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Modern mobile robots are actively being introduced in industry, logistics, the
service sector, and autonomous transport, which requires them to be able to
effectively navigate dynamic and unpredictable environments [1,2]. Building safe
and optimal trajectories in real time is becoming a key challenge, as traditional
planning methods do not provide sufficient flexibility and speed [3]. Intelligent
approaches based on optimization, machine learning, and adaptive control open
up new opportunities for accounting for uncertainties, predicting object motion,
and improving the efficiency of navigation systems [4]. Research into such
methods is relevant for the creation of robotic systems capable of safe and
autonomous interaction with humans and the environment in the Industry 5.0
concept [5-7].
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Modern intelligent methods for constructing trajectories for mobile robots in
dynamic environments are focused on ensuring safety and real-time operation,
combining classical algorithms and the latest approaches. Global planning is
traditionally based on graph methods such as A-star (A*), Dynamic A-star (D*) and
their modifications, which form the basic route, while local corrections and
frequent replanning ensure adaptability in changing conditions. Sampling
algorithms, such as Rapidly-exploring Random Tree Star (RRT*) and Probabilistic
Roadmap Method (PRM), allow working in complex state spaces but require
integration with optimization methods and motion predictors to account for
temporal dynamics. Optimization-based approaches such as Model Predictive
Control (MPC), Timed Elastic Band, and Model Predictive Path Integral (MPPI) are
gaining popularity. These approaches view the problem as minimizing cost while
taking into account constraints and obstacle trajectory predictions and using fast
solvers to operate in real time. In multi-agent scenarios, decentralized collision
avoidance schemes based on Velocity Obstacles remain effective, providing fast
response without global coordination. Significant progress has been made in the
use of learning methods, including simulation and reinforcement learning, which
are integrated with classical approaches and MPC to create hybrid systems with
safe control. An important element is the prediction of other participants'
movements using graph models and transformers, which improves the
smoothness and reliability of planning. In cases of uncertainty, stochastic and
chance-bounded MPCs are used, as well as event-triggered strategies that balance
safety and computational efficiency. For swarms and cooperative systems, models
that combine task distribution with local avoidance and provide scalability are
promising. Modern hybrid solutions combine global planning based on graph or
sampling methods with local optimizers, trajectory prediction, and machine
learning elements, enabling effective operation in complex Industry 5.0 scenarios.
A comparison of the advantages and disadvantages of trajectory planning
methods is presented in Table 1.

Table 1
Comparison of the advantages and disadvantages of trajectory construction
methods
Method Advantages Disadvantages
1 2 3

Slow with large maps, require
frequent route adjustments in
dynamic conditions, do not take
into account the kinematics of
the robot.

Guarantee optimality (A*) or
A* D* (graph near-optimality (D*), suitable for
algorithms) global planning, work well in
static and known maps
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NOT B2

Table continuation

2

3

High sensitivity to dynamic
PRM. RRT* Effective in high-dimensional | disturbances, no guarantee of
(sam, ling) spaces, work well in complex | optimal performance without
Piing geometries. additional procedures, high
computational load.
Easily integrated into local
. planning, takes into account | Limited in complex scenes with
TEB (Timed . . ; .
. time factors and robot | lots of moving objects, requires
Elastic Band . . . -
kinematics, quick for online | accurate local maps.
adjustment.

DWA (Dynamic

Very fast in real time, easy to

Local method - may get stuck in

Window implement, takes into account | local minima, does not guarantee
Approach) the dynamics of the work. global optimality.
Takes into account dynamics High computational complexit
MPC (Model and limitations, capable of 9 putation P Vi
- _ fast optimization solvers
Predictive predicting future states, . g
: required, sensitive to model
Control) integrates obstacle movement
accuracy.
forecasts.
MPPI (Model Works well for nonlinear | Computational overhead,
Predictive Path systems, noise resistant, suitable | complex implementation for
Integral) for multi-agent systems. limited resources.
L ick learnin from | . . .
IL (Imitation Quic 'ea 9 ° Limited generalization - may not
) demonstrations, acquires ; .
Learning) " ,, ) work well in new scenarios.
human” logic of movement.
DRL (Deep Learns complex policies, Requires Igrge amounts of data,
. ) . complex sim-to-real transfer, no
Reinforcement suitable for dynamic and . .
) . . security guarantees  without
Learning) uncertain environments. "
additional modules.
CBF (Control Provides formal security | It is not an independent planning
guarantees, integrates with | method, but only an add-on for

Barrier Function)

other methods. restrictions.

An analysis of current methods shows that the choice of approach for
designing routes for collaborative robots in dynamic environments depends on the
requirements for accuracy, speed, and the level of interaction between agents.
Classic A* and D* algorithms remain relevant for global planning due to their
predictability and stability, but their effectiveness decreases in scenarios with rapid
changes, requiring frequent replanning or integration with local methods.
Sampling algorithms PRM and RRT* work well in complex geometries but have
limited performance in multi-agent systems, requiring combination with
optimization approaches. Optimization-based methods, such as MPC, MPPI, and
TEB, are more suitable for collaborative scenarios because they take into account
robot dynamics, time constraints, and allow for the integration of other
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participants' motion predictions. In multi-robot systems, decentralized approaches
such as ORCA and VO play an important role, ensuring fast collision avoidance
without global coordination, although they do not guarantee optimal trajectories.
The use of learning methods, especially DRL in combination with MPC or CBF,
increases adaptability and allows for complex dynamics to be taken into account,
but requires significant computational resources and proven safety mechanisms.
Hybrid architectures that combine global planning with local optimization,
trajectory prediction, and learning are currently considered the most promising for
designing collaborative robot routes in the context of Industry 5.0.

Conclusions. The study showed that no single method is universal for
building trajectories in a dynamic environment, and the best results are achieved
using hybrid approaches that combine global planning, local optimization, and
object motion prediction. The integration of optimization methods such as MPC or
TEB with learning algorithms and safety mechanisms ensures adaptability, fast
response, and increased safety for collaborative robots in Industry 5.0.
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