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Abstract. The subject matter of the article is a method for predicting the flight path of long-range unmanned
aerial systems based on the elite ants algorithm. The goal is to develop a method for predicting the flight path of
long-range unmanned aerial systems. The tasks are: analysis of existing methods for laying flight paths,
development of a method for predicting the flight path of long-range unmanned aerial systems based on the elite ant
algorithm, practical verification of the operation of the developed method, conducting experimental studies on
predicting the flight path of movement using the method based on a simple ant algorithm and based on the elite ant
algorithm, conducting a comparative analysis of the obtained experimental results. The methods used are: graph
modeling, multi-criteria optimization, simple ant algorithm, ant algorithm based on elite ants, computer modeling,
and comparative analysis of results. The following results are obtained. The methods of laying flight paths are
analyzed depending on the approach to optimization, taking into account the specified flight restrictions. They are
divided into four main groups, and their main advantages and disadvantages are determined. We will give a formal
description of the problem of predicting the path of long-range unmanned aerial systems based on the ant algorithm.
A simple ant algorithm and an elite ant algorithm are considered. A method of predicting the path of long-range
unmanned aerial systems based on the elite ant algorithm is developed. Experimental studies are conducted on the
operation of the method of predicting the path of long-range unmanned aerial systems. A comparative assessment of
the efficiency of the simple ant algorithm and the ant algorithm based on elite ants in solving the problem of
predicting the optimal path of long-range unmanned aerial systems is carried out. Conclusions. Analysis of
experimental studies showed that the use of the elite ant algorithm is more appropriate for the task of predicting the
flight path of long-range unmanned aerial systems. The direction of further research is to optimize the input
parameters of the elite ant’s algorithm to solve the problem of predicting the flight path of long-range UASSs in order
to increase its accuracy and stability.

Keywords: long-range unmanned aircraft system; UAS; flight path; unmanned aerial vehicle; UAV; ant simple
algorithm; elite ant’s algorithm.

The experience of using long-range UASs has
shown that the success of assigned tasks largely depends
on the quality of the flight path. Strict requirements are

Introduction
Formulation of the problem. Modern trends in

unmanned technology development are driving rapid
growth in the role of long-range unmanned aerial
systems (UASs) across both the military and civilian
spheres. Active scientific research and development in
the field of UASs, driven by the growing need for their
use, is expanding the list of tasks they can perform
every day. These studies help expand the range of
UASs, increase their autonomy, and enhance their
functionality [1, 2].

When using long-range UASs, additional
restrictions are imposed on task performance, as tasks
are conducted in dynamic situations and with
information uncertainty. These may include changes in
the meteorological and radio-electronic environment, as
well as the presence of prohibited (dangerous) zones
and other additional influences [3, 4]. The presence of
such zones significantly affects the prediction of the
path of movement of long-range UASS, since prohibited
(dangerous) zones can be not only permanent, but also
temporary, can be closed entirely or with partial
restrictions (for example, by height, time, with the
approval of relevant institutions, etc.) [5]. That is, these
restrictions when laying the path are constantly
changing and require an adaptive response to changes in
external conditions in real time [3, 5].

imposed on the flight path [3, 6]. This is the
minimization of flight time and energy consumption of
the unmanned aerial vehicle (UAV), with strict
adherence to navigational and technical restrictions
during the flight. An additional requirement for
performing military tasks is to achieve the maximum
reduction in the probability of detection and/or
destruction of the UAV in the presence of potential
threats [6, 7].

Therefore, in this regard, predicting the optimal
flight path for long-range UASs that account for the full
range of external factors and their potential dynamic
changes is relevant.

Analysis of recent research and publications.
A detailed analysis of the literature shows that today,
when predicting flight paths for both UASs and aircraft,
various path-planning methods are used. The analyzed
methods for laying flight paths, depending on the
optimization approach and the specified flight
restrictions, can be conditionally divided into several
main groups. Let us consider them and identify the main
disadvantages and advantages of these groups.

The first group is methods based on classical
optimization algorithms. They are based on
deterministic mathematical models and are used to
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construct trajectories by minimizing certain indicators.
To solve the problem, these indicators are flight time,
distance, energy consumption, etc. In [8], the classical
Dijkstra algorithm and its detailed study are considered.
In [8], the A* algorithm is considered, an improvement
over the classical Dijkstra algorithm. Method [8] is a
classical deterministic method for finding the shortest
path in a weighted graph with non-negative edge
weights. Method [9] is supplemented with a heuristic
function that significantly reduces the search area and
speeds up the search for the optimal path. But for such
an accelerated search, it is necessary to consider
approximate estimates of the distance to the path's final
point. Therefore, using method [8] guarantees finding
the globally optimal path from the initial vertex to the
final one, but at the expense of large computational and
time costs. At the same time, the use of the method [8]
guarantees high computational speed and a short time to
construct a trajectory from the initial to the final point,
but does not guarantee its optimality.

When the weight for graphs is negative (e.g., fines
for entering dangerous or prohibited areas), another
method based on classical optimization algorithms can
be used. This is the Bellman-Ford method. In [10], the
authors provide a generalization of the classical
shortest-path problem. At the same time, instead of
minimizing only the total edge weight, the authors
introduce an input metric that, in addition to edge
weight, also accounts for the path length and other
characteristics of the movement trajectory along the
graph. The main advantage of [10] is the ability to take
into account the negative value of the graph weights.
However, the main disadvantage of [10] is the
dependence of the result of the method on the correct
choice of weight coefficients.

In [11], the methods considered above were
compared with each other, all belonging to the group of
classical optimization algorithms. The comparison was
carried out using indicators such as time and
computational cost when calculating the shortest path.
Thus, according to the study's results, Dijkstra's
algorithm is guaranteed to find the shortest path in a
graph with non-negative weights, but it explores a
significant portion of the graph. This significantly
reduces its efficiency in problems with large volumes.
The A* algorithm is faster because it uses a heuristic
function that guides the search to the goal state. At the
same time, optimality is preserved with correct
heuristics. The Bellman-Ford algorithm is slower than
the previous two algorithms. However, it has the
advantage of working with negative weights.

The second group is stochastic and probabilistic
methods. In [12], a probabilistic planning approach, the
Probabilistic Roadmap (PRM), is proposed for planning
a UAV's path. The essence of [12] is to form a graph of
achievable path options by probabilistic selective
placement of graph nodes in free space, with their
subsequent connection taking into account the
probability of encountering obstacles (prohibited
(dangerous) zones). The advantages of [11] include
efficient routing in complex, large spaces with
prohibited (dangerous) zones, as well as the ability to

path in three-dimensional space. The disadvantages of
[12] include the method's dependence on the sample's
density and distribution, and the need to adapt the
algorithm to rapidly changing conditions.

In [13], the authors investigated the feasibility of
implementing the Rapidly-Exploring Random Trees
(RRT) algorithm for real-time trajectory prediction of a
UAV. This study was conducted on an STM32
microcontroller, which, in turn, has limited computing
resources, and aimed to demonstrate the suitability of
this algorithm for embedded autonomous systems in a
UAV. The essence of the method is to build a tree of
possible UAV trajectories by randomly generating
points in its flight space. The tree is then sequentially
expanded until the final point is reached. The main
advantage of the proposed approach [13] is the ability to
implement the trajectory prediction algorithm in real
time with limited computing resources. The main
disadvantages of [13] are the lack of a guarantee of
obtaining the optimal trajectory and the dependence of
the quality of the method's result on the sampling
parameters.

The third group is methods based on artificial
intelligence algorithms.

In [14], a deep reinforcement learning (DRL)
approach is proposed to predict a UAV's path. The
authors proposed representing the UAV as an agent that
constantly learns through interaction with the external
environment. According to the results of such training,
it receives a reward if it quickly and safely reaches the
final point of the path. Thus, the algorithm builds a
database of the agent's correct navigation decisions by
analyzing possible states. The analysis takes into
account information on obstacles, the distance to the
path's final point, prohibited areas, etc. The advantage
of [14] is the adaptability of the proposed approach to
environmental changes in three dimensions. The main
disadvantage of [14] is the need for a large number of
simulations for reinforcement learning, which, in turn,
increases preparation time and computational resources.

In [15], a method for predicting dangerous
(prohibited) flight zones for a UAV in an urban
environment using a deep neural network (DNN) is
proposed. The essence of [15] is to train a neural
network on data about urban topology, building heights,
weather conditions, and potential restricted areas. The
advantage of [15] is that it yields good results in
predicting dangerous (prohibited) zones when planning
a path before actually approaching them. The
disadvantages of [15] are that path prediction is
performed only for the urban environment, only
obstacles characteristic of it are considered, and there is
no guarantee of finding the optimal path.

In [16], an approach to predicting a UAV's flight
trajectory using a recurrent neural network of the GRU
(Gated Recurrent Unit) type is proposed. The essence of
[16] is to use such data about the flight state of the
aircraft, as coordinates, its flight speed, changes in the
external environment, etc.,, to predict its possible
positions in real time. The GRU network is trained on
data collected from past UAV flights. The advantage of
[16] is adaptation to dynamically changing environmental
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conditions. The disadvantages of [16] are that such a
prediction depends directly on the quality and
representativeness of the training data, and there is no
guarantee that the optimal UAV flight path will be laid.

The fourth group is methods that imitate the
behavior of living organisms or natural processes to
effectively search for the optimal path (bioinspired
algorithms, swarm intelligence algorithms).

This group of methods is constantly expanding and
supplemented with new algorithms. The most popular
and most studied among them are the genetic algorithm,
the artificial bee colony algorithm, the particle swarm
algorithm, the ant colony algorithm, the firefly
algorithm, etc.

In [17], a genetic algorithm is proposed as an
optimization method for segmenting satellite images.
The essence of [17] is to imitate natural selection,
evolving the population of solutions through selection,
crossing, and mutations to find the best or a close-to-
optimal result. The advantages of the approach proposed
in [17] are the study of an ample parameter space,
global search for a solution, and implementation of the
algorithm on parallel computing. At the same time, the
disadvantages of [17] include high computational
complexity and slow convergence.

In [18], the particle swarm optimization algorithm
is proposed to solve the optimization problem in image
segmentation. The essence of [18] is to model the
collective behavior of particles to find the optimal
parameters of the problem being solved by updating
their positions based on their own experience and the
experience of neighboring particles of the swarm. The
advantages of [18] include a relatively fast rate of
convergence and effective adaptation to dynamic
conditions. At the same time, the disadvantages of [18]
are the possibility of falling into local extrema and the
dependence of the algorithm's result on the correct
choice of swarm parameters.

Another algorithm from the fourth group of
methods is presented in [19]. This is the algorithm of an
artificial bee colony. The essence of [19] is to imitate
the behavior of bees, when "employed bees" explore the
solution space, and "scout bees" orient the further search
to the most promising solutions. The advantages of [19]
include the ability to find optima in complex
multidimensional spaces effectively and to adapt to
dynamic conditions. The disadvantages of [19] are the
possibility of getting "stuck" in local optima and
sensitivity to the choice of algorithm parameters.

In [20], a method is proposed to determine the
optimal path for the arrival of special service units to the
emergency scene. The essence of [20] is to represent the
transport network as a weighted graph, the vertices of
which are road infrastructure nodes, and the edges are
road sections with corresponding weight coefficients.
The method involves multi-criteria optimization of the
path. For this purpose, a simple ant algorithm is used.
The advantages of [20] are the ability to determine the
optimal path in real time. At the same time, the method
has certain limitations, namely that the algorithm's
effectiveness depends on the correct setting of the input
parameters.

Experimental studies of the results of swarm
algorithms have shown that for solving the problem of
determining the optimal path of vehicles, the ant
algorithm is one of the most promising.

To date, a significant number of modifications of
the ant algorithm have already been presented in the
literature.

In [21], one of the modifications of the simple ant
algorithm is considered, namely the max-min algorithm.
This algorithm is proposed to be used to solve the
problem of determining the path of vehicles in the
presence of prohibited (dangerous) zones. The
peculiarity of [21] is that the algorithm generates
permissible paths taking into account the presence of
prohibited (dangerous) zones. If the path passes through
a prohibited zone, it is either rejected or receives a
significant penalty value for the edge weight. The
advantage of [21], in addition to those indicated in the
analysis of [20], is the ability to take into account such
restrictions as prohibited (dangerous) zones when laying
the path. The disadvantages of [21] are the increase in
computational complexity with a large number of
forbidden (dangerous) zones.

Taking the above into account, it is advisable to
further analyze and develop methods based on
modifications to the ant algorithm to predict the paths of
long-range UASs.

Thus, the goal of this article is to develop a
method for predicting the flight path of long-range
unmanned aerial systems based on the elite ants
algorithm.

Main results

Let us provide a formal description of the task of
predicting the flight path of long-range UASs using the
ant algorithm.

In general, airspace can be represented as a
weighted directed graph (1):

AS =(N,E), 6]

where N ={n;,ny,...,n;} — the set of graph nodes. In

this task, these are the coordinates of the location of the
UAS; E={e,e,,...e} — the set of edges of the graph.
In this task, these are the permissible movements of the
UAS between the graph's nodes.

At the same time, in the task of predicting the path of
long-range UASs, the following indicators are assigned to
each edge of the graph (i, j) € E:

d;j — the length of the path of movement of the UAS

between nodes;
cij — energy cost, i.e., the energy costs of the UAS

on this path;
rj — risk; in this problem, these are prohibited

(dangerous) zones;
ti; —time to travel this path.

In the task of predicting the path of long-range
UASs based on the ant algorithm, it is necessary to find
a path P that would minimize the multi-criteria
objective function (2):
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where P — the path of movement of a UAS, i.e., the
sequence of transitions between the nodes of the graph;
o — weighting factor of the spatial length of the path;
¢ — weighting factor of energy cost; y — weighting
factor of risk component; x — weighting factor of the
time factor.

Let us introduce a "pheromone” model, where
7jj(t) is the amount of pheromone on the edge,

7ij (t) :ﬁ this is the heuristic appeal on the edge

(L@ local cost of transition).

The probability of the transition of an ant a from
node i of the graph to node | occurs with the
probability according to (3) [20]:

o) -nf
PO/

where t — the iteration sequence number; T — total
number of iterations; N; — permissible transitions from

node i; a - the weight of the pheromone, i.e., its
influence; g — the influence of the heuristic.

Let us consider a modification of the simple ant
algorithm, namely, the elite ant algorithm. The main
difference of this modification is the reinforcement of
the best path found.

The evaporation of the pheromone at each

pij (1) = 3)

subsequent iteration is calculated according to
expression (4) [20]:
7jj (t+1) = (1- p) -5 (1), 4)

where p (0;1) — pheromone evaporation coefficient.

In this modification, the total number of ants is
divided into two classes: ordinary and elite. The
number of elite ants is determined at the start of the
method and included in the input data.

The pheromone update for these two classes of
ants is calculated using different expressions.

The pheromone update for ordinary ants is
updated according to (5) and (6) [20]:

Q .
———, if the edge graph belongs P, ;
Azt =|F(R) PAEPNBENS e )
ij
0, otherwise,
A
Tij(t“‘l):(l_p)'rij(t)"‘ZAT;, (6)

a=1
where 4 - total number of ants.
The pheromone update for elite ants is updated
according to (7) and (8) [22, 23]:
TR

A .
7ij (t+1) = A—p) 7§ (1) + X Az + AT, (8)
ij ij
a=1
where P* — globally best ant movement path; e —
number of elite ants.
The condition for the completion of the algorithm
based on elite ants is the fulfillment of condition:

F(R)-F(Ry)|<e, 9)

where & — accuracy is set [24].

Another condition may be reaching the maximum
number of iterations of the algorithm defined in the
input data [25].

We will conduct experimental studies on the
predicting of the paths of long-range UASs using the
considered algorithms.

The optimal (shortest) path is predicted from the
starting point of the path — point A (lower left corner,
Fig. 1) to the final point of the path — point B (upper
right corner, Fig. 1). The path from point A to point B
passes through the turning points of the path — one of
the points of the set Q; (a total of 100 possible points)

and one of the points of the set Q, (a total of 100

possible points). Path prediction is reduced to finding
two optimally located points among the points of the
sets ©Q; and Q, .

800 B
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GOO{s o o s s s o s o o s s s s s s o o & = QZ
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> A400c o ¢ o o o o o o o o o o o s s s o o =

300{s © o o s s s o s s s s s 8 s 8 s s o @
.................... Q

0 100 200 300 400 500 600 700 800
X

Fig. 1. Coordinates of the position
of the turning points of the sets € and Q,

Naturally, in this case, the shortest path between
point A and point B is a straight line. Therefore, the best
solutions would be to choose points from sets ©, and

Q, that are closest to the straight line AB (Fig. 2).
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Fig. 2. Possible path planning option
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Let us consider the prediction of the path of long-
range UASs based on a simple ant algorithm and based
on the elite ant’s algorithm.

Let us define the input data for modeling the
method for predicting the flight path of long-range
UASs based on a simple ant algorithm:

a=15, p=1, p=0,1, A=30, T =200.

Two runs of the algorithm for the method of

0 e
0 100 200 300 400 500 600 700 800 T % 0 % w0 %

a— 100 iterations b — 200 iterations

predicting the flight path of long-range UASs using a
method based on a simple ant algorithm were
performed.

At the first run, the algorithm was stopped after the
100th (Fig. 3,a) and 200th iteration (Fig.3,b) of its
operation.

A second run of the algorithm was performed. On
the second run, the algorithm was stopped after the 100th
(Fig. 3, ¢) and 200th iteration (Fig. 3, d) of its operation.

0 - " " v v v v | L
0 100 200 300 400 500 600 700 800 T

¢ — 100 iterations

200 300 40 0 600 700 800

d — 200 iterations

Fig. 3. Results of the method for predicting the flight path
of long-range UASSs using a method based on a simple ant algorithm:
a, b — 1st run of the algorithm; ¢, d —2nd run of the algorithm

According to the results of experimental studies
of the method of predicting the path of long-range
UASs using a simple ant algorithm, it can be
concluded that the main disadvantages are:

— the results of predicting the path of long-range
UASs are unsatisfactory; the paths found are not
optimal;

— increasing the number of iterations (from
100 iterations to 200 iterations) does not lead to
finding the optimal path;

— in the first steps, the method of predicting the
path of long-range UASs using a simple ant algorithm
selects one of the shortest segments from the initial
point of the path A to the intermediate point of the path
of the set Q; and enhances the attractiveness of this
segment with pheromones. At the same time, the
position of this segment is far from the optimal
direction. In the future, this segment "suppresses"” other

0 100 200 300 400 500 600 700 800 ° 1

a— 100 iterations b — 200 iterations

possible paths. In this case, changes in the parameters
a and g do not lead to success.

Let us define the input data for modeling the
method for predicting the flight path of long-range
UASSs based on the elite ants algorithm:

a=15, p=1, p=0,1, =100,
A=30, T=200.

Two runs of the algorithm for the method of
predicting the flight path of long-range UASs using a
method based on the elite ant’s algorithm were
performed. At the first run, the algorithm was stopped
after the 100th (Fig. 4, a) and 200th iteration (Fig. 4 ,b)
of its operation.

A second run of the algorithm was performed. On
the second run, the algorithm was stopped after the
100th (Fig. 4, c) and 200th iteration (Fig. 4,d) of its
operation.

800
7001 nap s a0 a sl Y, L
600
500
400

300

200 { 455

1001/

0
[} 100 200 300 400 500 600 700 800

¢ — 100 iterations

d — 200 iterations

Fig. 4. Results of the method for predicting the flight path of long-range UASs
using a method based on on the elite ants algorithm:
a, b — 1st run of the algorithm; ¢, d —2nd run of the algorithm

Experimental studies (Fig.3, Fig.4) were
conducted using the high-level programming language
Python 3.14.

The main goal was to conduct a comparative
assessment of the efficiency of the simple ant
algorithm and the ant algorithm based on elite ants in

solving the task of predicting the flight path of long-
range UASs.

The simulation was performed for runs of the
algorithms with 100 and 200 iterations.

Comparison of the results shown in Fig. 3, a and
Fig. 4,a (1st run of the algorithm, 100 iterations)
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showed that the simple ant algorithm forms a path
that is not optimal and has noticeable deviations from
the shortest trajectory between points A and B
(Fig. 2).

This is due to the premature concentration of
pheromone on a locally attractive, but globally
suboptimal direction of movement. At the same time,
the algorithm based on elite ants demonstrates a
significantly better result after 100 iterations: the
path is located closer to the straight line AB, and the
pheromone concentration more clearly reflects the
promising search direction.

Analysis of the results shown in Fig. 3, b and
Fig. 4, b (1st run of the algorithm, 200 iterations)
confirmed the above.

Increasing the number of iterations for the
simple ant algorithm does not lead to a fundamental
improvement in the result, which indicates that the
algorithm has reached a local extremum (Fig. 3, b).
At the same time, the elite ants algorithm at 200
iterations provides stabilization of the path
(Fig. 4, b), which practically coincides with the
optimal trajectory (Fig. 2).

Thus, additional iterations in the modification of
the ant simple algorithm are used more productively.

The 2nd run of the algorithm of the two
considered algorithms was also performed.

The analysis of Fig. 3, ¢ and Fig. 4, ¢ (2nd run
of the algorithm, 100 iterations) showed that even at
the initial stage of the iteration process, the algorithm
with elite ants demonstrates faster convergence to the
global minimum of the objective function (Fig. 4, c).

At the same time, the simple ant algorithm with
the same input data did not provide pheromone

concentration along the optimal trajectory of
movement.
Similar conclusions are confirmed when

analyzing Fig.3,d and Fig.4,d (2nd run of the
algorithm, 200 iterations).

For the algorithm based on elite ants, complete
stabilization of the globally optimal path and a clear
concentration of pheromone along it are observed.

In the case of a simple ant algorithm, even after
200 iterations, deviations from the optimal direction
of movement may persist, indicating slower
convergence and greater dependence on initial
random factors.

Therefore, the obtained results of experimental
studies allow us to conclude that the use of the elite
ant algorithm is more appropriate for the task of
predicting the flight path of long-range UAVs.

Its main advantages are:

— faster selection of the best path;

— higher convergence speed;

— reducing the influence of local extrema of the
objective function;

—increasing the stability of
different launch options.

These advantages reduce the time required to
predict the path of long-range UAVs and increase the
efficiency of decision-making in dynamically
changing conditions.

results under

Conclusions and
the directions of further research

Thus, it was found that the task of predicting the
optimal path of long-range UASs, taking into account a
set of external factors and their possible dynamic
changes, is relevant.

Methods for laying flight paths were analyzed
based on the chosen optimization approach and the
specified flight restrictions.

They were conditionally divided into four main
groups:

methods
algorithms;

stochastic and probabilistic methods;

methods based on the use of artificial intelligence
algorithms;

methods that simulate the behavior of living
organisms or natural processes.

Their main advantages and disadvantages were
determined.

Swarm intelligence methods that simulate the
behavior of living organisms were selected for further
research, namely: the ant algorithm.

A formalized description of the problem of
predicting the paths of long-range UASs using the ant
algorithm is presented. A simple ant algorithm and one
of its modifications, the elite ant algorithm, are
considered. A method for predicting the paths of long-
range UASs using the elite ant algorithm is developed.

Experimental studies have been conducted on
the operation of the method for predicting the path of
long-range unmanned aerial vehicles. Experimental
studies were conducted using the high-level
programming language Python 3.14. Simulations
were performed for two runs of the algorithm with
the number of iterations equal to 100 and 200.

Comparative assessments of the efficiency of
the simple ant algorithm and the ant algorithm based
on elite ants were carried out when solving the
problem of predicting the optimal path of long-range
unmanned aerial vehicles.

The results of the experimental studies indicate
that the elite ants algorithm is more expedient for
predicting the path of long-range unmanned aerial
vehicles.

The direction of further research is to optimize the
input parameters of the elite ants algorithm to solve the
problem of predicting the flight path of long-range
UASs in order to increase its accuracy and stability.

based on classical optimization

Conflicts of interest

The authors declare that they have no conflicts of
interest in relation to the current study, including
financial, personal, authorship, or any other, that could
affect the study, as well as the results reported in this

paper.
Use of artificial intelligence

The authors confirm that they did not use artificial
intelligence technologies when creating the current
work.

57



Advanced Information Systems. 2026. Vol. 10, No. 2

ISSN 2522-9052

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

REFERENCES

Pal, O.K., Shovon, M.S.H., Mradha, M.F., and Shin, J. (2023), “A Comprehensive Review of Al-enabled Unmanned Aerial
Vehicle: Trends, Vision, and Challenges”, Pattern Processing Lab, doi: https://doi.org/10.48550/arXiv.2310.16360/

Haoyang, L. (2024), «Review development status and future trends of micro UAVs”, Science-Based Technologies,
vol. 60 (4), pp. 430438, doi: https://doi.org/10.18372/2310-5461.60.18273

Liu, J., Luo, W., Zhang, G., and Li, R. (2025), “Unmanned Aerial Vehicle Path Planning in Complex Dynamic Environments
Based on Deep Reinforcement Learning”, Machines, vol. 13 (2), doi: https://doi.org/10.3390/machines13020162

Bayramov, A.A., Hashimov, E.G., Nasibov, Y.A. (2020), Unmanned aerial vehicle applications for military GIS task
solutions, Research Anthology on Reliability and Safety in Aviation Systems Spacecraft and Air Transport, pp. 1092-1115,
doi: https://doi.org/10.4018/978-1-7998-5357-2.ch044

Jayaweera, H. M.P.C. and Hanoun,S. (2022), “Path Planning of Unmanned Aerial Vehicles (UAVs) in Windy
Environments”, Drones, vol. Ne 6 (5), 101, doi: https://doi.org/10.3390/drones6050101

Shakhatreh, H., Sawalmeh, A., Al-Fugaha, A., Dou, Z., Almaita, E., Khalil, I., Othman, N. S., Khreishah, A., and Guizani,
M. (2018), “Unmanned Aerial Vehicles: A Survey on Civil Applications and Key Research Challenges”, Computer Science:
Robotics, doi: https://doi.org/10.1109/ACCESS.2019.2909530

Hashimov, E.G., Sabziev, E.N., Huseynov, B.S. and Huseynov, M.A. (2023), “Mathematical aspects of determining the
motion parameters of a target by UAV”, Advanced Information Systems, vol.7, no.1, pp.18-22, doi:
https://doi.org/10.20998/2522-9052.2023.1.03

Khan, M. A. (2020), A comprehensive study of Dijkstra's algorithm, 9 p., available at
https://www.researchgate.net/publication/373597114 A_Comprehensive Study of Dijkstra's_ Algorithm

Kayali, S., Yuzgec, U., and Ozalp, M. (2025), “Autonomous UAV Navigation in Simulated Environments: A Comparative
Study of Dijkstra and A* Algorithms”, BSEU Journal of Science, vol.12(2), pp.488-503, doi:
https://doi.org/10.35193/bseufbd.1782323

Arnau, R., Calabuig, J. M., Garcia-Raffi, L. M., Pérez, E. A. S., and Sanjuan, S. (2024), “A Bellman—Ford Algorithm for the
Path-Length-Weighted Distance in Graphs”, Mathematics, vol. 12 (16), 2590, doi: https://doi.org/10.3390/math12162590

Aldhafferi, N. (2025), “Time and Memory Trade-Offs in Shortest-Path Algorithms Across Graph Topologies: A*, Bellman—
Ford, Dijkstra, Al-Augmented A* and a Neural Baseline”, Computers, vol. 14 (12), 545, doi:
https://doi.org/10.3390/computers14120545

Li, W., Wang, L., Zou, A., Cai, J., He, H., and Tan, T. (2022), “Path Planning for UAV Based on Improved PRM”,
Energies, vol. 15(19), 7267, doi: https://doi.org/10.3390/en15197267

Tsai, S., Yang, S.-M., and Sun, W.-C. (2025), “The Study on Real-Time RRT-Based Path Planning for UAVs Using a
STM32 Microcontroller”, Electronics, vol. 14(24), 4901, doi: https://doi.org/0.3390/electronics14244901.

Guo, Y., and Liu, Z. (2024), “UAV Path Planning Based on Deep Reinforcement Learning”, International Journal of
Advanced Network Monitoring and Controls, vol. 8(3), pp. 81-88, doi: https://doi.org/10.2478/ijanmc-2023-0068

Jeong, S., You, K., and Seok, D. (2021), “Hazardous flight region prediction for a small UAV operated in an urban area
using a deep neural network”, Aerospace Science and Technology, vol. 118, doi: https://doi.org/10.1016/j.ast.2021.107060

Kebede, Y. B., Yang, M.-D., Shikur, H. D., and Tseng, H.-H. (2026), “Real-Time UAV Flight Path Prediction Using GRU
Networks for Autonomous Site Assessment”, Drones, vol. 10(1), 56, doi: https://doi.org/10.3390/drones10010056

Khudov, H., Makoveichuk, O., Butko, 1., Gyrenko, I., Stryhun, V., Bilous, O., Shamrai, N., Kovalenko, A., Khizhnyak, I.,
and Khudov, R. (2022), “Devising a method for segmenting camouflaged military equipment on images from space
surveillance systems using a genetic algorithm”, Eastern-European Journal of Enterprise Technologies, 3/9 (117), pp. 6-14,
doi: https://doi.org/10.15587/1729-4061.2022.259759

Khudov, H., Khudov, V., Makoveichuk, O., Khizhnyak, I., Hridasov, I., Butko, I., Khudov, R., Glukhov, S., Shamrai, N.,
and Lisohorskyi, B. (2025), “Development of an image segmentation method from unmanned aerial vehicles based on the
particle swarm optimization algorithm”, Technology audit and production reserves, vol. 3/2(83), pp.88-95, doi:
https://doi.org/10.15587/2706-5448.2025.330973.

Khudov, H., Khudov, V., Makoveichuk, O., Yarosh, S., Khizhnyak, I., Varvarov, V., Butko, ., Khudov, R., and
Sheviakov, Y. (2025), “Devising a segmentation method for optoelectronic imagery from unmanned aerial vehicles based on
the artificial bee colony algorithm”, Eastern-European Journal of Enterprise Technologies, vol. 4(9(135)), pp. 61-69, doi:
https://doi.org/10.15587/1729-4061.2025.337170.

Khudov, H., Khizhnyak, I., Makoveichuk, O., Khudov, V., and Khudov, R. (2023), “Development of the Method for
Calculating the Arrival Path of the Special Services Unit to the Sites of Emergency Occurrence”, Systems, Decision and
Control in Energy V : book series. Springer, Vol. 481, pp. 627-640, doi: https://doi.org/10.1007/978-3-031-35088-7_35
Khudov, H., Makoveichuk, O., Khudov, V., Khizhnyak, I., Shamrai, N., and Misiuk, D. (2022), “Application of the Max-
Min Ant System to Solve the Problem of Determining the Route of Vehicles in the Presence of Prohibited Areas”, Computer
Science and Information Technologies (CSIT-2022) : IEEE 17th Intern. scient.-techn. confer., Nobember, 10-12, 2022 :
thesis of reports. Lviv, Ukraine, 2022. pp. 32-35, doi: https://doi.org/10.1109/CSIT56902.2022.1000538.

Zhang, J., Zhou, H., Xiao, Y., Li, X., Chen. Y., and Luo, Z. (2025), “Adaptive elite ant colony optimization for track
planning in gravity-aided navigation  with multi-feature  fusion”, Defence  Technology, doi:
https://doi.org/10.1016/j.dt.2025.11.011.

Khudov, H., Makoveichuk , O., Kalimulin, T., Khudov V., and Shamrai N. (2024). “The Method For Approximating The
Edge Detection Convolutional Operator Using A Genetic Algorithm For Segmentation Of Complex-Structured Images”.
Advanced Information Systems, vol. 8. no. 4. pp. 5-12, doi: https://doi.org/10.20998/2522-9052.2024.4.01

58


https://www.researchgate.net/lab/Pattern-Processing-Lab-Jungpil-Shin?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://doi.org/10.48550/arXiv.2310.16360/
https://doi.org/10.18372/2310-5461.60.18273
https://doi.org/10.3390/machines13020162
https://www.scopus.com/authid/detail.uri?authorId=57208399575
https://www.scopus.com/authid/detail.uri?authorId=57195631270
https://www.scopus.com/authid/detail.uri?authorId=57888075000
https://www.scopus.com/pages/publications/85137930879
https://www.scopus.com/pages/publications/85137930879
https://doi.org/10.4018/978-1-7998-5357-2.ch044
https://ieeexplore.ieee.org/author/37088383172
https://doi.org/10.3390/drones6050101
https://doi.org/10.1109/ACCESS.2019.2909530
https://doi.org/10.20998/2522-9052.2023.1.03
https://www.researchgate.net/publication/373597114_A_Comprehensive_Study_of_Dijkstra's_Algorithm
https://doi.org/10.35193/bseufbd.1782323
https://doi.org/10.3390/math12162590
https://doi.org/10.3390/computers14120545
https://doi.org/10.3390/en15197267
https://www.researchgate.net/journal/Electronics-2079-9292
https://doi.org/0.3390/electronics14244901
https://www.researchgate.net/journal/International-Journal-of-Advanced-Network-Monitoring-and-Controls-2470-8038?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://www.researchgate.net/journal/International-Journal-of-Advanced-Network-Monitoring-and-Controls-2470-8038?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
https://doi.org/10.2478/ijanmc-2023-0068
https://doi.org/10.1016/j.ast.2021.107060
https://doi.org/10.3390/drones10010056
https://doi.org/10.15587/1729-4061.2022.259759
https://doi.org/10.15587/2706-5448.2025.330973
https://doi.org/10.15587/1729-4061.2025.337170
https://doi.org/10.1007/978-3-031-35088-7_35
https://doi.org/10.1109/CSIT56902.2022.1000538
https://doi.org/10.1016/j.dt.2025.11.011
https://doi.org/10.20998/2522-9052.2024.4.01

ISSN 2522-9052 CyuacHi indopmariiiai cucremu. 2026. T. 10, Ne 2

24. Zhang, J., Zhou, H., Xiao, Y., Li X., Li H., Chen, Y. and Luo, Z. (2025), “Adaptive elite ant colony optimization for track
planning in gravity-aided navigation  with multi-feature  fusion”, Defence  Technology, doi:
https://doi.org/10.1016/j.dt.2025.11.011

25. Fu, X., Zhao, H., Li, H. and Sun, Y. (2025), “Elite quantum ant colony algorithm based on double chain encoding for static
optimization problems”, Applied Intelligence, vol. 55(17), 1106, doi: https://doi.org/10.1007/s10489-025-06958-5

Received (Haniinua) 28.11.2025
Accepted for publication (ITpuiiasita no apyky) 18.03.2026

ABOUT THE AUTHORS / BIIOMOCTI ITPO ABTOPIB

XynoB I'ennaniii BosoguMupoBHY — JOKTOp TEXHIUYHHMX HayK, mpodecop, HadalbHUK KadeApH TaKTHKH PaJiOTEeXHIYHHX
BilicbK, XapKiBcbkuil HarioHanbHUH yHiBepcuTteT [ToBiTpstanx Cuit imeHi [Bana Koxeny6a, Xapkis, Ykpaina;
Hennadii Khudov — Doctor of Technical Sciences, Professor, Head of the Department of Radar Troops Tactic, lvan
Kozhedub Kharkiv National Air Force University, Kharkiv, Ukraine;
e-mail: 2345kh_hg@ukr.net; ORCID Author ID: https://orcid.org/0000-0002-3311-2848;
Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=57196079841.

Kismap Ouiekcanap AHaToJIili0BHY — HaYaIbHUK BilficbKOBOT0O KOJEMKY CepIKAHTCHKOTO CKIany, XapKiBCHKUH HalliOHATbHUH
yHiBepcuret [loBitpsaux Cun imeHi IBana Koxxemy0a, Xapkis, YkpaiHa,
Oleksandr Kivshar — Head of the Military College of NCOs, lvan Kozhedub Kharkiv National Air Force University,
Kharkiv, Ukraine;
e-mail: aleksandrkvsr@gmail.com; ORCID Author ID: https://orcid.org/0009-0008-8093-4087.

Xu:knsk Ipuna AnatoJiiiBHA — JOKTOp TEXHIYHHX HAyK, IOLEHT, HAYalbHUK HAyKOBO-METOJIUYHOTO BiIAiTy, XapKiBCHKUil
HarioHanpHUH yHiBepcuTeT [loBiTpsaux Cun imeHi IBana Koxxeny6a, Xapkis, YkpaiHa;
Irina Khizhnyak — Doctor of Technical Sciences, Associate Professor, Head of the Scientific and Methodological
Department, Ivan Kozhedub Kharkiv National Air Force University, Kharkiv, Ukraine;
e-mail: khizh_ia@ukr.net; ORCID Author ID: https://orcid.org/0000-0003-3431-7631;
Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=57196075236.

Tapan Irop AmHIpilioBMY — KaHIWAAT TEXHIYHMX HAyK, IOLEHT, NPOBIIHHHA HAYKOBHH CHIBpOOITHUK, XapKiBCHKHHA
HamioHanpHUH yHiBepcuTeT [loBiTpsaux Cun imeni [Bana Koxxeny6a, Xapkis, YkpaiHa;
Ihor Taran — Candidate of Technical Sciences, Associate Professor, Lead Researcher, lvan Kozhedub Kharkiv National Air
Force University, Kharkiv, Ukraine;
e-mail: igortaran2009@gmail.com; ORCID Author ID: https://orcid.org/0000-0003-1327-9170;

Coaomonenko HOpiii CranicjaBoBMY — KaHIUIAT TEXHIYHUX HAyK, 3aCTYMHHK HadajdbHUKa (akympTeTy, XapKiBCbKUN
HarioHanpHU# yHiBepcuTeT [loBiTpssHux Cun iMeHi [Bana Koxxeny6a, Xapkis, YkpaiHa;
Yuriy Solomonenko — Candidate of Technical Sciences, Deputy Head of the Faculty, lvan Kozhedub Kharkiv National Air
Force University, Kharkiv, Ukraine;
e-mail: solomon.69@ukr.net; ORCID Author ID: https://orcid.org/0000-0002-6503-7475;
Scopus Author ID: https://www.scopus.com/authid/detail.uri?authorld=57218795196

HA OCHOBIi AITOPUTMY eJTiTHUX Mypax
T'. B. Xynos, O. A. Kiemap, 1. A. XwkHusxk, . A. Tapas, }0. C. ConomoHeHKO

AnoTtanisi. IIpexmMeroM BHBYEHHS B CTaTTi € METOJX INPOTHO3YBAaHHS MAapIIPyTy PyXy aBiamiifHMX Oe3mioTHHX
KOMIUTEKCIB JalbHbOI NIl Ha OCHOBI QJITOPUTMY ENTHHX Mypax. MeTolo € po3poOKka MeTOqy HPOTHO3YyBaHHS MapLIPYTy PyXy
aBialliifHUX OE3MIIOTHUX KOMIUIEKCIB JalbHbOI Aii. 3aBAaHHA: aHaNi3 iCHYIOUMX METOJIB MPOKJIAAaHHsS MapIIpPyTiB IOJBOTY,
po3pobka METoAy MPOTHO3YBaHHS MapUIPYTy PyXy aBiamifHUX OE3MIIOTHUX KOMIUIEKCIB NAbHBOI Jii Ha OCHOBI aJITrOPHTMY
CNITHUX Mypax, MpaKkTH4YHa NepeBipka poOOTH PO3pOOIEHOTO0 METOMY, NMPOBEICHHS EKCHEPUMEHTAJIBHUX AOCHIDKEHb LI0J0
MPOTHO3YBAaHHS MapIIPyTy PyXy METOJOM Ha OCHOBI MPOCTOrO MYpAILIMHOTO ajrOPUTMY Ta Ha OCHOBI alrOPUTMY EIITHHX
Mypax, MpPOBEJCHHS MOPIBHAIBHOIO aHali3y OTPUMAHUX pE3YJbTAaTiB EKCIEPHMEHTY. BHKOPHCTOBYBaHUMH MeETOAAMH €:
rpa)0BOro MOJENIOBAaHHs, OaraTOKpUTepianbHOI ONTHMI3allil, MPOCTHH MypalIMHHN AJTOPUTM, MYpAIIMHUI aIropuT™M Ha
OCHOBI eJNTHUX Mypax, KOMIT'IOTEpHE MOJCNIIOBAaHHS Ta IOPIBHIBHHMN aHami3 pe3yibrariB. OTpuMaHi Taki pe3yJbTaTH.
[TpoaHanizoBaHO METOIM NPOKIAJAHHS MapIIPYyTiB MOJBOTY B 3aleKHOCTI BiJ MiAXOAy OO ONTHMIi3alii Ta BpaxyBaHHS
3a3HaYCHUX OOMEXKEHb IOJIbOTY, PO3IUICHO 1X HAa YOTUPH OCHOBHI T'PYyNH, BH3HAUCHO IX OCHOBHI IepeBard Ta HEIOJIKH.
Hasenemo (hopmamnizoBaHmii omHc 3a1a4i MPOTHO3YBaHHS MapIIPYyTy PYXy aBiamiiHUX OE3MUIOTHUX KOMILIEKCIB JATBbHBOI Jil Ha
OCHOBI MYpAIIIMHOTO aJropuT™My. PO3IIISSHYTO MPOCTHI MypaIlnHUK alIrOpUTM Ta ajJrOpUTM ENITHHX Mypax. Po3pobiieHo MeTon
MIPOTHO3YBaHHS MapUIPYTy PyXy aBilamifHUX Oe3MiTOTHHX KOMIUIEKCIB NalbHBOI Hii Ha OCHOBI ITOPUTMY ENITHHX MYypax.
ITpoBeeHO eKCcriepUMEHTaIbHI TOCTIIKEHHS 100 POOOTH METOy NMPOrHO3YBaHHS MapIIPYTy PyXy aBiamliffiHMX Oe3MmiIoOTHHX
KOMIUIEKCIB JanbHboi Aii. [IpoBeeHO MOpiBHSIBHOT OLIHKK €(EeKTUBHOCTI POOOTH IMPOCTOr0 MYpAIIMHOTO AIrOPUTMY Ta
MYPpAILHHOTO AJTOPUTMY Ha OCHOBI €NITHHX Mypax NpH po3B’si3aHHI 3aJadi NPOTHO3YBaHHS ONTHMAIBHOTO MapIIPYTy PyXy
aBialifHUX OE3MIOTHHUX KOMIUICKCIB MaibHBbOI 1il. BHCHOBKH. AHaTi3 EKCIEPUMEHTAIBHHUX JOCHIKEHb I0Ka3aB, IO
3aCTOCYBaHHsI aJIrOPUTMY CJITHUX Mypax € OuIbIl JOLIIBHUM JUI 3a4adi HNPOTHO3YBAaHHS MapLIPYTy pPyXy aBialliiHHX
0E3MUTOTHUX KOMIUICKCIB JanbHbOI Aii. HampsMoM momampImmx IOCHIZKEHb € ONTHMI3allis BXiJHUX IapaMeTpiB aJrOpHTMY
SJITHUX Mypax IUIs BHUpIIICHHS 3a/iadi IPOTHO3YBAaHHS MapuIpyTy PyXy aBialliiHMX OEe3MIOTHHX KOMIUIEKCIB JalbHBOI mii 3
METOIO IiJBHIIEHHS HOTO TOYHOCTI Ta CTIHKOCTI.

KawuoBi cinoBa: asiauiitnuii 6e3ninorauii komrmieke nanpHboi nii; BnAK; Tpaekropis moiaboTy; Ge3miIoTHHMA
nitaneHuit anapar; BriJIA; npoctuit MypamuHui arropuT™; alrOPUTM EINITHUX Mypax.
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