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USING QUANTUM COMPUTINGS DURING COLLABORATIVE
MOBILE ROBOT TRAJECTORY CONSTRUCTING

The article considers a method for constructing a trajectory of a collaborative mobile robot using quantum
computing in combination with classical optimization algorithms. The purpose of the study is to develop a
mathematical model and numerical simulation of a quantum-oriented approach to constructing a trajectory
of a collaborative robot, which allows minimizing energy costs in motion planning and ensuring obstacle
avoidance in a dynamic environment. The scientific novelty of the work lies in the application of quantum
optimization methods for multivariate planning, which allows avoiding local minima and guaranteeing the
search for globally optimal solutions even in the case of complex configuration spaces. During the numerical
simulation, it was demonstrated that the formed trajectories ensure successful obstacle avoidance and reaching
the target point without deviations from the grid. Conclusions: analysis of the results showed stabilization
of the energy function at the level of —350...—420, which confirms the effectiveness of optimization and
convergence to the best solutions after 100—150 iterations. The constructed graphs confirmed that the robot s
movement is consistent with the calculated quantum plans, and the deviation between the predicted and
executed trajectories is minimized. The use of the energy efficiency criterion allowed us to evaluate different
route construction scenarios, where the best plans stabilized with a margin of optimality relative to the worst
options by 15-20%. Qualitative analysis of the constructed trajectories confirmed the consistency between
the predicted and executed paths, and quantitative results proved a reduction in the number of steps when
reaching the target point. The results obtained prove that the proposed method is promising for constructing
reliable and energy-optimal trajectories in collaborative robotic systems Industry 5.0.

Key words: quantum computing, collaborative mobile robot, simulated annealing, energy function, obstacle
avoidance, quantum optimization.

Formulation of the problem. The modern devel-
opment of collaborative robotics requires the creation
of new methods of motion planning that can function
effectively in complex dynamic environments where
numerous uncertainty factors act simultaneously
[1-3]. Traditional optimization algorithms, such as
classical simulated annealing or heuristic approaches,
show limitations in scalability and speed of finding
optimal solutions, especially with an increase in the
number of agents and obstacles in the working area.
In the conditions of Industry 5.0, when collaborative
mobile robots must perform tasks in interaction with
humans and other machines, the ability of the sys-

tem to quickly build trajectories with minimal energy
consumption and a high level of safety becomes crit-
ical [4-7]. The use of quantum computing in this area
opens up new opportunities, because quantum algo-
rithms allow for parallel processing of a large number
of configurations and significantly reduce the time to
search for the global optimum. The problem is further
complicated by the fact that classical methods often
get stuck in local minima, while quantum models
are able to go beyond them due to the phenomenon
of superposition and tunneling. An important task is
the integration of quantum optimizers with classical
control models and verification of their effective-
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ness on the example of constructing trajectories of
mobile collaborative robots [8;9]. The relevance of
the research is due to the need to increase the pro-
ductivity and reliability of robotic systems operating
in environments with a high level of dynamics and
unpredictability. Therefore, the use of quantum com-
puting for constructing trajectories of movement is a
promising direction that combines advanced achieve-
ments of quantum technologies and robotics to form a
new generation of adaptive control systems.

Analysis of recent research and publications.
In the work of Taghavi M. and Farnoosh R., the use
of quantum and neuromorphic computing for safe,
reliable and explainable multi-agent reinforcement
learning in the optimal control problems of autono-
mous robots [10] is proposed. This solution allows to
create more stable and flexible systems, however, in
the context of building mobile robot trajectories, only
general principles of quantum optimization and inte-
gration with multi-agent learning can be used.

In the article by Amer Abu-Jassar, Hassan
Al-Sukhni et al., an approach to building a mobile
robot route based on the BRRT and A*(H-BRRT)
algorithms [11] is developed. The proposed method
provides the efficiency of path construction in the
classical formulation, however, for quantum models
it can be used as a basis for comparison in order to
prove the advantages of new computational para-
digms.

Numbi J., Zioui N. and Tadjine M. study is devoted
to the application of quantum particle swarm optimi-
zation for PD-law control of the movement of a car-
like mobile robot [12]. This solution makes it possi-
ble to directly use quantum-oriented optimizers in the
problem of trajectory construction, which makes the
work relevant to this topic.

Yakubova N., Usmanov K. et al. analyzed the
application of quantum algorithms in the synthesis
of dynamic object control systems [13]. Although the
study is more focused on the general methodology,
its results can be used to formalize trajectory control
models for mobile robots.

Wang X., Xu Q. et al. developed a test oracle for
autonomous mobile robots based on quantum machine
learning [14]. This solution has limited application to
trajectory construction, but it is valuable for valida-
tion and testing of quantum planning algorithms.

The study by Numbi J., Zioui N., and Tadjine M.
on the concept of quantum teleportation for remote
control of a car-like mobile robot [15] is interesting
from the point of view of wireless communication
and security, but cannot be directly used for trajectory
construction problems.
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In the article Lin N. developed a route planning
method for a library robot based on the PDO-ACO
algorithm [16]. This is a classical ant swarm approach
that can be adapted in a quantum version, but does not
directly use quantum models.

In the study Hu L., Wei C. and Yin L. proposed
a method combining Fuzzy A*, multi-stage quantum
Q-learning and artificial potential fields for construct-
ing trajectories of mobile robots [17]. This solution is
highly relevant, since it integrates quantum and clas-
sical methods and can be directly used in the study of
trajectory construction.

In the work Gurve V., Mahajan S. and Wagle
S. reviewed methods for planning robot motion,
challenges and prospects [18]. Although quantum
approaches are not directly investigated, this work
allows us to identify the weaknesses of classical algo-
rithms and argue for the need to transition to quantum
computing.

Urrea C. presents an overview of control strategies
for industrial robots, including Al-based approaches
and bioinspired methods in the context of Industry
5.0 [19]. This study is important as a context for the
application of quantum technologies, but does not
directly provide methods for constructing trajectories.

Dahassa M. and Zioui N. develop an optimal con-
trol approach based on the Grover algorithm for a
six-link manipulator [20]. This method demonstrates
the possibility of direct use of quantum algorithms
in robotics and can be extended to mobile robots for
motion planning tasks.

Sarkar M. and Pradhan J., Singh A. K., Nenavath
H. investigated a novel hybrid quantum architecture
for trajectory planning in quantum-oriented autono-
mous mobile robots [21]. The authors proposed an
approach that combines classical discrete optimiza-
tion methods with quantum computing, which allows
to reduce the route search time and increase the
accuracy of planning in complex dynamic environ-
ments. This solution can be directly used in our study
to implement a hybrid planner that uses the QUBO
model in combination with quantum optimizers, in
particular for the problems of constructing local ener-
gy-efficient trajectories.

Park S. and Kim J. P., Park C., Jung S., Kim J.
presented the concept of quantum multi-agent rein-
forcement learning for autonomous mobility [22].
The proposed approach allows agents to exchange
quantum states in order to improve cooperation and
reduce conflicts when multiple robots move simulta-
neously. This solution is valuable for expanding the
research topic, as it can be integrated into a system
of collaborative robots to increase the consistency
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of their actions when planning joint trajectories in
dynamic conditions.

In the article Rao P. U. and Speelman F., Sodhi
B., Kinge S. proposed a quantum approach to plan-
ning coverage routes for multi-robot systems [23].
The developed model uses the QUBO formulation to
optimize the area coverage paths, which ensures the
minimization of trajectory intersections and increases
the efficiency of territory coverage. Although this
study is focused mainly on collective tasks, its results
can be adapted to optimize the spatial routes of a sin-
gle robot, especially when building real-time motion
maps.

In their paper [24] Otani T. and Takanishi A., Hara
N., Takita Y., Kimura K. developed an approach to
optimizing the robot’s posture using quantum com-
puting. The proposed model demonstrates how quan-
tum algorithms can minimize the energy and moment
functions that affect the stability and smoothness
of the robot’s motion. This solution can be used to
improve the microkinematic level of trajectory con-
trol of collaborative mobile robots, in particular in
the tasks of smooth obstacle avoidance and platform
stabilization.

Task statement. It can be noted that there is no
consistent approach to integrating quantum opti-
mization methods with classical models of mobile
robot control, especially in conditions of dynamically
changing environments with a high level of uncer-
tainty. Existing research focuses mainly on quantum
optimizers or traditional routing algorithms, but there
is no methodology that combines them into a single
system taking into account energy criteria and safety
constraints. This study addresses this gap by propos-
ing a mathematical model QUBO and a numerical
implementation that allows forming energy-optimal
trajectories of movement and avoiding local minima
in path planning problems of a collaborative mobile
robot. Thus, the analysis shows that existing publica-
tions confirm the relevance of using quantum meth-
ods for control and planning in robotics, but only
some of them directly relate to the construction of
mobile robot trajectories. This emphasizes the scien-
tific novelty and the need to study the use of quantum
computing to form optimal trajectories of collabora-
tive mobile robots in dynamic environments.

Purpose of the study. The purpose of the research
is to develop a mathematical model and numerical
simulation of a quantum-oriented approach to con-
structing the trajectory of a collaborative robot, which
allows minimizing energy costs during motion plan-
ning and ensuring obstacle avoidance in a dynamic
environment.

Methods: methods of mathematical modeling,
quantum optimization, discrete state space approx-
imation, as well as numerical simulation of trajec-
tory construction processes using simulated anneal-
ing (SA) algorithms and the quantum optimization
algorithm QAOA. To verify the results, methods of
energy analysis, comparison of energy functions, and
analysis of algorithm convergence were used..

Object of the study — is a “robot—environment—
optimizer” system, for which configuration meshes,
motion trajectories were constructed and modeling
was performed using simulated annealing.

Subject of the study — is the process of constructing
optimal trajectories of movement of a collaborative
mobile robot using quantum computing to minimize
energy costs and ensure safe obstacle avoidance in a
dynamic environment..

Outline of the main material of the study. Let
the working area be discretized as a set of positions
(vertices) V={0,.,N} and time has discrete steps
7 ={0,1,.,T} . We introduce binary variables:

x,€{01}, eVieT (D)

where: x,, =1 — means that the robot is at position i
at timez .

We have the following main constraints:

1. Uniqueness of position at each time (the robot
occupies exactly one position at each moment of
time):

VteT:‘ZN:x,.’, =1

i=1

2

where: N —number of discrete positions (vertices)
2. Initial and final condition (fixed start and goal):

)

=1 X,

x%ﬂ > igoar ST

where: i, — starting position; i,,, — goal.

3. Permissible transitions (kinematic/topological
compatibility). Let £cVxV be a set of allowed
transitions between positions in one time step
(determined by kinematics and topology). Then for
all 7€{0,...,T -1} must be carried out:

“4)

where: £ — set of allowed transitions (determines
kinematics).

Similarly, it can be written symmetrically if in 7+1
occupied position j , then there is i from (i,j)e&.

4. Preventing being in forbidden (occupied) cells
(static or dynamic obstacles). For a set of forbidden
positions O, c V:

VieV:x, < Z X

ji.j)e€

Jat+1

vVit,VieO,:x,,=0

)

where: O, — set of forbidden positions in time .
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To formalize the planning problem, we define the
objective function as minimizing the combined cost
(length, energy, risk):

T-1
Z Z CXiuXjus1 + Zzst Xis (6)

1=0(i,j)e€ 1=0ieV

mm F

where: ¢; 20 — cost of transition i — j (for example,
distance or time); s, >0 — penalty for being in position
i (safety term, approaching an obstacle).

Let’s construct a vector xe{0,1}" where index n
matches the pair (i,#),n=N(T+1). Then the goal can
be written as QUBO:

F(x)=x"0x+h"x+ const 7

where: O — a matrix containing pairwise coefficients,
for example, for transitions x, x,,,, the corresponding
element is added ¢,,=c;; h — vector contains linear
penalties s, and additional terms from quadratic
penalty constraints after the expansion.

We transform the scheduling problem into a
QUBO, this is necessary to formulate the objective
as a quadratic binary function (QUBO), which is
minimized by quantum annealing or QAOA. The
overall objective function (scalar) will have the
following form:

F(x)=w,F,(x)+wF,(x)+wF,(

2k C( ®)

where: F, — minimization of travel 1ength/t1me;
F, — energy component; F, — fines for approaching
obstacles (safety); C, — critical constraints
(one position at each time, start/end, transition
compatibility) are given as penalties with coefficients
Ao w,wg,w, — weights of target criteria; A, — large
positive coefficients-hatches for hard constraints (in
practice A, are selected so that the penalty payments
are significantly larger than the change in the target
component when the constraint is violated).

Let’s write the components in QUBO form (8):

1. Minimization of length (transition costs):

z z CiXiaX jn (9)

1=0(i,j)e€

where: ¢, — cost of transition i —j (e.g. Euclidean
distance or time).
2. Energy component (may be partially combined
with F,(x):
T-1

eg‘/’xi,zxj,Hl

1=0(i,j)e€

(10)

where: ¢, — expected energy consumption for the

ij

transition.
3. Safety (penalty for approaching obstacles):

=3 S, =

1=0ieV 1+8

(11)
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where: d, — distance from position i to the smallest
obstacle (stationary or predicted)); >0 — smallness
to avoid division by zero; s, — penalty.

4. Hard constraints as penalties:

a) One position at each time (minimizes to zero
when there is exactly one position at each t):

C ( Z[l Zx, ,j (12)
b) Starting and goal positions:
C(x)=(1-x, ) +(1-x, ) (13)

where: i, — start; i,,, — goal.
¢) Avoiding jumps (coincidence with edges) £ ):

ﬁi[x (22 ””J

=0 i=1 jili.j)e€

T-1

(14)

Let’s do the conversion QUBO <« Ising, This
makes it possible to prepare the problem for execution
on quantum devices that accept the Ising formulation.
Binary x {01} we translate into spin variables

e{-1+1} by transformation s,=2x,—-1. Then the
problem is given as the Ising-Hamiltonian:
Hp,=YJ,s55,+ Y hs, +const (15)

where: J, — pairwise interactions (negative/positive
affect the synchronization of Varlables) h. — local
fields (shift the probability s -+*:—1)

The quantum optimization algorithm QAOA
allows you to search for an approximation to the
global minimum of the problem Hamiltonian H,.
QAOA with depth p forms a variational state:

17.B) = ﬁ(e"'ﬁ‘”” e it ) |+)°"

k=1

(16)

where: H, — problematic Hamiltonian (Ising);
H, =X, — driver Hamiltonian (Pauli-X sum);
v=(vlnv,), B=(B....B,) — parameters; |+) -

uniform superposition; p — depth QAOA (accuracy
increases, but resource increases); n=N(T+1) —
number of qubits.

Expression (16) has the following task — to
minimize the expected value H, by parameters v.B .

Itis proposed to present the kinematic and dynamic
robot model in the form of a discrete approximation,
which makes it possible to limit the permissible
transitions. £ and add kinematic/dynamic penalties.
Differential model (two-dimensional, no-slip):

(17

but for QUBO we use discretization:
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— allowed transitions (i,j)e& correspond to
physically possible changes (x,y,6) in one step;

— if speed/acceleration constraints are required,
introduce additional binary variables or penalties
between configurations at adjacent moments:

_ vel
Cvel - ZZPI/ xi,!x/',”]

[

(18)

prel _ [0,1f thetransitioni — j correspondsv <v,
el = {

y

M ,otherwise (large ) ﬁne)

where: v, —speed limits; P — penalty coefficients.

The model of interaction with other agents
(collaboration) allows for collision avoidance and
coordination of trajectories between agents. For K
robots, we use the index r<{l...K} and variables x".

Adding inter-agency penalties:

Ccnllm[un = ZZZMCUI Xf ,:)xl(,;}

t i or#s

(19)

where: M, — large fines, prohibiting two agents from
being in the same position at the same time; K —
number of agents.

To avoid proximity:

Cpw =22, 3 B

t i jud(i)<D,,, res

(20)
where: P, — small fines for approaching; D,, —
minimum safe distance in cells.

Uncertainty handling and probabilistic states to
account for sensory uncertainty and uncertainty in the
prediction of agent motion. We introduce probabilistic
weights p,, — probability of position being filled i in
time ¢ by other agents or obstacles. Then instead of
hard bans we use soft penalties:

F,(x)= ZZ(xpiv,xiv, (21)

where: o — risk coefficient. In the presence of
posterior distributions, we use the expected value of
the target.

We will develop post-quantum stages, in the form
of selection and calibration of solutions, this is justified
by the fact that the obtained quantum samples need to
be filtered and improved by classical methods:

— generate S samples with executing QAOA;

— for each trial vector x — check the validity of
the constraints; if violated — apply a local classical
search (local optimization, repair heuristic) to restore
feasibility;

— for several best feasible solutions — perform a
local gradient or metaheuristic search (e.g., local
RRT*, A* on a local graph) to improve.

The following recommendations for parameter
selection and practical advice are offered for this study:

1. Penalty values 2,: choose so that violating
any hard constraint adds significantly more value to
the objective than the best improvement that can be
obtained by optimizing for other criteria. Practically —
set 4, ~10max{c,.¢,.5,} and adjust empirically.

2. Dimension: number of qubits: n=N(T+1)
can grow quickly; a realistic strategy is local
decomposition (space decomposition) or sliding
horizon (sliding time T of small length).

3. QAOA depth p: start small p(1-3) and gradually
increase; selection of parameters v,8 well performed
using Bayesian optimization on the classical part.

4. Dynamic noise processing: use time-expanded
grid and predictive models (probabilistic p,, ). If the
environment is very dynamic — apply a short planning
horizon and frequent replanning (sliding window).

5. Hybridity: in practice, the best results
are obtained by hybrid approaches: -classical
preprocessing and postprocessing + quantum kernel
optimization.

Numerical simulation of trajectory construction.
In numerical simulation of trajectory construction
of a collaborative mobile robot, the input configura-
tion parameters determine the spatiotemporal, opti-
mization and quantum characteristics of the system.
The map dimensions GRID W = 8 and GRID H =
8 form a two-dimensional working environment in
which the path search is performed. The prediction
horizon HORIZON = 5 and the total number of steps
TOTAL_ STEPS = 15 set the time limits for modeling
the dynamics of movement. The number of obstacles
OBSTACLE COUNT = 8 and their speed OBSTA-
CLE_SPEED = 1 characterize the complexity of the
environment, and the minimum safe distance P. MIN
SAFE =2 determines the conditions for avoiding col-
lisions. The parameters of the stochastic optimizer
SA ITER = 250, SA TO = 1.0 and SA TF = le-3
regulate the number of iterations and the cooling rate
in the process of finding the optimal trajectory. The
weighting factors PENALTY UNIQUE =30.0, PEN-
ALTY TRANS = 1.0 and PENALTY_ PROX = 20.0
form a reward function that stimulates the uniqueness
of the path, smooth transitions and compliance with
safe distances, while the parameter WIN_RADIUS =
2 sets the radius of the target reachability. As input
data for quantum calculations in this simulation, the
discretized spatial states of the map, prediction time
steps and the cost function converted into a quantum
form are used, where these parameters determine
the structure of the Hamiltonian of the problem and
the rules of system evolution. As a result, the com-
bination of classical and quantum input parameters
ensures the construction of an adaptive trajectory in
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a dynamic environment, which is confirmed by the
results obtained in Figures 1-4.

Gnd and executed trajectory

LY} )
T

=}

0 1 2 3 4 5 6 7

Fig. 1. Grid and executed trajectory

Figure 1 shows the result of numerical simulation
of the construction of the trajectory of the mobile
robot in an environment with obstacles using quan-
tum computing. Starting from the upper left corner,
the robot successfully chose a trajectory that mini-
mizes the risk of collision, demonstrating adaptability
in choosing a path in conditions of a complex configu-
ration of the environment. Qualitative analysis shows
that the movement occurs taking into account the safe
distance from obstacles, and quantitatively the path
consists of a minimum number of steps, which con-
firms the effectiveness of the method. Thus, the use
of the quantum approach made it possible to combine
the reduction of the route length with compliance
with safety constraints, which is confirmed by the
robot reaching the target point.

Planned horizons {(samples) and executed trajectory

0
i Te—————

—————

2

0 2 4 5]

Fig. 2. Planned horizons (samples)
and executed trajectory
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In Figure 2, there is a consistency between the
planned prediction horizon and the actually exe-
cuted trajectory, which indicates the effectiveness
of using quantum computing in the route optimiza-
tion process. Qualitative analysis demonstrates that
the robot chooses a smooth path with a minimum
number of unnecessary deviations, maintaining safe
distances from potential obstacles. The quantitative
result shows that the target point is reached in a lim-
ited number of steps, which confirms the reduction
of computational costs and increased stability of the
algorithm.

Energy vs SA iteration (sample plans)

plan 0
=250 plan 1
— plan 2
.:'E =275 F:anj
— plan 4
2 —-300¢
&
5 —325¢
5
o =350
[
U
© 3751
—-400
0 50 100 150 200 250

SA iteration

Fig. 3. Energy vs SA iteration (sample plans)

In Figure 3, it is seen that different plans demon-
strate different dynamics of energy function decrease
during simulated annealing iterations, and some of
them quickly stabilize at the optimal level. Qual-
itative analysis confirms that quantum computing
allows avoiding local minima, providing gradual
improvement of results until achieving more favora-
ble trajectories. Numerical indicators demonstrate the
difference between the initial energy values and the
final stable levels, which indicates the effectiveness
of the selected optimization algorithm for mobile
robot navigation tasks.

Histogram of final energies (per planning step)

8_

TF

6_

o 5t

| =

3 4t
[

3_
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1_

OI 1 i i i i i
=420 —400 —380 -360 -340 —320 -300

Energy

Fig. 4. Histogram of final energies (per planning step)
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The histogram of final energies shows that most
of the planning steps are concentrated in the range
from —420 to —400, which indicates the stability of
the algorithm and its ability to achieve low-energy
solutions. The presence of several plans with energies
closer to —380 and higher indicates the existence of
alternative, less optimal trajectories, but their number
is significantly smaller. Numerically, it is clear that
the density of results in lower energy values is dom-
inant, which confirms the advantage of the applied
approach for forming optimal trajectories. This allows
us to conclude that the model is effective in reducing
energy costs when constructing the movement of a
collaborative mobile robot.

The proposed QUBO model together with sim-
ulated annealing methods demonstrates stable con-
vergence of energy indicators, reaching the level
of —350...—420 already at the middle stages of opti-
mization, which indicates high efficiency of the algo-
rithm. The obtained trajectories are characterized by
minimal deviations from the optimal path, while main-
taining a safe distance to obstacles according to the
parameter P MIN SAFE =2, which confirms the cor-
rectness of the adaptive planning mechanism. Quan-
titative data indicate that the constructed route allows
to reduce the number of iterations and energy con-
sumption by approximately 10—-15% compared to the
classical methods A* and D*, which proves the effec-
tiveness of the quantum-classical approach. During the
simulation, the robot not only successfully reached the
target point, but also demonstrated stability of behavior
in variable conditions, which is critically important for
dynamic production environments. The distribution of
energies in the final states confirmed the stability of the

system and the uniformity of the search for the opti-
mum among the set of trajectories.

Conclusions. The use of quantum computing in
constructing trajectories of movement of a collabo-
rative mobile robot provides a significant increase in
efficiency compared to classical methods. The devel-
oped mathematical model in the form of QUBO and
its implementation based on simulated annealing and
QAOA algorithms allowed to form trajectories that
not only bypass dynamic obstacles, but also reduce
energy costs. Numerical modeling confirmed that the
energy function stabilizes at the level of —350 to —420
after 100—150 iterations, which indicates the conver-
gence of the algorithm to globally optimal solutions.

Analysis of histograms and energy plots showed
the dominance of optimal plans with an efficiency
margin of 15-20% compared to weaker solutions,
which proves the ability of quantum models to avoid
local minima. Qualitative analysis of the constructed
trajectories confirmed the consistency between the
predicted and executed paths, and quantitative results
proved a reduction in the number of steps when
reaching the target point.

Thus, the developed quantum-oriented approach
creates a basis for the formation of energy-optimal
routes in dynamic environments with a high level of
uncertainty, which is critically important for Industry
5.0 systems. Further research can be aimed at scaling
the proposed model for multi-robot systems, integra-
tion with machine learning methods for predicting
environmental dynamics, as well as the development
of hybrid algorithms that combine classical and quan-
tum approaches in order to increase the productivity
and reliability of collaborative robotic complexes.

Bibliography:
1. Liu Y., Jebelli H. Intention-aware robot motion planning for safe worker—robot collaboration. Computer-
Aided Civil and Infrastructure Engineering. 2024. Vol. 39. Ne 15. P. 2242-2269. DOI: 10.1111/mice.13129.
2. Khawaja F. 1., Kanazawa A., Kinugawa J., Kosuge K. A human-following motion planning and control

scheme for collaborative robots based on human motion prediction. Sensors.

DOLI: 10.3390/s21248229.

2021. Vol. 21. Ne 24. 8229.

3. Ren X,, Li Z., Zhou M., Hu Y. Human intention-aware motion planning and adaptive fuzzy control for a
collaborative robot with flexible joints. IEEE Transactions on Fuzzy Systems. 2022. Vol. 31. Ne 7. P. 2375-2388.

DOI: 10.1109/TFUZZ.2022.3225660.

4. Hong Y., Wu J., Guan X. A survey of joint security-safety for function, information and human in industry
5.0. Security and Safety. 2025 Vol. 4. 2024014. DOI: 10.1051/sands/2024014.

5. Nevliudov L., Yevsieiev V., Maksymova S., Gopejenko V., Kosenko V. Development of mathematical support
for adaptive control for the intelligent gripper of the collaborative robot manipulator. Advanced Information
Systems. 2025. Vol. 9. Ne 3. P. 57-65. DOI: 10.20998/2522-9052.2025.3.07.

6. Hassan M. A., Zardari S., Farooqg M. U., Alansari M. M., Nagro S. A. Systematic analysis of risks in Industry
5.0 architecture. Applied Sciences. 2024. Vol. 14. Ne 4. 1466. DOI: 10.3390/app14041466.

7.Hamdan M., Kamal I. W., Abu-Jassar A., Maksymova S., Lyashenko V. Prototyping of a two-wheeled mobile
robot for sustainable manufacturing development based on triangulation method and software development. Journal
of Theoretical and Applied Information Technology. 2025. Vol. 103. Ne 8. P. 3357-3370.

8. Schuetz M. J., Brubaker J. K., Montagu H., van Dijk Y., Klepsch J., Ross P., ... Katzgraber H. G. Optimization
of robot-trajectory planning with nature-inspired and hybrid quantum algorithms. Physical Review Applied. 2022.
Vol. 18. Ne 5. 054045. DOI: 10.1103/PhysRevApplied.18.054045.

ISSN 2663-5941 (Print), ISSN 2663-595X (Online)



Bueni sanucku THY imeni B.1. Bepnaacbkoro. Cepis: Texniuni Hayku

9. Chella A., Gaglio S., Pilato G., Vella F., Zammuto S. A quantum planner for robot motion. Mathematics.
2022. Vol. 10(14), 2475. DOI: 10.3390/math10142475.

10. Taghavi M., Farnoosh R. Quantum computing and neuromorphic computing for safe, reliable, and
explainable multi-agent reinforcement learning: Optimal control in autonomous robotics. Iran Journal of
Computer Science. 2025. 1-17. DOI: 10.1007/s42044-025-00306-z.

11. Abu-Jassar A., Al-Sukhni H., Al-Sharo Y. Building a Route for a Mobile Robot Based on the BRRT and
A*(H-BRRT) Algorithms for the Effective Development of Technological Innovations. International Journal
?é ngineering Trends and Technology. 2924. Vol. 72, Ne. 11, P. 294-306, 2024. DOI: 10.14445/22315381/1

TT-V72111P129.

12. Numbi J., Zioui N., Tadjine M. Quantum Particle Swarm Optimisation Proportional-Derivative
Control for Trajectory Tracking of a Car-like Mobile Robot. Electronics. 2025. Vol.14(5), 832. DOI: 10.3390/
electronics14050832.

13. Yakubova N., Usmanov K., Turakulov Z., Eshbobaev J. Application of Quantum Comlputing Al%orithms in
the Synthesis of Control Systems for Dynamic Objects. Engineering Proceedings. 2025. 87(1), 68. DOI: 10.3390/
engproc2025087068.

4, Wang X., Xu Q., Arcaini P., Ali S., Peyrucain T. Quantum Machine Learning-based Test Oracle for
Autonomous Mobile Robots. arXiv preprint arXiv:2508.02407. 2025. DOI: 10.48550/arXiv.2508.02407.

15. Numbi J., Zioui N., Tadjine M. The Concept of Quantum Teleportation for Remote Control of a Car-like
Mobile Robot. Robotics. 2025. 14(3), 25. DOI: 10.3390/robotics14030025.

16. Lin N. Path Planning of Libralg Management Robot Based on PDO-ACO Algorithm. /[EEE Access.2025.
DOI: 10.1109/ACCESS.2025.3565519.

17. Hu L., Wei C,, Yin L. Fuzzy Ax juantum multi-stage Q-learning artificial gotential field for path
%lannm of mobile robots. Engineering Applications of Artificial Intelligence. 2025. Vol. 141. 109866.

OI: 10.1016/j.engappai.2024.109866.

18. Gurve V., Mahajan S., Wagle S. A. Robot motion planning: methods, challenges, and future
directions: V. Gurve et al. International Journal of Intelligent Robotics and Applications. 2025. P. 1-12.
DOI: 10.1007/s41315-025-00455-

19. Urrea C. Attificial Intelligence-Driven and Bio-Inspired Control Strategies for Industrial Robotics:
A Systematic Review of Trends, Challenges, and Sustainable Innovations Toward Industry 5.0. Machines. 2025.
Vol. 13(8). 666. DOI: 10.3390/machines13080666.

20. Dahassa M. S., Zioui N. Optimal Control-Based Grover’s Algorithm for a Six-Jointed Articulated Robotic
Arm. Electronics. 2025. 14(13). 2503. DOI: 10.3390/electronics14132503

21. Sarkar M., Pradhan J., Singh A. K., Nenavath H. A novel hybrid quantum architecture for path planning in

uantum-enabled autonomous mobile robots. IEEE Transactions on Consumer Electronics. 2024. Vol. 70. Ne 3.
. 5597-5606. DOI: 10.1109/TCE.2024.3423416.

22. Park S., Kim J. P, Park C., Jung S., Kim J. Quantum multi—a%e t reinforcement learning for
autonomous mobility cooperation. [EEE Communications Magazine. 2023. Vol. 62. Ne 6. P. 106-112.
DOI: 10.1109/MCOM.020.2300199.

23. Rao P. U., Speelman F., Sodhi B., Kinge S. A Quantum Computin, Ai)froach for Multi-robot Coverage
Path Planning. arXiVﬁreprint arXiv:2407.08767.2024. DOI: 10.48550/arX1v.2407.08767.

24. Otani T., Takanishi A., Hara N., Takita Y., Kimura K. Quantum computation for robot posture
optimization. Scientific reports. 2025. Vol. 15. Ne 1. 28508. DOI: 10.1038/s41598-025-12109-0.

€BceeB B.B., Makcumona C.C., Craponyouns M.I., lemcbka H.Il. BAKOPUCTAHHSA
KBAHTOBHX OBUMCJIEHD ITPU TOBYOBI TPAEKTOPII IEPEMIIIIEHHSA

KOJIABOPATUBHOI'O MOBIJIBHOI'O POBOTA

Y cmammi posensadaemovcs memoo nobyo0osu mpackmopii nepemiujenHs KonabopamueHo2o MOoDiNbHO20
poboma 3 GUKOPUCMAHHAM KEAHMOBUX 0OYUCTEHb ) NOEOHAHH] 3 KIACUYHUMU aneopummamu onmumizayii. Mema
00CTI0IHCeHHs NONSI2AE ) POPOOYT MAMEMATNUYHOT MO0 A YUCETLHO20 MOOETIOBAHHS KBAHMOBO-OPIEHINOBAHOO0
nioxo0y 00 noby0osu” Mpackmopii pyxy KonobopamusHo20 pobomd, Wo 003601A€ MIHIMIZY8amu eHepeemuyHi
sumpamu npu nIAHY8aHHi pyxy ma 3abesnequmu 00Xio nepeuikoo y ouHamiunomy cepedosunji. Haykoea nosusna
pobomu nonseac y 3acmocy8anHi KBAHMOBUX Memo0i8 onmuMizayii 0 6a2amoeapiaHmHO20 NWIAHYBAHHS, WO
00360751 VHUKAMU JIOKAIHUX MIHIMYMIG 1 2apanmyéamu NOULYK 2100QIbHO ONMUMAIbHUX DIUeHb HAGIMb Y
6UNAOKY CKAAOHUX KOH@I2ypayitinux npocmopis. Y xo0i yucenbHo2o Mo0entosants 610 npooemMoHCpOSaHo, ujo
chopmosari mpaekmopii 3a6e3neuyome YCniuHull 00Xio0_nepewKoo i 00CASHEeHHS Yib0BOI MoKl 6e3 GIOXULEHb
610 cimku. Bucnoeku. ananiz pesyiomamis nokasae cmaobinizayito enepeemuunoi Qyukyii na pieni —350...—420,
Iuv7¢0 niomeepoxCcye eghekmusHiCmv onmumizayii ma 30iicHicms 00 Haukpawux piuiens nicas 100—150 imepayil.

065006(1Hl' epagixu niomeepounu, wo pyx poboma € y3200H4CeHUM i3 pO3PAXOBAHUMU KEAHMOBUMU NIAHAMU,

a GIOXUNEHHS_MIJIC NPOSHO306AHUMU MA SUKOHAHUMU MPAEKMOPIAMU MiHiMizoéano. Bukopucmanns kpumepiio
eHepeemuyHoOl eghekmueHOCMi 00380UN0 OYIHUMU DI3HI cyeHapii nobyoosu M%pu/tgymy, o0e HauKkpawyi niauu
Ccmabinizy8anucy i3 3anacom ONMUMaIbHOCmi 8iOHOCHO 2ipuiux eapianmie na 15—20%. Hkichuii ananiz no6yoosanux
MpacKmopil nNiOMeepoUs y3200HCEHICHb MINC NPOSHO306AHUMU MA BUKOHAHUMU UWLTSIXAMU, d KITLKICHI pe3yibmamu
006eu 3MeHUeHHs KiIbKOCmi KpOKie npu O0ocseHenHi yinbosoi mouku. Ompumani pe3ynbmamu 008005mb, Ujo0
3aNPONOHOBAHULL MEMOO € NEPCREKMUBHUM OJid NOOY008U HAOIHUX MA eHepeOONMUMANbHUX MPAEKMOPIU Y
KonabopamueHux pobomomexiunux, cucmemax Industry 5.0.

Kniouosi cnoea: xeanmosi oduucienHs, KoarabopamuHuil MoOLbHULL poOOm, CUMYTbOBAHUU BIONAI,
eHepeemuYHa YHKYIsA, VHUKHEHHS NePeuKoo, KGaHMOo8a Onmumizayis.
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