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DEVELOPMENT OF AMODEL OF DYNAMIC DESCRIPTION
OF THE ENVIRONMENT OF A COLLABORATIVE MANIPULATOR
ROBOT WITHIN THE CONCEPT OF INDUSTRY 5.0

This article is devoted to the development of the dynamic description model of the environment of a
collaborative manipulator robot within the framework of the Industry 5.0 concept. A need in creating new
approaches to interaction between robots and humans in production conditions arises with the development of
robotics technologies and the integration of robots into cyber-physical systems. The purpose of the study is to
increase the efficiency of the interaction of a collaborative robot with the environment by creating an adaptive,
safe and intelligent model of dynamic description that meets the modern requirements of Industry 5.0. As part
of this work, a model was developed and visualized that allows the manipulator robot to react more accurately
and timely to changes in the environment. The presented model of dynamic description includes mechanisms
for processing data on external factors, which allows work to adapt to new conditions faster, ensuring the safety
of interaction with the operator and other elements of the production system. The use of this model in the work
of collaborative robots makes it possible to increase their flexibility and ability to make independent decisions
in various work situations. This is especially important for robots that work in environments with constant
change or unpredictable events. Thanks to the ability to quickly analyze the state of the environment and make
decisions based on the received data, the collaborative robot can perform production tasks more efficiently,
minimizing operator risks and increasing overall productivity. The article also provides a visual presentation
of the model, which clearly demonstrates the possibilities of its application in production conditions. This
allows a better understanding of how the model helps the work to integrate into the cyber-physical system and
work in cooperation with other elements of the production system, including people. The proposed approach
opens up new perspectives for the development of robotic systems focused on human-robot interaction and
allows to increase the level of safety and production efficiency. The study will be useful for specialists in the
field of robotics, cyber-physical systems and Industry 5.0, as well as for enterprises seeking to increase the
level of automation and integration of robots in production processes.

Key words: Collaborative robot, Dynamic environment description, Industry 5.0, Cyber-physical systems,
Human-robot interaction, Adaptive robotics, Intelligent manufacturing, Manipulator robot, Safety in robotics,
Production systems automation.

Formulation of the problem. In the modern
world, there is a rapid development of industrial
robots, in particular, collaborative manipulator
robots, which are increasingly being introduced
into production processes within the framework
of the Industry 5.0 concept. This concept aims to
integrate advanced technologies into production
environments with an emphasis on human-machine
collaboration. The main task of Industry 5.0 is to
increase production efficiency due to the flexibility,
adaptability and interactivity of robotic systems. One
of the key challenges is that current robot systems
are often not flexible enough to effectively adapt to
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changes in the work environment where a human
and a robot perform joint tasks. This creates risks to
human safety and reduces the overall performance
of the system. Therefore, the development of models
capable of providing an accurate, timely and dynamic
description of the environment becomes a key task
for collaborative manipulator robots.

Therefore, the relevance of the research lies in the
need to develop innovative approaches to the dynamic
modeling of the working environment of collaborative
manipulator robots, which will contribute to increasing
the safety, adaptability and efficiency of robotic
systems within the framework of Industry 5.0.
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Analysis of recent research and publications.
Recent Gao J., Han H. studies of kinematic calibration
include an iterative optimization process based on the
theory of least squares for typical industrial robots
with 6 degrees of freedom [1, p. 751]. In the C. Faria,
J.L. Vilaga & S. Monteiro work proposed an automatic
algorithm for determining the DH parameters of serial
manipulators [2, p. 613], where a geometric operation and
double vector algebra were used to determine the relative
transformation matrices, from which the DH parameters
are then calculated. Boby R.A., Klimchik A. reported a
combination of geometric and parametric identification
methods to take advantage of both methods for industrial
robots [3, p. 5]. They have shown that their method works
well even with a limited workspace. Similarly, in the
Hayat A.A. and Boby R.A. article a general formulation
was proposed for determining the kinematic parameters
of an industrial robot using a geometric approach
when no prior information about the robot kinematics
was available. They used a monocular camera to
determine the parameters of a typical industrial robot
with 6 degrees of freedom [4, p. 329]. In the Brau-
Avila A. and Acero R. research an indexed measuring
platform was used as a measuring platform to determine
kinematic parameters [5, p. 1031]. The assessment
of the accuracy of the calibration of the kinematic
parameters of industrial robots was analyzed in the work
of He S., Ma L. [6, p. 1049], with the aim of improving
the calibration on site. Similarly, but with a rigid-
flexible communication error model, which consists
of geometric and malleable errors for industrial robots
with non-negligible flexibility, was used in Chen X.,
Zhang Q [7, p. 55]. In addition to typical industrial
robots, identification of parameters and calibration of a
not fully symmetrical parallel delta robot were presented
in[8, p. 9]. As can be seen with the increase in the number
of collaborative robots and their integration in industries
such as production lines and daily environments,
increasing the absolute accuracy due to the description
of the dynamic space of the work area remains an urgent
problem for the realizations of human joint work and the
collaborative robot manipulator within the concepts of
Industry 5.0 [9, p. 92].

Task statement development of a model of
a dynamic description of the environment of a
collaborative robot-manipulator within the framework
of the concept of Industry 5.0, which will allow to
increase the efficiency of its interaction with a person
and other elements of the production system, ensuring
amore adaptive, safe and intelligent robotic interaction
in the conditions of cyber-physical systems.

Outline of the main material of the study. To
describe the environment of a collaborative industrial

manipulator robot that works together with a person,
you can use a mathematical model that includes several
main components: a description of space, objects,
movements, and safety [10, p. 221; 11, p. 114]. As a
result, the mathematical model of the representation
of the environment of the collaborative industrial
manipulator robot can be presented as follows:

CR=(R’,D,Q,,0,7,Q,,,, u,M)dt

(1

Where: CR — a model of the representation of the
environment of a corporate industrial manipulator robot;

R*? — three-dimensional space of the working area
of the robot (coordinate system);

D —working area (space) of a collaborative indus-
trial robot manipulator (a limited space with certain
boundaries);

Q, — objects in space;

g — movement of a collaborative industrial robot
manipulator;

1 —the dynamics of the movement of a collabora-
tive industrial manipulator robot;

Q,,. — security perimeters;

u — communication (commands that can be given
to the operator or work);

M — adaptation (machine learning).

We will give a description of each parameter, start-
ing with the three-dimensional space of the robot's
working area (R’), which within the framework of
these studies can be presented in the following form:

R =(G.L) @)

Where G — the global coordinate system sets the
absolute position of objects in the working area. It
can be described using three orthogonal axes: x —
horizontal axis (front/back); y — horizontal axis (left/
right) and z — vertical axis (up/down). Each point in
this space can be represented as:

safe >

X = (x,y,z)dt

)

L —the object's local coordinate system is defined
relative to the global coordinate system. For example,
the local coordinate system of the robot manipula-
tor can be defined in the center of its base or in the
middle of the manipulator, and the local coordinate
system can be tied to the middle of the human body
located in the working area.

D — the working area (space) of a collaborative
industrial robot manipulator can be represented as a
limited space D c R® with certain limits 5, Ta b, ,
and can be described by the following expressions:

D={x€e R3|bmin <X < biax} (4)
Where: D — a subset of three-dimensional space

R* which defines a limited area where the robot can
operate;
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De R’ — vectors x=(x,y,z) represent the coor-
dinates of points in three-dimensional space, where
each point is inside the space D has these coordinates;
b,,, — a vector defining the minimum space coor-
dinates D .

Thus the area D allows it to be defined as a rec-
tangular parallelepiped or a cube (depending on the
values b,, abo b,, ) in the three-dimensional space,
inside which the working environment for the manip-
ulator unfolds. Each parameter plays a role in limit-
ing and defining the boundaries of this space, which
allows you to precisely position and control the robot
in the given coordinates.

Q, — objects in space can be represented as areas
with certain geometric shapes and sizes. But can be

represented in the following expression:

Q,=(2.9,.9,.9,.9,.9,.9,.) Q)

ey = %cod = cud = =mp>

Where: O, — area with the geometric shape of a
sphere (sphere);

Q, — areas with a geometric shape of a cylinder
(cylinder);

Q, — areas with the geometric shape of a cone
(cone);

Q, —area with a geometric shape of a cube (cube);

Q,, —region with the geometric shape of a rectan-
gular parallelepiped (rectangular parallelepiped);

Q,, —areas with the geometric shape of a hexago-
nal prism (hexagonal prism);

Q, — area with the geometric shape of a quadran-
gular pyramid (quadrangular pyramid).

The selection of an area with one or another
geometric shape depends on the type of object and its
size, for example, in the framework of these studies, a
rectangular object Q, with the center ¢, and sizes d, ,
can be represented as follows:

Q. ={x€eER3|x—¢| <d;} (6)

Where: Q, — an area in three-dimensional space
defined by a center and a radius, representing an
object of a certain shape (in this case, spherical);

X € R’ —coordinates in the vector form x = (x, , z)
represent the coordinates of points in three-dimen-
sional space that may be inside @, ;

¢, — center in the form of a vector ¢, =(c, . ¢, ,.¢;.)
determines the coordinates of the center of object i
in three-dimensional space, it follows that this is the
point from which the distance to other points within
the area is measured Q, . For example, if ¢, =(3,8,4) ,
then it is the center of the sphere in space;

d, — the value of which determines the radius
of the area Q,. This is the maximum distance from
the center ¢, to any point in the area. In this case 4,

i,x°
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represents the radius of the sphere that describes the
object i. Example d, =5, this means that the object
has a radius of 5 units from the center ¢, ;

X — are the coordinates of a point in three-dimen-
sional space that are checked for belonging to an area Q;

|x —¢;| < d; — means that the point x is inside or
on the boundary of the sphere with center in ¢, and
radius d, .

Using an expression 2.5 makes it possible to pres-
ent objects located in the working area of a collab-
orative industrial robot manipulator in the form of
geometric figures in three-dimensional space, this
will allow, within the framework of these studies, to
simplify the modeling of the movement of objects
with regular shapes, such as: boxes, tools, people, and
other objects that can be in the working area.

g — movement of a collaborative industrial robot
manipulator, its model can be described as a func-
tion of positions q(7) and speeds ¢(z). Positions
function q() describes the position of an object or
system in three-dimensional space as a function of
time . This enables the modeling and management
of robots and their mechanical systems, as it allows
tracking and controlling changes in position over
time. Mathematical representation of the position
function q(7) given below:

(r)

X
a(r) = y(1) )
z(7)

Where: x(t),y(t),z(¢) — time functions describ-
ing the object's position along each of the three coor-
dinate axes;

t — variable representing time, which can be
expressed in different units (seconds, minutes, etc.).

1 — the dynamics of the movement of a collabo-
rative industrial robot manipulator allows describing
the relationship between the moments of force that
are applied to the joints of the robot and the move-
ment of these joints, taking into account masses,
Coriolis forces, gravitational forces and acceleration.
This equation is necessary for calculating the neces-
sary moments of force to achieve the desired move-
ments, planning trajectories, as well as for the cor-
rection and compensation of dynamic effects during
robot operation, the following equation is proposed
as part of this study:

(1) =M (q(1)q(r)+C(q(t),4 (1) (1) + G(q(1) (3)
Where: t(r) — a vector representing the moments
of force applied to the joints of the robot at an instant
in time (7). Suppose the collaborative robot is a
manipulator with several joints, t(¢) will be a vector
that describes what forces need to be applied to each
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joint to maintain a desired trajectory or provide a spe-
cific position;

M (q(r)) — the inertia matrix, which depends on
the positions of the joints q(r), which allows describ-
ing the masses and their distribution among the joints
of the robot, as well as the interaction between differ-
ent joints. Represents a square matrix of size nxn,
where n — the number of joints;

q(tr) — the vector of joint accelerations at the
instant of time (7). In the framework of these studies,
it is accepted as the second derivative of the position
function (q(¢)), which describes how joint velocity
changes over time. What allows when controlling the
speed of a collaborative manipulator robot, it makes
it possible to determine how quickly it is necessary to
increase or decrease the speed of movement;

C(q(7),4(r)) — the Coriolis matrix represents the
effects of Coriolis forces and centrifugal forces on the
system (arising due to rotational effects and changes
in velocities), which depend on both positions q(z),
as well as from speeds ¢ (7). At high speeds of move-
ment of the collaborative robot manipulator, the Cor-
iolis force and centrifugal forces can significantly
affect the required moments of force;

d(r) —is the vector of joint velocities at the instant
of time (), is the first derivative of the position func-
tion q(¢), which describes how quickly joint posi-
tions change. To ensure a certain speed of movement
of the robot, ¢(r) makes it possible to describe at
what speed each joint of the collaborative manipula-
tor robot needs to be moved;

G(q(¢) —is a vector representing the effect of grav-
ity on the robot manipulator system, and depends on
the position of the joints q(#) and takes into account
the forces that arise due to gravity. Allows you to take
into account the position of the manipulator robot in
space, that is, if the robot is tilted or raised to a certain
height, the gravitational forces will affect what moment
of force must be met to keep the robot in a stable state.

Expression 2.8 allows for precise control over
the movement of the collaborative robot manipulator
and its position, which is critical for ensuring human
safety when the robot is working in the working area
with the collaborative robot manipulator.

Q,,. — safety perimeters or safety zone for people
and objects in the working area of the robot manip-
ulator. It is an area in three-dimensional space that
defines a zone that meets security requirements. In
this zone, certain conditions, such as the distance to
objects (e.g. a person), must be met to ensure safety,
provided that the set of all points x, that satisfy
the condition |x -¢,,,,| > 7. The mathematical rep-
resentation is given below:

)

Where: x € R* — coordinates of a point in three-dimen-
sional space, where is a vector x =(x, y,z) represents
the coordinates of any point in three-dimensional space.
This is the point ( x ), which is checked for belonging
to a secure area Q,,, if x is within this area, it means
it complies with the security requirements;

C.man — the center of the object located in the
working area of the robot manipulator. In case of 2.14
Vector ¢, = (¢,¢,,c,) represents the coordinates of
the center of a person or an object around which a
safe distance must be provided, makes it possible to
determine the position of a person or another object
in three-dimensional space. The distance to this point
is used to determine the safe zone. r — the radius of
the safe zone, the value of which () defines the mini-
mum permissible distance from the center of a person
or object to any point within the safe area Q,,, that
is r establishes a safety margin. All points for which
the distance to c,,,, smaller r, not included in the
safe zone. This ensures that the robot or automated
system does not approach the dangerous area;

|* = ¢puman| — the distance between the point x and
the center of man ¢, , is calculated as the Euclid-
ean distance between two points in three-dimensional
space, which allows determining whether point x is
inside or outside the safe zone.

Expression Q,,, (2.9) defines a safe area around a
person or object that helps provide a safe distance in
three-dimensional space to avoid hazards and ensure
safety in work environments and to solve tasks.

u — communication (commands that can be given
to an operator or a job) that can be represented as a
function (), which is a mechanism for converting
commands entered by the operator into commands
that the robot understands and executes. This may
include the conversion of signals from various types
of interfaces into specific instructions for a collabora-
tive robot manipulator, and have the following form:

(10)

Where: u(t) — a function that determines how the
input commands of the operators are converted into
specific control signals for the manipulator robot. It
can be presented in the form of an algorithm or a model
that processes input data and generates appropriate
commands. It can be a simple linear converter or a
complex algorithm with filtering and data processing;

Humaninput — operator input commands, can
represent signals or commands given by the opera-
tor through various interfaces (eg buttons, joysticks,
touchpads). Can include different types of input, such
as digital signals, analog signals, or voice commands;

Qsﬂfe = {x € RB | |x - chumanl 2 r}

u(t) = {Human input, Mapping}
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Mapping — a function that determines the sequence
and transformation of control signals for the robot
manipulator.

M — adaptation (machine learning) can be repre-
sented as a model of predictive functions f (X) based
on the collected data, is a process in which the func-
tion f transforms the input data X in prediction J
using parameters 0. Expression 2.11 is the basis for
machine learning and statistics models, where the
learning process focuses on parameter optimization 0
to improve the accuracy of predictions.

y=1X0) (11)

Where: J — the predicted value is the output of the
model, which is the result of the transformation of the
input data X taking into account the parameters 0.
Value ¥ is an estimate or prediction of how the model
will respond to the data X, can take as a numerical
value (in the case of regression) or a class (in the case
of classification);

f — model function can be of different types
depending on the machine learning model. It can be
a linear function, a polynomial function, a neural net-
work, a tree structure, etc.;

X — input data is a set of data used to train or test a
model. Within the framework of these studies X can be a
feature vector or a matrix representing various character-
istics or properties of objects to be predicted or classified;

0 — model parameters that govern the function f
and defined as input data X are converted into the
predicted value ¥. Parameter 0 includes regression

coefficients in linear models, weights in neural net-
works, or other configuration settings. The model
training process involves optimizing these parame-
ters to minimize prediction errors.

For a better presentation of the interrelationship of
the parameters of the developed model for describing
the environment of a collaborative industrial manip-
ulator robot ( RC ), we will visualize them as shown
in the figure 1.

Conclusions. The developed model of the
dynamic description of the environment of the col-
laborative manipulator robot is an important step in
increasing the efficiency of the interaction between
the robot and the person and other components of the
production system in the conditions of Industry 5.0.
The proposed model allows adaptive response to
changes in the working environment, ensuring
increased safety and intelligence of the robot's task
performance. The visual presentation of the model
helps to better understand how a collaborative robot
can integrate into cyber-physical systems, respond to
external factors and perform adaptive actions. The
research will be of interest to scientists and engineers
working in the field of robotics, cyber-physical sys-
tems and Industry 5.0, as well as to enterprises seek-
ing to improve the efficiency of process automation.
Prospects for further research include improving the
model with an emphasis on integration with other ele-
ments of cyber-physical systems, expanding its capa-
bilities for processing large volumes of data in real
time, and applying artificial intelligence algorithms to
increase adaptability and predict robot actions.

Fig. 1. Visual representation of the environmental description model
of a collaborative industrial manipulator robot
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Hesmonos LI, €Bcees B.B., I'ypin I.B. PO3POBKA MOJEJII JIUHAMIYHOI'O OIIUCY
HABKOJIMIITHBOI CEPEJIOBUIIIA KOJIOBOPATUBHOI'O POBOTA-MAHIIYJISITOPA

B PAMKAX KOHIEIIIII IHYCTPII 5.0

Janna cmamms  npucesyena po3podyi mooeni OUHAMIYHO20 ONUCY HABKOTUWHBO2O Cepedosunya
KOabopamueHo2o poboma-mauinyiamopa 6 pamkax kowyenyii Inoycmpii 5.0. 3 pozeumxom mexuonoeit
pobomomexuiku ma iHmezpayicto pobomis y Kibepizuuni cucmemu 8UHUKAE nompeba y CMBOPEeHHI HOBUX
nioxo0ie 00 83aEMO0Ii Midc pobomamu ma A0OUHOI0 8 YMO8aX GupobrHuymea. Memoio Oocaiddcenns €
niOBUWeHHA eheKMUBHOCMI IHMepaKyii KonaoopamusHo2o poooma 3 HABKOAUWHIM cepedosuuyem ULIAXOM
CMBOPEHHsL A0ANMUBHOT, Be3neurol ma inmenekmyanbHoi MoOei OUHAMIYHO20 ONUCY, W0 BIONOBIOAE CYUACHUM
sumoeam Inoycmpii 5.0. 'V pamxax yiei pobomu 6yn0o po3podoneno ma Gi3yaiiz08aHo mMooein, KA 00360/5€
pobomy-marninyisamopy Oilbut MOYHO MA CEOEYACHO Pedzy8amiu HA 3MIHU 6 HABKOIUULHbOMY Cepedosuiyi.
Ilpeocmasnena mooeinb OUHAMIYHO20 ONUCY BKIIOUAE MEXAHIZMU 0OPOOKU OAHUX NPO 308HIWHI hakmopu, wo
00380J151€ pobomy weuouLe a0anmy8amucs 00 HO8UX yMos, 3abe3neuyiouu b6e3neky 63aemoodii 3 onepanmopom
ma IHWUMU elemMenmamu upobHuyoi cucmemu.Bukopucmanusa 0anoi modeni ¢ pobomi KonabopamueHux
pobomie 0ae MONCIUGICIb NIOGUWUINU  IXHIO SHYYKICMb [ 30amHICMb 00 CAMOCMIUHO20 NPULHAINMAL
piuiens y pisHux poboyux cumyayisx. Le ocobaueo eaxcaugo dis pobomis, AKi npayioioms y cepedosuyax 3
NOCMIUHUMU 3MIHAMU DO Henepeobauysanumu noodiamu. 3a80sAKU MOICTUBOCI ONEPAMUSHO AHANIZYE8AMU
CMAaH HABKOMUWHBO20 CePed08UUd | NPUUMAMU PilleHHs HA OCHO8I OMPUMAHUX OAHUX, KOAAOOpAMuUGHUL
pobom modice eghekmusHiue BUKOHY8AMU BUPOOHUYI 3AB0AHHS, MIHIMI3VIOUU pusuxu Ojis onepamopa md
RIOBUWYIOUU 3G2aNbHY RPOOYKMUBHICMb. Y cmammi makodc Hageoeno 8i3yaibHe npeoCcmagients Mooeni, uo
HAOUHO OEMOHCMPYE MONCIUBOCII i1 3ACMOCY8anHs Y GUPOOHUYUX yMosax. Lle 0o3eonse kpawe 3po3ymimu,
K MOOenb donomazae pooomy iHmezpyeamucs 6 Kioep@isuuny cucmemy i npayroeamu 6 yMoeax chisnpayi
3 [HWUMU eleMeHmamuy GUPOOHUYOL cucmemu, 8KIOUAIOYU TH00el. 3anponoHo8anull nioxio 8iOKpUBAEe HOBI
nepcnekmugu OJid po36UmMKy pOOOMOMEXHIUHUX CUCTNEM, OPIEHMOBAHUX HA 83AEMOOII0 NH0OUHA-pobOm, ma
00380J151€ NIJGUIWUMU PiBeHb DesneKku ma egexmueHocmi supodonuymaeda./locioxcenns 6yoe KopuchHum Ojis
Gaxisyis y eanysi pobomomexuixu, Kibepghizuunux cucmem ma Indycmpii 5.0, a maxooic 015 nionpuemcms, siKi
npasHyme RIOSUWUMU PIBEHb asmomamu3ayii ma inmezpayii pobomis y upoOHUUi npoyecu.

Knrouosi cnosa: xonabopamusnuil pooom, onuc OuHamiuno2o cepedosuuia, Inoycmpis 5.0, kibepghizuuni
cucmemut, 3aemo0is MOOUHA-POOOM, A0ANMUBHA POOOMOMEXHIKA, IHMeNeKmyaibHe 8UPOOHUYMB0, poboN-
Mauinyiamop, 6esnexka 6 poOomomexHiyi, agmomMamu3ayis UPOOHUYUX CUCTEM.

133



