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DETERMINING THE SPEED OF A PROJECTILE AT THE MOMENT OF ITS 

TRANSITION FROM SUBSONIC TO TRANSONIC SPEED 
 

The authors have developed a method that takes into account that the magnitude of air drag force depends on 
the type of speed. That is, it has a different functional dependence when the projectile moves at supersonic, 
subsonic, or transonic speeds. The moment of transition of the projectile's speed from supersonic to subsonic is 
determined by the condition that the speed of the projectile becomes equal to the speed of sound in air. The latter 
depends on the air temperature at the point where the projectile is located. As the altitude of the projectile 
increases, the speed of sound in the air decreases. The condition that determines the speed of the projectile, which 
separates the movement of the projectile at subsonic speed from the movement at transonic speed, is not given in the 
literature. Based on the analysis of experimental studies aimed at establishing the dependence of the drag 
coefficient on the Mach number, the authors proposed a condition that allows determining the moment of change in 
the projectile's velocity from subsonic to transonic. It has been established that the speed value that distinguishes a 
subsonic projectile from a transonic trsubV  depends on the mass and initial velocity of the projectile, air 
temperature, and atmospheric pressure. Numerical values of this magnitude trsubV  were obtained for Projectiles, 
HE, M795 and M795M; Fuze, PD, M739A1 fired from an M777A2 howitzer with a 3H charge. It has been 
determined that changes in the mass and initial velocity of the projectile have a negligible effect on the velocity 

trsubV . However, changes in air temperature and atmospheric pressure have a significant effect on the velocity 

trsubV . As the air temperature increases, the velocity trsubV  increases, and it also increases as the atmospheric 
pressure decreases. 

 
Keywords: external ballistics, air drag force, subsonic projectile velocity, transonic velocity. 

 
Statement of the problem 

When a projectile moves through the air, its speed 
can be supersonic, subsonic, or transonic. Experimental 
and theoretical studies have established that the magnitude 
of the air drag force on a projectile's motion depends 
significantly on the type of its speed. The graphical results 
of experimental studies conducted to establish the 
dependence of the drag coefficient on the Mach number for 
different types of projectiles are given in [1, 2]. 

Fig. 1 shows the approximate dependence of the 
drag coefficient CD on the Mach number. The 
dependence of the drag coefficient on the projectile's 

velocity is described by curve DB for transonic speeds, 
curve BC for subsonic speeds, and curve CL for 
supersonic speeds. Thus, the functional dependencies of 
the frontal air resistance force on the projectile velocity 
significantly depend on the type of velocity. Therefore, 
when studying the motion of a projectile, it is necessary 
to distinguish between the motions of a projectile at 
supersonic, subsonic, and transonic velocities. 

The speed magnitude that separates the movement 
of a projectile from supersonic to subsonic speed 
depends on the air temperature at the point where the 
projectile is located and is determined using the formula 
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where sV  –  is  the  speed of  sound in  air,  4,1ak  –  is  
the adiabatic index of air, 96,28a  kg/kmol – is the 
conditional molar mass of air, 8314unR  J/kmol·K – 
is the universal gas constant, TK  – is the absolute 
temperature of air at the weapon location, z  –  is  the  
height of the projectile above the weapon location.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Dependence of the drag coefficient CD on the Mach 
number 

The functional dependence for determining the 
velocity of a projectile which distinguishes subsonic 
velocity from transonic velocity is not explicitly stated 
in the literature. 

Therefore, the problem of determining this velocity 
arises. 

Analysis of research and publications 
A significant number of scientific articles and 

experimental studies are devoted to the study of external 
ballistics problems. A summary of these results is 
presented in monographs [1-3]. In these monographs, 
scientific works [4-9], and other articles, the force of 
frontal air resistance to the motion of a projectile is 
described by dependencies 

 

s
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where R  – is the drag force of air,  – is the density 
of air, V  – is the velocity of the projectile, d  – is the 
caliber of the projectile, i  –  is  the  shape  coefficient  of  

the projectile, 
s

x V
Vc  – is the reference drag function, 

DC  – is the drag coefficient. The magnitude 
2

2V
 is 

called dynamic pressure.  
To reduce discrepancies between the results of 

field and theoretical studies of projectile dynamics, 
specific values of drag coefficients DC  or projectile 
shapes i  are selected. Formulas (2) and (3) do not 
directly take into account the type of projectile velocity 
to determine the magnitude of the air drag force on the 
projectile's motion. That is, formulas (2) and (3) do not 
fully reflect the physical processes that occur during the 
flight of a projectile in the air. However, they allow, 
with a certain degree of accuracy, to determine the 
kinematic parameters of the projectile's movement in 
the air. Further scientific research is needed to gain a 
better understanding of the physical processes that occur 
during the flight of a projectile in the air. 

Formulation of the article's objective 
The speed of a projectile in flight, depending on its 

initial velocity, can be supersonic, subsonic, or transonic. 
The nature of the change in the magnitude of the air 
resistance force acting on a moving projectile depends 
significantly on the type of velocity. There is a need to 
determine the velocities that separate supersonic from 
subsonic and subsonic from transonic velocities. In the 
first case, the speed is determined using formula (1). 
How to determine the speed of a projectile that separates 
subsonic speed from transonic speed is not specified in 
the literature. 

Therefore, the purpose of this article is to determine 
the magnitude of this velocity and to study the effects of 
the projectile's mass, its initial velocity, air temperature, 
atmospheric pressure, wind speed, and other factors on 
its magnitude. 

Presentation of the main material 
Unlike the widely known formulas (2) and (3), 

which determine the magnitude of the frontal air 
resistance force on a moving projectile, articles [10, 11] 
formulate another mathematical model for determining 
this force. The model takes into account the fact that the 
magnitude of the drag force significantly depends on the 
type of velocity. Therefore, the determination of the 
magnitude of the drag force of air on a moving 
projectile is described by the functional dependence 

i
i
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and the values of its coefficients )3,2,1(ii  and 
)3,2,1(ii  are different at supersonic )1(i , subsonic 

)2(i  and transonic )3(i  speeds. 
In formula (4), the following symbols are used: xc  – 

coefficient that takes into account the aerodynamics of 
the projectile shape when air flows around it 
longitudinally, and proportionality; a  – air density; xs  – 
maximum cross-sectional area of the projectile.  

In the absence of wind, the functional dependence 
of the frontal air resistance force on the projectile 
velocity will be as follows [10, 11] 

i
i

ii

tzTK
Rk

tV

zpz
R

sc
tR

a

una

un

axx

5,01
5,0

2

255,5

)(006328,0

)(

288000
5,61

101325
)(

.   (5) 

Variable zp  characterizes the atmospheric pressure 
at  the  location  of  the  weapon.  For  example,  if  the  
atmospheric pressure is 750 mm Hg, then 54,111zp

m  and if it is 760 mm Hg, then – 0zp .  
We place the origin of the coordinate system 

Oxyz  at  the  location  of  the  weapon.  The  axis  Ox is 
directed toward the target and lies in the horizontal 
plane of the weapon, the axis Oz – is directed vertically 
upward,  and the  axis  Oy  is perpendicular to the plane 
Oxz , forming a right-handed coordinate system.  

Let us determine the effects of the projectile's 
mass, its initial velocity, air temperature, and atmospheric 
pressure on the velocity trsubV , that distinguishes the 
subsonic velocity of the projectile from the transonic 
velocity. 

Example. Let's consider the motion of Projectiles, 
HE, M795 and M795M; Fuze, PD, M739A1 fired from 
an M777A2 howitzer with a 3H charge, which provides 
the initial velocity of the projectile 5470V  m/s.  

The motion of the projectile under the action of air 
drag, projectile weight, and Coriolis force was 
considered.  

During the research, the following values were 
used: 948,46m kg, 2078,0xs m2, 35,0xc , 

Ct 15  or KTK 288 , 760atmp  mm Hg, wind 

speed – 0WV  m/s. 
At aiming angles within the range 

milmil 1,1250 0  the projectile will only move at 
supersonic speed, and the values of the coefficients in 
formula (5) are as follows: 107512,01  and 

044864,01 .  

If the aiming angle changes within 
milmil 0,2984,128 0 , then the projectile's 

velocity will initially be supersonic and then subsonic. 
The condition for the completion of the projectile's 
supersonic velocity phase and the start of its subsonic 
velocity phase is the violation of the inequation     

)()( tVtV s .                            (6) 
At the stage of movement with subsonic velocity, 

the values of the parameters in formula (5) are as 
follows: 196753,02  and 090781,22 .  

It should be noted that the speed of sound 
decreases with increasing altitude of the projectile. 

At aiming angles within milmil 3,5732,303 0  
during the flight of the projectile, three types of velocity 
are recorded. Initially, the projectile moves at 
supersonic velocity, and the moment of completion of 
this stage is described by condition (6). In the second 
stage,  it  moves  at  subsonic  velocity,  and  then  at  
transonic velocity. 

In Fig. 1, the CL curve describes the dependence 
of the drag coefficient DC  on the  Mach number  if  the  
projectile velocity is supersonic. The BC curve indicates 
the nature of the change in the drag coefficient DC , if 
the projectile velocity is subsonic. The DB curve describes 
the change in the drag coefficient DC  with a change in 
the Mach number if the projectile is moving at transonic 
velocity. Point B is the point that separates the dependence 
of the drag coefficient DC  on  the  Mach  number  at  
subsonic speed from that at transonic speed. Analyzing 
the graph in Fig. 1, we can see that as the Mach number 
decreases, the drag coefficient DC , according to the 
nature of the SV curve, does not continue to decrease 
sharply after point B. That is, a further decrease in the 
drag coefficient is not described by curve AB, but by 
curve DB. There is a tendency for the nature of the 
dependence of the drag coefficient on the Mach number 
to change. This gives reason to assert that point B 
separates the stage of projectile motion at subsonic 
speed from the stage of motion at transonic speed. Thus, 
the end of the stage of projectile motion at subsonic 
speed is the moment when the inequation condition is 
violated, 

)()( ttVtV ,                              (7)   

where 0t . 
Let us analyze the influence of individual 

parameters on the velocity of a projectile at the moment 
of its transition from subsonic to transonic speeds. 

Let us consider the influence of a change in the mass 
of the projectile, under otherwise standard conditions, on 
the velocity trsubV  that distinguishes the movement of a 
projectile at subsonic speed from transonic speed. 
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Table 1 
 

Dependence of the projectile velocity at the moment of 
transition from subsonic to transonic speed on its mass 

,m kg ,0V  m/s mil,0  ,trsubV m/s ,kt sec 
sq2  )950,45(  552,91 298,677 301,21 26,609 
sq3  )449,46(  549,93 298,568 301,73 26,541 

sq4  )948,46(  547,00 298,451 302,24 26,472 
sq5  )447,47(  544,12 298,315 302,74 26,401 

sq6  )946,47(  541,28 298,163 303,23 26,329 
 

Table 1 shows the weight of the projectile in the 
first column. Due to changes in the weight of the 
projectile, its initial velocity will change with the same 
charge, and its magnitudes are shown in the second 
column. The third column shows the aiming angle at 
which the projectile completes its movement at subsonic 
speed when it reaches the level of the weapon. The 
fourth column shows the projectile's velocity trsubV  at 
the moment of transition from subsonic to transonic 
speeds. The duration of the projectile's movement is 
shown in the fifth column.  

Analyzing the results presented in Table 1, we can 
conclude that increasing the mass of the projectile does 
not significantly increase the velocity trsubV , that separates 
the projectile's movement from subsonic to transonic 
speeds. 

Let us examine the effect of changing the initial 
velocity of the projectile, under otherwise standard 
conditions, on the velocity trsubV  at  the  moment  of  
transition from subsonic to transonic speed. 

Table 2  
 

Dependence of the projectile velocity at the moment of 
transition from subsonic to transonic velocity on its initial 

velocity 
 

,0V  m/s mil,0  ,trsubV m/s ,kt sec 
539,00 298,470 301,61 26,187 
543,00 298,465 301,93 26,330 
547,00 298,451 302,24 26,472 
551,00 298,425 302,54 26,612 
555,00 298,391 302,85 26,752 

 

Analyzing the results presented in Table 2, it can 
be stated that increasing the initial velocity of the 
projectile does not significantly increase the velocity 

trsubV  that distinguishes the movement of the projectile 
at subsonic and transonic speeds. 

Let us consider the effect of only the change in air 
temperature, under otherwise standard conditions, on 
the speed trsubV  at the moment of transition from 
subsonic to transonic speed.  

Table 3  
 

Dependence of the projectile velocity at the moment of 
transition from subsonic to transonic speed on the change 

in air temperature 

 

Ct  mil,0  ,trsubV m/s ctk ,  

C5  297,256 292,34 26,102 

C5  297,906 297,35 26,294 

C15  298,451 302,24 26,472 

C25  298,894 307,02 26,637 

C35  299,245 311,69 26,791 
 

Analyzing the results presented in Table 3, it can 
be stated that an increase in air temperature significantly 
increases the speed trsubV  that distinguishes subsonic 
projectile motion from transonic motion. 

Changes in atmospheric pressure also affect the 
speed trsubV  that distinguishes subsonic projectile motion 
from transonic motion. 

Table 4 
 

Dependence of the projectile velocity at the moment of 
transition from subsonic to supersonic speed on changes in 

atmospheric pressure 
 

,atmp mm Hg mil,0  ,trsubV m/s ,kt sec 
760 298,451 302,24 26,472 
740 298,171 304,09 26,560 
720 297,848 305,99 26,647 
700 297,476 307,95 26,733 
680 297,047 309,96 26,817 

 
Analyzing the results presented in Table 4, it can 

be stated that a decrease in atmospheric pressure 
significantly increases the speed trsubV  that distinguishes 
the movement of a projectile at subsonic speed from 
transonic speed. 

It can be argued that accompanying and side winds 
will also affect the speed trsubV  that distinguishes the 
movement of a projectile traveling at subsonic speed 
from transonic speed. 

When the aiming angle increases 00,298 mil , a 
gradual change in the projectile's velocity will be observed 
during its flight. Initially, it will move at supersonic 
speed, and the end of this stage is characterized by a 
violation of condition (6). In the second stage, the 
projectile moves at subsonic speed. Condition (7) allows 
us to determine the moment when the projectile completes 
its subsonic motion and begins to move at transonic 
speed. In the third stage, the projectile moves at transonic 
speed, and in formula (4), the values of the parameters 

253595,03  and 777779,03 .  
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During mortar firing, certain peculiarities of the 
projectile's movement will be observed, which will be 
discussed in a separate article. 

Conclusions 

During the flight of Projectiles, HE, M795 and 
M795M; Fuze, PD, M739A1 fired from the M777A2 
howitzer and charged with 3H, at aiming angles 

mil6,7460 , the projectile will gradually move at 
supersonic, subsonic, and transonic speeds. The transition 
of the projectile from supersonic to subsonic speed is 
described by inequation (6), and the transition from 
subsonic to transonic speed is determined by condition (7). 

The speed magnitude trsubV  that separates the 
movement of a projectile from subsonic to transonic 
speeds depends on the mass of the projectile, its initial 
speed, air temperature, and atmospheric pressure. It can 
be argued that the speed magnitude trsubV  is influenced 
by both headwinds and crosswinds. Further research 
will be devoted to this issue. 
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SPECIFICS OF NONLINEAR VIBRATIONS IN SYSTEMS WITH CONCENTRATED 

MASSES AND METHODS OF THEIR STUDY 
 

The development of a suspension system capable of ensuring the reliable functioning of other vehicle systems 
and providing comfortable conditions for the crew remains among the important modern problems in military 
vehicle design. Traditionally, the studies of the functioning of suspension systems are carried out based on a linear 
model of the relationship between deformation and restoring force of an elastic element, which does not account for 
numerous factors that arise during movement over rough terrain. Progress can be achieved via the development of 
an approximate analytical method for studying such systems, which allows one to evaluate the effect of the entire 
complex of suspension parameters on the dynamics and stability of oscillatory processes. In this work, analytical 
methods for studying oscillatory processes of systems with concentrated masses are considered, and the conditions 
for their realization are derived. The conditions for the manifestation of nonlinearities in oscillatory processes are 
established. The need to refine computational models of existing systems and create new models that realistically 
reflect their dynamic processes has been proven. These circumstances suggest the need to solve a scientific problem, 
which involves deriving analytical dependencies to evaluate the impact of nonlinear suspension characteristics on 
the dynamics of the hull and tracked contour of the tracked military vehicle (TMV). The goal is to predict resonance 
phenomena during operation over rough terrain. The calculated dependencies themselves, obtained based on a 
nonlinear mathematical model suitable for the dynamic process, can serve as the basis for solving an equally 
important problem: determining dynamic loads. Thus, it is possible to analyze the influence of the entire complex of 
suspension parameters of the TMV on the smoothness of the ride solely by analyzing the solution (exact or 
approximate) of a mathematical model adequate to the physical process. 

 
Keywords: systems with concentrated masses, oscillatory systems, suspension systems, tracked military 

vehicles. 
 

Introduction 
Analytical methods for the study of nonlinear 

vibrations of a tracked military vehicle (TMV), which 
relate to the dynamics of the TMV as a mechanical 
system, imply:  

first, the development of a refined mathematical 
model of process dynamics, accounting for the complex 
influence of longitudinal speed of the vehicle, suspension 
properties, suspension element layout, etc.; 

second, the justified involvement of existing 
analytical methods for constructing and analyzing their 
solutions; 

third, obtaining relatively simple dependencies that 
allow for a comprehensive analysis of the influence of a 
wide range of parameters on the process dynamics. 

Derived functional dependencies based on a 
nonlinear mathematical model, which is adequate to the 

dynamic process, are supposed to be the basis for 
solving an equally important problem: determining 
dynamic loads. 

State of the art of the research 
The main system that perceives and simultaneously 

protect the hull and equipment of the TVM from the 
action of external loads are suspension elements [1, 2]. 

Traditionally, theoretical studies on the influence 
of  external  loads  on  the  work  of  the  crew  and  the  
functioning of other units and assemblies have been 
carried out based on a linear model of the relationship 
between deformations and the restoring forces of the 
elastic element [3-7]. Only in some works it was 
emphasized [8-11] that such a suspension does not 
provide proper protection of the crew and equipment 
from the action of external factors. It is worth noting that 

2 
                                                
Article history: Income 08 September 2025; Revised 12 September 2025; Accepted 22 September 2025; Primt 05 December 2025 
 

. . ORCID ID: 0009-0000-7917-5572, . ORCID ID: 0009-0002-6634-495X, . ORCID ID: 0000-0001-7837-0528 
. ORCID ID: 0009-0005-7161-0724, . ORCID ID: 0000-0002-0132-3931 

 

* Corresponding author Yrachagan@ukr.net 



 33   2, 2025 
Vol. 33 No. 2, 2025 

  
Development and Modernization of Weapons and Military Equipment 

 
9 

 

 

© ., ., ., ., . 

there is no suitable analytical approach (except for 
numerical and modeling) [12, 13] for the study of 
various types of suspension with a nonlinear relationship 
between the deformation and the restoring force on the 
body vibrations. The latter is due to the complexity of 
developing mathematical models adequate to the 
dynamic process. Therefore, the construction of 
mathematical models of the dynamics of the TVM 
accounting for the nonlinear elastic characteristics of the 
suspension and the development of an approximate 
analytical method for studying these models is in great 
demand from both theoretical and applied points of 
view. 

The purpose of the paper is to analyze the 
methods for studying vibration processes during the 
operation of military tracked vehicles. 

Results and discussions 
Analytical methods for studying vibration processes 

have received a relatively complete methodology only 
for the so-called linear and quasi-linear mathematical 
models. However, the elastic characteristics of the 
suspension systems of military tracked vehicles (VGM) 
have a clearly expressed nonlinear relationship between 
the restoring force and deformation. In addition, the 
vibrations of the VGM are accompanied by external and 
internal friction forces, which have a complex nature 
(depend on the speed, material structure, etc.). Each of 
the above factors of the system determines its individual 
properties. Together, they are the reason that vibrations 
in nonlinear systems have a number of specific features: 

- absence of the superposition principle; 
- existence of a more complex relationship between 

the frequencies of natural and forced oscillations in the 
case of resonance; 

- presence of the principle of single-frequency 
nonlinear oscillations in nonlinear systems with many 
degrees of freedom, etc. 

The above-mentioned features of dynamic processes 
in nonlinear systems and the simultaneous absence of 
general exact analytical methods for integrating nonlinear 
differential equations that describe these processes require 
an individual approach to their study. It  is necessary to 
dwell on some of them, which are most convenient for 
studying nonlinear oscillations of systems with concentrated 
masses, including TVMs. 

One of the first mathematical methods used to 
study nonlinear oscillatory systems close to linear ones 
was the perturbation method. However, the perturbation 
theory in its initial interpretation made it possible to 
study the motion of bodies and mechanical systems only 
on a small time interval. This is due to the fact that 
when the motion is expanded by a small parameter in 
the case of a periodic force, the secular terms tmsin(kt) 

and tmcos(kt)  appear  in  the  solutions.  As  a  result,  the  
error of the obtained solution behaves as tm. 

At the same time, numerous systems do not allow, 
even  in  the  first  approximation,  a  linear  approach  to  
their consideration [14]. When studying oscillations in 
such systems, A. Poincaré [15] proposed a substitution 
of variables of the independent argument t, rewriting the 
equation to a form where the period of its solution 
appears to be constant. For the case when small 
perturbations of oscillatory systems are approximated 
by non-analytic functions, I.G. Malkin proposed a 
special method of using successive approximations [16]. 
However, the calculation schemes of the specified method 
appear to be too complex, such that they have not been 
widely used in solving practical problems. 

Closely related to the method of A. Poincaré is the 
method of A. Lyapunov [17, 18], which has found wide 
practical application in the study of conservative 
oscillatory systems. An important role in the study of 
oscillatory processes of nonlinear systems plays the 
method of Van der Pol [19], which is quite effective in 
solving nonlinear problems of the theory of oscillations 
of systems with one degree of freedom. According to 
this method, the dynamic process of nonlinear systems 
can be described by the dependence similar to the linear 
case, with the only difference that, for the nonlinear 
case, the main oscillation parameters are slowly variable 
in time. The law of variation of the latter was expressed 
via relatively simple dependences, a system of first-
order differential equations. However, this method was 
purely intuitive in nature since neither the author nor his 
followers presented any justification for it. 

The generalization of the Van der Pol method for 
strongly nonlinear systems provides reasonable results 
in the study of nonlinear conservative systems 
regardless of the value of the parameter  in cases where 
the elastic force increases monotonically. The specified 
method also allows one to estimate how close a nonlinear 
system  is  to  a  linear  one.  It  should  be  noted  that  the  
basic idea of the Van der Pol method was used to study 
oscillations in nonlinear systems with concentrated 
masses [20, 21] and was also employed to systems with 
distributed parameters [22]. 

Another approach to the study of oscillatory 
processes of quasilinear systems, the motion of which is 
described by an autonomous system of differential 
equations, was proposed by G.V. Kamenkov. 

 

+ = ( , , ), 
 

= ( , , ) 
(1) 

 
where x,y are  the  phase  coordinates  of  the  point's  
motion;  is a constant; f(x,y, ), g(x,y, ) are analytical 
functions that describe the nonlinear forces acting on the 
point;  is a small parameter. 
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The right-hand sides of the original equations (1) 
are polynomials of the phase coordinates x and y. It was 
shown that by some substitution of variables in (1) it is 
possible to obtain relatively simple relations that 
determine the main parameters of the oscillatory 
process. 

The problem of applying the harmonic balance 
method in the study of established oscillatory processes 
of nonlinear systems, which are described by the perturbed 
equation (1), was considered in [23]. The method is 
justified on the basis of a comparative analysis with a 
known result at 0. 

Oscillations of systems described by strongly 
nonlinear differential equations  

 

+ ( ) + = 0, 

+ ( , ) + ( ) = 0, 

+ ( , ) = 0. 

(2) 

 
were studied in [24], with x being the deviation of the 
point from the equilibrium position; (x)  is  the  law  of  
variation of the resistance force; (x) is the nonlinear 
restoring force; ,f x x  is the analytical representation 
of the resistance force and the restoring force; k is  a  
constant. 

Under appropriate initial conditions and physically 
justified assumptions regarding the nonlinear characteristics 
of forces, i.e., the functions ( ), ( ), ( , ), 

( , ) in the mentioned references: 
it is shown that for the existence of oscillatory 

processes in the corresponding systems, the nonlinear 
functions should satisfy the conditions: (x)x>0, (x ,x) 
x >0, (x ,-x)=- (x ,x), (0)=0, (x ,0)=0 and be 
analytic;  

the conditions for the existence of oscillations in 
the presence of positive energy dissipation in the system 
were obtained;  

it was proven that for an arbitrary strongly 
nonlinear damping characteristic, the criterion for the 
existence of an oscillatory solution coincides with the 
same criterion for the corresponding linear system. 

Nonlinear effects in dynamic systems, associated 
with the growth of loads, the action of mechanical 
forces  of  various  nature  on  them,  as  well  as  the  use  of  
new structural materials with nonlinear characteristics, 
require the development of analytical methods for their 
study. Nonlinear effects of oscillatory systems are 
primarily manifested in the dependence of the 
oscillation period on the magnitude of its amplitude. 
Such systems, in particular, include mechanical systems 
with pneumatic, rubber and torsion elastic elements 
[25], etc. 

The dynamic processes of the mentioned list of 
mechanical systems are described with sufficient accuracy 
by non-autonomous differential equations of the form 
[26] 

 

+ = ( , , , ), 

= ( , , , ) 
(3) 

 
where ,  are the phase coordinates of the system 
motion; ( , , , ), ( , , , ) are nonlinear 
analytical functions that take into account the effect of 
dissipative and periodic forces on the system. Particular 
cases of the above equations are  

 
+ = ( , , , )                    (4) 

 

+ = ( , , , )               (5) 
 
In differential equations (3-5), the parameters 

, ,  should take odd values, i.e. (2 +
1)(2 + 1) , , = 0,1,2, . ..,  since  only  at  such  
values of the nonlinearity parameters the elastic 
restoring force will be odd, i.e. symmetric with respect 
to the origin. We emphasize that the differential equation 
(5) also reflects with sufficient accuracy the process of 
viscoelastic impact of bodies and, depending on their 
shape and material, the parameter  in the mentioned 
equation varies within the limits of 0,5<  <1,3 [27]. At 
the same time, the question of the influence of various 
types of force factors, in particular impulse forces, on 
the dynamic process of systems, the mathematical 
models of which are equations (3-5) under the condition 
of non-analyticity of its right-hand parts, remains open.  

The most complete and accomplished structure for 
the study of nonlinear oscillatory systems with a small 
parameter was developed in [28], where the so-called 
Krylov-Bogolyubov-Mitropolsky asymptotic method is 
generalized to the case of non-autonomous systems and 
systems with many degrees of freedom. 

Conclusions 
Methods for analytical study of vibration processes 

have been developed to a sufficient extent for engineering 
practice, mostly for quasi-linear systems, i.e., systems 
whose nonlinear-elastic characteristics are close to 
linear, and the maximum values of resistance forces are 
small compared to the restoring force. 

The increase in the operating speeds of TMV, and 
therefore the loads on individual nodes and structural 
elements, requires not only refined approaches to 
calculation models of real systems, but also the 
development of new models capable of realistically 
reflecting dynamic processes in these systems. 
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Thus, the development of a general methodology 
for studying vibration processes in mechanical systems 
with power nonlinearity (as well as those that are close 
to them) will become the basis for the design and 
modeling of the elements as well as systems with strongly 
nonlinear elastic characteristics. 

Solving the problems highlighted in this paper will 
allow one to assess the influence of the entire complex 
of suspension parameters on the dynamics and stability 
of vibration processes and their impact on the operation 
of the crew and equipment, as well as to recommend 
specified characteristics of the suspension elements and 
their  layout,  which  will  is  a  subject  of  our  research  in  
progress. 
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PROSPECTS FOR THE DEVELOPMENT AND IMPROVEMENT OF DOMESTIC 

MISSILE COMPLEXES AND ARTILLERY SYSTEMS 
 

The article analyses the current state and development prospects of domestic missile and artillery systems 
within the Missile Forces and Artillery of the Ukrainian Land Forces. It examines methodological principles for 
identifying avenues to improve armaments through a comparative analysis of principal tactical and technical 
requirements for effective combat employment, using the best domestic and foreign systems currently in service as 
benchmarks. The paper formulates key challenges to enhancing combat effectiveness, including measures to 
improve survivability, firing accuracy, and strike depth. Particular attention is paid to trends in the development of 
precision-guided munitions, including hypersonic missiles, and to the feasibility of their development in Ukraine. A 
comparative assessment of the combat capabilities of domestic and foreign missile systems, rocket artillery, self-
propelled guns, and towed artillery is provided. The study finds that Ukrainian MLRS models “Vilkha-M” and 
“Bureviy”, as well as the 2S22 “Bogdana” self-propelled gun, are comparable to or outperform the best foreign 
counterparts. Recommendations are presented for further development of missile and artillery weaponry, notably 
pursuing ranges up to 800 km and the indigenous development of hypersonic systems. 

 
Keywords: missile system, rocket artillery, artillery system, hypersonic missile, combat effectiveness, tactical 

and technical requirements, mortar, artillery shell, target destruction. 
 

Problem statement 
In modern combat operations, missile complexes 

and artillery systems constitute the principal means of 
firepower for the Land Forces and are intended to destroy 
enemy targets in order to inflict decisive losses and 
prevent the enemy from accomplishing their objectives. 

The methodological basis for determining the 
prospects for the development and improvement of 
domestic missile complexes and artillery systems is a 
comparative analysis of the main tactical and technical 
requirements that ensure the effective combat use of the 
best domestic and foreign models that have been adopted 
for service. 

The problem of increasing the combat effectiveness 
of missile and artillery weapons in general terms includes 
the need to comply the following basic tactical and 
technical requirements [1-2]: 

- ensuring the necessary survivability of missile 
and artillery weapons; 

- ensuring maximum accuracy of firing (launching); 
- increasing the maximum combat range. 
Foreign and domestic experience in the development 

of rocket and artillery weapons shows that the set of 
tactical and technical requirements formulated above can 
be optimally solved by a differentiated approach to the 
creation of missile systems, reactive artillery systems, self-
propelled artillery installations, towed artillery models, and 
mortars. [1-2]. 

In the 21st century, the development of hypersonic 
missiles (HSM) has become a widespread phenomenon. 
At least, that is what their developers call them. One thing 
can be said with certainty: there is currently no 
hypersonic missile system (MS) that has been confirmed 
to meet all the criteria and is in service. Three countries 
are currently engaged in active large-scale development 
and testing: the US, China, and russia. [3–5].  

An analysis of the reference catalog of the main 
types of weapons and military equipment used by the 
opposing sides during the repulsion of the large-scale 
invasion of Ukraine by the russian federation and other 
sources [6–8] showed that the Missile Forces and 
Artillery of the Land Forces did not have missile systems 
equipped with hypersonic missiles. Currently, Ukraine is 
not developing hypersonic missiles. 
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Formulation of the article's objective 
The purpose of this article is to justify the list of 

rocket and artillery weapons with the necessary basic 
tactical and technical characteristics required by the 
Missile Forces and Artillery of the Land Forces, based 
on an analysis of the effectiveness of the best examples 
of Ukrainian-made rocket and artillery weapons, those 
supplied to Ukraine as part of international assistance, 
and those in service with the russian armed forces. 

Presentation of the main material 
An analysis of recent researches and publications 

[1-11] indicates that the main scientific and technical 
ways to improve domestic rocket and artillery weapons 
should be considered as follows: 

- ensuring round-the-clock and all-weather combat 
readiness through the use of radar methods for searching, 
detecting, and identifying ground targets and guiding 
missiles and artillery shells toward them; 

- use of high-precision methods for positioning 
missile (artillery) systems based on satellite (pseudo-
satellite) navigation systems; 

- restoring the production capacity of the domestic 
optoelectronic industry in terms of serial production of 
key components for search and targeting devices for 
missile (artillery) systems; 

- restoration and improvement of the domestic range 
base for testing and testing high-precision missile and 
artillery weapons without limiting their combat range. 

One of the key problems in mastering foreign 
models of missile and artillery systems provided by 
partner countries, and which has not been resolved 
previously, is the absence of a complete and adequate 
set of technical and operational documentation needed 
to realize the equipment’s full combat potential, as well 
as shortcomings in training personnel in operational 
units and educational institutions. Addressing this issue 
will also help accelerate the adoption of NATO 
standards within Ukraine’s defense industry. 

An analysis of trends in the development of high-
precision weapons shows the potential effectiveness of 
HSMs in combat. No work is being done in Ukraine to 
create HSMs. The development of hypersonic weapons 
is a technologically complex and expensive process. 
The manufacture of such weapons requires heat-resistant 
materials and powerful power plants. The payload 
capacity of HSM is significantly lower than that of 
ballistic or cruise missiles. Therefore, HSM have a 
smaller warhead. 

The characteristics of the main hypersonic weapons, 
based on an analysis of recent publications [3, 4], are 
presented in Table. Hypersonic weapons may be divided 
into two classes: operational systems and potentially 
operational systems. [4]: 

- hypersonic glider; 
- hypersonic cruise missile. 
The United States, China, and russia are leaders in 

the field of hypersonic weapons [4]. Hypersonic systems 
will continue to become more sophisticated in the future. 

Table 
Characteristics of the main hypersonic weapons 

Characteristics 
Name 

C-HGB DF-ZF Yu-71-71 (Yu-71-74) 
“Avangard” 

3M22 (3K-22) 
“ Zircon” 

Kh-47M2 
“ Kinzhal” 

Type of HSV 
(hypersonic vehicles) HGV HGV HGV HCM HGBM 

Country of 
manufacture The US PRC rf rf rf 

Possible carriers 

LRHW launcher, 
destroyer class 

“Zumwalt”, Virginia-
class submarine 

Medium-range 
BM DF-17 

Intercontinental BM  
-18  

Frigates of the 
Gorshkov and 
Grigorievich 

classes, submarine 
of the Yasen class 

MiG-31K fighter  
(Tu-22M3 bomber) 

Flight path altitude, 
km 40…100 60 40…100 20…30 20 

Maximum range, km 2 775 1 800…2 500 6 000 500…1 000 2 000 (3 000)* 
Flight speed, M  17 5…10 20 5…8 10 

 
A comparative analysis of missile systems [2, 6, 8, 

10] of the Armed Forces (AF) of Ukraine, missile 
systems received as part of international military 
material and technical assistance, and missile systems of 
russian military formations in terms of maximum 
combat range is presented in Fig. 1. 

The analysis of the presented materials allows us 
to conclude that: 

- within a firing range of up to 500 km, the combat 
capabilities of the domestic “Sapsan” (“Hrim-2”) missile 

systems are on par with those of the russian “Iskander” 
system; 

- within a firing range of up to 300 km, the domestic 
Neptune missile system is practically equivalent to the 
russian “Bal” system in terms of combat capabilities.; 

- within a firing range of up to 120 km, the soviet-
designed “Tochka-U” missile system, which is in 
service with the Ukrainian Armed Forces, is equivalent 
to the RGM Harpoon (USA), except for the number of 
missiles on the launcher; 
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- It is advisable to accelerate work on increasing 
the firing range of domestic missile systems to 800 km, 
which is equal to the firing range of the russian 
“Bastion-P” system with P-800 Onyx missiles. 

After conducting a comparative analysis of the 
depth of fire damage caused by rocket artillery [2, 6, 7, 
11] of the Armed Forces of Ukraine and military 
formations of the russian federation, presented in Fig. 2, 
the following conclusion can be drawn: 

- the domestic 300 mm calibre “Vilkha-M” complex 
exceeds foreign counterparts, including the russian 

9K512 “Uragan-M” and 9K515 “Tornado-S”, in terms 
of maximum firing range (130 km); 

- the domestic “Bureviy” complex exceeds the best 
Soviet-made 9K57 “Uragan” complex (35 km) in terms 
of maximum firing range (65 km); 

- domestic complexes “Bastion-01”, “Bastion-02”, 
BM21U “Verba”, BM21UM “Berest” with a calibre of 
122 mm and a maximum firing range (40 km) are 
equivalent to the russian 9K51M “Tornado-G” complex. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. The depth of fire damage caused by missile systems of the Armed Forces of Ukraine and military  
formations of the russian federation 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. The depth of fire damage caused by the rocket artillery of the Armed Forces  
of Ukraine and russian military formations 

 
Analysing the depths of fire damage caused by 

self-propelled guns [2, 6, 8, 11], shown in Fig. 3, we can 
conclude that the 2S22 “Bogdana” self-propelled gun, in 
terms of its overall technical characteristics, is on a par 
with the world's best analogues, the “PzH 2000” 
(Germany), “Archer” (Sweden) and “CAESAR” (France) 

with a calibre of 155 mm, and significantly exceeds the 
Soviet-made 152 mm calibre 2S5 “Giatsint-S” and 2S19 
“Msta-S” self-propelled guns. An analysis of the depth 
of fire damage caused by towed artillery [2, 6] of the 
Armed Forces of Ukraine is provided in comparison 
with the best foreign models in Fig. 4. 
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The data presented allows us to conclude that: 
- soviet-made towed artillery systems D-30, 2A65 

“Msta-B”, 2A36 “Giatsint-B” and others, which are in 
service with the Armed Forces of Ukraine and were 
manufactured in the 1960s-1980s, are morally and 
physically outdated and have exhausted their potential 
for modernisation; 

- the combat experience in Ukraine of the M777 
howitzer (Great Britain), created in 2005, provides 
grounds for its use as a base for performing fire tasks at 
dual firing ranges of up to 36 km. [7, 11] 

An analysis of the tactical and technical 
characteristics of self-propelled and transportable mortars 
[2, 6] of the Armed Forces of Ukraine gives reason to 
conclude that self-propelled, transportable and hand-held 
mortars of domestic and soviet production (Fig. 5) 
sufficiently satisfy modern requirements for combat use. 

In Ukraine, the main enterprises involved in the 
creation of high-precision rocket and artillery systems 
are “Luch” Design Bureau, the “Pivdenne” Design Office, 
“Progress”, and the developers of component parts are 
Research and Production Complex "Photoprylad", Arsenal 
Factory, “Zirka”, “Kramatorsk Heavy Machine Building 
Plant” and others. 

Conclusions 
1. An analysis was conducted of the full spectrum of 

missile and artillery systems in service with the Armed 
Forces of Ukraine, using maximum engagement range as 
the primary criterion, while accounting for their 
classification by operational-tactical level and comparing 
them with foreign analogues supplied to Ukraine as part 
of international military assistance, as well as with 
systems fielded by the russian federation’s armed forces. 

50 60 
 

40 30 20 10 0 

2P22 “Bogdana-B” (RAP HE-Frag) 

777 (RAP HE-Frag) 

36 “Giatsint -B”(RAP HE-Frag) 

36 “Giatsint -B”(RAP HE-Frag) 

65 “Msta-B” (RAP HE-Frag) 

36 “Giatsint -B”(HE-Frag) 

65 “Msta-B” (HE-Frag) 

F70 (HE-Frag), TRF1 (HE-Frag) 

777 (HE-Frag), M119 (RAP HE-Frag) 

D-48 (HE-Frag) 

L119 (HE-Frag) 

33 D-20 (RAP HE-Frag) 

18, D-30 (RAP HE-Frag) 

114 (HE-Frag), D-44 (HE-Frag) 

2B16 “Nona- ” (RAP HE-Frag) 

101 (HE-Frag) 
12 (HE-Frag), 

OTO Melara Mod 56 (HE-Frag) 
2B16 “Nona- ” (HE-Frag), 

-12 “Rapira” (HE-Frag) 

2P22 “ Bogdana-B ” (RAP HE-Frag) 

Fig. 5. The depth of fire damage caused by the towed artillery of the AF of Ukraine and russian military formations 



18 
 -  

Military Technical Collection 

  33   2, 2025 
Vol. 33 No. 2, 2025 

 

© ., ., ., ., . 

2. The Ukrainian “Sapsan” and “Hrim” missile 
systems are comparable in combat capabilities to the 
Russian 9K720 “Iskander” system, while the Ukrainian 
RK-360MC “Neptune” is broadly comparable to the 
Russian BRK “Bal” in overall combat effectiveness. 
Efforts by Ukrainian missile designers should concentrate 
on achieving the performance characteristics of the 
Russian K-300P “Bastion-P” system. 

3. In the category of 300 mm calibre multiple 
launch rocket systems, the Ukrainian “Vilkha-M” 
complex surpasses the Russian 9K512 “Uragan-1M” 
complex, while in the category of 220 mm calibre 
MLRS, the Ukrainian “Bureviy” complex significantly 
surpasses the Soviet-made 9K57 “Uragan” complex. In 
the category of 122 mm calibre MLRS, the Ukrainian 
BM21U “Verba”, BM21UM “Berest”, “Bastion-01” 
and “Bastion-02” systems are equivalent in combat 
capabilities to the Russian 9K51 “Tornado-G” system. 

4. In the self-propelled artillery category, the 
domestic 2S22 “Bogdana” is not inferior in its technical 
characteristics to the best world analogues PzH 2000 
(Germany), “Archer” (Sweden), “CAESAR” (France) 
with a calibre of 155 mm, and significantly exceeds the 
soviet-made 2S19 “Msta-S” and 2S5 “Giatsint –S” self-
propelled guns with a calibre of 152 mm. 

5. The category of towed artillery guns in service 
with the Armed Forces of Ukraine includes the 2A65 
“Msta-B”, 2A36 “Giatsint-B”, and D-30, which were 
developed in the 1960s and 1980s and are now morally 
and physically obsolete and have exhausted their potential 
for modernisation. At the same time, the operational 
experience gained during combat operations with the 
M777 (Great Britain) gun, created in 2005, is a convincing 
argument for using them as the basis for a firing range 
of up to 36 km, and the domestic 155 mm 2P22 
“Bogdana-B” for firing at ranges up to 60 km. 

6. The category of self-propelled and transportable 
mortars of domestic and soviet production includes the 
necessary range of products for performing the entire 
spectrum of combat tasks. 

7. An analysis of trends in the development of 
high-precision weapons shows the potential effectiveness 
of combat use of HSMs. The creation of HSMs involves 
solving a number of scientific and manufacturing 
problems that are only accessible to countries with 
advanced scientific and technical capabilities. The results 
of combat operations during Russia's large-scale aggression 
against  Ukraine  show  that  for  the  Armed  Forces  of  
Ukraine, the creation (development and production) of 
highly effective HSM is of current importance and is a 
priority area for the development of military equipment 
at the present stage. 
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DETERMINATION THE IMPACT OF PARTIAL METRIC IMPROVEMENT ON THE 

EVALUATION OF UNMANNED GROUND VEHICLE COMPLEX APPLICATION 
EFFECTIVENESS 

 
Unmanned Systems and Unmanned Ground Vehicles, in particular, have become a crucial element of modern 

combat operations during the war for Ukraine’s independence against the Russian aggressor. A wide spectrum of 
tasks is assigned to them based on their designated roles: Intelligence, Surveillance, and Reconnaissance, strike 
(fire support), logistics, medical evacuation, etc. 

This article provides an analysis of the most common types of multi-functional Unmanned Ground Vehicles in 
the Armed Forces of Ukraine, including those that are codified. It outlines the potential and limitations of 
Unmanned Ground Vehicles, based on an analysis of their Tactical and Technical Characteristics and combat 
capabilities derived from operational experience. 

The key performance indicator for evaluating the combat effectiveness of a Unmanned Ground Vehicle unit is 
determined and substantiated. This performance indicator integrates aggregate metrics: Functionality/Combat 
Capabilities, Maneuverability, Survivability/Protection, Autonomy, and a list of partial components. 

The influence of improving partial indicators on the Unmanned Ground Vehicles effectiveness assessment is 
determined using the system sensitivity analysis method. 

The article presents an effectiveness evaluation of the designated tasks performed by a modernized combat 
Unmanned Ground Vehicles, with an illustrative example provided for clarity. 

 
Keywords: Unmanned Ground Vehicle, UGV, Monitoring, Reconnaissance, Detection, Situational Awareness 

Tool, Effectiveness Assessment, Sensitivity Analysis Method, Unit Employment. 
 

Problem Statement 
Today, unmanned systems are being implemented 

across all domains and areas of application within the 
Armed Forces of Ukraine. According to the “Unmanned 
Systems” Doctrine, approved in August 2025 [1], the 
distribution of various types of Unmanned Ground 
Vehicles (UGVs) occurs across the majority of services 
(branches) and their subordinate units. 

According to the Doctrine [1], an UGV is a complex 
(system) comprising vehicles, associated Ground Control 
Stations, command and control (C2) links, and other 
elements that ensure their functioning.There is rapid 
development and prototyping of new models by various 
manufacturers, necessitating standardization and a 
unified approach to the definition, classification, role, 
and place of UGVs among other forces and assets of the 
Armed Forces of Ukraine. The development of new and 
the improvement of existing doctrinal and regulatory 

documents are ongoing, and algorithms for the codification 
of both domestic and foreign platforms have been 
introduced. 

Unmanned Ground Vehicles of various designations 
are being developed today, but operational experience 
[2–4] suggests that they are most efficiently used 
predominantly for logistics, medical evacuation 
(MEDEVAC), and reconnaissance; while combat modules 
are utilized only in supportive/accompanying roles. It is 
necessary to refine specific technical specifications 
(specs), which requires identifying problematic issues. 
Currently, there is a range of technical and organizational 
challenges regarding the deployment of UGVs. 
Manufacturers and developers continue to refine and 
modernize their UGV models by improving specific 
system parameters. It is relevant to investigate how the 
modernization of a platform's individual characteristics 
impacts the overall UGV operational effectiveness 
assessment. 
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Analysis of Recent Research and 
Publications 

Domestic military scientists and military experts 
from leading global nations employ various scientific 
approaches for evaluating the combat effectiveness of 
Armaments and Military Equipment models: analysis of 
Tactical and Technical Characteristics (TTCs); probabilistic 
(based on the probability of mission success); 
economic-mathematical (cost-effectiveness analysis); 
expert-analytical (assessment by a group of specialists 
in the absence of complete data); simulation-modeling 
(modeling combat scenarios with varied UGV parameters), 
etc. [5-10]. Article [11] presents methods for assessing 
the status of autonomous ground vehicles: perspectives 
on evaluation objects, key algorithms, and UGV 
characteristics. 

This study selects a multi-criteria evaluation method 
based on a set of weighted indicators, and the quantitative 
(numerical) parameter for assessing the effectiveness of 
UGV models is defined as the Key Performance Indicator 
(KPI) for employment effectiveness, which is currently 
the most rational way to compare different types of 
combat platforms. 

A thorough understanding of UGV employment 
challenges is necessary for a meaningful assessment of 
their effectiveness. A general overview of sources 
regarding the creation of ground platforms and their use 
in combat in Ukraine highlights the capabilities and 
limitations currently faced by UGVs. 

Following the analysis of UGV employment 
effectiveness in combat based on the experience of the 
war in Ukraine [12-20], the general problems and 
weaknesses of UGV deployment can be summarized: 

Tactical Effectiveness – whether the UGV achieves 
its assigned combat/operational tasks (reconnaissance, 
engagement, MEDEVAC, demining). 

Personnel Safety/Force Protection – the extent to 
which UGVs reduce risk to personnel (the percentage of 
operations where UGVs replace a human in hazardous 
actions). 

Payload Capacity and Protection – current 
platforms are still insufficient for heavy combat functions 
and protective armor. 

Maneuverability – difficulty traversing complex 
terrain (craters, mud, dense foliage); lower effectiveness 
in urban warfare; impact of weather conditions. 

Reliability / Availability – mean Time Between 
Failures in extreme conditions (dust, water, frost or heat, 
rough terrain degrade performance); failures; percentage of 
battlefield availability. 

Mission Duration or Power Supply – average 
battery life (limited operation time-hours, sometimes 
less, under intensive tasks); logistical burden (charge/ 
replacement); charging logistics. 

Resistance to Countermeasures (EW, Cyberattacks) – 
probability of losing control under the effect of Electronic 
Warfare (EW) (interference in control, spoofing, and 
jamming leave UGVs vulnerable; requires autonomous 
modes and protected channels). This is one of the most 
critical threats. 

Maintenance Logistics – time and resources for 
repair/replacement; need for spare parts; many systems 
are commercial off-the-shelf; complex field repair. 

Cost / Cost-Effectiveness – the ratio of effect (saved 
human resources, accomplished tasks) to overall cost. 

Risk of Capture and Enemy Use – technical 
information and sensors may be copied or used against 
friendly forces. 

Cost and Scalability – large-scale procurement and 
sustainment require significant resources; concurrently, 
a need for tens/thousands of units for widespread 
application. 

Thus, existing UGV models require technological 
enhancements and the elimination of identified 
deficiencies, leading to the necessity of validating the 
rationality of implemented modernization. 

The Goal of the Article is to conduct a fundamental 
study on the influence of individual parameters on the 
overall effectiveness assessment of UGV employment 
to enhance the functions and capabilities of ground 
robotic systems. 

Presentation of the Main Material 
The capabilities of modern UGV designs demonstrate 

a wide scope for executing combat missions. Specific 
missions require improved characteristics for relevant 
partial parameters (e.g., cross-country mobility and 
autonomy for logistical platforms (fig. 1 a), power supply 
for MEDEVAC platforms (fig. 1 b), a high degree of 
protection for fire support (strike) UGVs (fig. 1 c), etc.). 
A preliminary review indicated that significant 
improvements are currently needed across a large 
number of TTCs for models of various types and roles, 
which requires an analysis of UGV employment 
experience against specific indicators. Therefore, the 
analysis of UGV employment effectiveness should also 
be conducted with consideration of structural and 
technical features. 

A generalized comparative technical analysis of 
the main characteristics that influence UGV maneuverability 
and cross-country mobility shows that: 

tracked platforms have a larger contact area, which 
reduces ground pressure and increases cross-country 
mobility on soft soil types (mud, snow); mass distribution, 
track width, and ground clearance are critically 
important here; 

the track drive system is more prone to wear when 
moving on gravel and requires regular tensioning/ 
section replacement; 



22 
 -  

Military Technical Collection 

  33   2, 2025 
Vol. 33 No. 2, 2025 

 

© ., . 

the maintenance of a wheeled platform is simpler – 
in field repair, wheel replacement is faster than track 
repair; 

speed and maneuverability in an Urbanized Area 
are higher for wheeled platforms – wheeled UGVs are 
typically faster and more maneuverable in narrow city 
streets, while tracked UGVs better overcome obstacles, 
ascents, and trenches. 

The sensor and communication system is one of 
the primary limiting factors for UGV effectiveness (up 
to 30% of all operational failures); thus, manufacturers 
and developers are actively refining and improving the 
characteristics of the C2 infrastructure. 

Kinematic and dynamic instability limit the 
effectiveness of UGVs on the battlefield in Ukraine. 
Kinematic instability is the unsteady position or trajectory 
of the UGV caused by features of the chassis design, 
mass distribution, or control inaccuracy. It manifests as: 
skidding and loss of trajectory; rocking when moving on 
uneven surfaces; instability during stopping or firing 
due  to  an  unfavorable  ratio  of  parameters:  wheelbase  /  
track / center of gravity / moment of inertia. 

Dynamic instability is the loss of control or 
stability of the UGV under the influence of external or 
internal forces acting during movement, acceleration, or 
braking. It includes: hull oscillations; resonance during 
movement at certain speeds; oscillation of the gun or 
manipulator during movement or firing; rollover when 
overcoming obstacles or rapid changes in speed. 

The design and technical solutions of various UGV 
manufacturers and developers improve the partial 
indicators  of  the  models,  but  none  accounts  for  all  
employment nuances. General recommendations for 
determining paths and directions for improvement 
include: 

 

1. Technical problems can be solved by 
modernizing the design: 

platform unification; 
enhancement of armor protection; 
modernization of the power plant to reduce 

thermal and acoustic detection by the enemy; 
improvement of the running gear and, for example, 

the use of prospective hybrid bionic chassis. 
2. Increasing autonomy and system intellectualization: 
integration of Artificial Intelligence; 
autonomous navigation; 
autonomy. 
3. Improving communication means provision: 
Use of communications and control means with 

enhanced jamming resistance (wideband signal). 
communication redundancy; 
implementation of simultaneous multi-channel 

communication (radio, satellite, WiFi, 4G/5G); 
use of Mobile Ad-hoc Network (MANET) technology 

to build a communication system within a UGV group. 
4. Expanding functionality: 
multi-functionality (replacing the combat module 

with a logistics module, etc.); 
increased execution of engineer tasks. 
5. Organizational issues: 
centralized technical maintenance; 
refining the training of operators and technical 

personnel (improving training quality); 
scaling. 
Thus, the effectiveness of UGV employment in the 

context of modern warfare demonstrates high potential 
but requires systematic improvement. Therefore, it is 
important to conduct a UGV employment effectiveness 
assessment and then investigate the impact of the 
implemented partial improvements on the effectiveness 
evaluation. 

 

   
a b c 

Fig. 1. Domesticaly prodused UGV samples: 
 

a – TerMIT (TENCORE); b –Ardal (BUREVII); c – Krampus (Brave1/Deviro) 
 
It  is  known  that,  according  to  the  chosen  multi-

criteria evaluation method with weighted coefficients, 
the effectiveness of an Armaments and Military 
Equipment model is determined by assessing its group 
criteria (evaluation criteria) and studying the impact of 
partial factors (sub-criteria) that characterize the system. 

Therefore, the main influence indicators for assessing 
UGV operational effectiveness are defined as: 
Functionality/ Combat Capability (firepower, accuracy, 
compatibility, automation); Maneuverability (speed, 
cross-country mobility, range, maneuvers); Survivability/ 
Protection (armor, EW countermeasures, signature/ 
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detectability) and Autonomy (power/energy, algorithms, 
communication). 

This list and nomenclature of indicators are not 
constant and may change depending on the specific 
conditions under which priority thematic areas for 
scientific research are determined. 

All group criteria represent interconnected 
constraints that define the UGV's combat readiness in 
the theater of operations. If one of these components 
fails to meet mission requirements, the platform's 
effectiveness falls exponentially, leading to equipment 
losses, mission failures, increased logistical burden, and 
the risk of capture/reverse-engineering. These criteria 
require detailed investigation to define UGV employment 
effectiveness evaluation criteria. 

To ensure simplicity, clarity, and rapid results for 
assessing the effectiveness of combat UGVs, the 
Weighted Sum Method is proposed. This method is 
effective for prioritizing multiple options and allows for 
ranking options based on their importance or 
significance relative to defined indicators. The primary 
indicator for assessing the effectiveness of combat 
UGVs is  defined as  the  Key Performance  Indicator  for  
Employment Effectiveness (KPI-EE) – a consolidated 
weighted indicator that summarizes several group 
criteria (combat, technical, operational) into a single 
numerical value, providing a quantitative assessment 
even for heterogeneous systems. Its purpose is the 
objective comparison of UGV employment effectiveness, 
considering their diversity and broad specialization, 
such as the degree of automation (remotely-operated, 
automated, robotic (autonomous) UGVs) or the type of 
UGV chassis (tracked, wheeled, special), etc. 

Procedure for Calculating the Key Performance 
Indicator for Combat UGV Employment Effectiveness 
or KPI-EE – totE . 

The UGV employment effectiveness is calculated 
using the relation (1) 

 
N

i
iitot EE

1
, (1)

where: 

iE – normalized scores of the group criteria based 
on a defined experimental scale; 

i – weight coefficients of importance (determined 

by the expert assessment method), where 1
1

N

i
i

;  

N  – the number of group criteria. 
The calculation of the weight coefficients for the 

combat UGV employment effectiveness indicators is 
performed using the Pairwise Comparison Method. This 

is done according to standardized algorithms involving 
competent experts and is not described in this paper. 

The min-max normalization method is used to 
allow for the comparison of qualitative values of sub-
criteria within a group criterion that have different 
natures. 

In case one or more sub-criterion values are 
improved (e.g., during model modernization), the 
Sensitivity Analysis Method is used to assess the impact 
of these improvements on the overall effectiveness 
indicator of the model. 

The sensitivity analysis method allows for assessing 
the model's robustness against parameter changes and 
the interrelationship between models. It also helps 
identify the criteria that most significantly influence 
effectiveness – for instance, control range or survivability. 

In comparative models, the sensitivity method 
shows how competition between models affects 
rankings. It accounts for the degradation of one model 
when another is improved. That is, increasing the 
indicator of one model (e.g., range or survivability) 
automatically reduces the relative score of the others. 

The quantitative measure of the model's robustness 
(sensitivity) to changes is the Sensitivity Coefficient – 

totE , which indicates the relative change in the 
integrated index upon changing a specific criterion. The 
relation (2) is used to determine the relative increase, in 
percentage 

 

100*_oldZr
tot

Zr
E

tot
E

E . (2) 

where 
Zr
E  – change in contribution, calculated as 

oldZr
tot

newZr
tot

Zr
E EE __

; 
oldZr

totE _  – KPI-EE of the non-modernized model; 
newZr

totE _  – new KPI-EE (calculated by the 
standard method using the new values of the improved 
sub-criteria, while others are fixed). 

It is considered that in the case where 1totE  – 
the system is highly sensitive (small changes have a 
strong impact). Conversely, in the case where 0totE , 
a reverse effect is observed (e.g., improving one 
parameter causes a relative degradation of the overall 
index due to weight imbalance or normalization). 

Example of Modernized UGV Effectiveness 
Assessment 

To evaluate the impact of improving one or more 
UGV sub-criterion values on the overall effectiveness 
indicator totE  of the model using the sensitivity analysis 
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method, the example tests two scenarios: improving one 
TTC indicator and improving two sub-criteria from 
different group indicators. 

In the first scenario, the sub-criterion "Power/ 
Energy" from the group criterion "Autonomy" is improved, 
while the second scenario improves "Accuracy" from the 
"Combat Capability" group criterion and "EW (Protection 
against EW influence)" from the "Survivability/ 
Protection" group criterion. 

The following weight coefficients of importance 
are defined for both scenarios: 25,0C , 35,0M , 

2,0P , 2,0A . 
The KPI-EE values for the old and new sub-

criteria oldZr
totE _  and newZr

totE _  (for one sub-
criterionand for two, respectively) were calculated using 
the standard method, equation (1), with new values for 
the improved sub-criteria and others fixed. The relation 

(2) is used to determine the Relative Increase totE , in 
percentage. 

The results and intermediate values of the 
calculations performed for the UGV model before and 
after the modernization of specific indicators are 
presented in the table: 

normalized indicators for old and new TTCs            

( oldZr
totE _ , newZr

totE _
1_

 and newZr
totE _

2_ , for one and two sub-

criteria improving); 
values of the old and new KPI-EE – 7,4_ oldZr

totE , 

83,4_
1_
newZr

totE  (for one sub-criterion), and 8,4_
2_
newZr

totE  

(for two), respectively; 
the value of the relative KPI-EE increase totE  in 

conventional units (c.u.) and percentages (%) for one 
and two indicators, respectively. 

Table 

Effectiveness Assessment of a Modernized Model using Sensitivity Analysis 

Indicators 
Normalized 
indicators,  

rank 

Relative 
Increase 

Normalized 
indicators,  

rank 

Relative 
Increase 

c.u. % c.u. % 
Group Criterion Sub-criterion oldZr

totE _
 

newZr
totE _

1_  
1_totE

 
newZr

totE _
2_

 
2_totE

 

Functionality/ 
Combat 
Capability, (C) 
 

Firepower 6 6   6   
Accuracy 6 6   7 (+1) 0,01 1,27 
Compatibility 7 7   7   
Automation 5 5   5   

Maneuverability, (M)
 

Speed 5 5   4 (-1) -0,02 -1,78 
Cross-country 
mobility 5 5   5   

Operational 
Range 5 5   5   

Maneuvers 4 4   4   
Survivability/ 
Protection, (P) 
 

Armor 2 2   3 (+1) 0,01 1,35 
Signature/Detec
tability 3 3   3   

EW (Protection 
against EW) 3 3   3   

Autonomy, (A) 
 

Energy 5 7 (+2) 0,03 2,71 5   
Algorithms 5 5   5   
Communication 5 5   5   

 KPI-EE, c.u. 4,70 4,83  2,71 4,80  0,85 
 
 
The  analysis  of  the  obtained  data  shows  that  for  

the defined weight coefficients of the chosen group 
criteria, upon improvement: 

change in contribution for both tests 13.0Zr
E  

and 1.0Zr
E ; 

the sub-criterion "Power/Energy" from the group 
criterion "Autonomy" by 2 points results in a relative 
KPI-EE increase of  2,71E tot 1_ %. 

the sub-criteria "Accuracy" from the "Combat 
Capability" group criterion by 1 point and "Armor" from 
the "Survivability/Protection" group criterion by 1 point 
results in a relative KPI-EE increase of  0,85E tot 2_ %, 

accounting for the loss of maneuverability due to the 
increased weight of the armor after modernization 
(speed reduced by 1 point). 

The value of the relative KPI-EE increase indicates 
that the system is highly sensitive to changes. 
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The research results clearly demonstrate how the 
improvement of partial TTCs of a model can negatively 
affect the values of other indicators and the assessment 
of the overall UGV employment effectiveness indicator. 

Future plans include conducting an analysis of the 
influence of modernized partial characteristics on the 
UGV employment effectiveness assessment in comparative 
models of competing platforms. 

Conclusions 
1. The analysis of sources regarding UGV 

employment experience in modern warfare reveals the 
high potential of contemporary designs, yet necessitates 
their systematic improvement. In this regard, studying 
the impact of implemented partial improvements on the 
UGV employment effectiveness assessment is relevant. 

2. The example provided assessed the impact of 
improving one and several (two) UGV sub-criterion 
values on the overall effectiveness indicator totE  of  the  
model using the sensitivity analysis method. Two 
modernization options were tested. It was determined 
that, for the defined weight estimates of the selected 
group criteria, upon improvement: 

the sub-criterion "Power/Energy" from the group 
criterion "Autonomy" by 2 points results in a relative 
KPI-EE increase of  2,71E tot 1_ %, which indicates 

the system's high sensitivity to change. 
the sub-criteria "Accuracy" from the "Combat 

Capability" group criterion by 1 point and "Armor" from 
the "Survivability/Protection" group criterion by 1 point 
results in a relative KPI-EE increase of  0,85E tot 2_ %, 

accounting for the loss of maneuverability due to the 
increased weight of the armor after modernization. 

3. The results of the conducted study clearly 
demonstrate that improving the partial TTCs of a model 
can negatively impact the values of other indicators and 
the assessment of the overall UGV employment 
effectiveness indicator. 
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GENERATION OF PSEUDORANDOM SEQUENCES BASED ON STOCHASTIC VARIATIONS IN THE CURRENT 
OF RADIOELECTRONIC DEVICES 

 
V. Kuzavkov, A. Tlustiy 

 
One of the key components of ensuring information security (including in communication systems) is the use of 

cryptographic methods, particularly encryption systems. Such methods are based on the generation and processing of 
cryptographic keys. 
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The prevailing approach to key generation – proprietary encapsulation of initial data by the manufacturer – creates a 
critical dependency of users on vendors. This dependency prevents a comprehensive scientific audit of the implemented 
algorithms and complicates the assurance of cryptographic robustness under cyber threats and geopolitical instability. 

An in-depth analysis of the implications of cryptographic tool commercialization reveals significant disparities in users' 
access to secure communication technologies. This situation poses threats not only to individual systems but also to national 
security at large. 

A potentially singular solution to this problem lies in the development of proprietary key sequence generation methods. One 
such method is proposed in this study. The authors introduce an innovative software-hardware technique for generating 
pseudorandom sequences (PRS), which is based on the stochastic current fluctuations that naturally occur during the normal 
operation of radio-electronic equipment (REE). 

It is demonstrated that leveraging physical principles – specifically, fluctuations of natural or technogenic origin – enables 
the generation of unique and unpredictable keys with high entropy. The proposed approach can be seamlessly integrated into 
existing or future software-hardware systems. Its implementation not only results in substantial cost savings (by eliminating the 
need for acquiring closed-source cryptographic software) but also significantly enhances technological sovereignty and the 
overall information security posture of the state. 

The results of this research are of particular interest to developers of cryptographic solutions, researchers in the field of 
information security, and professionals within the defense-industrial sector. 

 
Keywords: pseudorandom sequences, cryptography, stochastic current variations, contactless inductive sensor, hardware-

software method, statistical characteristics, one-time markers, uniformity. 
 

 
 

 



34 
 -  

Military Technical Collection 

  33   2, 2025 
Vol. 33 No. 2, 2025 

 

© ., ., ., ., .,  ., . 
     ISSN (Online): 2708-5228  /  ISSN (Print): 2312-4458                                             / Open print license 

 
 623.4+519.852 DOI: https://doi.org/10.33577/2312-4458.33.2025.34-48 

 
. 1*, . 1, . 1, . 1, . 1, . 2, 
. 2  

 
1  “  

”,  
2 ,  

 
 

  
 

 
 ( ) -

, .  
 ( )  

, ,  
. ,  

, . 
 ( -

) , ,  
, .  

 ( ) -
.  

, -
;  

 ( )  
,  . 

, , ,  
, . 

 
: , , -

, , , , . 

 
 

  
 

, -
, 

 ( ) 
-

. -
-
 

, , ,  
. -

-
.  [1, 2] 

 
-

 ( ),  
-

, . 
6 
 
 

                                                
Article history: Income 25 September 2025; Revised 01 October 2025; Accepted 20 October 2025; Primt 05 December 2025 
 

. ORCID ID: 0000-0003-1112-8707, . ORCID ID: 0009-0006-8162-9506, 
. ORCID ID: 0000-0001-9234-4844, . ORCID ID: 0009-0008-8717-1393, 

. ORCID ID: 0009-0006-9825-3437, . ORCID ID: 0000-0002-3907-5320, 
 . ORCID ID: 0000-0002-0231-2361 

 

* Corresponding author  helmkg@ukr.net 



 33   2, 2025 
Vol. 33 No. 2, 2025 

  
Development and Modernization of Weapons and Military Equipment 

 
35 

 

 

© ., ., ., ., .,  ., . 

, -
,  

 
.  -

-
, -

 
. 

,  
-
-

. 

 

 -
 

)  ( ), , 
-

.  
 ( ) 

, 
: ., ., ., 

., ., ., -
., ., . 

.  
 [3, 4] -

 ( ),  
 

. , , 
-

, ,  
.  

 [5] -
 

-
.  

 [6],  
, 
 

.  
[7] -

, -
,  

-
 

. 
,  [8]  

, , 
 

. ,  
-
, 

,   
. -

, -
.  

 [9]  
 

 ( ) .  
-
 

, -
, , 

,  
, . -

 
, ,  

 
,  

,  
, -

 
. -

-
,  

 
. 

 [10, 11]  
 
 

, : -
 

-
. 

,  
,  

, -
 

. 

 

 
 
 

 ” “  
 
 

. 

 
 

 ( ) -
, -

,  
,  

 [12]. ,  



36 
 -  

Military Technical Collection 

  33   2, 2025 
Vol. 33 No. 2, 2025 

 

© ., ., ., ., .,  ., . 

-
 ( ): 

- ; 
-  ( -

); 
- ; 
- ; 
-  [13]. 

 ( ) 
 ( ) ,  

, -
,  

 
.  [1] -

, 
 

, . 
 
 
 

 [1, 2].  
 
 

. 
,  

 
-

,  ,   
 –  

,  
,  

, -
 [11].  

-
-
 

.  
, -

. 
,  ,   

 
. ,  

 
, , -

 
. 

 
 

, .  
 

, ,  
.  

 
 . 

,   
 
 

  
. 

 
-

, .  
  

 
. 
 

, -
 

 ( , -
),  –  

;  
 

;  
 

, -
. 

 – -
,  

 
 

, , 
 ( ) -

,  -
-

, , -
 /  

 
, -

. 
 

. -
-

 [10, 11].  
 -

:  
-
, 

, ,  
; -

-
, , -

 
 

. 
 – ,  

: 
-  

-
; 



 33   2, 2025 
Vol. 33 No. 2, 2025 

  
Development and Modernization of Weapons and Military Equipment 

 
37 

 

 

© ., ., ., ., .,  ., . 

- -
; 

-  ( )  
; 

-  ( ) 
 ( ) ; 

- , , -
; 

-  
, ; 
- -

,  
. 

 
, -

 ( ).  
,   -

,  ,  -
,  

. 
, -

 
,  –  

. 
-
-

,  ,  -
 

 [8, 14]. 
 

  
 ( ),  

,   
  , -

,   
.  

, -
,  

,  
 [2].  

,   
  ,   

, -
 

. 
 

 : 
-  ( );  
- ; 

- -
, , 

; 
- , :  

 ( , , )  
; 

-   (  
). 

  
: 

-  10 – 15 , -
 

;  
- ,  

1-2 -
.  3 – 5 ; 

-  ( ),  
-

,  
20 – 30 . 

 -
   [2, 15]. 

 
 

, : 
- , 

,  
,  -64  -1,  -

; 
- , -

; 
-  

; 
- ; 
- -

 
. 

, -
 . 

 20%  (8 – 10 
 40)  

.  
-

,  
. -

 
[16]. 

. 1  
 . 

 
 
 
 
 



38 
 -  

Military Technical Collection 

  33   2, 2025 
Vol. 33 No. 2, 2025 

 

© ., ., ., ., .,  ., . 

 1 
 

 

    
1.     ,  
2.  

 
,  

 
,  

 
3.   

 
 

4.  
 

 

 
 

,  
 

5.   
 

 

 
,  

   
.  

 
-

 -
. 

 
.  

-
 ...,,X,X 21

 
  .,...E,E 21

 
 ...,2,1

, .  ,...X,X 21  
,   

 
iX,kX,...,kX,kX/jXP 1n2n2n2110n =

.piX/jXP n
ij1nn

 (1) 

 

 n – . 
 

 
: -

.  
,  

-
 ( ), . . ,  

, 
, .  

ijp -

 ijpP : 
 

n

1j
ij 1p ,    (2) 

 

,0p ij
   (3) 

 

;n,1i    (4) 
 

.;n,1j    (5) 
 

-
. ,   

.  
 k .      

 i  j  k  

.iX/jXPkp 0kij
 1k  

: 
 

s
sjissj

s
nji pkppiXSXPkp 1/ 01

;    (6) 

 

ni ,1 ;   (7) 
 

nj ,1 .   (8) 
 

,  
kpij : 

.kpkP ij
   (9) 

 
,  

.P1kPkP  .PkP k  
,  

 0X : 
 

j

0
j

0
j0 1p,pjXP   (10) 

 
 P.  

,  (1 – 10)  
, 

,  [17], -
 

-
,  -

.  
 

. 
-
 

.  



 33   2, 2025 
Vol. 33 No. 2, 2025 

  
Development and Modernization of Weapons and Military Equipment 

 
39 

 

 

© ., ., ., ., .,  ., . 

 
, . -

. ,  
 

-
-

 ( . 1).  
 [18] ,  

 : 
S1  /  

 ; 
S2 ;  
S3 ;  
S4 ;  
S5   ;    
S6 ; 
S7 ; 

S8 ; 
S9 ; 
S10 ; 
S11 . 

 
. 1.  

  
j  0pij , n,1i , 

n,1j , (n ),  
 

. -
-
 
 

 [19]. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
. 1.   

 
 

: 
 

11,117,11

10,109,108,104,10

9,98,94,93,92,9

10,89,88,81,8

11,77,73,71,7

6,662

55541,5

10,49,45,44,4

9,37,34,33,32,3

9,26,23,22,21,2

8,17,15,12,11,1

ij

p0000p00000
0p0pp00p000
00pp000ppp0
0ppp000000p

p000p000p0p
00000p000p0
000000pp00p
0pp000pp000
00p0p00ppp0
00p00p00ppp
000pp0p00pp

p

 

(11)

 

  
 

 ]nn[pij ,    (12) 

 n . 
 

 i  j ,  pij>0. 

,  ,  -
,  

 [19]. 
 (  k) 

 {p1(k), p2(k), ... pn(k)} 
. -

 (k+1) -
 

 

11,11,711

10,109,108,104,10

9,98,94,93,92,9

10,89,88,81,8

11,77,73,71,7

6,63,662

55541,5

10,49,45,44,43,4

9,37,34,33,32,3

9,26,23,22,21,2

8,17,15,12,11,1

T

11

10

9

8

7

6

5

4

3

2

1

T

11

10

9

8

7

6

5

4

3

2

1

p0000p00000
0p0pp00p000
00pp000ppp0
0ppp000000p

p000p000p0p
00000p00pp0
000000pp00p
0pp000ppp00
00p0p00ppp0
00p00p00ppp
000pp0p00pp

)k(p
)k(p
)k(p
)k(p
)k(p
)k(p
)k(p
)k(p
)k(p
)k(p
)k(p

)1k(p
)1k(p
)1k(p
)1k(p
)1k(p
)1k(p
)1k(p
)1k(p
)1k(p
)1k(p
)1k(p

 

(13)

S1 

S9 

S2 S4 

S6 

S5 

S11 

S8 

S3 

S10 

S7 



40 
 -  

Military Technical Collection 

  33   2, 2025 
Vol. 33 No. 2, 2025 

 

© ., ., ., ., .,  ., . 

-
 ||pij||  

{p1(k), p2(k),  ...  pn(k)}  k,  
 ||pi(k+1);  i  =  1,  2,  …,  n||   

 (13). 
, -

 ||pij(k)||  k .  
  

 (11 – 13)   
 ||pij||   .  

,  (11 – 13) -
: -

. 
 

  
 

  
, -

,  
-
-

.  

. 2  
 

. 
 
 
 
 
 
 

. 2.    
 

 
,  

 
 p1  p5, : 

 

5

1

1

5

1

p
p

p
p1 .   (14) 

 
,  

 
, -

 
,  

. 
 

 
-

: 

-  
, ,  

, , -
;  

-  (  
-

)  
, -

,  
 

. 
,  

,  
 –  

 
.  

,  
 
 
 

. 
 (1 – 10), (13)  

 S1  S5  p1, -
 S5   S1  p5.  

 
 [4] 

 

0
1

1

1
5

1
5

1

1

1

p
p
p
p

p
p

.                (15) 

 

 
-

 
-

,  ,  -
 
 

-
: 

 
n

1j
ijij p

dt
)t(dPi

,      (16) 

 

n,1i ,     (17) 
 

n,1j ,     (18)  
 

ij   

 j- ; 
n . 

p1 

p5 

S3 S1 S2 S4 S5 



 33   2, 2025 
Vol. 33 No. 2, 2025 

  
Development and Modernization of Weapons and Military Equipment 

 
41 

 

 

© ., ., ., ., .,  ., . 

 
j-  

. 
-

,  
 (14) -

 (15),  (16)  (18), 
 

 ( . 2).  
 (16 – 18)  

 
),exp()( ttp iji ,          (19) 

 

n,1i ,       (20) 
 

n,1j ,        (21) 
   

1)t(p
n

1i
i ,            (22) 

 

n,1i         (23) 
 

 ij  
 j- ; 

n . 
 

-
 [20]. 

,  
 (16 – 18) -

.  
 t  

, ,  
 

 .  
 
 

. 
 

,  
30 .  

, -
 

. 
,  

 
 

.  
 

,  ,   
,  

.  
 ( )  

.  
 
 

. -
,   ( )  

,  
.  

, , 
 

) -
. , -

, -
.  

 
 ( ) .  

, 
 

, ,  
), ,  

.  
-

.  
-

.  
-

. 
, 

,  
, -

  
.  

, ,  
 ( . 2) [21, 22]. 

 
 2 

 
 

 
 

 
  -

 
1.  ( )  

, . 33 

2.  
,  4 

3. ,   5 
4.  

,  10 

5.  
,     4-5 

6.  
, . 3 

7. , 
, . 5 

8.  
, . 7–9 

9. , . 25 
10. ,  1 
11. ,  

, . 4 
 



42 
 -  

Military Technical Collection 

  33   2, 2025 
Vol. 33 No. 2, 2025 

 

© ., ., ., ., .,  ., . 

 
 

 
,  

 
,  

. ,  
:  10 ./ ; 

 –  200 ./  ( ,  
)  400 . , 

 
 

 [2].  (16 – 18) 
, (0,6), ,  

 30  .  .  1  .  3   
 (13)  

 

10000121,000000
01003,0000004,0000
001034,0000007,0152,0019,00
003,0034,01000000030,0
121,00001000152,000033,0
000001000091,00
00000010013,0000019,0
0004,0007,0000013,01007,000
00152,00152,000007,01167,00
00152,000091,000167,01019,0
000030,0033,00033,000019,01

pij

 

(24) 

. 3  Screen Short -
 [19]. 

 
 

. 3. Screen Short  
 

 

, , -
 1, . -

 
 30,1k . , . 4 

 
 k=12  

. 

 

 

. 4.  
k=12-  

  

,  30,1k ,  
 

. . 5  30ki )t(p , n,1i . 
 

 
 

. 5.  
 

 
 

. 3. 
 
 



 33   2, 2025 
Vol. 33 No. 2, 2025 

  
Development and Modernization of Weapons and Military Equipment 

 
43 

 

 

© ., ., ., ., .,  ., . 

 3 
 

  
 

 
  

 
 

 
1.  /  

 
0,03 

2.  0,06 
3.  0,06 
4.  

 
0,12 

5.     0,01 
6.   0,12 
7.  

 
0,16 

8. -
 

0,1 

9.  0,11 
10.  0,12 
11.  0,11 

 
,  (22) ,  

 03,01 , 01,05 . 
 

  
 (14)  (15)  

30 : 
 

01,0
03,0
03,0
01,01

03,0
01,01

1

p
p
p
p1

p
p1

1

1

0

1

1

1

5

1

5

 

1
3
1

4
3

4
3

3
3
11

3
11

1

1

 

(25)

 

5
1

1

5
11

p
p

p
p  

4
33

4
1

01,0
03,0

01,0
03,01

1

 

(26)

 
 

-
  

 
  .   

 
. 5  6. 

 4 
,  

 30  
 ( )   

1. 1 1,5 0,9 
2. 2 1,4 0,88 
3. 3 1,35 0,861 
4. 4 1,34 0,842 
5. 5 1,34 0,832 
6. 6 1,33 0,82 
7. 7 1,32 0,819 
8. 8 1,315 0,809 
9. 9 1,31 0,8 
10. 10 1,22 0,79 
11. 11 1,18 0,785 
12. 12 1,15 0,76 
13. 13 1,14 0,759 
14. 14 1,14 0,758 
15. 15 1,12 0,757 
16. 16 1,11 0,756 
17. 17 1,11 0,755 
18. 18 1,11 0,754 
19. 19 1,1 0,7534 
20. 20 1,05 0,753 
21. 21 1,05 0,7529 
22. 22 1,04 0,7525 
23. 23 1,04 0,75245 
24. 24 1,06 0,7524 
25. 25 1,05 0,7521 
26. 26 1,04 0,752 
27 27 1,03 0,7512 
28 28 1,02 0,751 
29 29 1,01 0,75 
30 30 1 0,75 

 
 

 
 
 
 
 
 
 
 
 

. 5.  
 

 
 

. 6.  



44 
 -  

Military Technical Collection 

  33   2, 2025 
Vol. 33 No. 2, 2025 

 

© ., ., ., ., .,  ., . 

-
 

.   
 

, .  
 

 “  
”  “c  

”. 
 

 
,  

, , ,  
,  

,   
,  

 ( ), -
 

.  
 ( ) 

, -
,  

,  
 ( ) -

.  
 

-
 ( ) -

,  
), ,  

. -
 

,  
, -

, . -
, 
 

, 152-  
 5  ).   

 –  500-1000 ,  
. 

 
, -

 ) .  ,   
  =  0,78, -

 0,75. ,  2022  
-

 30% -
.  

5 – 10%, . 
 
 

.  

,  
 

. ,  
2023  

 5 ,  -
. 

,  
, : 

- , :  
 ( , , 

),  
. : 

20-30  –  10-20 ,  3-5 
. , -

 0,80,   
; 

- ,  
 

,  
. ,  Leleka-100       

10-15 , -
 (S2)  4  1 ; 

- , -
,  

,  .  -
,  5%  

; 
-  

 
-

. 
.  5 -

       
. 

 5 
 

 
 

)  
 

 
  

  
  

1.  
 

0,75 0,78 1,0 1,05 

2.  
 

0,75 0,81 –
0,83 

1,0 1,1 

3.  
 

0,75 0,82 1,0 1,08 

4.  
 

0,75 0,80 1,0 1,1 

 

, -
-

 « »  ,  ,   
-
-

. 



 33   2, 2025 
Vol. 33 No. 2, 2025 

  
Development and Modernization of Weapons and Military Equipment 

 
45 

 

 

© ., ., ., ., .,  ., . 

 
1.    

, -
 

.   
-

,  
. 

, 
-

.  
, 
 

,  
. ,  

,  
.  

2.  
  

.  
, , 

, .  
3.   

-
.  

 
-
-

. ,  
 , -

 
 

.   
 

, . -
.  

,  
. 

4.  
 , -
 30 . -

. 
-

, ,  
, , -

 
 ( ), -

.  
5.  

 ) , 
, 

 ( ), 

 
.  

6.  
, , 

-
.  

  0,85    1,2,  
-

.  
-
-
 

,  
 

-
 ( ) . 

 
1.  

.  ( , ). : . 
», 2022. 304 . 

2.  “  
” ( ).  4-32(11).01. 

2021. 165 .  
3. . .  

. 
. 2010. . 4 (91).  

. 81-89.  
4. .  

 
. . 2015.  3. . 342–351. 

URL: http://nbuv.gov.ua/UJRN/Pekon_2015_3_47  
5. ., ., ., 

., .  
 

.  
 

. 2022. .  2 (12). DOI: https:// 
doi.org/10.37701/dndivsovt.12.2022.14 

6. ., ., ., 
., ., .  

 
 ( ) -

.  
-

.   14.   4.  2022.  DOI:-
10.37701/dndivsovt.14.2022.13 

7. ., ., . 
 

. -
.  1 (13), 2017. . 50–54. 

8. ., ., .  
-

. -
 

. 2019.  81.  3. . 291–301. DOI: 
https://doi.org/10.32453/3.v81i3.477  



46 
 -  

Military Technical Collection 

  33   2, 2025 
Vol. 33 No. 2, 2025 

 

© ., ., ., ., .,  ., . 

9. , ., ., -
., ., .  

 
.  

-
. :  

.  2, 3 (85). 2021. . 239-251. 
10. . -

-
. . 

, : . . . . 
2013. . 4 (5). . 77–82. 

11. . -
 “ ”  

. URL: http://fkd.khibs.edu.ua/pdf/2012_2/6.pdf  
12. .  

 :  4-32(03).01. 2021. 47 . 
13.  « ».  

 :  4-00(30)03.01. 2020. 46 . 
14. . . .: , 

1990. 528 . 
15. . URL: 

https://defence-ua.com/army_ and_war/na_ remont_ odnijeji_ 
m777_dovelos_brati_chastini_iz_8_poshkodzhenih_tse_hroni
chna_problema-14734.html 

16. ., .  
-

.  
 

. 2021.  3 (69). C. 50–54. DOI: https:// 
doi.org/10.30748/zhups.2021.69.06 

17. . ., . .  
. . :  

 
. .: , 2010. 295 . 

18. . . . 
.: , 2005. 912 . 

19. . . . .: , 
1969. 576 . 

20. . 
URL: https://dio.fan/problems/MCclassicproblem 

21. Serhieiev Alexander, Makogon Helen, Yuri Babkin, 
Vradii Ivanna, Pelekhatyi Mykyta, Haldobin Oleksandr.  
Using of mass service models for controlling enterprise logistics 
systems. I international scientific conference. “Innovative 
scientific forum”. Helsinki. Finland. March 13-14. 2025. pp. 
97–99. DOI: https://doi.org/10.5281/ zenodo. 15048056  

22. ,   
 2024. 2025. URL: 

https://dozorro.org/blog/z-kozhnim-rokom-vse-bilshe-yak-
kupuvali-bezpilotniki-koshtom-byudzhetu-u-2024 

 

References 
1. The Armed Forces of Ukraine (2022), "Boyovyy statut 

sukhoputnykh viys k Zbroynykh syl Ukrayiny. Chastyna II. 
(Batal yon, rota)"  [Combat regulations of the ground forces of 
the Armed Forces of Ukraine. Part II], Tsentr uchbovoyi 
literatury, Kyyiv, 304 p. [in Ukrainian]. 

2. The Armed Forces of Ukraine (2021), "Boyovyy statut 
“Lohistyka Sukhoputnykh viys k Zbroynykh Syl Ukrayiny” 
(taktychnyy riven ). BP 4-32(11).01 [Combat regulations 
“Logistics  of  the  Ground  Forces  of  the  Armed  Forces  of  
Ukraine” (tactical level). BP 4-32(11).01], Viys kova 
akademiya (m. Odesa), Odesa, 165p. [in Ukrainian]. 

3. Bilyetov V. I. (2010), "Problema pobudovy yedynoi 
systemy lohistychnoho zabezpechennia viiskovykh formuvan 
Ukrainy" [The problem of building a unified system of 
logistical support for military formations of Ukraine], 
Universytet oborony Ukrayiny, vol. 4(91), pp. 81-89. [in 
Ukrainian] 

4. Sysoyev V. V. (2015), "Kontseptsiia modeliuvannia 
lohistychnoho upravlinnia postachanniam syl sektora bezpeky 
i oborony derzhavy" [The concept of modeling the logistics 
management of the supply of forces of the security and 
defense sector of the state]. Problemy ekonomiky, vol. 3, pp. 
342-351. URL: http://nbuv.gov.ua/UJRN/Pekon_2015_3_47 
[in Ukrainian] 

5. Startsev  V.V., Musiyenko O.P., Hurin O.M., Prosyanyk 
V.V. and Kolomiytsev O.V. (2022), "Metodyky otsinyuvannya 
efektyvnosti vidnovlennya ozbroyennya ta viys kovoyi 
tekhniky Povitryanykh Syl Zbroynykh Syl Ukrayiny" 
[Methods for assessing the effectiveness of the restoration of 
weapons and military equipment of the Air Force of the 
Armed Forces of Ukraine]. Derzhavnyy naukovo-doslidnyy 
instytut vyprobuvan  i sertyfikatsiyi ozbroyennya ta viys kovoyi 
tekhniky,  2 (12). DOI: https://doi.org/ 10.37701/ dndivsovt. 
12.2022.144 [in Ukrainian] 

6. Startsev V.V., Kolomiytsev O.V., Hurin O.M., Tretyak V.F., 
Pustovarov V.V. and Oliynyk R.M. (2022), "Napriamy shchodo 
udoskonalennia systemy lohistychnoho zabezpechennia 
viiskovykh chastyn (pidrozdiliv) pry rozmishchenni u 
polovykh umovakh v suchasnykh zbroinykh konfliktakh" 
[Directions for improving the system of logistical support for 
military units (subunits) when deployed in field conditions in 
modern armed conflicts], Derzhavnyy naukovo-doslidnyy 
instytut vyprobuvan  i sertyfikatsiyi ozbroyennya ta viys kovoyi 
tekhniky, vol. 14,  4, pp. 118-134 DOI: https:// doi.org/ 
10.37701/dndivsovt.14.2022.13 [in Ukrainian] 

7. Pavlovskyy I. V., Tverdokhlibov V. V. and Bashkyrov O. M. 
(2017), "Propozytsii shchodo udoskonalennia systemy 
lohistychnoho zabezpechennia Zbroinykh Syl Ukrainy" 
[Proposals for improving the logistics system of the Armed 
Forces of Ukraine], Ozbroyennya ta viys kova tekhnika,  1 
(13), pp. 50-54. [in Ukrainian] 

8. Baranov Yu., Baranov A. and Kuz mychev A. (2019), 
"Vybir ta obgruntuvannia pokaznykiv otsinky efektyvnosti 
funktsio-nuvannia systemy lohistychnoho zabezpechennia" 
[Selection and justification of indicators for assessing the 
effectiveness of the logistics system], Natsional na akademiya 
Derzhavnoyi prykordonnoyi sluzhby Ukrayiny, vol. 81,  3, 

. 291-301. https://doi.org/10.32453/3.v81i3.477 [in Ukrainian] 
9. Baranov Yu, Baranov A., Andriyenko A., Yal nyts kyy O., 

Pashkovs kyy V. and Korol ov O. (2021), "Rekomendatsii 
shchodo likvidatsii zboiv u protsesi upravlinnia tekhnichnym 
stanom viiskovoi tekhniky v umovakh vedennia boiovykh dii" 
[Recommendations for eliminating failures in the process of 
managing the technical condition of military equipment in 
combat conditions], Natsional na akademiya Derzhavnoyi 



 33   2, 2025 
Vol. 33 No. 2, 2025 

  
Development and Modernization of Weapons and Military Equipment 

 
47 

 

 

© ., ., ., ., .,  ., . 

prykordonnoyi sluzhby Ukrayiny,  2, 3 (85), pp. 239 - 251.   
[in Ukrainian] 

10. Kolesnykova E.V. (2013), "Prykladnye aspekty 
prymenenyia tsepei Markova dlia modelyrovanyia slabo 
strukturyrovannykh system proektnoho upravlenyia" [Applied 
aspects of using Markov chains for modeling weakly 
structured project management systems], Inform. tekhnolohiyi 
v osviti, nautsi ta vyr-vi: zb. nauk. pr.,  4 (5), pp.77–82.      
[in Russian] 

11. Maksymova M. V. (2014), "Teoretychni pidkhody do 
vyznachennia sutnosti poniattia “kontrolinh” u bankivskii 
diialnosti" [Theoretical approaches to defining the essence of 
the concept of ‘controlling’ in banking], Financial and credit 
activity problems of theory and practice, Vol. 2 (13),            
pp. 39–47. DOI: 10.18371/fcaptp.v2i13.25120 [in Ukrainian] 

12. Doctrine of the use of Logistics Forces. VKP             
4-32(03).01 (2021), "Doktryna zastosuvannia Syl lohistyky. 
Viiskova publikatsiia : VKP 4-32(03).01". Komanduvannya 
Syl lohistyky Zbroynykh Syl Ukrayiny, Kyyiv, 47 p.              
[in Ukrainian]. 

13. Combat regulations “Logistics of the Ground Forces 
of the Armed Forces of Ukraine” (tactical level). BP 4-
32(11).01. (2021), "Doktryna «Obiednana lohistyka». 
Viiskova publikatsiia : SP 4-00(30)03.01". Hol. upr. lohistyky 
HSH ZSU, TSNDI ZSU, 46p. [in Ukrainian]. 

14. Yurkova B.N. (1990), "Issledovaniye operatsiy" 
[Operations research]. VIKA, Moscow, SU. [in Russian] 

15. "Skil ky chasu mozhe zaymaty vidnovlennya?" [How 
long can recovery take?], available at: URL: https://defence-
a.com/army_and_war/na_remont_odnijeji_m777_dovelos_bra
ti_chastini_iz_8_poshkodzhenih_tse_hronichna_problema-
14734.html [in Ukrainian] 

16. Voytenko S.S. and Babich O.O. (2021), "Metod 
planuvannia tekhnichnoho obsluhovuvannia i viiskovoho 
remontu ozbroien¬nia ta viiskovoi tekhniky v suchasnykh 

umovakh" [Method of planning technical maintenance and 
military repair of military equipment in modern minds]. 
Kharkivs kyy natsional nyy universytet Povitryanykh Syl, vol. 

 3(69), pp. 50-54, DOI: https://doi.org/ 10.30748/ zhups. 
2021.69.066 [in Ukrainian] 

17. Kel bert M. Ya. and Sukhov Yu. M. (2010), 
"Veroyatnost' i statistika v primerakh i zadachakh. T. ÍÍ: 
Markovskiye tsepi kak otpravnaya tochka teorii sluchaynykh 
protsessov i ikh prilozheniya" [Probability and statistics in 
examples and problems. Vol. II: Markov chains as a starting 
point for the theory of random processes and their 
applications], MTSNMO, RU. [in Russian] 

18. Taha Hamdy A. (2005), "Vvedenie v issledovanie 
operacij" [Operations Research: An Introduction], Publishing 
House “Williams”, RU. [in Russian] 

19.  Ventcel  E.  S.  (1969),  "Teoriya veroyatnostey" 
[Probability theory], Nauka, SU. [in Russian] 

20. Service for solving problems in higher mathematics, 
"Servis z vyrishennia zavdan z vyshchoi matematyky". URL: 
https://dio.fan/problems/MCclassicproblem [in Ukrainian] 

21. Serhieiev A., Makogon H., Babkin Yu., Vradii I. 
Pelekhatyi M. and Haldobin O. (2025), “Using of mass service 
models for controlling enterprise logistics systems”, I 
international scientific conference. “Innovative scientific 
forum”. Helsinki. Finland. March 13-14. 2025. pp. 97-99. 
DOI: https://doi.org/10.5281/zenodo.150480566  

22. More and more every year yak-kupuvali-
bezpilotniki-koshtom-byudzhetu-u-2024 (2025), "Z kozhnym 
rokom vse bilshe, yak kupuvaly bezpilotnymy koshtom 
biudzhetu u 2024". URL: https://dozorro.org/blog/z-kozhnim-
rokom-vse-bilshe-yak-kupuvali-bezpilotniki-koshtom-
byudzhetu-u-2024 [in Ukrainian] 

 

 

ADVANCED RELIABILITY INDICATORS OF THE OF TANK-TECHNICAL SUPPORT SYSTEM 
FUNCTIONALITY FOR A TANK BATTALION IN THE MINDS OF COMBAT ACTIVITIES 

Helen Makogon, Mykyta Pelekhatyi, Yuriy Krasnoshapka, Serhii Kyrychyk, Ivan Mashchenko, Volodymyr Kryvtsun,  
Yaroslav Mishchenko  

The subject of study in the article is a tank (mechanized) battalion logistical support. The goal of the article is to develop a 
logistics support model allows obtaining quantitative reliability estimates of a tank (mechanized) battalion conducting combat 
operations in modern conditions. The tasks to be solved are: to present the process of a tank (mechanized) battalion logistical 
support using the mass service model; to draw the the system states graph and derive analytical dependencies of the LS system 
recovery coefficient of the survivability coefficient on the time of its transition from one state to another; by solving an 
optimization problem to investigate the reliability indicators in a tank (mechanized) battalion logistical support system in certain 
conditions of combat operations, to draw appropriate conclusions and provide recommendations.  

The methodological basis of the study was general scientific (analysis and synthesis, systematic approach, logical 
generalization) and special (reliability theory, mathematical modeling, elements of probabilistic analysis) methods of scientific 
knowledge. In addition, the practical combat experience of the Armed Forces of Ukraine, the results of analytical reports as well 
as open source materials were taken into account.  

The following results were obtained: the conducted study of the logistics support system reliability of a tank (mechanized) 
battalion participating in a defensive operation for a period of 30 days revealed a slow decrease in the recovery coefficient and 
survivability coefficient. Analysis of the calculation results, carried out using the methodology proposed in the work, showed that 
the main problems reduce the indicators of the stability and survivability of the LS are delays in technical reconnaissance, a long 
time to restore stocks of material and technical means (MTM), as well as the vulnerability of logistical facilities to enemy 
weapons. To increase the reliability coefficients (survivability coefficient Ks and recovery coefficient Kr), the work proposes a set 
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of measures aimed at optimizing logistical processes, in particular through the dispersal of LS facilities, the use of unmanned 
aerial vehicles and the introduction of modern technologies. The greatest effect is provided by UAVs, which reduce the time for 
the delivery of MTM and reconnaissance, reducing risks to personnel. The comprehensive application of measures increases Kr 
to 0.85 and Ks to 1.2, which contributes to the uninterrupted support of the battalion in combat conditions. 

Conclusions. 1.  tank (mechanized) battalion logistics support system is a complex structure ensures combat readiness in 
modern conditions of combat operations. It includes material and technical support that operate in difficult conditions of hybrid 
warfare, enemy attacks and resource constraints. The analysis shows that the logistics support system requires a clear 
organization and reliability assessment to overcome challenges. Controlling the logistics support system allows you to identify 
weaknesses, such as delays in delivery or slow equipment recovery, using statistical methods. Reliability indicators, in particular 
the recovery and survivability coefficient, are the basis for increasing the reliability of the logistics support system as a whole.  

2. Technical support, as a subsystem of the logistics support system, plays a key role in maintaining equipment in working 
condition, but faces problems of resource shortage and difficult repair conditions. To study the reliability of the logistics support 
system of a tank (mechanized) battalion, it is proposed to use the mathematical apparatus of the theory of mass service. It is 
advisable to present the system in the form of a simple graph of transitions with the corresponding intensity and probability in 
typical conditions of application of this system for its intended purpose. The parameters of the mathematical model, which 
corresponds to the graph of states of the system LS t(m)b, can be determined from statistical data and subsequently used for 
controlling and optimizing its functioning. 

3. Dynamic analysis makes it possible to study the state of the system in time both step by step and in the limit period. The 
implementation of recommendations obtained on the basis of the calculations requires investment, training and coordination 
with higher levels, but their practical value is confirmed by the experience of the Armed Forces of Ukraine and quantitative 
calculations. 

Keywords: logistics support system, branded chain, dynamic model, reliability indicators, survivability coefficient, recovery 
coefficient. 
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NUMERICAL STUDY OF THERMOGASDYNAMIC PROCESSES IN A MODEL PULSE DETONATION ENGINE 

Yu. Melnyk, V. Nikoliuk  

The results of numerical simulation of thermogasodynamic processes in a model pulsed detonation engine of a new design 
are presented. The pulsed detonation engine is fed with a compressed fuel-air mixture through a rotary valve and provides 
detonation initiation using a detonation tube. The possibility of creating increased pressure in a detonation chamber that is open 
on one side by supplying a compressed combustible gas charge and using a rotary valve has been revealed. Under the conditions 
of the calculations, an increased pressure in the pre-detonation chamber of more than 0.145 MPa and a pressure in the 
detonation chamber of about 0.13 MPa were obtained at the moment of closing the rotary valve. The peculiarities of detonation 
combustion in the gas-dynamic tract of a model pulsed detonation engine have been revealed, which consist in the damping of 
detonation during the exit of the detonation wave from the initiating detonation tube into the pre-detonation chamber with 
subsequent re-initiation of detonation in the detonation chamber. The presence of detonation re-initiation is confirmed by the 
pressure distribution in the gas-dynamic tract of the model pulsed detonation engine. Re-initiation of detonation occurs 700 s 
from the beginning of the closing of the rotary valve. The results of numerical studies have confirmed the feasibility of this type of 
engine. 

Keywords: detonation, engine, numerical study, gas-dynamic processes. 
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RESEARCH ON THE POSSIBILITY OF ADAPTATION OF THE AMAP-ADS SYSTEM FOR BTOT SAMPLES 
BASED ON THE MATHEMATICAL APPARATUS FOR VERIFICATION OF STATISTICAL HYPOTHESES 

 

O. Serpukhov, H. Makogon, M. Vasyliev, S. Piskun, O. Marchenko, O. Lavrut, B. Matuzko, M. Chornyi  
 
The article is devoted to the justification of technological solutions for adapting the AMAP-ADS active protection system for use on 

munitions in service with the Armed Forces of Ukraine. By using the mathematical apparatus for testing statistical hypotheses, it was 
possible to obtain an approach to selecting the optimal set of elements of the AMAP-ADS SAZ with flexible (SMART) settings to minimize the 
probability of false sensor activation by their differentiated activation while ensuring a sufficient level of noise immunity.  

The study yielded the following results: 1. The sensor response time and, accordingly, the voltage threshold values at which 
the actuators of the AMAP-ADS protection system are triggered are determined as random variables, which provided the basis 
for using the mathematical apparatus for testing multi-alternative statistical hypotheses to solve the problem of making a 
decision on the operation of sensors and avoiding “friendly” (due to the operation of one’s own electronic warfare means) 
suppression of the SAZ. 2. Based on the analysis of mathematical calculations, a possible composition of a promising adapted 
active protection system for the main types of weapons and military equipment is proposed. 3. An assessment of the predicted 
effect of the implementation of technical solutions for adapting the AMAP-ADS SAZ for use on samples of munitions in service 
with the Armed Forces of Ukraine was carried out by minimizing the probability of false sensor activation while ensuring a 
sufficient level of reliability (missing a hit) and noise immunity (the influence of “friendly” suppression). 

 

Keywords: active protection system for armored objects, adaptation, differentiated threat detection, statistical hypothesis 
testing, linear programming, first and second type errors. 
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METHOD FOR ESTIMATING PROBABILITIES OF TARGET DETECTION AND 
RECOGNITION BY THEIR DIMENSIONAL SIGNATURES IN DIGITAL IMAGES 

FROM THE SIGHTSEEING COMPLEX OF ARMOURED VEHICLE WEAPON 
SYSTEMS 

 
The rapid development of computer vision technologies and artificial intelligence (AI) has opened up new 

opportunities for real-time battlefield monitoring, while simultaneously creating the challenge of efficiently 
selecting meaningful electronic images from massive data sets. This paper addresses the problem of automated 
assessment of the quality of target displaying in a digital image (QTDDI) to improve the efficiency of detecting and 
recognizing weapons and military equipment (WME). A system of indices of target conspicuity and salience is 
proposed, which enables quantitative measurement of QTDDI and the introduction of success criteria for 
performing visual detection and recognition tasks based on a 50% threshold probability of detection and 
recognition. It is claimed that only such images that meet the success criteria of visual task performance should be 
considered suitable for further AI-based target recognition, consequently reducing the number of false recognitions. 

Special attention is paid to recognition as an intermediate stage in target data acquisition. It is proposed to 
employ geometric distinctive features of WME samples as their recognition signatures. An analytical expression for 
the recognition probability as a function of signature dimensions has been theoretically derived, and a criterion for 
successful performance of the visual recognition task has been established. Such an approach significantly reduces 
the number of false object identifications in images that do not provide the QTDDI sufficient for AI processing. 

The practical implementation of the method has been demonstrated with experimental data obtained from 
images of the T-64BV main battle tank, collected under field conditions. Images were captured with a digital 
camera at various distances from the target. For these images, detection probabilities were determined based on the 
overall target size as the object of interest, and recognition probabilities were determined based on shape 
anisometry and the dimensions of characteristic signatures. The results confirmed the consistency of the 
theoretically developed criteria with visual analysis. 

The practical significance of the work consists in establishing the methodological basis for the automated 
selection of sufficient-quality digital images without the involvement of an operator, which allows one to 
significantly reduce the amount of processed data, increase the accuracy and speed of computer vision systems, and 
decrease the number of false recognitions. Perspective directions for further research include extending the 
methodology to thermal images and using digital images for the determination of the distance to a target based on 
the dimensions of its signatures in electronic images. 

 
Keywords: target data acquisition, digital image, image processing, image fusion, artificial intelligence, 

visibility, conspicuity by a signature, target saliency, detection, recognition, identification, reconnaissance, 
unmanned aerial vehicle. 
 

1. Introduction and Problem Statement 
With the rapid development of computer technologies 

and their penetration into the sphere of military 
applications, previously inaccessible capabilities have 
emerged for real-time battlefield monitoring and 

detection of military equipment and weapon (MEW) 
systems, including our armored weaponry (AW) by the 
enemy, as well as for detection of enemy anti-tank 
weapons (ATW) by our own AW using computer vision 
and artificial intelligence (AI) technologies. 
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These modern computer technologies imply the 
registration of the target-background situation in the form 
of a digital image, at least in two spectral bands: visible 
and thermal (infrared). 

The enormously bulky flow of TFE images obtained 
from multiple sources requires a tremendous amount of 
human labor to review, reject low-quality frames, and 
select meaningful video materials. Currently, this selection 
process – identifying frames suitable for target data 
acquisition (detection, recognition, and identification) – is 
still being performed manually by the operator. 

The presence of low-quality video content can be 
caused by various factors such as adverse weather 
conditions, excessively low or blinding video/thermal 
signal levels, or FPV unmanned aerial vehicles leaving 
the target’s field of view. Without prior rejection of poor-
quality video materials, the AI’s task of target data 
extraction becomes analogous to a prospector sifting vast 
amounts of sand in search of a few grains of gold. 

In addition to substantial time consumption and 
computing resource load, the absence of preliminary 
selection of video/thermal imagery inevitably leads to a 
significant increase in the number of false target 
recognitions by AI – for instance, misidentifying 
buildings, buses, or trucks as armored vehicles (AV). 
This selection process of choosing the most significant 
and high-quality images should therefore be delegated to 
the computer. 

To accomplish this, it is necessary to have methods 
for assessing the quality of target displaying in a digital 
image (QTDDI). Available image quality assessment 
(IQA) methods for civilian use are unsuitable for this 
purpose. For evaluating the QTDDI, specialized target-
oriented express methods are in great demand [1–3]. 

The system of quantitative indices of the QTDDI 
developed at the Hetman Petro Sahaidachnyi National 
Army Academy (NASV) [4, 5] – in the form of target 
conspicuity indices by individual features and saliency 
indices by a set of distinctive features – enables 
quantitative evaluation of target detection performance 
based on saliency indices computed from image 
brightness tables. According to this system, an image 
with a higher target saliency index is considered of better 
quality for detection purposes. 

The computation time required to determine the 
target conspicuity and saliency indices on a single digital 
image is less than 1 ms and can potentially be reduced to 
1 µs [6], enabling evaluation of up to 103 – 106 video 
frames per second. The developed QTDDI index system 
allows for quantitative estimation of the probability of 
target detection (varying within the range [0,1]) in a 
digital image. 

However, not every non-zero detection probability 
implies successful detection during reconnaissance. 
Developing quantitative criteria of detection success 

based on the target’s distinctive features – such as its 
luminance-contrast signature and apparent size in the 
digital image – constitutes one of the key objectives of 
this work. As such success criteria, we propose the values 
of target conspicuity indices corresponding to a 50% 
probability of detection by a given distinctive feature. 

The next stage in the target data acquisition process 
after detection is recognition. In this study, we introduce 
distinctive geometric features of the object’s design – the 
so-called recognition signatures – which allow differentiation 
of a specific MEW sample from other objects. Analytical 
expressions for the probability of target recognition as a 
function of signature dimensions have been derived. 
Based on this analytical form, a recognition success 
criterion is proposed – the threshold signature size 
corresponding to a 50% probability of recognition of a 
given MEW (including AW) sample. 

One of the main causes of false target recognition 
on electronic images by AI systems is the neglect of the 
fact that not every object in the image is recognizable. 
According to our concept, a necessary condition for 
successful recognition is that the probability of recognition 
by a given signature must exceed 50%. This threshold 
applies to both the size and the contrast of the signature in 
the image. 

Before applying AI tools for object recognition on 
an image, it is necessary to verify that its saliency and 
recognition indices by the given signatures meet the 
criteria of successful solution of visual detection and 
recognition tasks. Images that fail to meet these criteria 
should be considered unsuitable for recognition. This will 
enable automatic rejection of low-quality imagery and 
significantly reduce the number of AI misrecognitions. 

To demonstrate the practical application of the 
proposed approach, we conducted an experimental 
collection of images of the main battle tank (MBT)         
T-64BV at various observation distances. Using these 
images, we measured the probabilities of tank detection 
based on its overall dimensions and the probabilities of 
recognition based on the anisometry of its shape and the 
dimensions of different recognition signatures. 

Aim of the Study 

This study aims to derive theoretically an analytical 
expression for the probability of recognizing an AV in a 
digital image based on the characteristic geometric 
features (signatures) of its shape, to develop a method for 
estimating the probabilities of target detection and 
recognition by its dimensional distinctive features, and, 
on this basis, to establish criteria for successful 
accomplishing visual detection and recognition tasks in 
digital images as well as to verify the obtained theoretical 
results experimentally. 
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2. Method for assessing the quality of target 
representation based on its dimensional 
features of detection and recognition in 

digital images 
2.1. Target data acquisition by digital means of 

target-field environment imaging. 
2.1.1. Indices of target conspicuity by specific 

features, saliency, and concealment of the military 
equipment sample in a digital image. In military 
information sources, several approaches were reported 
for the quantitative determination of saliency and 
concealment indices of a military equipment sample. 
What all these approaches have in common is that the 
saliency/concealment of an object (a military equipment 
sample considered as a target) reflects the success/ 
failure of the target data acquisition procedure. 

Accordingly, the quantitative level of target saliency 
or concealment is defined as the probability of success 
or failure of the statistical random event of collecting 
information about the military equipment sample as a 
target. 

The probability of the failure event in target data 
acquisition is defined through the probability of its 
antipodal (complementary) event Q – the successful 
event of target data acquisition. The statistical event Q 
of target data acquisition is the result of three 
independent internal component events – detection (D), 
recognition (R), and identification (I) of the target, 
which correspond to the three stages of the target data 
acquisition process. 

Each of these events – the overall event Q and the 
internal component events D, R, and I – is associated 
with a probability (index) of its occurrence, denoted 
respectively as PQ and PD, PR, P . 

The internal component events D, R, and I are 
independent and favorable to the overall event Q. 
Moreover, these events are such that the failure of any 
one of the three component events results in the failure 
of the overall event Q of target data acquisition, which 
is mathematically expressed as  

           
0 0 0 0, 0, 0

0
P P P P P P

P P P P
D R I D R I

Q Q Q Q .       (1) 

Indeed, if the target cannot be detected (PD = 0), 
then it cannot be recognized (PR = 0) nor, much less, 
identified (PI = 0), which implies the failure of the 
overall target data acquisition event (PQ =  0).  If  the  
target is detected (PD = 1) but cannot be recognized 
(PR = 0), then it also cannot be identified (PI = 0), which 
again implies failure of the overall target data 
acquisition event (PQ = 0). If the target is detected 
(PD = 1) and recognized (PR =  1)  –  for  example,  as  a  
tank – but cannot be identified as a hostile target 

(PI = 0), then the entire target data acquisition process is 
nevertheless unsuccessful (PQ = 0), because these data 
cannot be used to make a strike decision: the inability to 
identify the target as hostile creates a risk of fratricide 
(friendly fire). 

Expression (1) is a sufficient condition for classifying 
the events D, R, and I as being multiplicative with 
respect to the overall event Q of target data acquisition. 

In this case, according to the methodology presented 
in [7], the probability PQ of the target data acquisition 
event Q is  equal  to  the  product  of  the  probabilities  PD, 
PR, and PI, which correspond respectively to the events of 
detection, recognition, and identification  

                      P P P PQ D R I .             (2) 
The probability PD of target detection depends on 

the method of target observation, which in turn is 
determined by the type of image formed as a result of 
observation. If the observation is carried out by the 
operator’s eye (including with the use of optical 
observation devices such as binoculars or optical sights) 
or by an analog video camera with image output to a 
cathode-ray-tube (CRT) monitor, then the observation 
deals with an analog image. The procedure for 
calculating the probability of object detection on an 
analog image has been described in numerous monographs 
(see, for example, [8–10]). One of the approaches to 
determining the probabilities of accomplishing visual 
target acquisition tasks (detection, recognition, and 
identification of a hostile target) in an analog image is 
based on the methodology proposed by John Johnson 
[11, 12] or its more modern version – the so-called TTP 
model (Targeting Task Performance) [13]. An analysis 
of these models was presented in [12, 14, 15]. 

The essence of Johnson’s criterion lies in the 
assumption that visual target acquisition tasks – namely 
detection, recognition, and identification – are considered 
successfully accomplished if the probability of solving 
the corresponding visual task exceeds 50% (0.5 on the 
probability scale [0;1]). The same criterion is followed 
within the framework of the TTP model (Targeting Task 
Performance). To apply this criterion, a target saliency 
criterion on the image is introduced. In Johnson’s 
approach, the saliency of the target is represented by the 
apparent size of the target on the image, expressed in 
terms of the number N of line-pair divisions of a reticle 
that cover the target image. The number of line pairs 
corresponding to a 50% probability of successfully 
solving  a  given  visual  task  is  denoted  as  50

taskN . In the 
TTP model, the corresponding integral saliency indices, 
denoted v  and 

50
taskv , are introduced. The target saliency 

index v  is defined by a specific expression representing 
the integral of the functions of target contrast and size. 
The probability of successfully accomplishing the 
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corresponding visual target acquisition task is then 
determined by the following expression [16, 17] 

                        
50

501

ytask

task ytask

x x
P x

x x
,        (3) 

where the variables x , 50
taskx  take the corresponding 

values x N , 50 50
task taskx N  and 502.7 0.7 tasky N N  in 

the Johnson model, and x v , 50 50
task taskx v  

501.51 0.24 tasky v v  – in the TTP model. The 

quantities 50
taskN  and 50

taskv  are considered to be tabulated 
values. It was shown experimentally in [16] and proved 
theoretically in [17] that the variables in the Johnson 
and TTP models are related by the following relationship 

                                 
(0)v N v .            (4) 

When performing calculations for a specific visual 
task, the superscript of the task in expression (3) should 
be replaced by the index corresponding to the respective 
visual task – detection (D), recognition (R), or 
identification (I). According to the literature data [17] 
the resolution thresholds for detection 50

DN , recognition 

50
RN , and identification 50

IN  are related as 

50 50 50: : 1 : 4 : 8D R IN N N . It is important to note that this 
ratio 50 50 50: : 1 : 4 : 8D R IN N N  numerically coincides with 

the ratio : : 1: 4 : 8D R I  of the threshold contrast 
values for the human visual system [16]. This indicates 
that, although de jure in Johnson’s methodology the 
parameter 50

taskN  is ascribed the physical meaning of the 
target size in the image, de facto it is also indirectly 
related to the target’s contrast in the image. The reason 
is that the quantities 50

taskN  are determined experimentally, 
based on expert visual observations, where observers 
subconsciously react not only to the target’s apparent 
size but also to its contrast. Therefore, it is not 
surprising that the same ratios 50 50 50: : 1 : 4 : 8D R IN N N  
were found to hold both for the threshold contrast 
values : : 1: 4 : 8D R I  and for the resolution 
parameters 50 50 50: : 1 : 4 : 8D R Iv v v . 

Indeed, the experimental data obtained in [16] 

indicate that the value of 50
taskv  can be considered related 

to 50
taskN  by the approximate relation 50 502.7task taskv N  for 

all three visual tasks – detection, recognition, and 
identification. From this it follows that, for the resolution 
thresholds of detection 50

Dv , recognition 50
Rv , and 

identification 50
Iv  within the framework of the TTP model, 

the same ratio also holds 50 50 50: : 1 : 4 : 8D R Iv v v .  
The presence of the common variable x in 

expressions (3) for all visual tasks (detection, recognition, 
and identification), together with the fulfillment of 
relations  

    50 50 50 50 50 50 50 50 50: : : : : : 1:4:8D R I D R I D R Ix x x N N N v v v      (5) 

may suggest that the probabilities of detection DP x , 
recognition RP x , and identification IP x  are not 
independent functions.  This,  in  turn,  would  mean  that  
the statistical events D, R, and I are not independent. 
Intuitively, it may seem that the higher the probability 
of detection, the higher one can expect the probability of 
recognition to be; and the higher the detection and 
recognition probabilities, the greater – at first glance – 
appears to be the probability of target identification. 
Such a relationship could imply that the probabilities 

DP x , RP x , and IP x  are dependent functions. 
In that case, the analytical dependence of the 

functions DP x , RP x  and IP x , given by expression 
(3) could imply that expressions (3) and (5) form a 
system of equations. If this were true, then by eliminating 
the common variable from this system of equations, one 
could expect to analytically express the probability of 
accomplishing one visual task through the probability of 
accomplishing another visual task. The possibility of 
analytically expressing one visual task’s probability in 
terms of another would cast doubt either on the validity 
of expressions (3) and (5) themselves, or on the 
assumption that the events of detection, recognition, and 
identification are statistically independent. 

Verification of the assumption that the events of 
detection (D), recognition (R), and identification (I) are 
independent is important, since the existence of a 
functional relationship between different visual tasks 
contradicts the generally accepted premise that the 
statistical random events of detection, recognition, and 
identification are independent. 

For example, if the numerical value of the target 
detection probability DP  on an electronic image was 
obtained as a result of measuring the target saliency 
index  for a specific image, one might expect that the 
probabilities of recognition PR and identification IP  
could be determined through the known value of DP , 
taking into account the relationship (5), according to 
which 50 50 50: : 1 : 4 : 8D R Ix x x . However, such an 
approach is impossible for several reasons, and there is 
no contradiction between expressions (3), (5), and the 
statement that the events of detection, recognition, and 
identification are independent. The arguments supporting 
this statement are presented below.  
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It should be noted that the term dependence/ 
independence of functions has a broader meaning than 
the term linear dependence/independence of functions. 

Two functions ( ) and g(x) sharing a common 
variable  may be linearly independent but still might 
exhibit a nonlinear dependence. A rigorous mathematical 
proof of the independence of the functions DP x , 

RP x  and IP x , defined by expression (3), goes beyond 
the scope and objectives of this paper; therefore, it will 
be the subject of our subsequent publication. Here, 
however, we briefly present several arguments that support 
the mathematical independence of the probabilities 
corresponding to different visual tasks. 

Firstly, the presence of a common variable  in the 
dependencies DP x , RP x  and IP x  is  only  a  
necessary condition for their functional dependence, but 
not a sufficient one. There exist analytical functions of a 
common argument that remain independent. For 
example, the functions f x x  and sing x x  are 
independent, even though both are functions of the same 
variable . 

Secondly, one of the ways to test functions with a 
common argument for dependence is to construct the 
inverse dependencies of the argument with respect to 
the functions, that is, Dx P , Rx P , and Ix P  

Since  is the common argument for all three 
functions, the relationship D R Ix P x P x P , 
should hold, from which the dependencies R DP P , 

I DP P  or I RP P  could, in principle, be determined. 
However, according to formula (3), the dependencies 

DP x , RP x  and IP x are transcendental sigmoid 
functions, and therefore, it is impossible to express the 
inverse functions Dx P , Rx P , and Ix P  in 
analytical quadratures. The impossibility of expressing 
the common argument  of the functions f x  and 

g x  in terms of the functions f  and g  themselves 
within analytical quadratures is an indication that the 
functions f x  and g x  are independent. 

Thirdly, in order to determine, for example, the 
dependence R DP P  by eliminating the common 

variable x,  the  values  of  the  function  Dx P  must be 

evaluated at those values of 5 0
Rx x  for which, 

according to the Johnson criterion, the visual task 
of recognition is considered successful. Taking into 
account relation (5), this condition can be written as 

504 Dx x . Since the probabilities taskP x  are 

sigmoid functions, in the case when 504 Dx x , the 

detection probability 504 4 1 4D
D

y yP x  approaches 

saturation, so that 1DP . In the Johnson model, 

50 504 2.7 0.7 5.5Dy N N N , and therefore, as, 

we obtain 504 0.9995D
DP x . For large values of 

504 Dx x , as the argument x increases, the computational 
error in determining the value of Dx P from expression 
(3) tends to infinity. Indeed, the error in determining x 
from the function DP x can be expressed as follows 

                  50

50

4

4

D
x x

D

x x

P
x

dP
dx

D

D

,           (6) 

where the numerator DP  – the error in determining 
the detection probability as the target saliency in a 
digital image according to expression (8) – is a nonzero 
finite number within the range 0;1 , and the denominator 
represents the derivative of the detection probability 
with respect to its argument at a given value of 504 Dx x

. For the lower limit of the Johnson criterion 5 04 DN N

, within the Johnson model we obtain a relative error in 
determining the parameter N  on the order of 42 10 %, 
which increases following a power-law dependence as 
the value of N grows.  For  the  lower  threshold  of  the  
criterion corresponding to the successful 
accomplishment of the identification task 508 DN N , 

the relative error is on the order of 82 10 %. Thus, for 
large values of 504 Dx x , as x increases, the value of the 
derivative in the denominator of expression (6) 

504

0
D

D

x x

dP
dx

, and consequently, the error in 

calculating the value of Dx P  from expression (3) 
tends to infinity. A value of Dx P  determined with 
infinite error, when substituted into the dependence 

R DP x P , results in an infinite error in determining 

the recognition probability R DP P  as a function of the 

detection probability DP . An infinite error in determining 

R DP P  and I DP P  therefore indicates that, in reality, 
there is no functional relationship between the 
probabilities DP , RP  and IP , and hence, that the events 
of detection (D), recognition (R), and identification (I) 
are independent. 

Fourthly, another argument in favor of the 
independence of the events of detection, recognition, and 
identification is that, according to definition (3), the 
probabilities of all these events take on the same value when 
the corresponding argument assumes the same value 
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50

1
2tasktask xP         (7) 

or all values of 50
taskN  or 5 0

ta skv , despite the fact that a 
functional relationship (5) exists between the quantities 

50
taskN , and 5 0

ta skv . Thus, under the imposed condition 
(7), the entire range of values of 5 0

ta skx  corresponding to 
different visual tasks (detection, recognition, and 
identification) is projected onto a single point 1 2taskP . 
In  other  words,  a  single  value  of  the  probability  

1 2taskP  corresponds to a nontrivial domain (set) of 
values of 5 0

ta skx  for different visual tasks. In turn, this 
means that there is no functional relationship between 
the quantities corresponding to different visual tasks, 
i.e., the functions PD, PR and PI are independent, and 
therefore the statistical events D, R, and I are 
independent. 

The probability PD of detecting a target in a digital 
image defines the target’s saliency index  for that 
image. Note that hereafter in the text the term target 
denotes an object of interest in the image, as commonly 
used in computer vision theory – a notion broader than 
the term military target. On the battlefield, an object of 
interest may be a potential military target. An object of 
interest becomes a military target only after the data-
collection process for that object has been successfully 
completed, i.e., when the object has been detected, 
recognized and identified as hostile and therefore 
warranting engagement. 

The saliency index  of a target in a digital image 
is defined as the probability of detecting the target based 
on the set of conspicuity features, and is computed from 
the individual conspicuity indices associated with each 
feature 
                              S clutterV P P ,        (8) 

where V is the target visibility index, which in essence 
represents the conspicuity index based on luminance 
contrast; SP  is the conspicuity index based on the target’s 
size in the digital image; and clu tterP  is the conspicuity 
index of the target against a cluttered background. The 
procedure for determining the conspicuity indices and 
the overall saliency index is described in detail in works 
[4–7, 18]. 

It is important to note that in the model of the 
QTDDI, the size-based conspicuity index SP  is  an  

analogue of the probability 50
task

taskP N N , which is 

determined by the target size N on  an  analog image in  
the Johnson model, as given by expression (3). However, 
the experimental determination of the parameter 50

taskN  
through visual observation and expert evaluation imposes 

an implicitly (hidden) expressed functional dependence 
of this value on the local contrast of the target. 

Therefore, in practice, 50
task

taskP N N  represents an 

implicit combination of the target visibility index V and 
the size-based conspicuity index SP . 

In the TTP model, the dependence 
50

task task
vP

v
explicitly 

incorporates the parameter’s dependence on both the 
target’s local contrast and its size. Thus, the probability 

50
task task

vP
v

 in that model corresponds to a combination 

of the indices V and Ps. The advantage of our QTR-EI 
model is that the indices V and Ps are treated as 
independent functions, whereas in the TTP model they 
are functionally combined under the integral sign. This 
combination makes it impossible to determine separately 
the individual contributions of conspicuity due to contrast 
and conspicuity due to size. 

The saliency  of an armored vehicle (AFV) 
sample in an electronic image can be evaluated through 
experimental measurements performed on images 
obtained from the digital cameras of the tank’s sighting 
and observation complex (SOC), as well as from cameras 
mounted on an unmanned aerial vehicle (UAV), using 
expression (8). 

3. Criterion for successful accomplishment 
of the visual task of target detection by a 

conspicuity feature 
For analog images, the Johnson criterion has proven 

to be an effective measure, according to which the 
visual task of target data acquisition is considered 
successfully accomplished if its probability exceeds 
50%. Similarly, in the QTDDI model, parameters can be 
introduced for the conspicuity indices corresponding to 
different features, which represent a 50% probability of 
accomplishing the visual task based on a given conspicuity 
feature. 

3.1. Criterion for successful target detection by 
the luminance contrast feature. 

Similar to the Johnson criterion, the task of target 
detection by the luminance contrast feature is considered 
successfully accomplished if the target visibility index  

                                    50
1
2

V V .         (9) 

According to definitions [15, 16], the target visibility 
index is determined by the expression 

         1 2

0

th
th

th

th

K K
at K K

K K KV

at K K

,     (10) 
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where K  is the absolute value of the target’s local 
contrast, and thK  is  the  threshold  value  of  local  
contrast that can still (or just) be distinguished by the 
human eye.  

By substituting expression (10) into expression (9), 
we obtain an expression for the normalized local 
contrast 50 ,K  which corresponds to a 50% probability 
of target detection by the luminance contrast feature 

                             50

3
1 2

th

th

K
K

K ,       (11) 

and consequently, the expression for the criterion of 
successful target detection by the luminance contrast 
feature 

                         50

3
1 2

th

th

K
K K

K .        (12) 

The value of the threshold contrast thK  is 
determined by the so-called Fisher threshold p-level 

0.05thK  [19, 20]. By substituting the value of 

0.05thK  into expression (12), we find that the visual 
task of target detection by the luminance contrast feature 
is considered successfully accomplished if the normalized 
local contrast of the target satisfies the condition 

                                    0.14K .       (13) 

3.2. Probability and criterion for successful 
target detection by the size feature in the image. 

Detection of a target as an object of interest in a 
digital image is reduced to the perception of the object 
as a whole; therefore, its 2D size – the area s  – is the 
key dimensional parameter in the case of target detection. 
For this reason, within the framework of the QTDDI 
model, the size-based conspicuity index for target 
detection is defined as a Bayesian geometric probability 
[4, 5]. 

                

1 1

1 1

th th

s
th th

s ss s
S S S SP

s ss s
S S S S

,       (14) 

where S, s and h are the 2D sizes, the areas of the 
target, the target expectation zone (TEZ) [21], and the 
minimum threshold image element area that can still be 
distinguished by size, either by a human observer or a 
computer, respectively. When target detection is 
performed by a human operator, 2

th ths l  corresponds to 
the area of a square subtending a solid angle of one 
square arcminute, which represents the average angular 

resolution of the human eye. The minimum distance 
between two points that can be resolved by the human 
eye  at  a  viewing  distance  of  50cm from the monitor, 
corresponding to the average angular resolution of one 
arcminute, is lth = 0.145mm. Hence, for target detection 
by  an  operator  on  an  image  displayed  on  a  computer  
monitor, the condition is l > 0.145mm. On the image 
plane, the average visual resolution of one arcminute 
corresponds to an area of 2 22 20.145 ( ) 0.021( )th ths l mm mm . 
For a 13.3-inch Retina laptop monitor with a resolution 
of 2560×1600 pixels, the threshold length lth = 0.145mm 
is approximately comparable to the size of one pixel 

0.112mm). For monitors with significantly lower 
resolutions, for example 800×600 pixels, the pixel size 
is larger and equals 0.254mm for a 10-inch diagonal, 
0.381mm for a 15-inch diagonal, and 0.432mm for a 17-
inch diagonal. Since a digital image is displayed on a 
monitor, the visual resolution of the human eye cannot 
be better than one pixel. In addition, according to 
Nyquist [22, 23], the maximum spatial resolution 
frequency (1 line pair per millimeter), which corresponds 
to the minimum resolvable spatial period of the monitor 
(or a video/thermal camera), equals lth=2pixels (px). 
Accordingly, the visual resolution of the eye when 
observing an image on a monitor should not be assumed 
to be better than two pixels. Therefore, in the following, 

we assume that lth = 2px and 2 24th ths l px . 

Before proceeding, it is necessary to clarify the 
meaning of the terms TEZ and geometric probability. 
The TEZ refers to a strip (region) within the image where 
it makes sense to search for the target. The reasoning is 
that a significant portion of an image may correspond to 
areas of space where the target definitely cannot be 
located. For example, it is unreasonable to search for an 
armored vehicle in the sky, on a water surface, in tree 
canopies, or in dense forest areas. Therefore, TEZ is 
typically much narrower than the entire image frame. In 
most cases, the vertical dimension – the height of the TEZ 
H  – is smaller than the image height, while its length 
may equal the image frame length ,  or  it  may  be  
smaller sL L  if there are reasons to restrict the search 
area on one or both sides of the image. For instance, this 
may occur when a road along which armored vehicles 
move  passes  through  a  forest,  or  when  there  is  deep  
water on both sides of the road.  

As for the term geometric probability, according to 
definition [24], it is the probability that a random point 
will fall within a certain region when that region is 
defined by a geometric figure. In the case of target 
search within an image, the “falling of a random point” 
is understood as the random gaze of an observer falling 
within the area of interest (the target) with an area , 
which is located within TEZ of area s sS L H  in the 
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image. Therefore, the ratio s/S is nothing else but the 
geometric probability of detecting a target with area  
located within the TEZ background of area . The 
quantity h represents the area of the forbidden zone, 
into which the observer’s gaze cannot fall on the image 
background. Hence, the ratio sth/S corresponds to the 
probability of non-detection of the target due to the 
nonzero value of the threshold area sth. With the 
condition sth  0 imposed, the probability of target 
detection in an electronic image reduces to a Bayesian 
probability, given by equation (14), where – up to a 
common coefficient – the numerator represents the 
conditional probability, and the denominator represents 
the total probability of detecting a target of area  within 
a TEZ of area , under the condition sth  0. 

After simplification, expression (14) can be rewritten 
in the form  

   
0 0

th th

s thth th

th

s S s s S s
P at s s Ss S s s S s

at s s
      (15) 

or, in a more compact form, as 

1

1 1 2

0 0

th

ths th

th

Sat

a

s
s

s sP s s
s S

t s s

.      (16) 

The representation in the form of (16) is convenient 
because  it  can  be  easily  analyzed  both  in  units  of  
ordinary length (e.g., in mm²) and in square pixels (px²), 
since all variables enter the formula as dimensionless 
ratios sth/s and s/S. 

The areas of the TEZ S and the target s for a given 
electronic image can be determined from the digital data 
of the image itself. For example, if the monitor 
resolution is 800×600pixels, the image occupies the 
entire screen (a full-screen image), and the TEZ covers 
the entire image, then the horizontal dimension (width 
or length) of the TEZ is L=800pixels, and the vertical 
dimension (height) is H=600pixels. In that case, the area 
of  the  TEZ  is  S=L×H=800×600=480,000 px2.  If  the  
image does not occupy the entire screen but is 
embedded in a document – for example, in Microsoft 
Word (MW) – then, to determine the image size, one 
needs to right-click on the image and read its width (L) 
and height (H) from the bottom part of the drop-down 
menu (Fig. 1a). Alternatively, one can select “Size and 
Position” from the drop-down menu, and in the window 
that  appears,  click  on  the  “Size”  tab  (Fig.  1b)  to  view  
the corresponding dimensions. 

 
 

 
b 

Fig. 1. Reading the image size: a from the drop-down 
menu; b – from the “Size” window 

 
As  a  rule,  in  MW  the  image  size  is  displayed  by  

default in centimeters or inches. The image size in 
pixels can be calculated using the formula 

 DPI
 

2,54
  

 
Image size in cm

Number of pixels ,  (17) 

where it is taken into account that 1 inch=2.54cm, and 
DPI (dots per inch) represents the image resolution. By 
default, in MW the value is DPI=96. (One can verify 
this by right-clicking on the inserted image file in MW 
and selecting Properties  Details from the drop-down 
menu.). 

It is important to emphasize that formulas (14)–
(16) are intended for calculating the probability of target 
detection by its size feature specifically in a digital 
image. A distinctive advantage of digital electronic 
imagery is that it can be rescaled, increasing the image 
frame size to an area S convenient for visual 
observation. Moreover, using the “zoom” function, the 
image can be enlarged so that the target appears 
magnified. The zoom procedure consists of cropping the 
image so that the target, as the object of interest, is 
centered in the frame, and then stretching the cropped 
image so that its frame coincides with the frame of the 
original uncropped image (i.e., “mapping” the cropped 
image onto the original frame). This mapping occurs 
due to an increase in the linear pixel size. Equivalently, 
the zoom procedure can be interpreted as an increase in 
the linear dimensions of the pixel, which results in an 
enlargement of the image frame itself; therefore, the 
frame of the enlarged image is cropped again along the 
contour of the original (pre-zoom) frame. 
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If the target size  is significantly larger than h, 
the zoom procedure can be used to enlarge the target 
size  until it becomes comparable to the image size ; 
in this case, the size-based conspicuity index of the 
target 1s s SP . In other words, if , the zoom 

operation allows the target size in the image to be 
adjusted so that s  S and therefore, according to 
expression (15), we obtain | 1. 

The zoom procedure changes the target size  in 
millimeters, while the size of the image frame remains 
unchanged. That is, due to the zoom operation, the 
variable in expressions (15) and (16) is the target size , 
whereas =const if the dimensions are measured in units 
of length (e.g., mm²). As a result, we arrive at an evident 
conclusion: during the zoom procedure, an increase in  
leads to an increase in the ratio / , and consequently, to 
an increase in the probability of target detection Ps.  

If  the  analysis  is  carried  out  in  units  of  square  
pixels (px²), then when the target size increases in 
conventional metric units of length (e.g., mm²), the 
number of px² corresponding to the target remains 
unchanged, i.e., s[px²]=const, while, due to the cropping 
of the image to match the frame size of the original 
(non-zoomed) image, the total number of pixels 
corresponding to the entire image [px²] decreases by 
the same factor by which the target size increased in 
square length units. As a result, we again arrive at a 
logical conclusion: the zoom procedure leads to an 
increase in the ratio / , and consequently, to an 
increase in the probability of target detection Ps. 

Thus, the higher the image resolution, the greater 
the number of pixels that correspond both to the entire 
image and to the target. The resolution of an image is 
measured by the number of pixels along the horizontal 
and vertical axes. For example, if the monitor resolution 
increases from 800×600 to 1320×990, the number of 
pixels  corresponding to the target increases by a factor 
of 2.73. The same applies to the image resolution 
measured in DPI (dots per inch). Therefore, the higher 
the monitor resolution and image DPI, the higher the 
probability of target detection. Moreover, higher monitor 
and image resolution values mean a larger number of 
pixels per target, while the threshold resolution remains 
constant at sth = 4px2. According to expression (16), this 
also leads to an increase in the size-based conspicuity 
index of the target. 

It is important to note that due to the nonzero value 
sth  0, zooming (magnification) cannot be performed 
indefinitely. Therefore, for values of S close to sth, the 
question arises: 

What should be the value of the target size relative 
to  sth  0 for the task of target detection by the size 

feature on an electronic image to be considered 
successfully accomplished? 

Similar to the criterion for successful accomplishment 
of the target detection task by the luminance contrast 
feature, we introduce the criterion for successful 
accomplishment of the target detection task by the size 
feature on in a digital image 

                               
50

1
2s sP P .        (18) 

From expressions (18) and (15) (equivalently, 
(16)), we obtain the value of the target size in the digital 
image that ensures a 50% probability of target detection 

                         50
3

1 2

th

th

ss s
S

.        (19) 

When using formula (19), it should be highlighted 
that for a nonzero 0sP , the condition ths s  must be 
satisfied, and therefore the condition ths s S  must 
also hold. The condition  is practically always 
satisfied, and therefore  

  | = 3 .                        (20) 

Considering that sth = 4px2,  we  arrive  at  the  
conclusion that the condition for the successful 
accomplishment of the visual task of target detection 
can be written in the form 

                           212s px .       (21) 

In  other  words,  for  successful  detection  in  the  
image,  the  target  must  have  at  least  the  shape  of  a  
rectangle with sides of 4×3px2 or a square with a side of 
at least 4px. 

It is evident that increasing the resolution of both 
the monitor and the image enhances the successful 
accomplishment of the visual task of target detection by 
the size feature on an electronic image. 

4. Probability of target recognition by its 
characteristic dimensional features in a 

digital image 
4.1. Characteristic recognition features and the 

probability of target recognition by a specific 
conspicuity feature. 

4.1.1. Recognition features. The success of 
recognizing an object in a digital image depends on the 
conspicuity of its recognition features. The conspicuity 
features used for target detection – such as target 
visibility (luminance contrast), image size, and conspicuity 
against a cluttered background – are not recognition 
features. In essence, the process of target recognition 
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also reduces to a detection process, but not of the target 
as a whole; rather, it concerns the detection of a distinct 
geometric characteristic or structural element that makes 
it possible to distinguish, for instance, a combat armored 
vehicle (CAV) from other types of vehicles. For a tank, 
such characteristic recognition features include the turret 
with the gun barrel and the tracks. Therefore, target 
recognition in an electronic image is based on a separate 
and independent set of recognition features. It is precisely 
this property of an independent set of recognition features 
that determines the independence of the recognition (R) 
and detection (D) events. In military literature, the 
recognition features of a target are referred to as 
signatures, which is the Ukrainian transliteration of the 
English term signature, literally meaning “personal 
signature” – in the sense of a distinctive or characteristic 
feature. 

The most important recognition feature (signature) 
of a target is the characteristic shape of the vehicle’s 
contours. Shape signatures such  as  the  elongated  form 
of the gun barrel and the distinctive outline of the turret 
make it possible to recognize a combat vehicle as a 
tank. However, these features alone are not always 
sufficient to distinguish a tank from a self-propelled 
howitzer on a tracked chassis. For example, a self-
propelled artillery system (SPH) such as the M109 
howitzer (Fig. 2) in its various modifications – M109A2 
(a), M109A7 (b), and M109L with anti-drone protection 
(c) – resembles a tank in overall shape. An auxiliary 
distinguishing feature that differentiates an SPH from a 
tank is anisometry of form, meaning the difference in 
dimensions along different spatial directions. 

Firstly, the height-to-length ratio for a tank is 
noticeably  smaller  than  that  for  a  SPH.  Secondly,  as  a  
rule (though not always), the barrel length of an SPH is 
greater than that of a tank, so that the ratio of barrel 
length to vehicle length is higher for an SPH compared 
to a tank. Tanks are designed for close combat, infantry 
support, and breakthrough of the enemy’s front line; 
therefore, they rarely operate individually and usually 
act within a tank unit, at least in pairs. In contrast, SPHs 
are intended for long-range fire support, destruction of 
fortifications and enemy artillery positions, and providing 
covering fire, and thus operate at a distance from direct 
engagement zones, using artillery positions to support 
friendly forces. Hence, the nature of combat employment 
also serves as a recognition feature. 

Moreover, the nature of combat operations of AFV 
leaves a clear imprint on their design characteristics. 
Because tanks are required to perform missions 
demanding mobility, maneuverability, and stealth, the 
turret of a tank is noticeably smaller and lower than that 
of a SPH. The superstructure above the tracks is also 
lower  in  tanks.  In  contrast,  both  the  turret  and  
superstructure of SPHs are higher and bulkier due to the 
larger dimensions of the artillery installation they 
accommodate. 

Thus, at least the following recognition features of 
CAVs can be distinguished, listed in order of their 
significance: 

1. Presence and characteristic shape of specific 
components: 

• gun barrel, 
• turret, 
• tracks. 
2. Anisometry of the hull shape: ratios of 
• vehicle height to its length, 
• track height (road wheel diameter) to total 

vehicle height, 
• turret length to overall vehicle length. 
3. Nature of combat employment. 
4. Sound of the running engine. 
 

 
 

 
B 

 

 
c 

 

Fig. 2. Self-propelled howitzer: a – M109A2; b – M109A7; 
c – M109L with anti-drone protection [25] 
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Only the first two recognition features listed above 
are geometric conspicuity features of target recognition 
in an electronic image.  

Both of these features reduce to the size-based 
conspicuity index, but unlike the conspicuity features 
used for detection, in this case we are dealing not with 
the size of the target as a whole, but with the size of a 
characteristic shape or detail of the vehicle that enables 
its recognition – for example, the gun barrel or the 
turret, identified by their distinctive shapes or by 
characteristic differences in overall dimensions, such as 
the anisometry of form. 

In particular, the T-64BV tank has the following 
dimensions: length =9m and height h=2.16m. Hence, 
h/ =0.24. For the M109A2 self-propelled howitzer, 
=9 m, h=3.25m, and thus h/ =0.36. Therefore, the ratio 

of vehicle height to its length (h/ ) could serve as one of 
the recognition features (signatures) for distinguishing 
between a tank and an SPH. However, due to the mobility 
of the vehicle, namely its ability to rotate around its 
vertical axis, this signature can only be used effectively 
when the vehicle is observed side-on (perpendicularly). 
For example, in Figures 2a-c, the self-propelled howitzers 
are viewed partially from the side. As a result, instead of 
the true vehicle length , only the projected length 
lpr=l sin  on the image plane can be measured, where  
is the angle between the line of sight and the longitudinal 
axis of the vehicle. 

Since the value of the projection may vary within 
the range 0;1prl depending on the angle  formed by 
the normal to the image plane and the side plane of the 
vehicle (the viewing angle), it is clear that the parameter 
h/lpr cannot always be used to reliably distinguish a tank 
from a SPH. 

The problem with using the ratio h/  for vehicle 
recognition lies in the fact that only the value of h is 
invariant (remains unchanged) with respect to rotations 
around the vertical axis, whereas on the image we 
measure not  itself but its projection , which is not 
invariant with respect to such rotations. Hence, we are 
led to conclude that for successful vehicle recognition, it 
is necessary to use the geometric lengths of structural 
elements that are invariant with respect to the same axis – 
whether vertical or horizontal. 

Such a signature could be the ratio of the total 
vehicle height h to the height of the tracked running 
gear, i.e., the diameter of the road wheels . In this 
case, both quantities –  and h are invariant with 
respect to rotations around the vertical axis. 

From Table 1 it can be seen that for the T-72, T-90, 
and Challenger 2 tanks, the ratio h/ 3, whereas for the 
self-propelled howitzers “Akatsiya” and “MSTA-S”, 
h/ 5. Thus, as a rule, SPHs have a higher superstructure 

together with the turret above the track system compared to 
tanks, which is due to the significantly larger dimensions of 
the SPH’s artillery installation. 

 
Table 1  

 

Road wheel diameter , vehicle height h, and their ratio 
for tanks and SPHs 

 

Another possible recognition signature can be the 
ratio of the turret length  to the overall vehicle length . 

In a SPH, the turret is long and tall due to the large 
dimensions of the artillery installation, extending all the 
way to the rear end of the hull. In a tank, on the other 
hand, to ensure high maneuverability, low visibility, and 
enhanced crew protection – with the crew occupying a 
significant portion of the turret – the turret is relatively 
flat and low compared to the overall height of the tank. 
Its length , measured along the longer side of the hull, 
is significantly smaller than the hull length, so that the 
rear edge of the turret is clearly set back from the rear 
end of the hull by a noticeable distance. This distance 

, measured from the rear edge of the turret to the rear 
of  the  hull,  can  also  serve  as  a  recognition  signature  
distinguishing a tank from a SPH. 

4.1.2. Probability of recognition using a single 
signature dimension. Given that an image has a finite 
size resolution, the probability of recognition by shape 
depends  not  only  on  the  signature  size  but  also  on  the  
limiting size that can still be resolved by the computer. 
Specifically, the size of the characteristic detail must 
exceed the threshold resolution size. In this case, the 
probability of recognizing the target as an object of 

Vehicle model Height 
h, m 

Road wheel 
diameter,  

d , m 

Ratio 
h/d   

-64(tank) 2.17 0.55 3.8 
-80(tank) 2.20 0.67 3.2 
-72(tank) 2.23 0.75 2.9 
-90 (tank) 2.22 0.75 2.9 

Challenger 2 (tank) 2.49 0.70 3.5 
1 "Gvozdika" (SPH) 2.28 0.67 3.4 
3 "Akatsiya" (SPH) 3.05 0.63 4.8 

19 " -S" (SPH) 3.30 0.52 5.0 
35 "Koalitsiya-
SV" (SPH) 3.5 0.75 4.7 

5 "Giatsint" (SPH) 2,76 0,63 4.3 
4 "Tyulpan" (SPH) 3.25 0.63 5.1 

M110 (SPH) (USA) 3.28 0.82 4 
M109A2 (SPH) (USA) 3.28 0,61 5.4 

M109A6 Paladin 
(SPH) (USA) 3.28 0,61 5.4 

AS-90 (SPH) (Britain) 3.00 0,62 4.8 
PzH 2000 (SPH) 

(Germany) 3.50 0.70 5 
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interest in an electronic image is a geometric Bayesian 
probability, provided that the size of the characteristic 
detail of the vehicle in the image is larger than the 
threshold resolution size of the image. 

It is important to note that the term size of an 
image element may refer either to its two-dimensional 
(2D) size – that is, the area s of the image element – or 
to its linear, one-dimensional (1D) dimensions. The 
concept of dimensionality (2D or 1D) of an image 
element’s size is a key distinction in defining the size-
based conspicuity indices for target detection and target 
recognition in an image. 

When accomplishing the visual task of detection 
during reconnaissance we deal with 2D dimensions, 
such as the image area S, the area of the target s as  an  
object of interest in the image, and the threshold area of 
the lower limit of resolution sth. 

When accomplishing the visual task of target 
recognition, we deal with comparing 1D dimensions 
that define the shape of the combat vehicle or the 
anisometry of the forms of its structural elements. 

In the case of an image obtained from ground-
based cameras, during recognition we deal with pairs of 
1D dimensions of image elements (length, diameter, 
thickness, distance) such as 

• length  and height h of the vehicle; 
• length  and diameter (thickness)  of  the  

vehicle’s gun barrel; 
• turret length  and hull length ; 
• distance from the rear edge of the turret to the 

hull’s rear end, and so on. 
If  the  image  is  obtained  from  UAV  cameras  or  

from the frontal projection of the vehicle, then, in addition 
to these 1D dimensions, the width  of the image element 
must also be considered. 

When recognizing by 1D dimensions, the image-
characterizing lengths are the length of the SEZ  and 
the threshold length of the lower resolution limit lth. It is 
important to note that, unlike the detection task, in 
recognition  is not the length of the entire image frame 
but the length of the SEZ – the zone in the image where 
the given recognition signature is expected. The reason 
is that once a combat vehicle has been detected in the 
image, the observer no longer needs to scan their gaze 
across the whole target expectation zone (TEZ) along 
the entire line parallel to the horizontal side of the image 
frame, as was necessary for detection. For vehicle 
recognition, it is sufficient to scan the gaze within the 
signature expectation zone (SEZ), which covers all 
extreme points of the target contour – for example, a 
rectangle with sides parallel to the image frame that 
encloses the contour points so that the most distant of 
them lie on its sides. In fact, during recognition the 

target area s=l h becomes  the  SEZ area,  and its  length  
and height become the horizontal and vertical 1D 
dimensions of the SEZ if the given signature is observed 
against the vehicle hull. However, in the case when the 
signature is located significantly outside the vehicle 
contour  –  for  example,  the  gun  barrel  of  an  SPH  in  
Figure 2 – the SEZ is defined somewhat differently. 
Such an example will be analyzed below. For example, 
if the recognition of a combat vehicle is performed by 
the length of the gun barrel, then the probability of 
recognition is determined as: 

  
1

;1 1 2

0 0 ;

th

sg

sgthl th sg th

sg

sg th th

l
l

llP at l l L d l
l L

at l l d l

,   (22) 

where lsg is the signature length, the gun barrel in this 
case;  is its diameter;  is the length of the horizontal 
side of the SEZ rectangle; and lth is  the  threshold  
(minimum) length (per Nyquist) of an image element 
that is still visualized on the display. 

For the image shown in Figure 2a, the SEZ covers 
almost the entire frame. According to formula (17), the 
image frame length is 7.75 2.54 96 293L px, 

while the SEZ length, corresponding to the length of the 
SPH in the image, is =254px.  In  Figure  2a,  the  gun  
barrel of the SPH is clearly visible, and there is no need 
to enlarge the image using the “zoom” operation. The 
measured horizontal projection of the SPH gun barrel 
length  in  Figure  2a  is  lsg = 169px. By substituting l = 
254, lsg = 169 and lth = 2 into formula (22), we obtain 
the size-based conspicuity index of the SPH gun barrel 
in the image (Fig. 2a) 0.996lP . Intuitively, such a 
high value of the size-based conspicuity index (i.e., 
recognition probability) indicates an unambiguous 
recognition of the SPH as a combat armored vehicle. 

Expression (22) takes into account that the key 
conspicuity feature for recognizing a tank is the length 
of its gun barrel, but at the same time the barrel 
diameter  in the image must be greater than the linear 
resolution thd l  of the monitor. If thd l , then 
according to expression (22) the probability of detection 

is zero , 0
th

l d l lP  for any barrel length lsg. 

4.1.3. Probability of recognition using the sizes of 
two signatures. An important distinction of the 
recognition procedure from the detection is that in the 
detection the target is perceived as a whole. That is, the 
variable that characterizes the target size is its area. In 
recognition we deal with the anisometry of the combat 
vehicle’s shape, i.e., with at least a pair of linear 
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dimensions such as: the tank’s length and height, the 
length and diameter of the combat vehicle’s gun barrel, 
the vehicle length and turret length, turret height and 
hull height, etc. Each of the two lengths 1 and 2 
belonging  to  the  same  pair  is  characterized  by  its  own  
detection probability 1lP and 2lP , respectively. For the 

target to be recognized with probability 0RP , it is 
necessary and sufficient that both recognition events by 
the two size features in both directions occur 
simultaneously with nonzero probabilities. If at least one 
of the two probabilities 1 0lP  or 2 0lP , or both 

together, equals zero 1 2 0l lP P , then we have 0RP
that is: 

             
1 2 1 2

0 0 0, 0 0
l l l l

R R RP P P PP P P .     (23) 

Condition (23) means that the events with 
probabilities 1lP  and 2lP  are multiplicative with respect 
to each other and to the resulting event RP  therefore  

                                1 2R l lP P P .       (24) 

To within the physical meaning of the variables, 
the quantities 1lP  and 2lP  are determined by expression 
(22), that is 

1,2

1,21,2 1 1 2 2

1,2 1,2

1 2

1

;1 1 2

0 ;

th

l th thth

th th

l
l

lP l l L l l Ll
l L

l l l l

, (25) 

where 1 and 2 are the lengths of the sides of the SEZ 
rectangle, i.e., the lines in the image along which the 
gaze scanning is performed. 

By substituting expressions (25) into formula (24), 
we obtain 

    

1 2
1,2

1 2
1 2

1,2

1 2 1 2

0 ,

th th
th

th th
th thR

th

l l l l
l l

l ll l l lP
L L

l l

.   (26) 

After transformation, expression (26) for 1,2 thl l  

can be rewritten in the form 

1 2

12

1 2 12 1 2 1 2

12 1 2

1 1

1 1 2 2

th

th
R

th

th th

s l l
s l

P
s l l s L L L L
s l S l l l

,(27) 

where 2
th ths l  – is the threshold area of resolution, and 

12 1 2s l l  is the area of the signature (the area of the gun 
barrel  of  a  tank  or  SPH,  for  example)  by  which  the  
combat vehicle is recognized against the SEZ of area 
S = L1L2. 

Comparison of expressions (16) and (27) shows 
that the probability of target detection sP  by its size 
feature and the probability of its recognition RP by the 
size feature of a particular signature in a digital image 
differ by at least the following characteristics. 

First, the area of the recognition signature in 
expression (27) is smaller than the target area s  in 
expression (16), which by itself reduces the probability 
of recognition compared to the probability of detection. 

Second, since the CAV as the object of interest 
(target) in the image has already been detected, the 
search for the signature is carried out not within the 
TEZ but within a much smaller the SEZ bounded by the 
vehicle’s contours. This, in turn, increases the probability 
of detecting the signature – that is, the probability of 
recognizing the vehicle by that signature. 

Third, expression (27) includes not only the signature 
area s12 but also its linear dimensions l1 and l2, which 
implicitly accounts for the anisometry of the signature’s 
shape. 

Let us determine the probability of detecting the 
barrel  in  image  Figure  2a,  from  which  we  find  

1 169l px , 2 11l px . The length and height of the 
SEZ rectangle are estimated to be half of the vehicle’s 
length and height together with the barrel, whence 

1 130L px , 2 80L px  and for 2thl px  substituting 
these data into expression (26), we obtain PR  0.71. 

There is no doubt that, at a probability 0.71lP  
the detection of the signature (the SPH barrel in Fig. 2a, 
in this case) by the size feature will be successful. 
However, the sizes of the vehicle and its characteristic 
details in the image are not always so large relative to 
the image frame dimensions and the threshold resolution 
lth. Therefore, the probability of solving the visual 
recognition task can take much smaller values for 
significantly smaller l1 and l2. Hence, similar to the 
criterion for successful accomplishment of the detection 
task, the question arises of a criterion for successful 
accomplishment of the target recognition task by  the  
size feature of a signature on an electronic image. 

4.2. Criterion for successful target recognition 
by the size feature of a signature. 

Similar to the criterion for successful accomplishment 
of the target detection task by the size feature on an 
electronic image, we introduce a criterion for successful 
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accomplishment of the target recognition task by  the  
size feature of its signature on the same image 

                               50

1
2R RP P .       (28) 

To determine the signature dimensions (l1)50 and 
(l2)5 that satisfy the condition (PR)50 = 1/2, it is necessary to 
solve the equation 

1 250 50

1 250 50
1 2

1,2

1
2

1 2 1 2

th th

th th
th th

th

l l l l

l ll l l l
L L

l l

. (29) 

Equation (29) contains two unknown variables, 
(l1)50 and (l2)50. However, for a specific type of CAV to 
be recognized by a given signature, the ratio k = l1/l2 is 
generally known. Hereinafter (without loss of generality), 
for convenience, we assume that l1  is the longer and l2 
is the shorter dimension of the signature, i.e., l1>l2. For 
the gun barrel of an SPH or tank, k is simply the number 
of calibers corresponding to its length, the tabulated 
value of the barrel length measured in its calibers. 
Therefore, substituting (l1)50 = k(l2)50 into equation (29), 
we obtain an equation with a single unknown (l2)50. 
Equation (29) thus reduces to a quadratic equation 

                       
2

2 250 50
0a l b l c ,      (30) 

where  

1 2

1 2

2

2 1 2 1 2 ,

2 1 1 ,

3 ,

th th

th t h
th

th

l l
a k

L L

l l
b l k

L L

c l

 

which accordingly has two roots. Since the free term in 
this quadratic equation is negative, by Vieta’s theorem 
we  conclude  that  one  of  the  roots  is  positive  and  the  
other is negative. Because (l2)50 has the physical 
meaning of a length, its value cannot be negative. 
Therefore, among the two roots of the quadratic 
equation, the positive one is taken. The analytical 
expression for (l2)50 is rather cumbersome and is not 
presented here. Instead, expanding it into a Taylor series 
with respect to the small parameter lth and retaining only 
the first-order term, we obtain 

               2 250

3 1 14 91 1
2 thl l

k k k
.       (31) 

From expression (31), one can determine the range 
within which the quantity (l2)50 varies for 1;k . For 
the value k = 1, which corresponds to an isometric 
signature  in  the  form  of  a  circle  or  a  regular  polygon  
(triangle, square, pentagon, -gon), we obtain 

2 50 1
12 thk

l l . For a markedly elongated signature 

element 1k , we obtain 2 50 1
6 thk

l l . Thus, we find 

that the criterion for the successful solution of the 
recognition task varies within (l2)50 = [6;12]lth. 

For the target recognition task by the sizes of its 
signatures to be successfully accomplished, the 
following condition must be satisfied  

                                  2 2 50
l l ,             (32) 

that is, the smaller of the signature dimensions in the 
image must exceed the threshold signature size that 
ensures a 50% probability of its detection. Expression 
(32) is the analytical form of the criterion for successful 
target recognition by the sizes of its signatures.  

To compare the values of the success criteria for 
detection and recognition tasks, we introduce the 
notation 2 5050

Rl l , where the superscript R (from 
recognition) denotes recognition. 

Let us recall that the criterion for successful 
accomplishment of the target detection task is given by 
expression (20) through the area s50. For convenience of 
comparison, we introduce the notation 50 50

Dl s , where 
the superscript D (from detection) denotes detection. 
From expression (20), we obtain 
                                  50 3D

thl l .      (33) 
 

Since according to expression (31) the value of 
50
Rl k  is a function of the parameter k, to compare it 

with the corresponding parameter 50
Dl  for the detection 

task, we perform averaging of the quantity 50
Rl k  over 

the interval of values 1 2;k k k . Taking into account 
expression (31), the averaged value is determined as 

 

    
2

1
50 2

2 1

3 1 14 91 1
2

kR th

k

l
l dk

k k k k k
.      (34) 

 

For the given values of 1; 40k , we obtain  

                                5 0 7R
thl l .       (35) 

And thus, from expressions (33) and (35), we 
obtain the comparative estimate 

                                50 50: 1 : 4D Rl l ,       (36) 

which correlates well with the empirically established 
relationship (5) for the Johnson and TTP criteria of 
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successful accomplishment of visual detection and 
recognition tasks 

                               50 50: 1 : 4D Rx x .        (37) 

The quantitative agreement between the success 
criteria for solving the target detection and recognition 
tasks by the size feature, given by expression (36) and 
theoretically derived in this study, and the corresponding 
empirically obtained criteria given by expression (37), 
confirms the adequacy of the developed approach to 
target recognition based on the geometric Bayesian 
probability of detecting a specific recognition signature 
by two dimensions.  

4.3. The role of the proposed method for 
estimating the probability of target recognition by 
the sizes of its signatures in a digital image in target 
recognition performed by a human operator and by 
artificial intelligence (AI). 

It is important to note that the method developed in 
this study for estimating the probability of target 
recognition  by  the  sizes  of  its  signatures  in  a  digital  
image can serve both as a means of assessing the 
adequacy of AI-based target recognition and as an 
independent alternative tool for target recognition by a 
human operator during reconnaissance.  

4.3.1. A posteriori verification of recognition 
adequacy. Regarding the first application – the verification 
of target recognition adequacy using AI – it should be 
noted that the initial iteration of AI-based recognition, 
for example of armored vehicle samples in an image, 
often includes objects marked by the AI as targets that 
are, in fact, not targets. In such cases, the operator must 
manually filter out falsely marked objects (e.g., trucks 
or buildings instead of armored vehicle samples). 

The causes of erroneous object recognition as 
targets  by  AI  may  vary.  One  of  them  is  the  neglect  of  
the fact that not every object in an image can be 
successfully recognized. In the previous subsection, it 
was  shown  that  for  the  recognition  task  based  on  the  
sizes of target signatures to be considered successfully 
accomplished, the condition l2 >(l2)50, must be satisfied – 
that is, the smaller of the signature dimensions must 
exceed the threshold signature size that ensures a 50% 
probability of detecting that signature. In other words, to 
avoid recognition errors associated with insufficient 
signature sizes, it is necessary to ensure that condition 
(32) is satisfied for the recognition signatures. However, 
to  do  so,  the  AI  must  first  detect  the  signatures  on  the  
electronic image of the object of interest by which it can 
be recognized, for example, as an armored vehicle 
sample. This task may be too ambiguous and hard for 
AI. Nevertheless, this is not required. To verify whether 
condition (32) is met, one can use the known ratio 

between  the  size  of  a  signature  and  the  overall  size  of  
the target, which is typically a tabulated value. For 
instance, by using tabulated ratios of a tank turret height 
to its total height, the AI can apply the recognition 
success criterion not to the size of specific signatures of 
an armored vehicle sample but to its overall dimensions – 
such as height or width – in the digital image. 

Below, in the following paragraphs, this possibility 
will be illustrated with specific examples. However, for 
the reader’s convenience, it is first necessary to briefly 
explain the relationship between the number of pixels in 
an image and the metric units of size (length, height, 
width in millimeters or centimeters). To convert the 
number of pixels into metric units (e.g., millimeters), in 
the examples given above, we used the image resolution 
value in dpi (dots per inch), which is commonly used to 
describe the quality of printed images (on paper) and is 
included in the image file metadata. If the image is 
viewed on a monitor, instead of dpi, one should use the 
monitor resolution value in ppi (pixels per inch) – the 
number of pixels per inch. Some programs display 
images on a monitor while taking the image’s DPI into 
account, while others do not. For example, Microsoft 
Word considers the image’s DPI when inserting it into a 
Word document: inserting an image of 300×300 pixels 
with DPI=300 will display it as 1×1 inch (2.54×2.54cm). 
Knowing the screen width and height in pixels and its 
diagonal in inches, one can calculate the pixel size in 
metric units, such as in millimeters. 

4.3.2. Examples of adequacy assessment and 
recognition of an armored vehicle sample by its 
signatures. For example, if an armored vehicle sample (a 
tank or an SPH) is recognized by the presence of a 
turret, then according to expressions (32) and (35), the 
turret height in the image must exceed 

50 7 2 14Rl px . According to expression (17), for 

an image with a resolution of 96 dpi, 14 pixels 
correspond to 14×2.54/96 3mm. Considering that for an 
armored vehicle sample the ratio of its total height to the 
turret height is approximately 3:1 , it follows that, in 
order for the armored vehicle to be recognized by the 
presence of a turret, its image must have a total height 
of at least 14×3 = 42px,  which  on  an  image  with  a  
resolution of 96 dpi, according to expression (17), 
corresponds to 42×2.54/96 10mm. Given that for tanks 
and SPHs a typical ratio of hull length to vehicle height 
is about l/h 3, it follows that, when viewed from the 
side (as in Fig. 2c), an image of an armored vehicle 
sample with a turret height of 3mm and a total height of 
10mm on an image with a resolution of 96dpi would 
correspond to a hull length of approximately 30mm. 

If the armored vehicle sample is observed not from 
the  side  but  in  a  frontal  projection,  as  shown  for  
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example in Figure 3, it can be recognized by using 
pairwise ratios, such as the ratio of the turret height to 
the total vehicle height, the turret height to the hull 
height (from the ground to the lower level of the turret), 
and the total vehicle height to its width. 

 

 
 

 
b 

 
c 

 
d 

Fig. 3. Image of the T-64BV tank captured by a digital 
camera with 1× magnification at distances of a – 10 m;  

b – 20 m; c – 50 m; d – 100 m 
 
In the first two cases, recognition is performed 

based on the sizes of the recognition signatures (the 
heights of the turret, hull, and total height), while in the 
third case – based on the characteristic feature of the 
vehicle’s shape anisometry (height and width). If the 
recognition of an armored vehicle sample, such as the 
T-64BV tank, is carried out using its image in a frontal 
projection, it can be considered that the ratio of the 
turret height to the total height typically equals 1:3, and 
the ratio of the turret height to the hull height equals – 
1:2. Then, for successful recognition by the size features 
of the signatures, the turret height in the image should 
be at least 14px ( 3mm for an image with a resolution of 
96dpi), while the hull height and total vehicle height 
would then be 14×3=42px ( 9mm) and 14×2=28px 

6mm), respectively. 
For the T-64BV tank, the ratio of its width to 

height measured from Figure 3 is w/h=1/6, which agrees 
well with the tabulated value w/h=3460mm/ 2190mm=1.58 
[26]. Therefore, for successful recognition of the tank 
by the characteristic feature of its shape anisometry in 
the image, for a tank image with a total height of 
14×3=42px ( 9mm), the vehicle width should be at least 
68px ( 15mm). The estimates of minimum signature 
sizes and shape anisometry of AFV (including armored 
vehicles) samples in the image, according to the 
recognition success criterion (32), should be applied not 
only for recognition by a human operator when viewing 
the image on a monitor but even more so for AI-based 

recognition. To achieve this, using the tabulated ratios 
l1 = kl2 between the signature dimensions l2 of  an  AFV 
sample and its overall dimensions l1 (height h or width/ 
length l of  the  vehicle),  the  criterion  (32)  can  be  
reformulated as: 

                                      1 1 50
l l .       (38) 

The AI-based algorithm for recognizing armored 
vehicle objects in electronic images should reject image 
elements whose dimensions do not satisfy criterion (38), 
as such elements do not ensure a recognition probability 
higher than 50%. 

In addition, it should be taken into account that 
recognition errors (especially in AI-based recognition) 
may result not only from insufficient sizes of the 
recognized object in the image but also from excessively 
low values of its luminance contrast. In other words, the 
second necessary condition for successful recognition is 
condition (13). The AI algorithm should therefore reject 
image elements whose recognition signature contrast 
does not satisfy criterion (13). For convenience and to 
simplify the evaluation procedure, instead of measuring 
the luminance contrast of individual signatures, the 
overall luminance contrast of the armored vehicle 
sample can be used. Thus, the AI algorithm should 
reject recognition objects whose contrast is lower than 
|K50| = 0.14 (for |Kth| = 0.05), as such objects do not 
ensure a recognition probability by the luminance 
contrast feature higher than 50%. It is worth noting that 
in some publications the threshold contrast value is 
considered to be more than twice lower, |Kth| = 0.02, for 
which, according to (12), one finds |K50| = 0.05. Which 
of  the  two  values  of  |Kth|  should  be  used  in  the  
estimation of |K50| deserves additional studies. For the 
time being, the higher value |Kth| = 0.05 is preferable to 
ensure correct recognition.  

The procedure for experimental determination of 
the detection and recognition probabilities of an armored 
vehicle sample will be illustrated in the following (fifth) 
section of the paper, using as an example images of the 
main battle tank (MBT) T-64BV, evaluated by the sizes 
of its signatures on images obtained at different 
distances from the target. 

5. Experimental determination of detection 
and recognition probabilities of an MBT 

sample based on the sizes of its signatures as 
a function of distance 

To determine the detection and recognition 
probabilities of the MBT sample (T-64BV) based on the 
sizes  of  its  signatures  as  a  function  of  distance,  an  
experiment was conducted with the aim of collecting 
images of the T-64BV tank at distances ranging from 
10m to 750m. Examples of some of the obtained 



84 
 -  

Military Technical Collection 

  33   2, 2025 
Vol. 33 No. 2, 2025 

 

© ., ., ., ., ., . 

images, specifically for distances D=10, 20, 50, 100m, 
are shown in Figures 3a-d, respectively. 

5.1. Experimental conditions. 
5.1.1. Image acquisition was carried out using a 

Nikon Coolpix L830 Black digital camera at the 
International Peacekeeping and Security Center training 
range during winter, under overcast daylight conditions. 
Images were obtained over the distance range of 
[0;100]m with a 10m step, over [100;500]m with a 50m 
step, and over [500;750]m with  a  100m step; the final 
image was captured at a distance of 750m. 

5.1.2. Measurement of signature dimensions of the 
armored vehicle sample – the tank’s height (h), width 
(w), turret height (ht), and hull height (hh) – on the 
collected images (in pixel units) was carried out using 
the QTDDI computer application [27] and can also be 
performed in commonly available programs, for example, 
in XnView. 

The probability of detection was determined using 
expression (16), where s = h×w is the area of the 
rectangle enclosing the target, with width w and height h 
sth = 4px2 is the threshold 2D resolution of the monitor 
according to Nyquist, and S = L×H is the image size in 
pixels. An advantage of a digital image over an analog 
one is that it can be magnified on the monitor using the 
zoom operation, which significantly increases the 
accuracy of measuring signature dimensions. The absolute 
measurement error of signature dimensions can be 
reduced to 1 pixel by using a brightness profile graph 
plotted along a horizontal line through the target and the 
pixel brightness table for the given image, in accordance 
with the QTR-EI index determination methodology [6]. 

5.2. Results of measurements and calculations. 
5.2.1. Probability of detection. The probability of 

detection of the tank was calculated using formula (16), 
where s=w×h – the area of the tank on the image, and 
S=L×H=4608×3456(px2) is the total image area 
obtained at a distance D from the tank. Since the ratio 
between the tank’s width w and height h is a constant, it 
was unnecessary to measure both parameters on all 
images. Measuring only one – preferably the more 
distinguishable one – is sufficient, while the other can 
be computed using the known proportion w/h=1.6. This 
approach not only simplifies and accelerates data 
acquisition but also improves computational accuracy. 
As the distance D increases, both the apparent size and 
contrast of the tank’s image decrease, thereby reducing 
measurement precision. Among the two dimensions, 
width w exhibits higher contrast and is therefore more 
reliable for measurement. In the collected images (some 
shown in Fig. 3), width w was measured directly, while 
the height was computed as h=w/1.6. To demonstrate 
the validity of this simplification, experimentally measured 
height values h(D)  is  shown  as  red  open  circles  in  

Figure 4, while black squares represent the corresponding 
computed values obtained from width data using 
h=w/1.6.  

 

 
Fig. 4. Experimentally measured values (red open circles) 

of the tank height h and the corresponding values 
calculated as h=w/1.6 

The coincidence of the experimentally measured 
and calculated values shown in Figure 4 confirms the 
validity of the simplified measurement procedure. 

The dependence ( ), expressed in square pixels, 
was computed from the experimentally measured values 
of w and h (Fig. 5). For convenience, the vertical axis is 
presented in a logarithmic scale. 

Similar to Figure 4, in Figure 5 the red open circles 
represent the values of the tank image area obtained 
from independently measured w and h, while the black 
squares correspond to the values derived from width 
data using the expression s = w2/1.6. 

The agreement between both datasets in Figure 5 
once again confirms the adequacy of the simplified 
measurement procedure. Therefore, this approach will 
be further used to obtain the dimensions of other signatures. 

 

 

 
Fig. 5. Experimentally obtained dependence                      

(in logarithmic scale) of the tank image area ( ) on the 
distance  from the tank: red open circles – values 

obtained as s=w×h from independently measured w and h; 
black squares – corresponding values calculated as 

s = w2/1.6 

Distance, D (m) 

Distance, D (m) 
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The probability of tank detection in images acquired 
at various distances D, calculated using equation (16) 
from the data presented in Figure 5, is shown in Figure 
6. It  can be seen from the figure that the probability of 
detecting the tank by the distinctive feature of its size 
remains higher than 0.5 (50%) even at a distance of 
600m.  

 

 
Fig. 6. Probability of detecting the T-64BV tank in an image 

captured with a digital camera at a zoom factor of ×1 as a 
function of the distance to the tank 

Analyzing the images corresponding to different 
distances to the tank, it can be concluded that with 
increasing distance not only does the apparent size of 
the tank on the image decrease, but also its contrast, i.e., 
the target visibility index V. 

Furthermore, as the distance increases, the target 
conspicuity index on a cluttered background Pclutter 
decreases. Due to the significant reduction in contrast 
with distance and the diminished conspicuity of the 
target against a cluttered background, it becomes 
impossible to detect the tank in images acquired at 
distances larger than 600m, even though the probability 
of detection by size remains above 0.5 (50%). 

The reason lies in the fact that, according to 
equation (8), the target saliency index  on an electronic 
image is the product of the target visibility index 

(conspicuity by brightness contrast) V, the size conspicuity 
index, and the background clutter conspicuity index Pclutter. 
Thus, because of the low overall saliency resulting from 
small values of V and Pclutter, the target’s visibility on 
images taken at distances D>600m is too low for successful 
detection – therefore, points corresponding to D>600m are 
absent on the graph (Fig. 4). 

To illustrate that the low saliency of the target at 
distances D>600m is not a consequence of its size 
conspicuity, we constructed model images of the tank in 
Mathematica as rectangular shapes with a visibility index 
V=1 on a uniform white background, thereby ensuring 
Pclutter. The model rectangles had the same dimensions 
(in pixels) as those shown in Figures 4 and 5, which were 
used to calculate the detection probabilities presented in 
Figure 6. Accordingly, for this model case, in accordance 
with equation (8), the target saliency index reduces to 

the size conspicuity index 1, 1clutter
sV P P . Model 

images of the target with sizes corresponding to the 
tank’s dimensions at distances within the range 
[10;600]m is  shown  in  Figure  7.  It  is  evident  from  
Figure 7 that even the smallest rectangle with dimensions 
w×h = 10×6(px2), corresponding to a distance D = 600m, 
remains clearly visible – i.e., it can still be detected by 
the distinctive feature of its size on the image – consistent 
with the data presented in Figure 6. 

5.2.2. Probability of recognition. The probability 
of recognition of the tank was calculated using 
expression (26), based on the dimensions of two 
signatures: the height of the turret ht and the height of 
the hull hh. Since at the recognition stage the target has 
already been detected, the SEZ is simply a rectangle 
with sides equal to the tank’s width w and height h. 
When searching for the turret and hull on the image, the 
visual scanning is performed along a vertical line from 
the ground to the top point of the turret (or vice versa); 
therefore, in equation (26), we take L1 = L2 = h. 

 

 
Fig. 7. Model images of the tank represented as rectangles with visibility indices V=1, clutter=1, and dimensions 

corresponding to those used for calculating the detection probability at the distances (in meters) indicated above each image 
 

Distance, D (m) 
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Dependencies h( ), ht( ), and hh( ) – corresponding 
to the total height of the tank, the turret height, and the 
hull height on the images as a function of distance D – 
are shown in Figure 8. 

Since the ratios between the overall height h, the 
turret height ht, and the hull height hh of the tank are 
constant tabulated values ht /h = 1/3, hh /h = 2/3, there is 
no need to perform independent measurements of ht and 
hh. These parameters can be derived from previously 
obtained height values h, which in turn can be calculated 
from the measured tank width using h=w/1.6. 

The data presented in Figure 8 were used to 
calculate the probability of recognition of the tank, 
shown  in  Figure  9  with  blue  dots,  based  on  the  size  
features of the turret and hull as recognition signatures. 
Additionally, in Figure 9, the probability of recognition 
by the gun barrel length and diameter is plotted with red 
triangles. For comparison, the probability of detection 
data from Figure 6 are included with green squares. 

From  Figure  9,  it  is  evident  that,  as  expected,  at  
short distances (~10m) the probabilities of detection and 
recognition are close in value and nearly equal to 1. 
However, as the distance increases, the recognition 
probability becomes significantly lower than the detection 
probability.  

 
 

Fig. 8. Dependencies h(D) – open squares; t( ) – blue 
filled circles; hh(D) – green filled triangles 

 
At distances D 350m, the recognition probability 

based on the turret and hull heights drops below 0.5 
(50%), indicating that recognition becomes unreliable or 
even impossible, even at high zoom magnifications. 

This observation is confirmed in Figure 10, where 
the bottom row shows 500% magnified image 
fragments taken at distances of 300m and 400m. Indeed, 
at D=300m  the  turret  and  hull  of  the  tank  can  still  be  
distinguished separately, whereas at D=400m the tank 
can  no  longer  be  reliably  recognized  by  any  of  its  
signatures. 

 

 
Fig. 9. Probabilities of recognition based on turret and 
hull height (blue dots), recognition based on gun barrel 

dimensions (red triangles), and detection based on image 
area (green squares) as functions of distance to the tank 

 
This conclusion indicates an agreement between 

the recognition range limit (~350m) corresponding to 
the theoretically calculated 50% recognition probability 
(Fig. 9) and the empirically observed recognition limit 
(300-400m) established by visual inspection of the 
photographs. 

Another signature by which the tank can be 
recognized is its gun barrel. The probability of barrel 
detection, calculated using expression (26) from its 
length l1 and diameter l2 on images obtained at various 
distances, is shown in Figure 9 as red triangles. 

In the calculations, considering that the tank is 
already detected in the image and the visual scanning is 
performed not across the entire frame but only within 
the SEZ, the SEZ is taken as a rectangle in which the 
tank gun axis lies along its diagonal. From Figure 9, it is 
evident that the recognition probability based on the gun 
barrel signatures drops below 50% at distances D>100m.  

 

 
 

Fig. 10. Fragments of magnified images at different 
distances. The magnification factor and the 

corresponding shooting distances are indicated below 
each image 
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This conclusion is consistent with the visual 
inspection of the magnified images. Indeed, in the image 
taken at a distance of 100m, the gun barrel is still visible, 
whereas at 150m it becomes difficult to distinguish it 
with confidence. Thus, it can be concluded that the 
theoretically derived criterion of recognition success is 
consistent with the empirical visual observations of the 
photographs, also with respect to the signature features 
of the tank barrel. 

6. Research prospects 
It should be noted that this study focuses on the 

probability of recognition of military equipment samples 
based on the dimensions of their signatures. The influence 
of the luminous contrast of signatures on the probability 
of target recognition will be the subject of our 
subsequent publications. At this stage, it can be stated 
that the overall probability of recognition based on both 
the size and contrast of the signatures is the product of 
the respective probabilities. Therefore, for successful 
recognition, both conditions (32) and (13) must be 
simultaneously satisfied – corresponding to the signature 
dimensions and their luminous contrast, respectively. 

In this work, a methodology for determining the 
probability of target recognition based on the geometric 
dimensions of its signatures has been developed, and 
criteria for the successful accomplishing visual detection 
and recognition tasks based on distinctive features have 
been established. The method was applied to images 
obtained in the visible spectrum using a digital camera 
with a single zoom factor. In addition, during the 
experiment described above, we obtained a set of images 
using the same camera with maximum zoom, as well as 
with a mobile phone camera at both 1× zoom and 
maximum zoom. Comparative studies of the detection and 
recognition probabilities for images obtained under 
these different optical conditions are ongoing and will 
form the basis of our future publications.  

An independent interest is the application of the 
theoretical approach developed in this work to images 
obtained with thermal imagers, including at different 
zoom levels. Corresponding thermal images were also 
acquired during our experiment and are currently being 
processed. 

Another promising possibility afforded by the 
digital format of images is the ability to measure the 
distance to a target from its size in the image, measured 
in pixels using the image brightness table. Figures 4, 5 
and 7 demonstrate a clear one-to-one functional 
relationship between the target size  (in  pixels)  in  a  
digital image and the distance D to  it.  For  a  given  
sightseeing complex of an AFV sample, this functional 
dependence ( ) can be tabulated experimentally or 

obtained theoretically in the form of an analytical 
relation. Using the brightness-profile plot along a line 
drawn through the target, the size  of the target on the 
image can be measured with an accuracy up to 1 px. 
Thus, having the target size  on the electronic image 
and the dependence ( ), the distance to the target can 
be determined. 

Conclusions 
The capability to obtain information about the 

target-background situation in the form of digital 
images opens previously unavailable opportunities for 
real-time battlefield monitoring. However, the enormously 
bulky stream of video content acquired from various 
sources requires equally enormous human effort and 
computational resources to analyses these datasets. It is 
no secret that, in most cases, the lion’s share of the 
collected video content contains no information about a 
target or is of insufficient quality. The development of 
theoretical basis for assessing the quality of target data 
acquisition (detection, recognition and identification) 
based on quantitative measurements of target displaying 
in digital images enables automated selection of the 
highest-quality digital images without operator involvement. 

In this study, we analyzed existing approaches to 
measuring the probability of target detection on both 
analog and electronic images. As a continuation of our 
previously developed the QTDDI approach aimed at 
target detection, this work extends the concept to the 
next stage of the target data acquisition process – 
recognition. To achieve this, we theoretically derived an 
analytical dependence describing target recognition 
probability based on the dimensions of its signatures in 
a digital image. The derived analytical expressions for 
the probability of detection (16) and probability of 
recognition  (26)  serve  as  the  theoretical  basis  for  a  
method of evaluating detection and recognition 
probabilities according to the dimensional features of 
targets in digital images (including those obtained from 
multi-channel sightseeing systems of armored vehicles). 
Based on the proposed method, we developed success 
criteria for accomplishing visual tasks of target 
detection and recognition, which can be implemented 
using brightness data tables of digital images. 

The application of these criteria to specific images 
enables automated filtering of low-quality digital imagery at 
the input stage, before initiating the process of AI-based 
target search and recognition. This approach can 
significantly reduce image-processing time, improve 
recognition efficiency, and minimize false detections. 

To verify the theoretical results obtained, we 
conducted an experimental study involving the collection of 
digital images of the T-64BV main battle tank at various 
distances using different imaging devices. For the images 
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acquired with a digital camera at a 1× zoom level, we 
calculated – from the quantitative data of the image 
brightness tables – the probability of target detection based 
on its size and the probability of recognition based on the 
dimensions of its signatures as functions of distance to the 
target. The agreement between the 50% success criterion 
(for detection and recognition probability) and the visual 
analysis of the experimental images confirms the adequacy 
and reliability of the proposed approach. 
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SYNTHESIS OF A LOCAL NETWORK FOR NAVIGATION SUPPORT OF GROUND UNMANNED COMPLEXES 
BASED ON A CODE PSEUDOREMOTE METHOD 

Sergiy Tyshko, Oleksandr Lavrut, Vasyl Zaika, Volodymyr Pustovarov  

An analysis of known strategies for the use of ground-based mobile unmanned systems, which have found the greatest 
distribution at the present time, has been carried out. The most widespread strategy of application includes the execution of a 
mission individually by each mobile product under the control of an operator using two-way communication channels. Control 
signals are transmitted from the command and control station to the mobile object, and telemetric information and a video signal 
are received in the reverse direction. The shortcomings that significantly affect the technical characteristics of ground-based 
unmanned systems are determined and are due to the specified application strategy. It has been established that one of the factors 
limiting the implementation of the strategy of autonomous (semi-autonomous) application is the insufficient level of interference 
protection of navigation support systems of ground-based mobile unmanned systems based on the use of global satellite radio 
navigation systems. As an alternative approach to implementing a navigation support system for ground-based mobile unmanned 
systems, it is proposed to use local radio navigation systems that implement a coded pseudo-range-finding method for 
determining navigation characteristics. The minimum typical structure of local radio navigation systems is proposed. As a 
method for comparing the frequencies of the master generators, it is proposed to use frequency phase interpolation. As a method 
for determining the phase difference of the master generators (standards) of navigation stations, it is proposed to use a 
correlation method for measuring the phase shift of two harmonic signals, which is based on comparing the waveform obtained 
by summing after their two-half-period transformation with a set of reference functions. A mathematical model for implementing 
this method for determining the phase shift is proposed. Further steps for improving the existing navigation support system for 
ground-based mobile unmanned objects are determined. 

Keywords: ground-based mobile unmanned system, network-navigation support, local radionavigation system, phase shift, 
two-half-wavelength conversion. 
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THEORETICAL ANALYSIS OF THE DYNAMICS OF GROUND ROBOTIC COMPLEXES WITH 
MULTIFUNCTIONAL MANIPULATORS IN THE STEPPING MODE 

Y. Shabatura, V. Zalypka 

A theoretical analysis of the dynamics of ground robotic complexes (GRCs) with multifunctional manipulators (MMs) in a 
walking mode was carried out with the development of the corresponding basic relations. Mathematical models were developed 
for the moments of inertia of the MM links: if the moment of inertia is known relative to the axis passing through the center of 
mass and in the case of rotation around the axis passing through the end of the MM link. The position of the end effector in space 
was determined using the Denavit-Hartenberg (DH) parameters, for the formal construction of the system, the DH-parameters 
method was used, where each MM element is described by a homogeneous transformation matrix. As a result of multiplying these 
matrices, the position of the end effector relative to the platform body is obtained. A transition from kinematics to dynamics was 
made with the definition of the corresponding matrices. The obtained basic dynamics relations of the GRC with M in the 
walking mode allow us to write equations with expressions containing torques on the actuators of the M as functions of the 
position, velocity and acceleration of the joints. It was found that the moments in the drives can be related using the given 
relations to the moment and forces acting on the end effector. For the GRC with M under consideration, the main causes of 
movement are the forces that the M develops in the walking motor mode, changing the parameters (internal variables) for each 

M. In the case when the M is in the transfer stage, these moments and forces are zero. If the M is a support, then the forces 
and moments will depend on the parameters of the gait and other factors. It has been established that due to the large number of 
parameters and the cumbersomeness of writing expressions when studying the laws of motion of multi-link manipulators in 
general and when applying them to the motion of walking robots in particular, matrix notation is mainly used, and practical 
calculations are carried out numerically with the involvement of appropriate computer program packages and step-by-step 
algorithms. This study lays down the methodological foundations for the creation and application of GRC with M and is of 
interest to specialists in the field of development of mobile robotic systems. 

Keywords: ground robotic complex, multifunctional manipulator, dynamics, walking mode. 
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THE METHOD AND MEANS OF INSTALLING RADAR MEASURING DEVICES ON 
ARTILLERY SYSTEMS FOR THE PARAMETERS OF AMMUNITION MOTION 

 
During combat operations, striking the enemy at maximum range with artillery systems plays a key role. The 

effectiveness of such strikes depends significantly on the quality of comprehensive firing preparations and its 
component part—ballistic firing preparations The accuracy of ballistic firing preparations significantly depends on 
the technical parameters of the radar measuring device for artillery ammunition movement parameters and the 
methods of its application. Such measuring devices are usually installed next to the gun, which increases the time 
required for their deployment and leads to significant errors in measuring the current flight speed of the projectile. 
We have demonstrated that the highest accuracy of the measuring device is achieved when it is installed directly on 
the guns of artillery systems. Such installation requires the development of standardized mounting devices and the 
use of special shock absorbers to reduce the negative impact of external mechanical influences on the operation of 
the radar measuring device. We have shown that when the measuring device is installed on guns, the main 
influences are shock and vibration loads transmitted to each element of the measuring device. The vibrations caused 
can be resonant in nature. Resonance causes particularly large deformations, which are accompanied by large 
mechanical loads and can lead to the destruction of both individual elements and the radar measuring device as a 
whole. It has been determined that the most universal and effective way to overcome the effects of shocks and 
vibrations is to isolate the measuring device from the gun using a system of shock absorbers that are structurally 
combined within a shock-absorbing platform. It is advisable to attach such a platform to the recoil devices of the 
guns. In order to minimize the number of structural elements of the fastening devices, an analysis was carried out of 
the possible locations for installing the measuring device on the most common artillery systems in service with the 
artillery units of the Ground Forces of the Armed Forces of Ukraine. The following towed and self-propelled guns 
were selected for the study: D20, D30, 2S1, 2S3. 

 

Keywords: ballistic preparation of fire, radar device for measuring parameters of artillery ammunition 
movement, shock-absorbing platform, fastening devices. 
 

Statement of the problem 
Significant changes in the nature of combat 

operations require changes in the tactics of artillery units. 
With each new military conflict, the dispersion of military 
formations increases and the relevance of the autonomous 
use of individual artillery units to destroy enemy manpower 
and equipment grows. The introduction of automated fire 
control systems, the increasing intellectualization of 
automated guidance and fire control systems [1], and the 
optimization of software for automated workstations of 
battery-division-brigade officials in the management of 
artillery units' firepower ensure increased maneuverability of 

artillery units, allowing them to quickly complete fire 
missions, leave their firing positions in a timely manner, 
and avoid enemy artillery counterattacks. 

 

When firing from closed firing positions, the most 
effective method of fire damage to the enemy is the 
method of complete preparation for firing. When firing 
at long ranges, the effectiveness of the method mainly 
depends on the quality of meteorological and ballistic 
preparation measures. The main task of ballistic 
preparation of fire (BPF) is to determine the total 
deviation of the initial velocity of ammunition from the 
tabulated values. 
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Analysis of recent studies and publications 
Despite the fact that various methods and means of 

measuring projectile velocity are currently known, radar 
artillery ballistic stations (ABS) have been used since 
the 1970s to measure the initial velocity of projectiles [2]. 

The development of ABS in advanced countries is 
taking place under several programs. For example, the 
program to modernize the British AS90 Braveheart 155 
mm self-propelled howitzer involves equipping it with 
an  ABS  integrated  into  the  LINAPS  (Laser  Inertial  
Automatic Pointing System) by the British company 
Baye Systems [3]. 

Russia has developed a unified automated ABS 
(UAABS) called “Rampa,” which provides ballistic 
firing preparation and performs tasks related to 
determining the initial velocity of projectiles (mines) 
with a rate of fire of up to 20 rounds per minute. The 
caliber of projectiles (mines) ranges from 20 mm to 
240 mm, with an initial velocity of 100 m/s to 2000 
m/s. The UAABS can be located both on firing 
systems and on a tripod near these systems. In terms of 
its characteristics, the UABS is on par with the best 
global models in this class, and even surpasses them in 
terms of functionality (it calculates the total deviation 
of the actual initial velocity of shells from its tabulated 
value, as well as the correction in the aiming) [4]. 

The artillery units of the Ground Forces of the 
Ukrainian Armed Forces (UAF) are equipped with the ABS-
1M, which was developed and adopted in the 1970s. It has 
an extremely low level of automation and is obsolete 
because it does not have a digital communication interface 
with the automated control system [5]. 

Among domestic developers of artillery ammunition 
velocity measuring devices, it is worth noting the 
experimental models developed at the Lviv Scientific 
Research Radio Engineering Institute [6] and the holding 
company Ukrspetstechnika [7]. However, these companies 
did not proceed to serial production and delivery of ABS to 
the military. 

Among foreign manufacturers whose products have 
been adopted by the artillery units of the Armed Forces 
of Ukraine it is worth noting the ABS SL-520PE from 
the Danish company Weibel [8]. 

Other means of measuring the velocity of ammunition 
are analyzed in [9]. 

All ABS systems are based on a radar motion 
parameter measuring device (RMPMD) for shells and 
mines in certain areas of movement. The effectiveness 
of the RMPMD depends on how it is installed relative 
to the line of fire, how the current velocity of the 
projectile (mine) is measured, and how these measured 
values are converted to the muzzle diameter of the artillery 
gun barrel. Almost all of the listed ABS are located next to 
the gun, which causes errors in speed estimation when the 

measuring base is placed at a short distance from the 
muzzle of the artillery gun barrel. 

Thus, with regard to BPF, there is a discrepancy 
between existing scientific and methodological approaches 
to optimizing the structure of RMPMD for artillery 
ammunition and the lack of technical justification for the 
method of its installation relative to the gun for high-
precision measurement of the initial velocity of ammunition. 

The purpose of the article is to justify the feasibility 
of installing the RMPMDs directly on artillery guns, 
standardizing the means of their attachment to the existing 
fleet of artillery systems, and minimizing the impact of 
external mechanical factors (EMF) on its operation. 

Presentation of the main material 
The initial velocity of the projectile can be 

determined according to the expression 
 

VDVV0  
 

(1) 

vv t
DD

t
LV 12  

 

where 0V  is the initial velocity of the projectile; D1, D2 
are the distances from the muzzle to the beginning and 
end of the measuring base; Vave is the average 
velocity of the projectile within the measuring base of 
length L; V(D)=104id2x/2m D(V) is  the  decrease  in  
the velocity of the ammunition when it flies a distance 
D from the muzzle of the gun to the middle of the 
measuring base; i – projectile shape coefficient; d – 
ammunition caliber; m – ammunition mass; D(V) – 
function of range dependence on projectile velocity, 
whose value for the Siatchi law [10]. 

From expression (1), it can be seen that the highest 
accuracy of the 0V  estimate occurs at minimum distances 
from the muzzle of the barrel, namely at a measuring 
base located at a distance of up to 25 m from the muzzle 
of the barrel. 

In accordance with the Rules of Shooting and Fire 
Control, the standard ABS, which is based on the 
RMPMD, is located at a distance of 6 m on the line of 
the gun trunnions (Fig. 1) [11]. 

 

 
 

Fig. 1. Standard installation of RMPMD 
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The Doppler frequency of the signal reflected from 
the projectile depends on its velocity and is determined 
by the formula [12]: 

 

)2(1cos2VFd  (2) 
 

From Fig. 1 and formula (2), it  can be seen that the 
uncertainty of angle 1(2) when placing the measuring base 
in the muzzle area of the barrel leads to a corresponding 
uncertainty in the Doppler value of the reflected signal 
frequency and, accordingly, to an error in determining the 
initial velocity of the projectile. Therefore, to reduce this 
error, a method is proposed for installing the RMPMD on 
the gun and aligning the axis of the receiving-transmitting 
antenna's directional pattern with the line of fire. The 
essence of the method is schematically shown in Fig. 2. 

 
 

 
 

 
Fig. 2. Schematic diagram of the installation of the 

RMPMD on a gun 

Fig. 2 shows that when the directional pattern of 
the RMPMD transceiver antennas is aligned with the 
line of fire, the observation angle =0 and the error in 
determining the initial velocity of the projectile, caused 
by its uncertainty, is absent. 

This method of installing the RMPMD requires the 
development of means for attaching it to all types of 
guns in service with the artillery units of the Armed 
Forces of Ukraine, while minimizing the range of 
components and using means to minimize the impact of 
the  EMF  on  the  stability  and  strength  of  the  RMPMD  
and the accuracy of its operation. 

When installing RMPMD on guns, the main EMF are 
impact and vibration loads transmitted to each RMPMD 
element. The vibrations caused may be resonant in nature. 
Resonance causes particularly large deformations, which are 
accompanied by high mechanical loads and can lead to the 
destruction of the element and the RMPMD as a whole. 

Impact and vibration resistance can be increased by 
creating and applying special means of isolating RMPMD 
elements from external mechanical factors that arise at the 
points of their installation on artillery systems. 

The most universal and effective way to combat 
the effects of shocks and vibrations is to isolate the RPR 
from the EMF using a system of shock absorbers that 
are structurally combined within the shock absorption 
platform (SAP). This method of protection has general 
methodological recommendations for its implementation 
[13-17]. However, the practice of designing absorption 
platforms necessitates their maximum unification to ensure 
the effectiveness / cost criterion requirements are met. 

The practical implementation of the scheme for 
installing  RMPMD  on  guns  is  related  to  the  design  of  

recoil devices (RD) for towed and self-propelled guns 
and requires an individual approach in each case. 

In order to minimize the number of structural 
elements of the mounting devices, an analysis was 
conducted of the possible installation locations for the 
RMPMD on the most common artillery systems in 
service with the artillery units of the Ukrainian Armed 
Forces. The following towed and self-propelled guns 
were selected for the study: D20, D30, 2S1, 2S3. 

Based on the results of the analysis of possible 
installation locations on the selected guns, a SAP 
mounting bracket, which is installed on the recoil device 
RD  casing  of  the  D20  towed  gun  was  selected  as  the  
base structure. The casing mounting is shown in Fig. 3. 

 

 
Fig. 3. Casing mounting on the recoil device casing of the D20 gun 

The mounting bracket of SAP for installation with 
screws for the fastening of the cover of the D20 towed gun 
recoil device is shown in Fig. 4. A special feature of the SAP 
is that the axis of the most powerful shock absorber is 
located parallel to the longitudinal axis of the gun barrel, 
along which the greatest shock loads act. 
 

 
 

 
b 

Fig. 4. Bracket from shock absorption platform (SAP) for 
installation with mounting bolts of the fastening of the D20 

towed gun recoil device: 
 

   mounting with front bolts,  
b   mounting with rear bolts 
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A mounting bracket has been developed to mount 
the RMPMD on the D30 trailer gun, which 
complements the one discussed above. The external 
appearance  of  this  bracket  is  shown  in  Fig.  5a,  and  its  
integration with the bracket for the D20 gun is shown in 
Fig.  5b.  The  mounting  of  the  SAP  on  the  D30  gun  is  
shown in Fig. 5c, and the RMPMD mounted on the gun 
is shown in Fig. 5d.  

A bracket has been developed for mounting the 
SAP with RMPMD on self-propelled guns 2S1 and 2S3, 
as shown in Fig. 6. Its distinctive feature is the coupling 
of the SAP mounting locations with the corresponding 
design features of the bracket for the D20 towed gun. 

 

     
                                         b 

      
c                                          d 

Fig. 5. Installation of the RMPMD on the D30 gun 
 

 
Fig. 6. Bracket for mounting RMPMD with SAP on self-

propelled guns 2S1, 2S3 

The alignment of the bracket for self-propelled 
guns 2S1 and 2S3 with the bracket for the D20 towed 
gun is shown in Fig. 7. 

 
 

 
Fig. 7. Alignment of brackets for self-propelled guns 2S1, 

2S3 with a bracket for a towed gun D20 

The installation of the RMPMD on the RD of the 
2S1 and 2S3 self-propelled guns is shown in Fig. 8. 

 

 
 

 
b 

Fig. 8. Installation of RMPMD on self-propelled guns:  
 

a – 2S1, b – 2S3 
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Conclusions 
1. We have substantiated the method for installing 

a radar motion parameter measuring device (RMPMD) 
on artillery guns. 

2. Within the framework of a unified methodological 
approach, we have considered the design features of the 
unification of means for installing RMPMD artillery 
ammunition on D20 and D30 towed guns and 2S1 and 
2S3 self-propelled guns, which, thanks to inter-system 
unification, have a minimum of unique components. 

3. A shock absorption platform (SAP) has been 
developed for installing RMPMD on D20 and D30 
towed guns and 2S1 and 2S3 self-propelled guns. 

4. Further research involves the development of a 
software hardware complex for studying shock and 
vibration loads at the installation sites of the RMPMD 
on artillery guns and conducting experimental studies to 
assess the numerical characteristics of these loads 
before  and  after  AP  in  order  to  optimize  it  and  ensure  
the shock and vibration resistance and strength of the 
RMPMD when installed on artillery systems. 
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A VARIANT FOR EVALUATING THE EFFECTIVENESS OF UNMANNED GROUND VEHICLE UNIT APPLICATION 

O. Korolova, P. Kazan, V. Khakhula, H. Lunkova, I. Milkovych  

Unmanned systems, and specifically Unmanned Ground Vehicles, have become a crucial element in conducting combat 
operations during Ukraine's war for independence against the russian aggressor. A fairly wide range of tasks is assigned to them, 
based on their purpose: reconnaissance, strike (fire support), logistics, evacuation, and others. 

The article provides an analysis of the most common multifunctional Unmanned Ground Vehicle models of various types, 
including those officially codified, currently in use by the Armed Forces of Ukraine. The potential and limitations of Unmanned 
Ground Vehicles are outlined based on an analysis of their tactical and technical characteristics and combat capabilities drawn 
from operational experience. 

The key performance indicator for evaluating the effectiveness of a Unmanned Ground Vehicle unit's application is defined 
and substantiated. This indicator incorporates group metrics: functionality / combat capabilities, maneuverability, protection 
(survivability), and autonomy. The interpretation of the chosen components is also commented upon. 

A developed methodology for evaluating the effectiveness of Unmanned Ground Vehicle unit application is presented. This 
methodology is based on a multi-criteria evaluation method using a group of indicators with weighting coefficients, and the main 
criterion is defined as a quantitative (numerical) performance indicator. The stages for evaluating the effectiveness of combat 
Unmanned Ground Vehicle application using the developed methodology are provided. 

An evaluation of the effectiveness of a combat Unmanned Ground Vehicle in performing its assigned tasks is conducted, and 
an illustrative example is provided for clarity. 

Keywords: unmanned ground complex, monitoring, reconnaissance, detection, means of situational awareness, Evaluating 
the Effectiveness, Unit Application. 
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PROBLEM ISSUES OF CLOSE AVIATION SUPPORT OF TROOPS BY ARMY AVIATION IN THE CONTEXT OF 

THE RUSSIAN-UKRAINIAN WAR AND POSSIBLE WAYS TO SOLUTION THEM 
 

O. Malkov, S. Pokhnatiuk, S. Kudymov, I. Sherykhov  
 

The article examines the current state of implementation of close air support tasks by the Army Aviation of the Ground 
Forces of the Armed Forces of Ukraine in the conditions of the Russian-Ukrainian war. A number of key problems are identified 
that make it impossible to effectively perform air support tasks, and it is concluded that the classical model of using helicopters 
with unguided aircraft missiles no longer meets the realities of the modern battlefield. An analysis of the prospects for increasing 
the effectiveness of close air support by integrating unmanned aviation systems with army aviation helicopters is conducted. 
Promising types of strike unmanned aerial vehicles, their technical parameters, possibilities of integration with the Mi-8 platform 
and application scenarios are analyzed. The transformation of the role of the helicopter from a direct attack platform to a 
command and strike platform, which performs the functions of a carrier, coordinator and target designator for strike swarms, is 
substantiated. The concept and model of integration of kamikaze drones with a system similar to Hivemind with army helicopters 
is proposed as an intelligent strike and reconnaissance superstructure to increase the accuracy of destruction and reduce the risk 
for crews. Recommendations are given for the development of tactics for the group use of helicopters and drones. Priority areas 
for further research are identified, in particular, the effectiveness of the combat use of kamikaze drones in the “swarm” format 
from a helicopter, standardization of control interfaces, development of tactics for the group use of helicopters and drones, as 
well as testing of autonomous solutions based on artificial intelligence. The results of the article form the basis for a new concept 
of close air support for troops, adapted to the drone-oriented format of modern warfare.. 
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VIEWS ON THE POSSIBILITY OF EQUIPPING 

UNITS AND SUB-UNITS OF THE MISSILE FORCES OF THE ARMED FORCES OF 
UKRAINE WITH UNMANNED LONG-RANGE 

 
The article presents a classification of military-purpose unmanned aerial vehicles and analyses the main 

characteristics and combat capabilities of existing long-range loitering munitions. Drawing on combat experience, 
it outlines their principal advantages and disadvantages relative to cruise and ballistic missiles. Considering the 
roles and primary tasks of the units and sub-units of the Missile Forces of the Armed Forces of Ukraine, as well as 
the specifics of their tactics of employment, the article draws conclusions on the feasibility and advisability of 
equipping these units with long-range loitering munitions and offers recommendations on their key characteristics. 
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Problem statement  
The latest type of military unmanned aerial vehicles, 

which are currently undergoing rapid development, are 
strike UAVs. The most promising direction for the 
development of this type of UAV is considered to be the 
creation of long-range loitering munitions capable of 
striking important enemy targets deep within their territory, 
moving towards their designated targets at relatively low 
speeds, along complex routes at different altitudes. [1]. 
Faced with the prospect of a protracted, exhausting war 
with a state that is militarily more advanced, many 
countries  including Ukraine  have begun to consider 
long-range loitering munitions as an alternative to missile 
systems. Thus, a perfectly reasonable question arises as to 
the feasibility and advisability of equipping units and 
subunits of the Missile Forces of the Armed Forces of 
Ukraine with long-range loitering munitions. 

Analysis of recent research and publications 
The missile forces are part of the missile forces and 

artillery of the Armed Forces of Ukraine. The missile 
forces include units and subunits equipped with missile 
weapons. Missile weapons are understood as a system  
of firepower assets  including missile complexes and 
large-calibre multiple launch rocket systems  whose 

primary purpose is the high-precision destruction of enemy 
targets. 

Units and subunits of the missile forces perform the 
task of providing fire support to troops (forces) by 
delivering missile strikes against the enemy's main and 
most important targets, using missiles and rockets of 
various types. A distinctive feature of the units and sub-
units of the Missile Forces is their ability to engage the 
enemy around the clock, in all weather conditions, and at 
short notice in order to achieve specific operational effects. 
[2, 3]. Based on the roles and primary tasks of the units and 
subunits of the Missile Forces, as well as the specifics of 
their tactics, missile weapons and their components must 
possess certain key attributes, the most important of which 
are reliability, mobility, and the speed and concealment of 
their deployment. The missile weapons currently employed 
by the Ukrainian Armed Forces generally meet the 
aforementioned requirements; however, there are a number 
of issues that still need to be addressed. The following 
issues may be regarded as problematic:  

the dependence of the Armed Forces of Ukraine on 
the quantity and types of missile weapons supplied under 
the programme of material and technical assistance from 
partner countries;  

the limited range of missile weapons available to the 
Armed Forces of Ukraine, with a range of up to 300 km; 
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the inability of Ukraine's defence industry to meet the 
current demands of the Ukrainian Armed Forces in 
terms of high-precision missile and rocket production. 

In order to resolve the issues outlined above, the 
feasibility of equipping the Missile Forces of the Armed 
Forces of Ukraine with long-range loitering munitions is 
being considered. To answer this question, it is necessary 
to analyse the key characteristics of this type of 
unmanned weaponry and assess their main advantages 
and disadvantages in comparison to 'traditional' missile 
systems (cruise and ballistic missiles). 

Formulation of the article's objective 
The purpose of the article is to define the 

classification of unmanned aerial vehicles for military 
use, analyse the main characteristics and combat 
capabilities of existing long-range loitering munitions, 
evaluate their key advantages and disadvantages in 
comparison to cruise and ballistic missiles, substantiate 
conclusions regarding the feasibility of equipping units 
and sub-units of the Missile Forces of the Armed Forces 
of Ukraine with long-range loitering munitions, and 
provide recommendations on their key properties. 

Presentation of the main material 
Today, loitering munitions (‘kamikaze drones’) 

include strike and reconnaissance-strike UAVs that hit 
targets with a built-in (integrated) warhead (WH) and 
self-destruct during the attack. The name of this type 
of UAV indicates their ability to remain in the air for 
long periods of time, including in standby (patrol) 
mode in a designated area, with the aim of 
immediately striking a detected target upon receiving a 
command from the operator. [1, 4]. As mentioned 
above, loitering munitions are considered a relatively 
new type of unmanned weaponry, although today there 
is already a wide range of such UAVs in existence and 
use, from small FPV drones to long-range ‘kamikaze 
drones’ capable of striking enemy targets hundreds or 
even thousands of kilometres deep into enemy territory. 

According to the accepted classification shown in 
Table 1, all military UAVs can be divided into tactical 
and operational-tactical (Class I and II UAVs) as well as 
operational and strategic (Class III UAVs) based on 
their range of application [5 - 7]. 

 
Table 1 

Classification of unmanned aerial vehicles 
 

Class  Level Radius of action NATO 
category 

I Tactical 
Micro up to 5 km Micro 

Mini (Battlefield UAV) from 5 to 25 km Mini 
Small from 25 to 50 km Small 

II Operational-tactical from 50 to 200 km Tactical 

III 
Operational over 200 km 

(outside the line-of-sight 
radio coverage area) 

up to 500 km MALE 

Strategical over 500 km HALE 

 
UAVs belonging to Class III (with a range of over 

200 km) are also classified as long-range unmanned 
aerial vehicles. 

An analysis of the main characteristics of existing 
loitering munitions indicates that a typical long-range 
‘kamikaze drone’ usually has an aircraft-like design, is 
equipped with a piston internal combustion engine (e.g. 
ICE), has an inertial guidance system (IGS) that is 
adjusted by signals from satellite navigation systems 
(SNS)  and  is  launched  from  a  runway  (RWY)  or  a  
launcher mounted on a self-propelled launcher (SPL) or 
other chassis (platform) (see Table 2) [8, 9]. 

The results of the analysis also indicate that for a 
significant number of long-range ‘kamikaze drones,’ the 
ability to conduct aerial reconnaissance and loitering is not 
provided for or is not used in favour of ensuring long-range 
target engagement. In addition, in terms of their 
characteristics and combat capabilities, modern long-range 

loitering munitions are rapidly and steadily approaching 
missile weapons, primarily cruise missiles. According to 
some military experts, this trend in the development of 
long-range  strike  UAVs  has  led  to  the  creation  of  a  new  
type of weapon – missile drones, which combine the 
advantages and main capabilities of both strike UAVs and 
cruise missiles. [9]. In general, cruise missiles (CM) are 
defined as a type of missile weapon in which wings are 
used to generate lift, and a turbojet engine (TJE) is used as 
a power plant, which allows CMs to fly at subsonic speeds 
(600–900 km/h) along various trajectories, including 
complex ones that follow the terrain. [10].  

The main advantages of long-range loitering munitions 
over ‘classical’ cruise and ballistic missiles include  [5, 7, 11]: 

low life cycle cost (cost of development, purchase, ope-
ration, disposal, etc.) – the main and most significant advantage; 

extremely high manoeuvrability (ability to fly 
complex trajectories using different speed modes); 
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Table 2 
Main characteristics of modern long-range loitering munitions 
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Shahed-131 
(Geran-1) 

Iran (rf) 

~900 135 15 IGS with correction  
from SNS ICE 

180 

Not provided

Shahed-136 
(Geran-2) ~1500 200 ~50 185 

Shahed-238 
(Geran-3) ~1200 380 ~50 

IGS with correction  
from SNS with IR or radar 

homing head 
 TJE 480 

UJ-26 
Bober 

Ukraine 

~1000 ~150 20 
IGS with correction  

from SNS 

 ICE 

80 

E-300 
Enterprise 675- 3100 540  

 300 ~150 

Liutyi ~1500 ~300  75 IGS with correction  
from SNS and with optical 

homing head 

~150 
AQ-400  
Scythe 750 100 32 144 

Palyanytsya ~650 ~300  
 100 IGS with correction  

from SNS TJE 
~450 

Bars ~700 ~140 22 ~350 

 Harpy 

Israel 

~1000 125 32 
Combined 

(optical-electronic with 
radar) 

ICE 

185  up to 3 hours

 Harop ~1000 135 16-23 
Combined 

(optical-electronic with 
IR camera) 

185 up to 6 
hours 

Harpy NG ~1000 160 15 
Combined 

(optical-electronic with 
radar) 

185 up to 9 
hours 

ALS-50 India ~1000 no data 
available  30 IGS with correction  

from SNS 
no data 

available 
no data 

available 

Gremlin the United 
States ~1200 680 ~66 

Combined 
(optical-electronic with 

IR camera) 

TJE 

650 
Provided 

(products are 
under develop

ment) 

Vila 1 Serbia ~300 300 ~70 IGS with correction  
from SNS 

no data 
available 

RCM2 Germany ~500 ~340 ~50 
IGS with correction  

from SNS and with IR 
homing head 

no data 
available 

 

ability to fly at low and ultra-low altitudes (up to 50 m); 
 

relatively small size (together with the ability to fly 
complex trajectories at extremely low altitudes, making 
them difficult to detect and destroy by most existing air 
defence systems);  

 

the ability to establish large-scale production in a 
relatively short period of time; 

 

the possibility of use by large groups (‘flocks’), 
which significantly increases the probability of overcoming 

the enemy's air defence and the probability of hitting targets 
deep within the combat formations of its troops (forces). 

The main disadvantages of long-range loitering 
munitions compared to conventional (‘classical’) missile 
weapons are generally considered to be: 

lower accuracy and radio-electronic security class 
of navigation devices (reduces strike accuracy); 

relatively insignificant weight of the warhead (affects 
the list of targets and requires the allocation of more 
resources to hit targets with a specific level of effect); 
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low flight speed (affects the speed of target 
engagement and limits the use of this type of weapon in 
reconnaissance and strike complexes); 

engine noise (a demasking feature which, together 
with the relatively low speed of strike UAVs with 
conventional piston engines, increases the likelihood of 
their detection and destruction by both anti-aircraft 
weapons and enemy small arms). 

In addition, the disadvantages of this type of strike 
UAV include the fact that some long-range ‘kamikaze 
drones’ require a runway for launch and are characterised 
by lengthy pre-launch preparation times, including the 
need to refuel the UAVs, which in turn significantly 
reduces the level of operational readiness and stealth of 
their use, as well as the survivability of units. 

Conclusions 
 

The  results  of  the  analysis  allow  us  to  draw  the  
following conclusions: 

1. Long-range loitering munitions (strike and 
reconnaissance-strike UAVs) are a new and relatively 
inexpensive type of long-range weapon that has a 
number of significant advantages over ‘classical’ 
missile weapons (cruise and ballistic missiles). 

2. Taking into account the purpose, the main tasks 
and tactical features of missile units, as well as the 
significant limitations of the Armed Forces of Ukraine in 
terms of the number and types of missiles supplied under 
the material and technical assistance programme from 
partner countries, it is possible and advisable to consider 
equipping the missile forces of the Armed Forces of 
Ukraine with long-range loitering munitions of domestic 
and foreign production. This type of unmanned weapon 
should be considered not as an alternative, but as a 
supplement to the existing and prospective missile 
weapons of the Armed Forces of Ukraine.  

3. When selecting the type of promising long-range 
loitering munitions to equip the units and subunits of the 
Ukrainian Armed Forces' missile troops, priority should 
be given to domestically produced drone missiles with 
turbojet engines and a range of over 200 km. 

4. Long-range loitering munitions, which will be 
considered for equipping and use by the missile forces 
of the Armed Forces of Ukraine, must have the 
following combat and operational characteristics: 

combat power that will ensure the destruction of 
the entire list of typical targets identified for the missile 
forces of the Armed Forces of Ukraine. To this end, 
monoblock (high-explosive and high-explosive fragmen-
tation) and cassette-type warheads should be included in 
the nomenclature of combat equipment for long-range 
loitering munitions;  

operational efficiency and concealment of use, for 
which long-range loitering munitions should not require 
launch pads or artificial surfaces for launch, be launched 
into  the  air  from  a  launcher  or  TLC  (Transport  and  
Launch Container), and have fuel tanks in their design 
that do not require refuelling and maintenance during 
pre-launch preparation;  

mobility due to the installation of a starting device 
or  TLC  on  the  SPL,  made  on  the  chassis  of  high-
clearance vehicles; 

reliability of operation, etc. 
Further research should focus on training qualified 

personnel in the combat use of long-range loitering 
munitions to the benefit of the units and subunits of the 
Ukrainian Armed Forces' missile forces. 
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METHODOLOGICAL APPROACH TO ASSESSING THE EFFECTIVENESS OF FIRE SUPPORT BY MISSILE 
FORCES AND ARTILLERY 

 
R. Shostak, O. Riman  

 
Currently, there is a need to review existing approaches to assessing the effectiveness of fire support by missile forces and 

artillery in connection with the introduction of processes and procedures for planning and executing combined fire support in 
operations (combat) based on targeting (target identification). 

One possible solution to this issue is to develop a methodological approach that will allow for the assessment of the 
effectiveness of fire support, in particular by missile forces and artillery. 

The article proposes a methodological approach to assessing the effectiveness of fire support by missile forces and artillery 
at the targeting (target identification) stages. The methodological approach to evaluating fire support by missile forces and 
artillery can be based on the Methodology for combat assessment – a comprehensive process of analyzing the results of fire 
impact, which is part of the overall Joint Targeting Cycle. According to the above methodological approach, the assessment of 
fire support will include three interrelated sub-methodologies:battle damage assessment methodology;collateral damage 
assessment methodology;munitions effectiveness assessment methodology.  

The implementation of the above methodological approach will contribute to increasing combat effectiveness, optimizing 
the use of firepower, improving strike and fire planning, and rational use of available resources. In general, the above 
methodological approach is not only a tool for analyzing results, but also a powerful mechanism for operational (combat) 
management, which ensures the adaptability and consistency of decisions made in the dynamic conditions of modern warfare. 

The article substantiates the possibility of adapting the “Methodology for combat assessment” to the national combat 
assessment system, in particular, fire support from the Air Force and Air Defense Forces, taking into account the conditions of 
Russia's war against Ukraine. 

Keywords: targeting, goal setting; performance evaluation; fire impact; combined fire support; fire support; missile forces 
and artillery; target destruction; physical damage, functional damage. 
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SMALL MACHINES OF A GREAT WAR: THE TECHNICAL REVOLUTION OF FPV-DRONES AND THE 
TRANSFORMATION OF DEFENSIVE TACTICS IN RESOURCE-LIMITED CONDITIONS 

 
Volodymyr Zabolotniuk, Natalia Martsinko 

 
This article examines the technological, economic, and historical transformation of defensive tactics within the context of 

hybrid warfare, with particular reference to the case of Russia’s full-scale aggression against Ukraine between 2022 and 2024. 
The authors undertake an interdisciplinary analysis of the implementation of FPV-drones as an instrument of precision strikes 
and combat reconnaissance, highlighting their transformative impact on the operational logic of positional engineering. Specifications 
of X220–X250 series drones are presented, with particular attention given to their component base, controllability, accuracy, and 
combat payload. A comparative analysis is conducted between FPV drones and high-precision artillery systems (Excalibur 155 mm) 
with regard to cost-efficiency, operational range, targeting accuracy, and tactical flexibility in combat conditions. 

The economic dimension of the study includes a comparative analysis of expenditure related to FPV drone deployment, 
classic artillery systems, fortifications, and engineering support for positions. Examples of significant cost/effectiveness ratios in 
combat operations are provided, notably within the framework of the “Spiderweb” operation and defense scenarios in 
Zaporizhzhia, Avdiivka, and Kherson sectors. The advantages of decentralized positions, such as the “squad-level position,” are 
demonstrated, along with the impact of dispersion on reducing losses from FPV drones and artillery fire. 

The historical analysis traces the gradual shift away from the Soviet model of fortified areas and platoon strong points in 
favor of flexible, concealed, and cost-effective engineering solutions. Transformations in defensive engineering support are 
considered a reaction to the technical challenges of the modern battlefield. The study draws on open-source technical materials, 
field reports, expert analyses, and systematized empirical data from combat operations in eastern and southern Ukraine. 

Keywords: FPV-drones, fortified areas, assault operations, small tactical groups, fortification, PSP, squad positions, 
camouflage, mining, kill-zone, maneuver, decentralized defensive positions, hybrid warfare. 
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IMPROVED TECHNIQUE FOR IMPLEMENTING  

CONDITION-BASED MAINTENANCE OF RADIO ELECTRONIC EQUIPMENT 
 

The object of the study is the process of technical maintenance of radio electronic equipment (REE) to reduce 
labor costs by the minimum required number of parameter measurements in a certain sequence while ensuring a 
given probability of assessing the technical condition of the REE. The purpose of the study is to improve the 
technique of implementing maintenance by eliminating the shortcomings of existing techniques: excessive 
expenditure of forces and resources, lack of consideration of the impact of metrological support on the time of work 
and assessment of the real technical condition of the REE. The article proposes improving the technique of technical 
maintenance by forming a sequence of parameter verification taking into account the metrological characteristics of 
measuring equipment with a quantitative assessment of the complex indicator of the preferred choice of each REE 
parameter. The structure of the technique implementation is proposed, a flowchart of its practical use using the 
initial data depending on the specific operating conditions of the REE. An example of applying the technique is 
considered, which showed that in some cases there is an increase in the probability of correct assessment of the 
technical condition of the REE: after maintenance up to 33%; when increasing the number of elements being 
checked by more than 7% after using the same number of parameter measurements with the prototype. The 
functional dependences of the relative number of elements of the REE being checked and the probability of correct 
assessment of the technical condition for existing techniques of implementing maintenance on the number of 
parameters checked were investigated. 

The scientific novelty of the technique lies in the exclusion of the subjective factor in determining the order of 
parameter checking, which, taking into account the quality of metrological and diagnostic support, increases the 
objectivity of assessing the probability of the real technical condition of the REE after performing the parameter 
value check. The effect of using the method is achieved by a new approach to ranking the REE parameters for 
checking their values, taking into account the impact on the quality of the object's functioning, the reliability of the 
set of elements that affect the parameter value, the time for quantitative assessment of its value and the required 
recovery time in case of deviation from the norm. 

The results obtained are advisable to use in promising hardware technical support of modern REE in field 
conditions to increase the efficiency of their technical maintenance by condition. 

 
Keywords: radio electronic equipment, condition-based maintenance, parameter ranking. 
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Introduction 
High-quality maintenance is a prerequisite for 

maintaining the permanent readiness of the radio-
electronic equipment (REE) of weapons and military 
equipment, including military communications systems. 
In field conditions, during combat operations, as a rule, 
there is a shortage of forces, means, and time, and 
consequently, there is a critical need to minimize the 
number of measurements of parameter values and the 
sequence of their execution to establish the real 
technical condition of the REE with an acceptable 
probability. Most of the available techniques perfectly 
fit the civilian needs for quite a long time without any 
indication of the need for improvement, but show 
numerous disadvantages in application to military 
REEs. Progress can be achieved with an account for 
modern achievements in the theory of metrology, 
technical diagnostics, and maintenance. To fit the 
quality of functioning of military REEs to modern 
requirements, additional studies are demanded. The very 
such research on the problem of condition-based 
technical maintenance of military REEs was conducted 
by the team of authors, and the results are presented in 
the present paper. 

State of the art of the problem 
Maintenance is a set of operations to maintain the 

serviceability or operability of products during their 
technical operation. The quality indicators of the main-
tenance system are duration, complexity, cost, and volume 
(nomenclature of operations, duration of their execution, and 
necessary labor, material, and financial costs) [1]. 

Maintenance is an integral part of operation and 
includes: regulation, adjustment, verification of completeness, 
control of technical condition, and verification of 
compliance of parameters with technical conditions and 
other operations. During operation, the following types of 
maintenance are established [2]: 

time-based: carried out within the established time 
frames, taking into account operating conditions, regardless 
of the operating time; 

usage-based: carried out according to the specified 
operating time, taking into account operating conditions; 

preventive (combined): refers to maintenance for 
products whose malfunctions and failures occur as a result of 
aging and wear. 

A system of principles for organizing and conducting 
maintenance is called the maintenance strategy [3]. 

Depending on the availability of information about 
the technical condition of the REE, the main 
maintenance strategies are distinguished [4]: 

by operating hours: a single volume and frequency 
of work regardless of the actual need for them for each 
specific REE; 

by condition (condition-based): the list and 
frequency of maintenance operations is determined by 
the actual technical condition of the REE. 

The comparative characteristics of the types of 
maintenance are summarized in Table 1, with the 
advantages of using condition-based maintenance being 
highlighted.  

However, available techniques for implementing 
this type of maintenance suffer disadvantages [5-7]: 

 
Table 1  

Comparative characteristics of types of maintenance 
Type of technical 

maintenance Advantages Disadvantages 

Time-based Easy to schedule 
Overspending of 

effort and 
resources 

Usage-based Saving effort 
and resources hard to schedule 

Combined 
Easy to 

schedule, cost 
reduction 

Variable labor 
costs 

Condition-based 

Easy to 
schedule, 

minimum effort 
and resources 
without loss of 

quality 

Variable labor 
costs 

 
evaluation of the probability of the established 

technical condition of the REE based on the relative part 
of the tested REE segments without taking into account 
the quality of metrological support; 

subjective assessment of the impact of individual 
parameters on the quality of REE operation; 

accounting the use of a single measuring 
instrument when assessing REE parameters; 

evaluation of the relative reliability of REE subsystems 
based on approximate reliability calculations; 

failure to account for the number of uses of each 
measuring instrument when checking REE parameter 
values. 

The presence of a subjective factor and the need to 
control the indicators of a set of measuring instruments 
during maintenance of large-sized objects leads to an 
erroneous assessment of their real technical condition 
and, as a result, to possible man-made disasters [8, 9]. 

Some features of the implementation of technical 
maintenance are also considered in available publications: 

control of the technical condition of radio-electronic 
systems with redundancy [10]; 

technical maintenance of telecommunication and 
radio-electronic systems based on the results of forecasting 
their technical condition [11]; 

analysis of possible approaches to the 
implementation of technical maintenance of energy 
industry equipment by condition [12]; 

optimization of parameters of technical 
maintenance strategies by condition with a constant 
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monitoring frequency (according to the time-based 
(calendar) principle) [13]; 

analysis of the effectiveness of current procedures 
for assessing the technical condition of aviation radio 
equipment [14]. 

The purpose of the paper is to improve the 
technique of implementing technical maintenance by 
eliminating the identified defects. 

Results and discussion 
The essence of technical condition-based 

maintenance is periodic monitoring of the values of the 
REF parameters, with the performance of work 
depending on the results of instrumental testing: if 
necessary, bringing the parameter values to the norm. 

When using technical maintenance of products in 
field conditions, it is necessary to first check the REE 
subsystems that form the most important indicators of 
the quality of its functioning, are the least reliable, 
require minimal time to check the parameters and bring 
them to the norm, since the time for performing the 
work is limited and, depending on the maintenance 
conditions, can end at any time. 

The scheme of implementation of the improved 
technique is shown in Fig. 1, where its purpose and the 
essence of the improvement are defined together with 
limitations and assumptions that correspond to real 
conditions of technical maintenance. 

 

 
Fig. 1. Scheme of implementation of an improved technique of implementing condition-based technical maintenance  

of radio electronic equipment in field and stationary conditions 
 
The technique presented in [5-7] is considered as a 

prototype. 
Mathematical base of the technique. 
The probability of failure of the REF due to the 

parameter value exceeding the permissible limits in the 
prototype is determined from an approximate calculation 
of the reliability of the sets of elements that affect the 
formation of the parameter. However in reality, depending 
on the operating conditions, this value varies within quite 
wide limits and is not an objective assessment. Therefore, 
it is proposed to determine this characteristic based on the 
results of experimental or controlled operation of REE 
samples as the ratio of the number of REE failures due 

to the parameter = 1,  exceeding the permissible 
limits  to the total number of failures for this period of 
operation Q:  

=  ; =  ; 
 

where  is the number of REF parameters that affect its 
operation. 

This indicator is more objective and fully 
corresponds to real operating conditions. 

The significance of the parameter's influence on 
the  quality  indicators  of  the  REE's  work    in the 
prototype is determined by an expert survey of 
specialists, which is subjective in nature and depends on 
the qualifications of the experts. Therefore, when 

Output data: 
information on the 
number of REF 
elements that affect 
parameter values, the 
number of parameters, 
statistical data on 
failures, time indicators 
of verification, and 
recovery. 

Mathematical base: probability theory, metrology, 
and reliability theory of large systems. 

Restrictions: the possibility of autonomously 
checking the parameters of the REF, repair using 
the aggregate method, selection of measuring 
equipment from the list of permitted ones, 
performance of work by the crew.  

Assumptions: accounting for failures of the REE caused 
by exceeding the individual parameters their permissible 
limits, the possibility of taking into account the 
metrological reliability of measuring equipment, the 
possibility of terminating work at any stage, the 
qualifications of the crew correspond to the position. 

Result: rational 
sequence of checking 
parameters during 
maintenance of REE 
by condition, 
assessment of average 
time of work 
completion and 
probability of correct 
assessment of REE 
technical condition. 

The method is designed to form a sequence of 
parameter checks. The essence of improving 
the method is accounting for the impact of 
metrological support on the quality of technical 
maintenance, estimating the time of work 
execution, and the probability of correctly 
assessing the technical condition of the REE. 
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improving the technique, it is proposed to define this 
indicator as the relative part of the REE that affects the 
formation of the parameter = 1, :  

 

= ;  = ; 

 

where  is the number of elements influencing the -th 
parameter;  is the total number of elements in the REE 
elements. 

The relative time cost (consumption) for performing 
the checking of parameter = 1,  in the prototype does 
not account for the metrological reliability of measuring 
equipment ( ) and the probability of correct assessment of 
the verification results ( ), thus, to take into account 
the quality of metrological support, it is proposed to 
apply the indicator: 

 

=  , 

where  is  the  time  for  checking  without  taking  into  
account the quality of metrological support;  is the 
number of measuring instruments for estimating the 
value of the parameter = 1,  . 

The relative labor costs for bringing the value of 
the parameter = 1,  to the norm are determined as in 
the prototype: 

 

= ; 
 

where  time of restoration of REF performance after 
failure of parameter = 1, , depends on the quality of 
diagnostic support. Since the required number of checks 
according to the diagnostic program is unknown in 
advance, the value of this indicator should be specified 
for each specific case.  

The metrological reliability of measuring instruments 
in the prototype was calculated separately, and thus it is 
proposed to calculate its value for all measuring 
instruments, since its value is taken into account when 
calculating .  In  this  case,  the  complex  indicator  of  the  
choice of parameter = 1,  takes the form:  

 

= . 
 
Obtained analytical expressions are summarized in 
Table 2. 

 
Table 2 

Comparison of the prototype and technique 

Parameter Prototype Technique 

Probability of REE 
failure due to the 
parameter exceeding the 
permissible limits  

=   = ; =  

The significance of the 
impact on the quality 
indicators of REE  

Expert survey of 
specialists  =  Relative part of the REE 

affecting the parameter  

Relative time cost to 
perform the check of 
the  parameter 

=  =  

Relative labor costs for 
bringing parameter   to 
the norm  

=  =  

Metrological reliability 
of measuring 
instruments 

=  =  

Complex indicator of 
the selection of the  
parameter 

=  =  

 
 

The value of  is dimensionless and varies greatly 
for various REE parameters. For this reason, to rank 
parameters, it is advisable to use, as above, the 
probability of the preferred choice: 

 

= ; = 1. 

 
In addition, in contrast to the prototype, it is 

proposed to quantitatively assess the time for 
performing condition-based maintenance, taking into 
account the possibility of individual parameter values 
exceeding the permissible limits: 

= + . 

It is also proposed to assess the probability of the 
technical condition of the REE after maintenance not by 
the relative part of the tested REE, but actually taking 
into account the quality of metrological support, that is, 
the probability of a correct assessment of the result of 
measuring the value of the parameter by means of 
measuring equipment: 

= ; = . 
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Thus,  the  improved  technique  allows  for  a  more  
objective assessment of the quality of condition-based 
maintenance and to perform ranking of the order of 
parameter checking. 

The formalization of the implementation of the 
improved technique for implementing condition-based 
maintenance of modern REE in the form of a flowchart 
of  the  algorithm  is  shown  in  Fig.  2,  where   is  the  
allowable time for technical maintenance,  is the 
allowable probability of a correct assessment of the 
technical condition of RES. 

 

 
 

Fig. 2. Flow-chart of the algorithm for implementing an 
improved technique for implementing condition-based 

maintenance of radio-electronic equipment 
 

Initial data are obtained from the analysis of the REE 
schemes, the results of its experimental or controlled 

operation, metrological and diagnostic support for technical 
maintenance, and the qualifications of specialists. 

If the estimated time of maintenance  exceeds 
the permissible value  or the estimated probability of 
assessing the technical condition of the RES  is lower 
than the permissible value , then it is necessary to replace 
the measuring equipment (increasing   and ) or improve 
the qualifications of the performers (decreasing  and  ).  

Let us consider an example of using the proposed 
technique in comparison with the prototype [7], the 
results of which are summarized in Table 3. With the 
same initial data, the results of ranking the REE 
parameters according to the proposed technique are 
summarized in Table 4, which significantly differ from 
the prototype. 

Fig. 3 shows the dependence of the relative part of 
the tested elements of the REE on the rank of the 
parameter with 1 corresponding to the prototype and 2 
to the proposed technique.  

 

 
 

Fig. 3. Dependences of the relative part of the tested 
elements of the REE on the rank of the parameters  

(1 – prototype, 2 – proposed technique)  
 

Analysis  of  data  shown  in  Fig.  3  indicates  that  
with the proposed technique the relative number of 
checked elements increases on average on 7.4% at the 
same number of measurements of the REE parameters.  

With an increase in the number of parameter 
measurements, the probability of an error in evaluating 
the results also increases, which leads to a decrease in 
the probability of a correct assessment of the technical 
condition  of  the  REE  as  a  whole  (Fig.  4),  while  
compared to the prototype (dependence 1), with the 
proposed technique the value of  increases by 33% 
when analog measuring instruments (dependence 2). 

 

Table 3  
Results of parameter ranking according to the prototype technique 

      , 
hour-1    , %  

1 80 0,942 0,85 15 10 4 0,0811 0,0221 1229 0,765 9 
2 120 0,931 0,88 15 12 4 0,0811 0,02652 2492 1,551 8 
3 370 0,910 0,81 20 15 10 0,0108 0,03315 68907 42,899 1 
4 410 0,988 0,79 20 20 10 0,0108 0,0442 41993 26,144 2 
5 350 0,945 0,91 10 11 6 0,0054 0,0243 7039 4,401 6 
6 430 0,956 0,88 10 8 7 0,0054 0,0177 9336 5,812 4 
7 330 0,912 0,93 10 16 6 0,0054 0,0353 7411 4,614 5 
8 110 0,980 0,95 30 25 25 0,01621 0,05525 5386 3,350 7 
9 70 0,982 0,89 15 22 4 0,0081 0,04862 786 0,490 11 
10 510 0,901 0,87 15 18 4 0,0081 0,03978 1095 0,682 10 
11 360 0,985 0,88 25 24 20 0,01351 0,05304 14955 9,311 3 
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Table 4  

Results of parameter ranking according to the proposed technique 

     , %  ( )   
1 0,04 2,55 8,42 0,220 1,70 10 0,978 0,565 
2 0,04 3,82 8,23 0,281 2,20 9 0,888 0,600 
3 0,10 11,78 12,19 1,164 9,10 5 0,586 0,740 
4 0,10 13,06 11,52 1,031 8,00 6 0,653 0,730 
5 0,06 11,15 5,23 2,097 16,30 2 0,248 0,903 
6 0,07 13,69 5,34 4,078 31,80 1 0,137 0,956 
7 0,06 10,50 5,30 1,351 10,50 3 0,353 0,824 
8 0,25 3,50 14,48 0,438 3,40 8 0,850 0,644 
9 0,04 2,23 7,71 0,096 0,75 11 1,000 0,555 
10 0,04 16,24 8,60 0,763 5,90 7 0,815 0,657 
11 0,20 11,48 12,98 1,310 10,30 4 0,468 0,811 

 
 

 
 

Fig. 4. Dependences of the probability of correct assessment of 
the technical condition of the REE on the number of checked 

parameters for the prototype (1)  
and proposed technique with analog (2)  
and digital (3) measuring instruments 

 
However, when employing modern digital measuring 

instruments with 0.9993 [15] of a mobile measuring 
instrument laboratory of 2017 release according to TU 34.1 – 
01354485 – 018:2016, which is fully equipped with digital 
measuring instruments produced in both Ukraine and the 
USA, at the same conditions the corresponding value 
increases to = 0.9923  (dependence 3, Fig. 4).  

In the considered example, the estimated time for 
measuring the values of  = 11 parameters is 3.7 hours, 
and the predicted time for bringing the parameter values 
to the norm is 0.25 hours, i.e., the total time for 
performing technical maintenance according to the 
condition 4 hours. At the same time, the 
metrological reliability of measuring equipment (ME) 

=0,748. The latter is the probability of all measuring 
equipment for technical maintenance of the facility will 
be operational within a year (inter-verification period). 

Therefore, the proposed technique increases the 
checked part of the inspected object, when the 
parameter values are checked in the certain established 
sequence. The latter is important for field conditions, 
when the inspection process can be interrupted at any 
time. In addition, the technique enhances the probability 
of correct assessment of the technical condition of the 
REE (at least by 33% in the example under consideration).  

 

Conclusions 
The scientific novelty of the technique lies in 

assessing the probability of the preferred choice of the REE 
parameter, taking into account the quality of metrological 
and diagnostic support while excluding the subjective 
factor that influences this process. This allows for using the 
obtained results in perspective hardware technical support 
of modern REE applying information technologies to 
increase the efficiency of maintenance by condition. 

The effect of using the developed technique is 
achieved by a new approach to ranking REE parameters to 
check their values in extreme field conditions, namely: 
with limited time for performing work, when the first-
checked parameters that reflect the most important 
indicators of the quality of the object's functioning are the 
least reliable, require minimal time for checking and 
restoring if necessary. As a result, the technique allows for 
increasing the probability of correct assessment of the 
technical condition of REE 

Compared to checking subsets of REE elements in 
order of decreasing their power, the proposed technique 
increases the average probability of a correct technical 
condition assessment by 33%. 

The research results are depicted in the form of a 
flow-chart of an algorithm that can be implemented based 
on electronic computers with promising hardware technical 
support. 

We believe that further research directed towards the 
introduction of information technology techniques into the 
process of technical diagnostics of modern digital 
information processing REE will be in great demand. 
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ENGINEERING SOLUTIONS FOR PROTECTING STRUCTURES  

FROM AERIAL THREATS 
 

The article discusses an innovative approach to protecting objects from unmanned aerial vehicles (UAVs) – 
the use of anti-drone nets with elastic fastening of the upper part to fixed supports. The physical and operational 
disadvantages of traditional rigidly fixed nets are described and the advantages of elastic fastening are justified. A 
mathematical model of the moment of collision of a drone with a horizontally placed spring-loaded strip has been 
constructed. A functional dependence has been established that allows determining the influence of the nonlinearity 
coefficient and spring stiffness on the maximum downward displacement of the central point of the spring-loaded 
strip, which makes it possible to optimise the fastening parameters to ensure a balance between strength and 
elasticity. The results obtained can be used in the design of new types of protective structures adapted to field 
conditions and modern threats. 

 

Keywords: protection against UAVs, protective structures, anti-drone nets, elastic fastening. 
 

The statement of the problem 
The full-scale war on the territory of Ukraine has 

vividly demonstrated the unprecedented rise in the 
significance of aerial threats in modern warfare. Massive 
missile strikes, the deployment of unmanned aerial 
vehicles (UAVs), and the use of precision-guided weapons 
have introduced new challenges for defence systems, 
particularly in the engineering protection of military and 
civilian infrastructure. 

During the russo-Ukrainian war, the Defense Forces 
demonstrated that UAVs have ceased to be merely 
auxiliary elements of the armed forces and have become a 
key component of modern military strategy. The main 
advantages of drones include high manoeuvrability, the 
ability to operate in hard-to-reach areas, and a significant 
reduction in risk to personnel. Modern UAVs are capable 
of striking not only military positions but also energy, 
industrial, logistical, and residential targets, necessitating 
the development of new approaches to engineering 

protection – such as lightweight modular shelters, anti-
perforation meshes, camouflage systems, anti-drone 
domes, and rapidly deployable protective structures. 
Ukrainian experience demonstrates that the effective 
integration of active countermeasures (electronic warfare, 
firepower) with passive engineering methods (fortifications, 
shelters, dispersion, multi-level camouflage) significantly 
reduces the effectiveness of enemy UAV attacks. Today, 
the issue of countering drone assaults is particularly 
relevant, as their rapid development outpaces traditional 
defense systems.  

 

Therefore, engineering solutions must be flexible, 
adaptive, and rapidly deployable. Their effectiveness is 
critical not only for preserving material assets but also for 
safeguarding the lives of military personnel and civilians. 
The evolving of airborne threats necessitates the 
developing of innovative, technically validated, and 
operationally proven engineering systems for infrastructure 
protection. 
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Analysis of basic research and publications 
The ongoing efforts to combat UAV threats in 

Ukraine encompass several strategic directions, including 
electronic warfare (EW), whose principal objective is the 
neutralization of control links, navigational signals, and 
data exchange pathways. An example of electronic warfare 
(EW) application in the russo-Ukrainian war is the 
deployment of relatively new EW systems such as 
“Bukovel-AD” [2], “Nota” [3], and others [4]. EW 
represents an effective, rapid, and relatively low-cost 
method for neutralizing large numbers of inexpensive, 
remotely controlled UAVs, providing time to organize 
additional countermeasures. However, its effectiveness 
diminishes with the increasing sophistication and 
protection of drones. Moreover, the deployment of such 
measures entails potential harm to civilian infrastructure 
and is subject to logistical and regulatory limitations. 

Another strategic direction entails the application of 
air defense assets, notably surface-to-air missile systems 
like “Avenger” [5], “Strela-10”, Vampire, Mistral [6], 
Stinger, and “Igla”, which are employed to intercept and 
destroy larger UAVs or coordinated drone formations. The 
main challenge of this approach lies in the use of expensive 
missiles against low-cost drones, which is not always 
economically justified.  

Ukrainian Defense Forces deploy mobile firing groups 
for UAV mitigation, enabling rapid target acquisition, threat 
alerting, and destruction of airborne objects using infantry 
weapons and immediate protective means. These units are 
characterized by high speed and manoeuvrability: unlike 
stationary air defense systems, mobile groups can be rapidly 
redeployed to any terrain sector currently facing the greatest 
threat. Mobile fire teams accounted for the largest proportion 
of neutralized combat drones. By July 2025, their 
effectiveness rate had reached 40%. A key limitation in the 
use of mobile fire teams lies in the elevated threat level near 
the front line, where enemy drones increase their 
susceptibility to attack. Shahed strikes are often coordinated 
with incursions by FPV drones that infiltrate deep into 
Ukrainian-controlled areas. Consequently, these teams must 
reposition to more distant locations to reduce exposure to 
hostile engagements. 

These countermeasures allow for the successful 
destruction of numerous UAVs, yet the escalation in 
simultaneous strikes leads to more drones breaching 
defenses and achieving their goals. The primary factors 
contributing to this issue include the mass scale of 
simultaneous raids, the high velocity of aerial platforms, 
and the frequent occurrence of attacks during nighttime 
hours. A potential solution lies in the deployment of 
interceptor drones, which gained widespread attention 
in spring 2024 following Brave1’s announcement of a 
competition to develop systems capable of countering 
russian reconnaissance UAVs. By July 2024, a new 

FPV interceptor with an X-shaped wing was showcased, 
capable of destroying drones flying at 100–160 km/h. 
These interceptors have proven to be an affordable and 
effective alternative to missiles and heavy weaponry. 
Each  unit  costs  far  less  than  a  Shahed  drone  and  is  
vastly more accessible than a missile. Ukrainian 
versions are available for under $10,000, positioning 
them as a cost-efficient tool for neutralizing both strike 
and reconnaissance UAVs. Currently, multiple teams 
are engaged in the development of anti-aircraft drones. 
Their efforts have resulted in systems that have not only 
successfully passed field trials but are already being 
deployed in active combat scenarios. Since late 2024, 
Ukraine has been conducting successful tests of the 
Tytan Interceptor, a drone developed through German-
Ukrainian collaboration. It reaches altitudes of up to 
2,000 meters, has an operational range of 15–20 km, 
and achieves speeds of up to 300 km/h. The system is 
powered by artificial intelligence, enhancing target 
detection, tracking, and classification, with full AI-
based navigation automation planned. Control is 
executed via a standard gamepad. With a cost below 
€20,000, the platform offers an affordable and effective 
solution for neutralizing enemy reconnaissance UAVs, 
including the Orlan-10 and Zala. The “General 
Chereshnya AIR” drone represents another noteworthy 
case of an affordable and effective interceptor. With a 
unit cost of 39,900 UAH, it operates at altitudes up to 6 
km, achieves speeds of 160 km/h, and maintains flight 
endurance of up to 35 minutes. Having already 
eliminated more than 300 targets, the platform is being 
mass-produced in the thousands, with plans to expand 
output to tens of thousands monthly. Each unit is 
equipped with 1.5 kg of explosives. Development is in 
progress to deploy next-generation software for 
automatic target acquisition and monitoring [7].  

Another direction in combating enemy drones is 
the deployment of integrated systems that combine 
radar, imaging, thermal, and acoustic components to 
detect and classify threats in real time. Octava Defence 
has presented SFERA [1], the first unified system for 
protecting critical infrastructure. It uniquely integrates 
radar, acoustic sensors, opto-thermal platforms, and 
software that transmits targeting data to strike units for 
active fire response. The system’s uniqueness lies in its 
ability to rapidly detect hostile targets and ensure their 
prompt elimination. By integrating radar data, acoustic 
sensing, and intelligent video surveillance, it enables 
reliable target identification. The system tracks the 
object and predicts its trajectory, providing both current 
and projected coordinates for engagement. Unlike 
certain conventional air defense assets, the complex is 
particularly effective against low-altitude threats. The 
probability of target detection approaches 100%. All 
data  including coordinates and trajectory  is 
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automatically transmitted to strike units. Mathematical 
models forecast target movement and maintain tracking until 
neutralization. Automation enables decision-making within 
minutes and minimizes human error. Thus, SFERA 
represents a cutting-edge technological solution for 
protecting the nation’s critical infrastructure.  

Engineering solutions represent another strategic 
avenue for countering UAV threats. These include: 

- concealment and decentralization – relocating 
and hiding assets to lower vulnerability to coordinated 
attacks; 

- protective structures – including mesh coverings, 
overhead shields, and domes that reduce detectability 
and blast damage, occasionally reinforced with Armor 
or anti-fragmentation layers; 

- hardened facilities – such as reinforced shelters, 
subterranean bunkers, and steel or concrete hangars for 
safeguarding vehicles and infrastructure. 

Evidently, such measures do not eliminate the source 
of the threat but serve to mitigate its consequences. They 
are preventive in nature, reducing the probability of impact 
and damage even before the threat is detected. Moreover, 
they are less susceptible to cyber or electronic warfare 
attacks: physical shelters remain functional even when 
the adversary disrupts the spectrum or communication 
channels. Engineering solutions are effective regardless 
of drone type and play a critical role in protecting civilian 
infrastructure. Their cost-effectiveness compared to other 
UAV countermeasures is also noteworthy. 

Ukrainian troops have employed a practical 
engineering method to defend rear positions and supply 
routes in areas prone to fiber-linked drone ambushes: 
spreading barbed wire that slices through the UAV’s 
optical cable and interrupts its connection to the 
operator. In contrast to standard FPV drones, fiber-
linked UAVs route their optical cable along the ground 
rather than through the air. This characteristic makes 
low-level barriers near transport routes, storage 
facilities, bridges, or logistics hubs highly effective in 

intercepting and severing the tether. Undoubtedly, this 
engineering solution has certain limitations: such barriers 
require manual installation, power supply, and concealment, 
as well as the provision of access routes for friendly forces. 
However, in the long term, the system can be modularly 
scaled and deployed in the most vulnerable areas, 
supplemented with radar sensors, cameras, or infrared 
projectors to enable timely threat detection. 

Another engineering method for countering UAV 
threats involves the use of anti-drone nets. These 
structures create a protective barrier that impedes or 
entirely blocks drone attacks, particularly those carried 
out by FPV systems and loitering munitions. The 
primary rationale for this defense lies in the limited 
visibility caused by degraded video transmission, which 
prevents the operator from recognizing the net, leading 
to the drone’s propellers becoming ensnared. The use of 
anti-drone netting extends beyond logistical corridors to 
include coverage over trenches and access points to 
dugouts. These barriers protect troops from direct 
impacts and fragmentation, while also defending 
artillery emplacements – common targets for hostile 
FPV drones. In addition to physical protection, such 
measures enhance camouflage and reduce the likelihood 
of accurate enemy strikes. 

Low-cost FPV drones have fundamentally 
transformed the nature of modern warfare in recent 
years. Their latest generation, equipped with fiber-optic 
control systems, has compelled military strategists to 
reassess conventional defense paradigms. The widespread 
deployment of such platforms in frontline areas has rendered 
the location of the next strike unpredictable – posing a threat 
not only to military targets but also to civilian vehicles on the 
road. Consequently, large protective nets have been installed 
along major transportation routes near the front line to 
shield vehicles from direct drone strikes. Figure 1 
illustrates the appearance of these “anti-drone” barriers 
in the vicinity of Kostiantynivka and Kramatorsk. 

 

               
Fig. 1. Anti-Drone Netting Along Ukrainian Roadways 

 

Materials for anti-drone structures are selected 
based on the formula “availability + rapid deployment + 
effectiveness against FPV drones.” Synthetic polymer 
meshes – such as nylon, polyester, and polypropylene – 
are widely used above trenches, dugouts, vehicles, and 

at the entrances to depots and field positions, serving 
both as camouflage and protective elements. These 
materials are favored for their light weight, flexibility, 
low cost, and immediate availability in field conditions, 
often being repurposed from construction or sports 
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netting. These structures are easy to install and replace, 
do not obstruct visibility or airflow, produce minimal 
radar signature, and are effective against lightweight 
FPV  drones  –  whose  operators  often  fail  to  detect  the  
barrier due to poor video feed quality. However, their 
use has certain drawbacks: deformation under wind, 
rain,  or  icing;  melting  or  destruction  upon  strong  
impact; and the need for regular maintenance.  

Steel-based protective elements – including 
galvanized or stainless wire meshes, tensioned cables, 
and rebar frameworks – are widely utilized to safeguard 
armoured vehicles and to reinforce permanent defensive 
structures around vital installations, such as energy 
infrastructure, logistical depots, and administrative 
compounds. These materials are employed due to their 
ability to withstand impacts from FPV drones equipped with 
explosives or fragmentation payloads. Such meshes exhibit 
high mechanical strength, durability, reusability after minor 
damage, and proven effectiveness against heavier classes of 
unmanned aerial vehicles and loitering munitions. However, 
these systems also present certain limitations – namely, 
considerable weight requiring robust supports or frames, 
installation complexity (often involving machinery), and the 
risk of improper setup that may cause hazardous inward 
deflection of fragments. Such meshes are widely used to 
construct “anti-drone domes” over vehicles and to reinforce 
the protection of energy infrastructure facilities. Composite 
anti-drone nets, combining metallic and synthetic 
components, reinforced tapes, or plastic frames, are also 
employed by engineering units of the Armed Forces of 
Ukraine for rapid fortification of positions – primarily 
above dugouts, observation posts, and field shelters – as 
well as during the construction of quickly deployable 
protective structures in rear areas. 

Aramid fibers (Kevlar, Twaron, Nomex) are used 
in the production of specialized industrial anti-drone 
nets designed to protect strategic assets such as power 
plants, ammunition depots, and government buildings. These 
materials are strong, heat-resistant, and cut-resistant. As a 
result, they can intercept fragments and partially absorb 
explosive energy, while being non-melting and electrically 
non-conductive. However, they are expensive, require 
professional installation, and demand regular inspection of 
fiber integrity. Due to their high cost, aramid fibers are 
used infrequently – primarily in state-funded protection 
systems for critical infrastructure. 

Improvised materials – such as fishing nets, 
construction-grade reinforcement meshes, and football 
or volleyball netting – are widely used in frontline 
villages, by mobile units, and during the rapid setup of 
new shelters due to their high availability and low 
cost. These solutions can be installed within hours and 
often prove effective by disrupting the orientation of 
FPV drone operators. However, they are not always 

capable of withstanding direct munition impacts and 
require frequent replacement. Industrial fishing nets 
are considered among the most effective anti-drone 
solutions due to their high tensile strength, non-reflective 
surface under sunlight, and ability to withstand drone 
impacts. A Danish volunteer recently donated a batch of 
such nets to Ukraine. Demand for these protective materials 
is rapidly increasing along the entire front line, with 
Scandinavian countries – where the fishing industry is well 
developed – emerging as key suppliers [9]–[15].  

Among the most pressing issues in anti-drone 
infrastructure is the challenge of securing netting 
systems. Effective mounting requires a balance between 
mechanical robustness, tactical mobility, and rapid 
deployment. Enhancing system efficiency calls for 
standardized fastening mechanisms, lightweight 
metallic or composite frames, and engineering solutions 
optimized for combat environments. This article is 
devoted to exploring and resolving this challenge.  

Net tunnels are commonly installed using rigid 
fixation methods. However, such rigidly anchored anti-
drone systems face notable mechanical and operational 
constraints that compromise their durability and 
reliability. During drone impact, the force is directly 
transmitted to the support structure, resulting in dynamic 
stress, deformation, and possible failure of attachment 
points. These systems also demonstrate limited adaptability 
to environmental fluctuations – including wind pressure, 
rainfall, and directional changes in UAV attacks – thereby 
diminishing their interception performance. Moreover, 
rigid mounting complicates installation and dismantling in 
field conditions, requires heavy-duty supports, and 
demands precise geometric alignment – making such 
systems poorly suited for rapid deployment at 
temporary positions.  

This work proposes the use of elastic mounting. 
By incorporating flexible elements, such as springs, 
the system can partially absorb and dissipate the 
impact energy of a drone strike, thereby reducing peak 
loads on the supports and extending the overall service 
life of the structure. Such a mechanism minimizes the 
probability of net damage or collapse, thereby 
improving the chances of drone interception without 
compromising key structural elements. The use of 
elastic fixation further improves resilience to wind 
stress and climatic variability, enabling the system to 
accommodate air surges, thermal changes, and snow 
loads while maintaining structural tension. As a result, 
the net maintains structural integrity and operational 
functionality even during prolonged field use. 
Additionally, the system is lighter, easier to install, and 
does not require reinforced supports, which facilitates 
rapid deployment at temporary positions and makes it 
suitable for protecting various types of assets. 
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Presentation of the main results 
 

Consider the motion of a mechanical system 
consisting of a rigid body H  modelling the fall of a UAV 
onto a spring-loaded strip .AB  It is assumed that this strip 
is the upper part of an anti-drone tunnel (pic. 2). The rigid 
body H  falls from a height 1h  onto a spring-loaded 

horizontally placed strip AB . It is attached to the hinged 
supports D  and C  by means of springs DA  and BC. 
The aim of the work is to determine the maximum value 

2h  to which the central point G  of the strip will drop as a 
result of the contact of the body H  with AB . 

 

 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Schematic representation of the moment of collision between a body and a horizontally oriented elastic strip 
 

To determine the value 2h  we will use the theorem 
on the change in kinetic energy of a mechanical system  

i
i

e
ik AATT 0 .                   (1) 

In formula (1) kT  denotes the kinetic energy of the 
mechanical system at the final moment of time, 0T  is 
the kinetic energy of the mechanical system at the initial 

moment of time, e
iA  is  the  sum  of  the  work  

performed by the external forces of the mechanical 

system, i
iA  is the sum of the work performed by the 

internal forces of the mechanical system.  
If air resistance is neglected, then the body H  

falling from a height 1h ,  at  the  moment  of  touching  a  
horizontally placed strip AB , will have a speed,  

120 hgVH ,                          (2) 

where 28,9 msg  is the acceleration of free fall of 
the body.  

At the initial moment of time, the spring-loaded 
strip AB  is  stationary,  so  the  initial  kinetic  energy  of  
the mechanical system is equal to  

110 hgmT ,                               (3) 

where 1m  is the mass of the solid body H . 
At the final moment of time, when the maximum 

downward displacement of point G  is reached, the 
entire mechanical system will be at rest. Therefore, the 
kinetic energy of the mechanical system at the final 
moment of time is zero, i.e. 

0kT .                                      (4) 

The work is performed by the weight of the body 
H  and the weight of the strip AB , therefore  

2221 5,0 hgmhgmAe
i ,           (5) 

where 2m  is  the  mass  of  the  strip  AB , 2h  is  the  
maximum downward displacement of point G .  

Since the strip is spring-loaded, the springs DA  
and BC  will stretch by an amount l  during the 
downward movement of the strip and perform work. We 
assume that the elastic force of the springs is described 
by the relationship  

lcFsp ,                           (6)  

where c  is the spring stiffness,  is the nonlinearity 
coefficient.  

Taking into account (6), we obtain  

1
2

1lcAi
i .                   (7) 

Substituting the determined dependencies into (1), 
we find 

.
1

25,0
1

222111
lchgmhgmhgm  (8) 

Taking into account the geometry of the 
mechanical system, we obtain that   

2
21

2
2

2
21 )( lllhll .              (9) 

From this equation, we will determine the amount 
of spring deformation  

21
2
2

2
21 )( llhlll .              (10) 

Substituting (10) into (8), we obtain a functional 
dependence that allows us to determine the influence of 
system parameters on the maximum downward 
displacement of the point G. 

 

h2 
 

h1 
l1 l2 

z 
 

x 
 

A 
 

B 
 

C 
 

D 
 

H 
 

G 
 



174 
 -  

Military Technical Collection 

  33   2, 2025 
Vol. 33 No. 2, 2025 

 

© ., ., ., . 

.0)(
1

25,0
1

21
2
2

2
2122211 llhllchgmhhgm                (11)

 
We will use equation (11) to evaluate the 

relationship between spring stiffness  and the coefficient 
of nonlinearity of elastic force. Suppose that in (11) 

kgm 51 , kgm 1002 , ml 31 , ml 5,02 , 

mh 501 . The spring stiffness values for different 
values of the nonlinearity coefficient and the deviation 
of the center point of the strip AB  are given in Table 1. 

Table 1 

Dependence of spring stiffness on nonlinearity coefficient for different values of strip deformation AB  

 0,6 0,7 0,8 0,9 1,0 1,1 1,2 
1, Nmc  at mh 5,02  453935 673376 995445 1467013 2155987 3160611 4622854 
1, Nmc  at mh 0,12  55588 71892 92656 119049 152563 194954 248602 

 
Analysing the results presented in Table 1, we can 

conclude that: 
- for a given displacement of point G, a smaller 

value of the nonlinearity coefficient corresponds to a 
smaller value of its stiffness; 

- as the displacement of point G increases, the 
elasticity of the spring decreases significantly for the 
same values of the nonlinearity coefficient. 

Let us investigate the effect of the strip mass on 
the spring stiffness. Assume that in (11) kgm 51 , 

ml 31 , ml 5,02 , mh 501 , mh 5,02 .  Let  us  
evaluate the effect of the strip mass on the relationship 
between the nonlinearity coefficient and the spring 
stiffness.    

Table 2 

Dependence of spring stiffness on nonlinearity coefficient for different strip mass values  

 0,6 0,7 0,8 0,9 1,0 1,1 1,2 
1, Nmc  kgm 252  423263 627878 928185 1367891 2010312 2947057 4310499 
1, Nmc  kgm 502  433487 643044 950605 1400931 2058870 3018242 4414617 

 

Analysing  the  results  presented  in  Table  2,  it  
deduce that  

- reducing the mass of the strip allows the spring 
stiffness to be reduced for the same values of the 
nonlinearity coefficient; 

- as the nonlinearity coefficient increases, the spring 
stiffness increases for the same values of the strip mass.  

Therefore, to reduce the maximum deformation of the 
strip onto which the body falls, it is necessary to use springs 
with a regressive dependence (  less than one) of the elastic 
force and, accordingly, a lower value of its stiffness. 

Conclusions, practical recommendations 
and further generalization of results 
A method of studying the dynamics of a spring-

loaded strip under the influence of an action on it at the 
central point of an object with a given mass has been 
developed. The functional dependence between the 
maximum deflection and the values of the nonlinearity 
coefficient and spring stiffness for given values of the 
masses of the object and the strip was obtained.  

It is established that: 
- with a constant displacement of point G, lower 

values of the nonlinearity coefficient correspond to 
lower spring stiffness; 

- with an increase in the displacement of point G, 
the spring stiffness decreases significantly at the same 
values of the nonlinearity coefficient; 

-  a  decrease  in  the  mass  of  the  strip  leads  to  a  
decrease in spring stiffness at the same values of the 
nonlinearity coefficient; 

- with an increase in the nonlinearity coefficient, 
the spring stiffness increases at a constant strip mass.  

The results of this work can be used in the creation 
of new protective structures and the modernisation of 
existing ones in order to reduce the dynamic load on 
their elements. It should be noted that elastic 
reinforcements can be used not only for horizontal but 
also for vertical parts of anti-drone tunnels.  

In  the  case  of  an  impact  not  in  the  central  part  of  
the strip, the amplitude of the deflection of the 
protective element will change and depend on the 
distance to the elastic fastening. Such tasks will be the 
subject of further research. 
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PROTECTIVE COVERINGS WITH INCREASED IMPACT STRENGTH BASED ON NEW GENERATION FIBER-

REINFORCED CONCRETES 

S.V. Korolko, O.O. Levkovskyi, M.A. Sanytskyi, T.P. Kropyvnytska 

The article examines the shortcomings of traditional concrete shelters used in modern conditions of warfare and 
increasing terrorist threats. The main problems associated with the limited use of reinforced concrete are identified, in particular 
its low impact strength and susceptibility to spalling under explosive loads. The current state and effectiveness of existing 
fortification structures designed to protect personnel, civilians, and critical military facilities are analyzed. The causes of 
premature failure of concrete structures under intensive dynamic effects are discussed. The necessity of transitioning to the use of 
new-generation materials capable of providing enhanced safety and durability is substantiated. 

The paper proposes the use of fiber-reinforced concretes with three-dimensional micro-reinforcement as a promising 
material for creating structures with improved energy absorption capacity and high explosion resistance. It is shown that the 
incorporation of micro- and nanofibers into the concrete matrix significantly reduces the risk of cracking and local failure under 
impact loading. Special attention is given to modular protective shelters of the “Hobbit House” type, which represent an 
innovative approach to designing dual-purpose structures. Such constructions combine mobility, ease of installation, and 
excellent performance characteristics. They can be effectively used not only in the military sphere but also in civil protection 
during emergencies and typical threat situations. The prospects for implementing new structural solutions based on the 
combination of fiber-reinforced concrete with other composite materials are considered. 

Keywords: brittle failure, spalling, blast resistance, fiber-reinforced concrete, impact strength, modular shelters, Hobbit 
House, composite materials, micro-reinforcement, fortification structures. 
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ANTI-DRONE DEFENSE AS A KEY ELEMENT OF ENGINEERING SUPPORT FOR MILITARY (FORCES)  
MOBILITY IN THE CONTEXT OF MODERN WARFARE 

 

Yu. Ftemov 
 

The article provides an in-depth analysis of current approaches to warfare in which the use of unmanned aerial vehicles 
(UAVs) significantly influences the mobility of military forces and their ability to advance on the battlefield. Special attention is 
given to tunnel-type anti-drone protective structures, which offer both horizontal and vertical shielding against loitering 
munitions and kamikaze drones. The research highlights the growing threat posed by UAVs with autonomous or fiber-optic 
guidance systems, which are capable of striking from long distances and remain resistant to electronic warfare countermeasures. 
Drawing on the operational experience of the ongoing russian-ukrainian war, where asymmetrical and sudden tactics dominate, 
the article emphasizes how drones are increasingly used not only on the front lines but also to disrupt logistics and evacuation 
routes deep in the rear. 

The study outlines the significant impact of UAVs on logistical chains, including a reduction of delivery efficiency by up to 
70% within 5 km of the front, and 40–50% within 5–15 km, due to drone strikes and surveillance. These effects extend to medical 
evacuation operations, where delayed transportation of the wounded may exceed ten hours, directly increasing the lethality rate. 

To counter such threats, the article proposes a comprehensive set of organizational and engineering measures aimed at 
enhancing force mobility and survivability. These include the deployment of tunnel-type anti-drone systems along critical 
movement routes, the construction of underground shelters with multi-level protection, and the adaptation of camouflage and 
deceptive techniques to modern drone warfare. Moreover, the research stresses the importance of developing mobile and quickly 
deployable protective infrastructures to meet the dynamic demands of high-intensity conflict environments. 

The authors also analyze enemy tactics, including complex drone ambushes composed of surveillance and strike UAVs 
operating in coordination. This layered use of UAVs highlights the necessity for integrated defense systems capable of both 
passive (structural) and active (tactical and organizational) responses. 

In conclusion, the article presents scientific and practical recommendations for improving engineering support to military 
mobility under the threat of UAVs. The findings serve as a basis for the evolution of modern defensive doctrines, engineering 
design principles, and field logistics strategies. 

Keywords: anti-drone defense, camouflage, mobility, routes of movement of troops (forces). 
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PECULIARITIES OF SHOOTER TRAINING FOR THE USE OF THE LATEST SMALL ARMS MODELS 

A. Andriienko, B. Oliyarnyk, M. Chornyi 

The article is dedicated to the analysis of modern small arms that combine innovative technologies, advanced ballistics 
principles, and complex electronic systems. Significant attention is paid to the peculiarities of shooter training, which combines 
physical, technical, tactical, and psychological components to ensure the effective use of weapons in combat conditions. In the 
context of modern armed conflicts, where technological superiority plays a key role, the relevance of the research is due to the 
need to improve the training systems for servicemen using high-tech small arms, as well as the search for effective methods to 
enhance their combat readiness. The aim of the article is to study the use of modern small arms and their technological features 
to formulate requirements for shooter training, as well as to identify key areas for improving fire training methodologies to 
ensure high shooting efficiency in combat conditions. The study employs methods of systemic and comparative analysis, 
generalization to assess the technological characteristics of weapons and the effectiveness of training methods, including 
simulation training and the use of electronic simulators. It is established that due to the integration of advanced materials, 
electronic systems, and specialized ammunition, the combat effectiveness of modern small arms is significantly increased. Along 
with this, it requires the shooter to have in-depth knowledge of ballistics, meteorology, and experience with digital technologies. 
It is revealed that comprehensive training, which includes physical exercises, tactical simulations, psychological training, and 
work with simulators, contributes to the formation of stable motor and reflex skills, reducing the impact of stress factors such as 
"shot anticipation." Problems of a formal nature in fire training within units and the need to improve the qualifications of 
instructors are identified. Further research should focus on the development of adaptive methods of individual shooter training, 
taking into account their psychophysiological characteristics, as well as improving training complexes for simulating real 
combat conditions. 

Keywords: combat situation, fire training, training effectiveness, short-barreled small arms, preparation method, shot, 
shooting in a confined space, technology, ammunition type, simulator, short distance training, damage to the target, forms and 
methods, skills development. 
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