the range
of parameters needed to diagnose the patient's condition
and analyze the course of treatment using
electromyographic indicators.

Results and Discussion

The paper proposes to assess the presence of spinal
curvature with subsequent monitoring of the
rehabilitation status using hardware non-radiation and
computer-optical diagnostic methods, which are
combined in the proposed model of a system for
monitoring the progress of rehabilitation of patients
with musculoskeletal disorders (Fig. 5).

The advantages of the proposed system are that it
is absolutely harmless to the body (no radiation
exposure), representative and reproducible.

0

. User-patient User-doctor

] = ¢

) = eils
S~

N
|

Computing server

Output subsystem of the analysis results of the
collected parameters

Fig. 5. Model of a system for monitoring the progress of rehabilitation of patients with musculoskeletal disorders

The subsystem for collecting pododynamometric
parameters is designed to assess the symmetry of foot
pressure and is represented by a platform with force-
measuring sensors on which the subject walks. The
force applied to each sensor allows calculating the
projection of the total center of mass of the body onto
the support plane.

The general power supply of the device is
provided by the 3V3 Out and GND outputs of the
microcontroller. Diodes and resistance are connected to
the pressure sensors. Semiconductor diodes 1N5399 are
used as protection against reverse current in the circuit,

and resistors with a resistance of 10 kOhm are used to
limit the current on the pressure sensors to prevent their
rapid failure. Changes in sensor resistance are converted
by ADS1115 analog-to-digital converters (ADCs). They
read the voltage changes on the sensors during pressure
changes and convert this information to digital form.
The project includes an SSD 1306 display for displaying
simple error information, the current IP address of the
device, etc. The use of ADCs reduces the number of
used microcontroller inputs/outputs to two, which
increases the number of sensors or new equipment that
could be connected to microcontroller (Fig. 6).
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Fig 6. Schematic diagram of the foot pressure symmetry assessment subsystem

The use of the ESP8266 microcontroller allows to

quickly transfer data from the sensors via Wi-Fi
wireless technology using the built-in interface (Fig. 7).
Within the context of the visual posture monitoring

subsystem, a number of research studies were conducted
into the choice of markers for recording kinematic
parameters to improve the accuracy of determining the
line angles of the pelvis and shoulder line.

0 ADS1115 #0
Input  Value  Valts, mV R, Ohm Weight, Newton Weight, Kg
a0 797 899.63 26681.95 046 0.04693877551020408
ra 7196 899.50 26687.05 046 0.04693877551020408
[ (¥ 7203 900.38 26651.39 046 0.04693877551020408
| (] 7289 91113 26218.96 047 0.04795918367346938
0 ADS1115 #0 Chart
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Fig 7. The result of the foot weight/pressure measurement, available to the doctor for analysis
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So far, there are a number of major approaches to
detecting objects:

—various artificial intelligence methods: machine
learning, deep learning, convolutional neural networks,
etc [33, 34];

—methods based primarily on the use of computer
vision: geometric matching methods, grouping methods,
and feature-based methods [35, 36].

However, the detection methods proposed above
are well suited for detecting complex objects, but
require a large amount of computation, which may be
redundant for detecting simple markers that differ in
color and shape. Therefore, it’s proposed to consider
simpler methods: color-only, shape-only, and hybrid
detection.

To create software model, the open source library
OpenCV was used, which contains a large number of
ready-made solutions for image processing and analysis.

Results of the Study

The paper proposes a hybrid approach to marker
detection based on the algorithm shown in Figure 8,
which combines color and shape detection. First of all,
the algorithm builds on the presence of contours of the
found shapes because they have only two states: found
or not.

The color contours, in turn, can be partially
detected, divided into several contours due to the
difficulty of selecting a range of colors.

The hybrid detection algorithm (Fig. 8) is a
combination of color and shape detection algorithms. It
starts by retrieving all contours with the required shape,
but without filtering by size. Next, it retrieves the
centers of all the contours with the required color, but
without filtering by size. After this preparatory stage,
the algorithm performs a step-by-step analysis of the
four possible cases:

—case #1: the contour of the required shape is
found with the center(s) of the required color contour(s)
on its area;

—case #2: no shape contour is found, but a color
contour is found that perfectly matches the required
shape;

—case #3: a shape contour is found, but there are
no color centers on its area;

—case #4: no shape contour is found, but a color
contour is found; it is necessary to check for neighbor
contours to avoid the situation of interpreting one object
as two (or more) different ones.

The algorithm for analyzing case #1 involves
comparing each shape contour with all the centers of the
color contours. If the center of a color contour is located
on the area of a particular shape contour, it is interpreted
as the required marker; otherwise, it is interpreted as a
possible candidate.

Case #2 involves finding a color contour with a
required shape that fits perfectly; to do this, a shape
identification algorithm is applied to the contour. If the
result is positive, the constraints are checked. The
constraints include: minimum area; a reference value of
the area that can be obtained if one ideal candidate (the
required marker) is found after case #1.

—

Y A

. AR
( Begin

Y
Obtaining closed
a) contours with
required shape

Y
Obtaining centers of
b) all color contours
after thresholding

4
Check for case #1

/"\\\
Pick contours | YeS_~" Enough ~._No
- < . P
by area A - candidates? ~
~ ~
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~~.cand Ldates?//

vy \‘|'/
End ) No

Fig. 8. Hybrid algorithm for marker detection

In the case #3, the analysis of the candidate
contours obtained after case #1 is performed. An
identical constraint check is performed as well.

The analysis of case #4 occurs when there are no
shape contours and perfect matching color contours. Its
purpose is to find neighbor color contours to avoid
false-positive detection. The idea is based on the
breadth-first search algorithm.

For the experiment, 64 videos were recorded in
HD (1280x720 pixels), 30 frames per second, with two
markers attached to a person's shoulders; the person
moves, tilts his or her body, approaches and moves
away from the camera during the video.

Each video was pre-processed to correct the white
balance and cropped so that the two markers on each
frame of the video are presented. All videos can be
divided into two large groups according to the
complexity of the scene: simple and complex. The
experiment involves the use of 4 colors of markers:
yellow, green, orange, blue; 4 shapes of markers:
octagon, square, circle, triangle. Each video also has
two variants: with and without additional lighting
directed at the person (Fig. 9).

For each color format and color, probably the best
color ranges (lower and upper) were selected.

19



Advanced Information Systems. 2024. Vol. 8, No. 3

ISSN 2522-9052

Fig. 9. Video groups by complexity: a — simple scene with additional lighting, b — complex scene with additional lighting,
¢ — simple scene without additional lighting, d — complex scene without additional lighting

The criteria for evaluating the results of the
research are the accuracy and error of detection, which
are calculated using formulas (1) and (2), respectively:

aq = ( fd / fT)lOO%, (1)
&g =(fa/ f.)-100%; @)

where aq is the detection efficiency or accuracy, fy is the
number of frames that were correctly detected, f; is the
total number of frames in the video, fnq is the number of
frames that were misdetected, eq is the detection error.
The results are presented in the format shown in Table 3.

Table 3 — Format of results presentation

Analyzing the detection results shown in Table 4,
we can conclude that the detection accuracy changes
significantly under different lighting conditions (if the
RGB color format is used). It can also be seen that the
average detection accuracy of octagonal markers is the
lowest (80.59% without additional lighting, 82.27%
with additional lighting), and the error is the highest
(32.56% and 17.17%, respectively), which may be due
to the similarity of the shape to a circle, which
eliminates the part of the hybrid algorithm's work
related to shape detection.

Analyzing the detection results in Table 5, it can
be seen that, unlike the RGB color format, the HSV
format demonstrates stable detection accuracy under

Marker detection accuracy without additional “thiggv Ji different lighting conditions and higher detection
Marker detect!on accurac'y with ad(?|-t|onal 'IlghFlng,D/o. accuracy in general. It can also be seen that the
Marker detection error without additional lighting, %. detection error is higher for such shapes as octagon and
Marker detection error with additional lighting, %. circle.
Table 4 — Results of marker detection on a simple scene, RGB
Color/Shape Octagon Rectangle Circle Triangle
Blue 75.93% 50.69% 99.32% 99.41% 90.64% 94.51% 98.37% 99.40%
59.93% 42.19% 10.38% 1.94% 6.61% 3.21% 9.59% 0.15%
Orange 78.49% 89.49% 80.06% 92.91% 76.42% 85.00% 71.29% 95.85%
g 15.97% 26.10% 4.15% 16.56% 6.86% 28.93% 11.90% 12.26%
Green 70.33% 88.90% 83.81% 99.44% 75.35% 71.01% 71.94% 80.27%
53.66% 0.00% 4.27% 0.14% 6.80% 0.43% 6.98% 2.98%
Yellow 97.59% 100.00% 97.28% 100.00% 100.00% 100.00% 97.34% 100.00%
0.69% 0.40% 2.02% 0.47% 0.00% 0.15% 5.79% 0.46%
Table 5 — Results of marker detection on a simple scene, HSV
Color/Shape Octagon Rectangle Circle Triangle
Blue 98.34% 100.00% 100.00% 100.00% 100.00% 100.00% 97.89% 100.00%
0.28% 1.53% 0.00% 0.00% 1.75% 2.17% 0.17% 0.00%
Orande 100.00% 100.00% 99.86% 100.00% 100.00% 100.00% 100.00% 100.00%
g 10.83% 13.72% 0.29% 0.00% 1.89% 1.76% 0.00% 0.29%
Green 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
1.11% 0.00% 0.00% 0.42% 1.52% 0.31% 1.18% 0.00%
Yellow 100.00% 100.00% 99.85% 100.00% 100.00% 100.00% 100.00% 100.00%
0.00% 0.13% 0.15% 0.00% 0.00% 0.46% 2.50% 1.23%
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This can be explained by the naturalness of this
shape (such shapes can appear when light is reflected,
etc.) and the fact that the circle is detected using a
heuristic algorithm. In most cases, the error of the
octagon may be due to its similarity to a circle in some
points of time.

The detection results in Table 6 show that
detecting markers in a complex scene using the RGB
color format is a non-trivial task, since in most cases the
detection accuracy decreases significantly in both cases:
with and without additional lighting. This can be
explained by the problem of the color range selection,
when changing the threshold of one of the channels

leads to the capture (removal) of an unnecessary
(necessary) color or shade into the range. This may raise
the question of the fundamental impossibility of
selecting a range that can be used to distinguish a single
color at different degrees of lighting.

Analyzing the detection results shown in Table 7,
we can conclude that the use of the HSV color format is
a more effective approach for detecting markers in a
complex scene.

However, the detection accuracy is not equal to
100% in all cases, which is primarily due to the large
number of objects of different colors and shapes in the
background, which obviously affects the result.

Table 6 — Results of marker detection on a complex scene, RGB

Color/Shape Octagon Rectangle Circle Triangle
Blue 37.46% 68.28% 49.68% 88.38% 64.14% 76.27% 39.74% 87.48%
44.78% 5.81% 1.27% 1.29% 3.53% 0.93% 12.58% 1.67%
Orange 5.25% 88.28% 14.38% 90.07% 34.35% 54.30% 9.42% 68.93%
g 51.43% 1.90% 0.00% 0.00% 4.21% 3.25% 0.00% 3.43%
Green 26.28% 68.14% 63.18% 84.94% 69.82% 79.13% 11.64% 29.61%
92.31% 5.47% 19.06% 0.41% 4.52% 2.10% 46.67% 13.68%
Yellow 0.56% 78.25% 51.20% 97.61% 11.37% 20.37% 0.00% 43.30%
100.00% 0.32% 0.00% 0.00% 3.80% 11.89% 0.00% 6.19%
Table 7 — Results of marker detection on a complex scene, HSV
Color/Shape Octagon Rectangle Circle Triangle
| 74.92% 99.50% 99.68% 100.00% 94.02% 100.00% 96.15% 97.60%
Blue 1.96% 0.00% 1.11% 0.00% 2.58% 0.00% 3.73% 0.27%
67.47% 100.00% 96.77% 100.00% 100.00% 100.00% 95.72% 97.04%
Orange 6.89% 0.00% 0.00% 0.00% 0.32% 0.00% 1.94% 1.37%
96.58% 98.76% 100.00% 98.03% 100.00% 100.00% 71.67% 75.84%
Green 9.50% 0.00% 0.35% 0.24% 1.65% 0.00% 7.94% | 10.68%
Yellow 100.00% 100.00% 95.88% 100.00% 98.56% 100.00% 65.57% 98.85%
83.62% 4.25% 6.99% 0.00% 8.47% 1.65% 59.58% 12.66%

The paper shows the results for the hybrid
marker detection algorithm (Fig. 10) depending on the
type of scene (simple or complex scene), the selected
color model (RGB and HSV), the shape of the marker
(circle, square, triangle, octagon), and the presence of
additional lighting.

Analyzing the difference between RGB and HSV
formats when using the hybrid detection algorithm, it
can be seen that even in a clean scene condition, the
average detection accuracy of the RGB format is
87.85% with an error of 10.69%, while the average
detection accuracy of the HSV format is 99.87% with an
error of 1.37% (+12.02% and -9.32%, respectively).

The results can be explained by the structure of
each format: RGB format has 3 channels, each of which
is responsible for all color characteristics at once; HSV,
in turn, has 3 channels, each of which is responsible for
an individual color characteristic, which makes this
color representation more resistant to changes in
lighting, provided that the range is well chosen.

Conclusions

The relevance of developing a computer system
for monitoring the progress of rehabilitation of patients
with musculoskeletal disorders is confirmed by its high
practical importance in Ukraine and is due to the growing

Color-Hybrid (Complex)
100.00%

Color-Hybrid (Simple)
94,33% 2087%
100.00% 98.42
90.00%
90.00%
80.00% 76,800

80.00% 0.00%

70.00% . 67.63%:

0.00%

60.00% N

50.379% 00.00%
50.00% 50.00%
40.00% 40.00%
30.00% 24,069 30.00%
20.00% 13.83% 20.00% 16, 45
10.00% 6.25%8 s om2” | 10.00%

B 2.98% 0. 459

0.00% - o

0.00%
1gb(eff) rgberr.) hsv(eff) hsv(err.) 1gb(eff) 1b(en) hev(eff.) hsv(err.)

® Color mHybrid m Color mHybrid

Fig. 10. Comparison of algorithms: by color and hybridThus,
the HSV format is better suited for detecting markers by color

number of people with musculoskeletal disorders and
injuries as a result of military operations in the country;
the need to create portable systems with long-term data
storage for further analysis of the progress; the
advantages of a computer monitoring system to provide
a more objective and accurate assessment of
rehabilitation progress.

The paper analyzes the systems for collecting
kinematic pododynamic parameters of a patient and
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proposes a model of a system for monitoring the
progress of patient rehabilitation using hardware and
computer-optical non-radiation diagnostics methods
with the possibility of further analysis of anthropometric
and pododynamic data, the possibility of easy
transportation of the created system, the possibility of
high-precision diagnostics in real time, as well as the
possibility of storing and analyzing changes in the
musculoskeletal system during the time, which is safe
both for children and adults. The proposed model of the
system consists of two subsystems:

—a subsystem for collecting pododynamic
parameters, which is designed to assess the symmetry of
foot pressure and is represented by a dynamic
baropodometric platform with force-measuring sensors,
on which the subject walks. The force applied to each
sensor allows calculating the projection of the total
center of mass of the body onto the support plane;

—a visual posture monitoring subsystem, which is
designed to record the kinematic parameters of the
subject for further determination of the angles of the
pelvis, shoulder blades and shoulder line at the control
points marked with markers. A characteristic feature of
computer-optical video recording of human movements
is the presence of only an optical communication
channel between the recording equipment and the
subject.

The combination of different methods of gait and
posture analysis in a single system allows for high
diagnostic and prognostic value.

As part of the research, the influence of marker
characteristics (shape, color model of representation)
and lighting conditions during the acquisition of
kinematic parameters on the accuracy of marker
detection for further determination of the angles of the
pelvis and shoulder line was analyzed. The research is
of great practical importance, since the accuracy of
determining the angle of the pelvis, shoulders, and
shoulder blades depends on the accuracy of detecting

markers on the subject's body and leads to further
research:

—the influence of the choice of the color model of
the marker representation on the detection accuracy;

—the influence of the marker shape on the
detection accuracy;

—the impact of indoor lighting quality on detection
accuracy.

The results obtained by using a hybrid marker
detection algorithm, which is a combination of color
and shape detection algorithms, show that the detection
accuracy significantly depends on the selected color
format and lighting conditions. Compared to the RGB
format, the use of HSV allows for more stable accuracy
regardless of the lighting conditions. It was also found
that even under difficult scene conditions, the HSV
format shows higher accuracy, which is also achieved
due to better resistance to changes in lighting and the
ability to decompose colors into separate characteristics.
The lowest accuracy is observed for octagonal markers,
which may be due to their similarity to a circle, which
complicates the process of marker detection at the stage
of shape analysis.

These results confirm the advantage of using the
HSV format for accurate marker detection by color in
different lighting conditions, scene complexity, and
confirm the influence of marker shape on the accuracy
of its detection.

Further research will focus on expanding the range
of system parameters necessary to diagnose the patient's
condition and analyze the course of treatment using
electromyographic indicators.
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Cucrema MOHITOPMHTY mporpecy peadiiiTamii mauieHTis
i3 MOpyIIeHHSIMH OTIOPHO-PYX0BOT0 anapaTty

O. IO. Bapkogceka, /1. I'. Omiitank, A. P. Copokis, 1. C. 3a6pona, I1. Cexnauex

AHoTanisi. PoboTa mpucBsYeHa po3poOIli CHCTEMH KOHTPOIIO Mpollecy peabimiTaiii MaIieHTiB i3 BagaMH OIOPHO-
PYXOBOTO amapary, a TaKOXX BHSBICHHIO MOXJIMBUX BHKPHBIICHb IIOCTaBH, SK Yy JiTeH, Tak 1 y JOpOCINX Ha OCHOBI
AHTPOIIOMETPUYHUX JAHHX, IO MiATBEPIKYE AKTYAJbHICTh Ta MPAKTHYHY 3HAYYIIICTh POOOTH y TMepio] BIHCHKOBUX il Ha
Teputopii YKpaiHH Ta BEIHKOi KUTBKOCTI JIFOAEH i3 TpaBMaMH OIOPHO-PYXOBOTO amapary. B poOoTi 3ampomoHoBaHa MOJenb
CHCTEMH, SIKa CKIIAQAETHCS 3 JBOX INJCHCTEM — MifcHcTeMa 300py MOJOAMHAMOMETPUYHUX MapaMeTpiB Ha OCHOBI TUHAMIYHOL
0apoIoIOMETPUYHOI IITATGOPMH Ta MiJCHCTEMA Bi3yaJbHOTO MOHITOPUHTY NocTaBd. [loeqHAHHS Pi3HUX METOMIB aHANI3y XOIH
Ta MOCTAaBU y €IMHIM CHCTEeMi JO3BOJI€ 3a0€3MEeYUTH BUCOKY JIarHOCTHYHY Ta NMPOTHOCTHYHY LiHHICTH po0oTH. OCHOBHOIO
METOI0 3alPOIOHOBAHOT CHCTEMH € MOHITOPHHI TpOrpecy pealimiTallii Maimi€HTIB 3a JOMOMOTOK METOMIB amapaTHoi Ta
KOMIT FOTEPHO-ONTUYHOI HETIPOMEHEBOI iarHOCTHKH 13 MOJMJIMBICTIO JIETKOTO TPAaHCIOPTYBAaHHS CTBOPEHOI CHCTEMH,
MOXJTHBICTIO BUCOKOTOYHO{ JiarHOCTUKH B PEKHMI PeabHOTO 4acy, a TAKOXK MOXKIIUBICTIO 30epexeHHsI Ta aHaJli3y 3MiH OTIOpHO-
pyxoBoro amapary mnpoTsroM uyacy. [ms 30opy Ta aHamizy IOJOJMHAMOMETPHYHUX IapaMeTpiB BHKOPHCTaHI MeTOXH
KOMII'FOTepHOI Bi3yasi3alii JaHWX, METOJAM CTATHCTUYHOTO Ta IMHAMIYHOIO aHA3y JAHMX, METOAW CerMeHrauil maHux. Jlis
300py Ta aHamily aHTPOIIOMETPUYHUX IapaMeTpiB BHUKOPHCTaHI METOAM BHUSBICHHA OO0 €KTIB Ha 300pakKeHHI, METOIH
KOMIT IOTepHOI Kiacudikaiii, cermeHTalii Ta 00poOku 300pakeHb, METOAN aHawi3y rpadiunoi iHGopmaii. Kpim Toro, y podoti
MPOBEJCHO JOCJTII:KeHHsl BIUIMBY XapaKTepHCTHK MapkepiB (popma, KOJIbOpOBa MOJENb MPECTABICHHS) Ta OCBITJCHHS TpU
peecTparii KiHeMaTHYHHX MapaMeTpiB HA TOYHICTh JETEKTYBaHHsS MapKepiB Ui MOAAIBIIOrO BU3HAYCHHs KyTiB HaXWIIy JiHIH
Ta3zy Ta ruiedeil. Pe3yabTaTH, OTpHMaHi IMpU BHUKOPHCTAaHHI TiOPHUAHOTO aNrOpUTMY NETEKTYBaHHS MapKepiB, MOKa3ylOTh, IIO
HpeCTaBiIeHHs OyAb-IKol i3 HaBeJeHHX (GOpM B yCiX NOCIHIKyBaHHX KOJIbOpaX MPH HAsBHOCTI JOAATKOBOTO OCBITIICHHS Ja€
100% TouHiCTh JETEKTYBaHHS MapKepiB, JHIIe y KoubopoBiid Moaeni HSV mis mpoctoi cuenn. Mozaens RGB 3a6e3neuye 100%
TOYHOCTI IETEKTYBaHHS JIMIIIC )KOBTHX MapKepiB 32 YMOBH JI0IaTKOBOT'O OCBITJICHHSI. 32 BiJICYTHOCTI MOXKJIHBOCTI BHKOPUCTaHHS
JIOIATKOBOTO OCBITIEHHS, HOCAITH TOYHOCTI 100% 03BONSIOTH JIMIIE KPYIJli MapKepud B ycCiX JOCTIIKYBaHHX KOJIbOpaX,
nonaaux B HSV kombopoBiit monerni. s ckiiagHOT CIieHH, MPEACTaBICHHS BXITHAX 300pakeHb B KOMLOpOBiit Moneni RGB wHe
no3Boise pocsarta 100% TtodnoCTi 1S sKOAHOT 13 (hopMa Ta KOIbOPiB MapKepiB HaBiTh MPH JOJATKOBOMY OCBiTiIeHHs. HaiiBumry
TOYHICTB /IS CKJIaJHOI CLIEHH TAKOX MOKa3ylTh Mapkepu Kpyrioi dopmu, nodapboBani y 3eiaeHuid abo moMapaH4eBHH KOJIip
HE3aJIeKHO BiJl HAIBHOCTI JOAaTKOBOro ocBiTieHHs. [Mogaaburi qocaimkennst OyayTh 30cepemkeHi Ha PO3LIMPEHHI Jiana3oHy
napaMeTpiB CHUCTeMM, HEOOXiHMX JUI [IarHOCTYBAaHHS CTaHy MallieHTa Ta aHali3y mnepediry JiKyBaHHs, 3aBASKH
enexkTpomiorpadiyHUM MOKA3HUKAM.

KawuoBi ciaoBa: cucrema; MOZeNb; METO/]; MOHITOPUHT; peabiniTaris; 300paxeHHs; XpebeT; aHali3; aHTPOIOMETpis;
6apoIoaOMeTpisi; BAKPUBICHHSI.
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