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Annotation: The paper explores approaches to classifying digital twins in collaborative robot
modeling tasks, taking into account the requirements of the Industry 5.0 concept and cyber-physical
systems. A multi-level classification of digital twins is proposed, which includes descriptive,
diagnostic, predictive, and prescriptive levels that differ in functionality, mathematical models, and
level of decision-making autonomy. The mathematical foundations of each type are analyzed,
including state assessment methods, dynamic modeling, and optimization control, and their suitability
for monitoring, diagnostics, forecasting, and adaptive control tasks is determined. The results
obtained can be used to develop effective digital twins in collaborative robotics and intelligent
manufacturing systems..
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Anomauyia: Y poOOTI JOCTIDKEHO MiaAxXoau A0 kiacudikamii nudpoBux ABIMHMKIB y 3agayax
MOJIETIIOBaHHSI KOJIaDOpaTUBHUX poOOTIB 3 ypaxyBaHHSAM BuMor koHuenuii Industry 5.0 Ta
Kibep(di3nuHNX cucTeM. 3amponoHOBAHO OaraTopiBHEBY Kiacu@ikalilo HU(POBUX JBIHHHKIB, sSKa
oxoruntoe  descriptive, diagnostic, predictive Ta prescriptive piBHI, 10 BIIPI3HAIOTHCA
(YHKILIOHANBHICTIO, MaTEeMaTUYHUMHU MOJIENSIMU Ta pPIBHEM AaBTOHOMHOCTI NPHHUHATTS pIillIEHb.
[TpoBeneHo aHaNi3 MaTEeMAaTUYHUX OCHOB KOXKHOTO THITY, BKJIFOYAlOYM METO/IM OI[iHIOBAHHS CTaHy,
JMHAMIYHE MOJICJIIOBAHHS Ta ONTUMIi3alliiiHe KepyBaHHS, a TaKOX BM3HAYEHO X MPUAATHICTH IS
3alad  MOHITOPUHIY, JIarHOCTHKHM, IHPOTHO3yBaHHS Ta aJalnTUBHOTO KepyBaHHs. OTpumani
pe3yJabTaTl MOXYThb OyTH BHMKOPHUCTaHI AN PO3pOOJIeHHS e(pEeKTUBHHX LUGPOBUX JBIHHHUKIB Yy
CUCTEMaxX K0JIabOpaTUBHOI pOOOTOTEXHIKH Ta IHTEIEKTYaIbHOIO BUPOOHHUIITBA.

Knwuoei cnoea: uunppoBuil nBiHUK, KoinabopaTuBHI pobotu, Industry 5.0, kiGepdizuuni
CHCTEMH, MOJICITIOBaHHS, aIalTHBHE KEPYBaHHS, TPOTHO3YBaHH.

A digital twin is a dynamic virtual model of a physical object or system that reflects its state,
behavior, and interaction with the environment in real time based on sensor data and mathematical
models. In the context of robotics, a Digital Twin integrates kinematic and dynamic models, sensor
data, control algorithms, and the environment, which allows predicting future system states and
optimizing its operation.

The architecture of a digital twin of a collaborative robot includes a physical layer, where a real
robot with sensors is located, a data acquisition layer that provides information transmission, a data
processing and state assessment layer that uses EKF or UKF algorithms, a modeling layer that
implements numerical models of motion and the environment, a planning and control layer that
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determines trajectories and control actions, and an interface for interaction with the operator or other
systems. An example of the architecture of a digital twin of a collaborative robot is shown in Figure
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Figure 1. — Example of a collaborative robot digital twin architecture

Digital twins are classified by level of integration and functionality, an example of such a

classification is presented in Figure 2.

Classification Digital Twin
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Figure 2 — Classification of digital twins
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Let us consider in more detail the proposed classification of digital twins, which is presented in
Figure 2:

Descriptive Digital Twin is a basic level of digital twin, which provides a reflection of the current
state of a physical system in a digital environment based on data from sensors in real or quasi-real
time, where the mathematical basis is presented in the form of a state mapping x(t)—x{t), which
allows forming a digital copy without deep analysis of causes or prediction, and its main purpose is to
monitor, visualize and basic analysis of the state of the system, which is critically important for the
initial level of digitalization and ensuring transparency of the functioning of robotic platforms as part
of cyber-physical systems.

Diagnostic Digital Twin is an advanced level of digital twin that not only displays the state of the
system, but also analyzes the causes of changes and deviations, using data processing methods,
statistical analysis and state estimation algorithms, such as Kalman filters or Bayesian approaches,
which can be mathematically represented as an estimation problem p(x_k |z_(1:K)), where data
interpretation and anomaly detection are carried out, and its purpose is to diagnose faults, identify
sources of errors and increase the reliability of the system, which is especially relevant for
collaborative robots in variable environmental conditions.

Predictive Digital Twin is a level of digital twin that is focused on predicting the future state of the
system based on mathematical models of dynamics, statistical methods and machine learning, where
a model of the form x_(k+1)=f(x_k,u_k,w_Kk) is used, which allows estimating future movement
trajectories, collision risks or component degradation, and its main purpose is to support decision-
making, optimize system operation and prevent emergency situations, which is key for traffic
planning and control tasks under uncertainty.

Prescriptive Digital Twin is the highest level of development of a digital twin, which not only
predicts the behavior of the system, but also generates optimal control actions based on specified
performance criteria, using optimization and control methods such as MPC or adaptive algorithms,
which is mathematically described as a problem of minimizing the functional u~*=argminJ(x,u),
where the optimal control strategy is formed, and its purpose is to ensure autonomous or semi-
autonomous decision-making, increase the efficiency, safety and adaptability of the system, which is
especially important for the implementation of the Industry 5.0 concept and the integration of humans
and robots in a shared environment.

CONCLUSIONS. The analysis showed that the proposed classification of digital twins provides a
holistic representation of their functional evolution from basic state representation to autonomous
decision-making in collaborative robot control tasks. It is established that the use of mathematical
models, including state assessment methods, dynamic models and optimization approaches, allows to
increase the accuracy, adaptability and reliability of digital twins in cyber-physical systems. It is
shown that the integration of different levels of the digital twin is a key factor in ensuring effective
monitoring, diagnostics and prediction of the behavior of robotic systems in real time. It is
substantiated that the most promising direction is the development of predictive and prescriptive
digital twins, which provide intelligent control and support for decision-making under conditions of
uncertainty. The results obtained confirm the feasibility of using digital twins as a basic technology
for creating intelligent collaborative robotic systems of a new generation.
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