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The object of this study is the operational 
model of a reconnaissance-fire system.

The problem that was solved is the lack of 
an approach to building a model of the function-
ing of a combat system, in particular a recon-
naissance-fire system, which would take into 
account the influence of all subsystems and 
include the necessary number of system states.

An improved procedure for building an 
adapted operational model of the reconnais-
sance-fire system has been proposed. The es- 
sence of the improved methodology is the for-
malization of processes through the definition 
of system states and intensities of transitions 
from state to state. The improved procedure is 
based on the Kolmogorov-Chapman equations 
and the goal tree construction method.

A feature of the improved methodology is 
the breakdown of the states of the reconnais-
sance-fire system by hierarchy levels, which 
allows taking into account more necessary states 
of the system.

The field of practical use of the improved 
methodology is planning and management pro-
cesses during the development of action algo-
rithms during combat operations.

An adapted operational model of the recon-
naissance-fire system has been built. The essence 
of the model is to determine the probability of the 
reconnaissance-fire system being in a certain 
state based on the Chapman-Kolmogorov equa-
tions, taking into account the necessary level of 
detail in the process of its operation.

Special feature of the proposed model is 
that it makes it possible to model by taking 
into account 39 states of the system with the 
necessary accuracy both for the system as 
a  whole and separately for subsystems. This is 
explained by the fact that the test of the ade-
quacy of the model showed that the discrepan-
cy of the results is within the statistical error 
from 2 to 9 %.

The field of application of the adapted ope
rational model of the reconnaissance-fire sys-
tem is the processes of making a decision on 
the application of the operation of the intelli-
gence-fire system during hostilities and their 
management during combat operations
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1. Introduction

The results of the analysis of recent military conflicts [1, 2], 
and especially the Russian-Ukrainian war [3–5], testify to 

the transformation of management processes in the military 
domain from general (centralized) to decentralized. This is 
due to the peculiarities of modern military conflicts, in parti
cular, the «blurring» of the battle line, high speed of processes,  
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rapid changes in the situation, significant autonomy of units. 
The specified features require the search for ways to prevent 
the negative impact of these features on the process of func-
tioning of the military group in the process of carrying out 
combat tasks. One of the ways is the introduction of new 
approaches to management processes.

One of the most effective approaches is the principle of 
«mission command», which is essentially a concept that fo-
cuses on giving subordinates the authority to make decisions 
within the overall mission goal. This gives commanders the 
flexibility to act and quickly respond to changing situations, 
while maintaining control over the group [6]. One of the mani-
festations of the application of «mission command» in practice 
is the unification of individual functional elements of a mili-
tary group into reconnaissance and fire circuits (systems).

Reconnaissance and fire systems (RFS) make it possible 
to significantly speed up management processes and, accord-
ingly, increase the effectiveness of combat missions. However, 
the use of RFS requires improvement of approaches to their 
use and, accordingly, integration into the overall structure of 
the group’s functioning processes in a combat environment.

One of the main challenges associated with the use of 
anti-tank missiles is the need to determine the possibility of 
performing a combat mission depending on the situation. It is 
clear that the existing approaches to assessing the predicted 
effectiveness of the use of combat systems can only give a ge
neral assessment, without taking into account the specificity 
of RFS. This is explained by the fact that existing approaches 
are based on models that take into account centralized con-
trol, which leads to the neglect of certain processes that are 
inherent in decentralized management. In particular, this is 
due to the increase in the number of states in which the sys-
tem can be, which requires the reconstruction of models and 
methodological apparatus in general.

In addition, it is necessary to note the widespread use 
of decision-making support systems in the military domain, 
which are based on formalized models of the functioning of 
both individual functional elements and systems as a whole. 
This leads to an increase in the requirements for the selection 
of these models because the accuracy of model selection in 
the specified decision support systems directly affects the 
accuracy of the proposed action options.

Thus, on the one hand, the need to use models of the 
functioning of complex systems for military purposes, in par-
ticular, RFS, and on the other hand, the lack of approaches 
to building such adapted models, predetermine the relevance 
of our research.

2. Literature review and problem statement

Paper [7] reports the results of research on the «net-
work-centric» concept of conducting hostilities. It is shown 
that its application influences the development of RBS, and 
based on this, the management cycle was decomposed and the 
role and place of each element of the cycle was determined. 
But the issues related to taking into account all possible states 
of RFS, in which it can be, remained unresolved. The reason 
for this may be objective difficulties associated with the im-
possibility of taking into account all the necessary states of 
RFS due to the difficulty of aggregating them at one level, 
which makes relevant studies impractical. The option to over-
come the difficulties can be the selection of the appropriate 
scientific and methodological apparatus. This is the approach 

used in work [8]; however, it is necessary to take into account 
the peculiarities of the process of the operation of RFS itself. 
All this gives reason to assert that it is expedient to carry out 
a study on the development of approaches to building a model 
of the functioning of RFS with the required number of states.

Paper [8] reports the results of research on scientific and 
methodological approaches to modeling the process of func-
tioning of military systems, in particular, models based on the 
Kolmogorov equations, Lanchester equations, and the Lot-
ka-Volterra equation. It is shown that the models based on the 
Kolmogorov equations make it possible to determine the prob-
ability of the system being in a certain state, however, in the 
case when there are no more than 10 states. However, issues re-
lated to modeling when the required number of states exceeds 
10 remain unresolved. The reason for this is objective difficul-
ties associated with the impossibility of compiling the appro-
priate number of equations at one level of the hierarchy accord-
ing to the existing approach, which makes relevant research 
impractical. A variant of overcoming the relevant difficulties 
can be the distribution of modeling by subsystems. This is the 
approach used in [9]; however, when modeling by individual 
subsystems, the integrity of the modeling may be lost. All this 
gives reason to assert that it is expedient to conduct a study 
on the development of modeling approaches for the system 
as a whole, taking into account the required number of states.

Paper [9] reports the results of research on the issue of 
modeling the intelligence process under complex urban con-
ditions using unmanned aerial vehicles (UAVs). It is shown 
that modeling based on a metaheuristic algorithm allows opti-
mal route planning for UAVs. But the questions related to the 
modeling of the process of functioning of this RFS subsystem 
as part of a larger system remained unresolved. The reason 
for this may be the fundamental impossibility of combining 
multifaceted processes, in particular intelligence, control, and 
execution (fire influence using the existing approach, which 
makes relevant studies impractical. An option to overcome the 
relevant difficulties may be the introduction of the intercon-
nection (interaction) functions of various subsystems into the 
model. Exactly such an approach is used in work [10]; how-
ever, the proposed approach considers the same type of pro-
cesses. All this gives reasons to assert that it is appropriate to 
conduct a study on the development of modeling approaches  
for the system as a whole, taking into account the required 
number of states and various functional processes.

Work [10] reports the results of research on the simu-
lation of reconnaissance by a swarm of cooperative UAVs. 
It is shown that the model, which is based on stochastic 
algorithms, allows one to plan intelligence processes in such 
a way as to perform tasks as effectively as possible when 
jointly applied. But the questions related to taking into ac-
count the entire set of processes that take place in the combat 
environment remained unresolved. The reason for this is the 
objective difficulties associated with modeling the combat 
environment with the necessary set of processes, which makes 
relevant studies impractical. An option to overcome the 
difficulties can be the development of a simulated combat en-
vironment. This is the approach used in work [11]; however,  
this approach requires the formalization of the entire set of 
heterogeneous states of RFS. All this gives reason to assert 
that it is expedient to carry out a study on the formalization 
of processes related to the functioning of RFS, which are 
different in terms of functions.

In [11], the results of studies into the mechanisms and 
structure of simulation software for combat simulation are 
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presented. It is shown that AFSIM (Advanced framework for 
simulation, integration, and modeling) and E-CARGO (En-
vironments – classes, agents, roles, groups, and objects) are 
the most suitable tools for combat simulation. But the ques-
tions related to the modeling of the process of the operation of 
RFS, taking into account the peculiarities of the processes of 
management, reconnaissance, and execution (fire influence) 
remained unresolved. The reason for this is the objective dif-
ficulties associated with the complexity of modeling various 
processes with a large number of states, which makes relevant 
research impractical. An option to overcome the difficulties 
can be the modeling of different processes separately using 
the appropriate methodical apparatus. This is the approach 
used in [12]; however, the combination of simulation results 
requires the development of an additional methodological 
apparatus. All this gives reason to assert that it is expedient 
to conduct a study on the development of a methodical ap-
paratus for modeling the processes of functioning of various 
subsystems of RFS with the required number of states.

Work [12] reports the results of research on the quanti-
tative analysis of combat operations on the basis of various 
models, in particular probabilistic, Markov, optimization 
models; Monte Carlo. It is shown that the proposed models 
make it possible to solve various modeling problems. But 
issues related to modeling processes with a relatively large 
number of system states remained unresolved. The reason for 
this may be objective difficulties associated with the ability 
of the mathematical apparatus to describe the appropriate 
number of states, which makes relevant research impractical. 
A variant of overcoming the difficulties may be the aggrega-
tion of states according to the relevant characteristics. This 
is the approach used in work [13]; but there are no defined 
signs by which aggregation can be carried out. All this gives 
reason to assert that it is expedient to conduct a study on 
determining the necessary feature of the aggregation of the 
states of the functioning of RFS.

Work [13] reports the results of research into the method 
of modeling combat operations by aggregating forces while 
simulating the battle process using Lanchester equations. 
It is shown that the proposed model makes it possible to 
obtain the parameters of the conflict result with numerical 
indicators of success, resource consumption, etc. But the 
issues related to not taking into account different states of 
the system depending on the set of situations (conditions) 
remained unresolved. The reason for this is the fundamental 
impossibility of taking into account the entire set of states in 
accordance with various conditions, which makes relevant 
research impractical. An option for overcoming the relevant 
difficulties may be the formalization of the necessary set of 
events. This is the approach used in [14]; however, the for-
malization of the set of events requires the formalization of 
system states according to each type of process. All this gives 
reason to assert that it is expedient to carry out a study on 
the development of approaches to building a model of the 
functioning of RFS, taking into account the necessary num-
ber of states determined by situations.

Paper [14] reports the results of modeling research based 
on the formalization of the specification of a discrete system 
of events, which includes the use of several combat objects to 
hit several targets. It is shown that the proposed model makes 
it possible to obtain experimental results regarding combat 
situations with the use of weapons at the tactical level. But 
the issues related to taking into account different types of 
processes during modeling remained unresolved. The reason 

for this may be the objective difficulties associated with the 
mathematical apparatus, which makes relevant research im-
practical. A combination of several mathematical methods 
can be an option for overcoming these difficulties. This is the 
approach used in work [15]; however, the methods proposed 
there do not solve the issue of modeling different types of pro-
cesses in particular, RFS. All this gives reason to assert that 
it is expedient to carry out a study on the development of ap-
proaches to building a model of the functioning of RFS, tak-
ing into account the modeling of different types of processes.

Work [15] reports the results of research into the simula-
tion of a combat collision, which is based on Markov chains 
and Monte Carlo methods. It is shown that the proposed 
approach makes it possible to improve the interpretation 
of data on the results of a combat encounter by taking into 
account the accuracy of shooting. But the issues related to 
the failure to take into account the processes of functioning 
of the intelligence and management subsystems remained 
unresolved. The reason for this is the objective difficulties 
associated with the lack of distribution of system states by 
hierarchy levels, which makes relevant studies impractical. 
An option to overcome the difficulties may be to take into 
account the correlation between various properties of the 
process of functioning of RFS. This is the approach used in 
work [16]; but there only the correlation between manage-
ment and efficiency is taken into account, which focuses at-
tention on the management subsystem. All this gives reason 
to assert that it is expedient to carry out a study on the deve
lopment of approaches to building a model of the functioning 
of RFS, taking into account the correlation between various 
properties of the process of its functioning.

Paper [16] reports the results of research on the combat 
model and its additions. It is shown that the specified model 
is based on the model of network-centric operations, which 
makes it possible to demonstrate the correlation between 
management and efficiency. But the issues related to taking 
into account the properties of other subsystems of RFS 
remained unresolved. The reason for this is the objective 
difficulties associated with the impossibility of distributing 
system states by hierarchy level according to existing ap-
proaches. An option to overcome the difficulties may be the 
development of approaches to the construction of an adapted 
model of the functioning of RFS.

Therefore, our review of studies on modeling the func-
tioning of combat systems shows that existing studies focus 
on modeling only a certain subsystem of these systems, which 
does not allow taking into account the entire set of their 
states. Also, it should be noted that existing studies consider 
only a limited number of combat system states due to the 
complexity of their formalization. Thus, an unsolved theoret-
ical problem is the lack of an approach to building a model of 
the functioning of a combat system, in particular RFS, which 
would take into account the influence of all subsystems and 
include the necessary number of states of RFS.

3. The aim and objectives of the study

The purpose of our study is to devise approaches to build-
ing an adapted model of the functioning of RFS, which would 
take into account the influence of all subsystems and include 
the required number of states of RFS. This will make it possible 
to increase the accuracy of forecasting the results of the combat 
use of RFS and, accordingly, the effectiveness of their use.



Control processes

9

To achieve the goal, the following tasks were set:
– to improve the methodology of building an adapted 

model of the functioning of RFS;
– to build an adapted model of RFS functioning.

4. The study materials and methods

The object of our study is the model of RFS functioning.
The main hypothesis assumes that the distribution of simu

lations by hierarchy levels will make it possible to increase the 
number of states that can be taken into account and to take 
into account the influence of all subsystems of RFS. This will 
make it possible to increase the accuracy of the forecast and, 
accordingly, the efficiency of the application of RFS.

The main assumption adopted in the research: the pro-
cess of RFS functioning, which is characterized by a flow of 
events (transitions from state to state), is stationary, ordinary, 
and without aftereffects. Stationarity is determined by the fact 
that the probability of hitting a certain number of transitions 
in a certain time interval depends only on the length of the 
interval. Also, the number of events does not depend on where 
this interval is located in time. Ordinariness is determined 
by the fact that the probability of two or more transitions in 
an elementary time interval is infinitesimally small. A flow of 
events without an aftereffect is due to the fact that, for any 
time intervals, the number of transitions falling on one of them 
does not depend on the number of events falling on others.

The main simplification accepted in the work is that the 
flow of transitions from state to state of the system is the 
simplest (Poisson). Accordingly, it is subject to restrictions 
on aftereffect, ordinariness, and stationarity. It is also a sim-
plification that the list of states is constant and requires the 
formalization of all processes under these states.

The work uses approaches from the theory of Markov sto-
chastic processes in the theory of probabilities, in particular 
the Chapman-Kolmogorov equation [17]. These equations 
are an identity that connects the joint probability distribu-
tions of different sets of coordinates on a stochastic process. 
The essence of modeling using these equations is to determine 
the probability of system states (P(t)) at any instant of time 
of a system with discrete states in which a Markov random 
process with continuous time takes place. To determine these 
probabilities, it is necessary to know: the number of possible 
states of the system (n), initial states of the system (S), matrix 
of probability density (intensities of transition from state to 
state (λ)) [17, 18].

The general view of the marked state graph of a certain 
system is shown in Fig. 1.

To determine the probabilities of the states of a conti
nuous Markov chain, a system of equations is built, each of 
which describes the boundary probability of the system being 
in a certain state at any moment in time. The general form of 
the equations is shown in dependence (1) [18]:
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Note that the sign of intensity is chosen depending on the 
direction of the transition; if the transition occurs from this 
state to another, then «–», if on the contrary, then «+».

Subsequently, the equations can be solved under the con-
dition of stationary process (Pi = const), that is, the left-hand 
side of the equations can be equated to 0. Accordingly, (1) is 
transformed into a system of linear algebraic equations (2):
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The method of building a goal tree was used in the work. 
Here, the goal tree should be understood as a hierarchical 
tree-like structure that is obtained by dividing the general 
goal (function, etc.) into sub-goals.

The advantage of this method is that it enables the divi-
sion of a complex goal (function, task, etc.), which is difficult 
to formalize, into a set of simpler goals. The division of goals 
continues until simple goals are obtained that can be solved 
by known methods [19].

The initial data for checking the model for adequacy are the 
composition of RFS (Table 1); set of events {Ni} (Table 2). For 
verification, an operational-level RFS with a closed circuit of 
information exchange and three channels of intelligence data 

was used. The state under investigation is movement 
along fire position (S421); given probability of being in 
a certain state Pset = 0.01; modeling period – 24 hours.

In general, the adopted composition of RFS (Table 2) 
makes it possible to determine the number of events ac-
cording to the states that can occur in a certain period of 
time and the intensity of these events, according to the 
level of the hierarchy (Table 3).

In the study, the Microsoft Excel 2010 software 
environment (USA) was used for calculations. We di-
rectly applied Microsoft Excel spreadsheets for compu-
tation using formulas, data representation, structuring. 
Also, when working with Microsoft Excel, the capa-
bilities of this application for working with standard 
formulas, including functions, were used. 

S1 

S2 

… Sn 

P1(t) 

P2(t) 

Pn(t) 

λ1n 

λ12 
λ21 

λ2n 
λ2… 

λ…1 

λn… 

λn… 

 Fig. 1. General view of the marked state graph of a certain system
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The Matrix calculator online application [24] was also 
applied to solve the system of linear equations.

5. Results of the development of approaches  
to the construction of an adapted operational model  

of the reconnaissance-fire system

5. 1. Improving the procedure of building an adapted 
operational model of the reconnaissance-fire system

The results of analysis of approaches to the modeling of 
management processes in the military domain show that it is 
an important and necessary element of both military control 
and research in the military domain.

Analyzing the modeling process in the military sector, it 
is necessary to note the complexity of this process due to the 
need to take into account the uncertainty of the results of the 
interaction of two opposing sides. This leads to a higher level 
of detail in modeling and the need to take into account a larger  
number of system parameters and states. However, such 
detailing leads to a significant complication of the model  
due to the need to take into account all possible variants of 
the development of events. In other words, to obtain more 
accurate results, it is necessary to significantly complicate 
the system’s functioning model.

On the other hand, the complexity of the model can lead 
to both objective and subjective errors. Objective errors are 
related to the ranges of possible values of the simulated indi-
cators, the greater the number of these indicators, the greater 
the range of values of the highest level indicator. Subjective 
errors are associated with the possibility of operator error, 
as well as with the process of rounding of indicator values. 
Accordingly, the greater the number of calculations (indica-
tors), the greater the probability of an error by the operator 
and the greater the error of accumulating an unaccounted 
value of the indicator because of rounding.

In the military field, during simulation, there are two main 
approaches to prevent the influence of these errors on simu-
lation results [25]. First, it is a simplification of the model  

itself to a level that will provide relatively accurate results. 
However, this approach gives only a general idea of the sim-
ulated processes and does not allow for detailed simulation.

The second approach is based on reducing the range of 
values of input values on the basis of their more accurate 
definition [26]. This allows for a more accurate forecast, but 
it requires significant effort to determine accurate input data.

In view of the above, it is proposed to apply the approach 
of distribution by hierarchy level of modeling processes and 
coordination of these models among themselves. The general 
idea of improving the methodology of building an adapted 
model of the functioning of RFS consists in the distribution 
of system states according to the level of process detail and 
step-by-step modeling according to the level of the hierarchy.

At the first stage of the proposed methodology, it is neces-
sary to obtain input data, which include a set number of cer-
tain events for a certain time related to RFS functioning {Ni}.  
Also, the input data is the state, the probability of being in 
which, it is necessary to obtain, Sset; given probability of being 
in a certain state, Pset, as well as the period to be simulated.

The second stage involves determining the necessary de-
gree of detailing of the process of RFS functioning (the num-
ber of hierarchy levels) depending on the purpose of modeling. 
That is, at this stage, it is necessary to formulate the state of 
the system that is interesting for research. Such a formulation 
is proposed to be carried out with the use of cluster analysis, 
which will make it possible to determine the level of the hi-
erarchy of system states to which the state under investiga-
tion corresponds. The schematic diagram of determining the 
required level of detail of the system state is shown in Fig. 2.

At the third stage, determination of the number of RFS 
states (m) is provided, according to the level of the hierarchy. 
Such determination is proposed to be carried out using the 
«goal tree» method. Application of this method will allow 
gradation and separation of system states while preserving 
their functional and fundamental (essential) integrity. The 
schematic diagram of determining the number of states of 
RFS, according to the level of the hierarchy using the goal 
tree, is shown in Fig. 3.

Table 1
The composition of RFS for the conditions of the example

Subsystem Element type Quantity

Intelligence

Optical-electronic complex «Sych 5K10» [20] 1

Radar station Kh1-M «Oko» [21] 1

Leleka-100 unmanned aircraft complex 1

Control Control point based on the KROPYVA software complex [22] 1

Damage Self-propelled howitzer M109 [23] 6

Table 2

The set of the number of certain events for a certain time related to RFS functioning {Ni } according to formula (3)

Ni λi Ni λi Ni λi Ni λi Ni λi

N1→2 4 0.25 N22→23 2 0.50 N43→41 2 0.50 N231→232 4 0.25 N332→331 4 0.25

N2→3 2 0.50 N23→21 3 0.33 N111→112 4 0.25 N232→231 3 0.33 N411→412 3 0.33

N3→1 3 0.33 N31→32 5 0.20 N112→111 5 0.20 N311→312 7 0.14 N411→413 2 0.50

N3→4 2 0.50 N32→31 6 0.17 N121→122 3 0.33 N312→311 2 0.50 N412→413 5 0.20

N4→3 3 0.33 N32→33 4 0.25 N122→121 5 0.20 N321→322 6 0.17 N413→411 4 0.25

N4→1 2 0.50 N33→31 2 0.50 N211→212 6 0.17 N322→321 7 0.14 N421→422 4 0.25

N11→12 4 0.25 N41→42 3 0.33 N212→211 4 0.25 N322→323 3 0.33 N422→421 3 0.33

N12→11 2 0.50 N42→41 2 0.50 N221→222 2 0.50 N323→321 5 0.20 N431→432 2 0.50

N21→22 5 0.20 N42→43 3 0.33 N222→221 5 0.20 N331→332 6 0.17 N432→431 4 0.25
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The fourth stage of the methodology involves several 
steps, in particular, the construction of a marked graph 
of the states of RFS according to the level of the 
hierarchy. This will make it easier to understand the 
process of RFS functioning in accordance with the 
conditions of the operation. Moreover, it is necessary 
to take into account that the number of states at each 
level of the hierarchy should not exceed 10, which will 
ensure ease of working with this model. The general 
view of the marked state graph of a certain system is  
shown in Fig. 1.

At the fifth stage, determination of the intensities of 
transitions from the state to the state of RFS is provided 
in accordance with the accepted conditions {λi}. In ge
neral, the intensity of transition from state to state is de-
fined as the number of these transitions per unit of time. 
Accordingly, taking into account for this the set of the 
number of certain events for a certain time associated 
with RFS functioning {Ni}, the intensities for each tran-
sition are determined according to formula (3):

λ i
iN

=
1

,	 (3)

where 1 is a unit of time taken according to the dimen-
sionally of the period to be modeled T.

At the sixth stage, several steps are also provided, 
in particular, regarding the compilation of systems 
of Chapman-Kolmogorov equations according to the 
level of hierarchy and input data. This will allow us to 
move on to determining the probabilities of staying in 
these states of RFS. The general approach to construct-
ing equations is demonstrated in (1) and (2).

At the seventh stage, it is envisaged to determine the 
probabilities of the presence of RFS in a certain state. 

This is done by transforming the equations compiled  
in the previous steps. For this purpose, all the probabilities  
of staying in RFS in certain states are determined by the 
known intensities.

At the eighth stage of the methodology, there is provision 
for checking the sensitivity of the obtained model by changing 
the intensities of transitions from state to state, and further 

checking the compliance of the obtained pro
bability values with the established limits (4):

P Pi set≥  or P Pi set≤ ,	 (4)

In the event that the obtained values of pro
babilities are lower (higher) than the established 
norms, it is necessary to change the input data.

Thus, the study of several levels of the hierar
chy of states of RFS makes it possible to adapt 
this model directly to the conditions and goals 
of the study. Moreover, this approach makes it 
possible to overcome the shortcomings of exist
ing approaches, in particular, low modeling ac-
curacy (first approach) and high complexity of 
model formalization (second approach).

The general view of the improved methodology for building 
an adapted model of the functioning of RFS is shown in Fig. 4.

Analysis of the improved methodology for building an 
adapted model of RFS functioning (Fig. 4) reveals that its ap-
plication could significantly simplify the modeling of the RFS 
functioning process. In general, the construction of a model of 
RFS operation according to the proposed method will make 
it possible to increase the accuracy of forecasting while main-
taining relative simplicity. This is explained by the fact that 
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Fig. 2. Schematic diagram of determining the required level of detail of the system state
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Fig. 3. Schematic diagram of determining the number of states of RFS, 

according to the level of the hierarchy using a goal tree

yes 

    

{Ni}, Ss, Pset

Pi(t) 

finish

start 1

9

no 

Formalization of the general 
RFS state S1  

2

Determination of the number  
of RFS states 

3

Determination of intensities of 
RFS transitions from state to state 

Compilation of systems of 
Chapman-Kolmogorov equations 

i:=i+1 

6

8

Construction of a marked 
graph of RFS states 

Determining the probabilities  
of RFS being in a certain state

5

4

7

RFS system status details S11 

yes 

no 

Fig. 4. General view of the improved methodology for building 	
an adapted operational model of the reconnaissance-fire system
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the distribution of states by hierarchy levels allows simulation 
with a relatively small number of states, taking into account 
their relationship with other levels of the hierarchy.

The limitations of the application of this procedure in-
clude the fact that the process of RFS functioning, which is 
characterized by a flow of events (transitions from state to 
state), must be stationary, ordinary, and without aftereffects. 
The stationarity is explained by the fact that the probability 
of hitting one or another number of transitions in a certain 
time interval depends only on the length of the interval. Also, 
the number of events does not depend on where this interval 
is located in time. Ordinariness is explained by the fact that 
the probability of two or more transitions in an elementary 
time interval is infinitesimally small. A flow of events with-
out an aftereffect is explained by the fact that, for any time 
intervals, the number of transitions falling on one of them 
does not depend on the number of events falling on others. 
These restrictions will make it possible to significantly sim-
plify the calculations, given that these conditions are fulfilled 
even without artificial restrictions during relatively short 
intervals of time during the process of RFS operation.

The shortcomings of this procedure include the depen-
dence of the formalization of conditions on the level of expe-
rience of the researcher. However, it should be noted that the 
use of expert evaluation methods could significantly reduce the 
level of subjectivity in the formalization of the states of RFS.

5. 2. Construction of an adapted operational model of 
a reconnaissance-fire system

In accordance with the approaches proposed while im-
proving the methodology for building an adapted model of 
RFS functioning, the model is built from the purpose of the 
study. However, taking into account the urgent need to use 
forecasted data when planning operations, it is advisable to 
build an adapted model RFS operation, taking into account 
the necessary level of detail.

Therefore, based on the improved methodology for build-
ing an adapted model of RFS functioning, the initial step is 
to determine the necessary degree of detailing of RFS func-
tioning process (the number of hierarchy levels) depending 
on the purpose of modeling. Taking into account that the 
main purpose of RFS operation is to identify and destroy the 
target while preserving the ability to function, it is suggested 
we start the analysis (clustering with this purpose in mind).

The following processes in terms of the hierarchy are the 
processes of obtaining intelligence information (S1) [27, 28], 
making a decision to perform a task (S2) [29], defeating  
a target (S3) [30], ensuring the preservation of a combat- 
ready state of anti-aircraft missiles (S4) [31].

The next level of the process hierarchy is detailing by 
homogeneous processes. Regarding the receipt of intelligence 
information, sub-processes are directly intelligence (S11) 
and processing of received informa-
tion (S12) [32]. Regarding the deci-
sion to perform the task, the sub-pro-
cesses are the analysis of the received 
information (S21), target distribu-
tion (S22) and giving the combat or-
der (S23) [33]. With regard to target 
engagement, the sub-processes are 
aiming (aiming) (S31), conducting 
fire (S32), adjusting fire (S33) [34]. 
With regard to maintaining the ope
rational condition of the anti-aircraft 

missile system, this is a maneuver to fire positions (FP) (S41), 
occupation of FP (S42), abandonment of FP (S43).

The next level of distribution of processes is carried out in 
accordance with the identified clusters. Intelligence includes 
the processes of determining the intelligence area (S111), ob-
ject detection (S112) [35]. Processing of received information 
includes generalization of intelligence information (S121) and 
identification of intelligence objects (S122).

Analysis of the received information includes summariz-
ing the information (S211) and ranking the goals by impor-
tance (S212). Target allocation includes determining the possible 
effect of hitting a certain target with a certain fire means (S221) 
and assigning a certain fire means to hit a certain target (S222). 
Giving a combat order (order) includes defining the main 
elements of the order, such as terms, routes, signals, tasks, 
etc. (S231) and sending an order to the executor (S232) [36].

Targeting (aiming) includes determination of the mutual 
location of the target and the means of destruction (S311), 
determination of settings for firing (launch) (S312). Firing 
includes loading (S321), firing (launching) (S322), discharg-
ing (S323). Fire correction includes determination of devi-
ation of the explosion from the target (S331), calculation 
of corrections (S332). The maneuver to the firing (start-
ing) position (FP (SP)) includes the formation of a co
lumn (S411), movement (S412), dispersal (S413). Occupying 
the FP (SP) includes moving along the FP (SP) to the des-
ignated location (S421), bringing the equipment to a combat 
state (S422). Leaving the FP (SP) includes collapsing the 
equipment (S431), moving from the FP (SP) (S432) [37].

According to the third point of the improved metho
dology, it is necessary to determine the number of states of 
RFS (m), in accordance with the level of the hierarchy using 
the «goal tree» method. The general diagram of the number 
of states of RFS, according to the level of the hierarchy de-
fined by the tree of goals, is shown in Fig. 5.

The next step of the methodology involves the construc-
tion of a marked graph of the state of RFS according to 
the level of the hierarchy (Fig. 5). The general view of the 
marked state graph of RFS is shown in Fig. 6.

The next step of the methodology involves determining the 
intensities of the transitions from the state to the state of RFS 
according to the accepted conditions {λi}. Usually, determina-
tion of intensities of transitions from state to state is carried 
out according to (3); however, taking into account the need 
to ensure the accuracy of modeling, such determination is pro-
posed to be carried out according to the conditions. There are 
three ways to search for the set number of certain events over 
a certain time related to RFS functioning {Ni}. The first tech-
nique is the analysis of open sources regarding the performance 
of tasks of RFS, for example [28, 38, 39]. The second is the use 
of analytical and statistical data [40, 41]. The third technique 
is combined – a combination of research with analytical data.
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S122 S121 

S112 S321 S232 S231 
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S411 S413 S412 

S421 S422 

S431 S432  
Fig. 5. The general scheme of the number of states of RFS, according to the level of 

the hierarchy defined by the goal tree
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The sixth step in the development of an adapted model 
of RFS functioning involves the construction of systems of 
Chapman-Kolmogorov equations according to the level of 
the hierarchy and input data, based on (1) and (2).

To simplify the mathematical interpretation of the for-
mulas, it is proposed to establish letter designations for the 
intensities of the RFS transition from state to state (Table 3).

In accordance with the notation of the intensities of RFS 
transition from state to state (Table 3) and equations (1) 
and (2), the equations for the states S111, S112 (5) and S121,  
S122 (6) were derived:

0

0
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111 112

11 111 112

= −

= −

= +




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0

0
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= −
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= +


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P P P

,

,

.

	 (6)

Equations for states S211, S212 (7), S221, S222 (8) and  
S231, S232 (9):

0
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Equations for states S311, S312 (10), S321, S322, 
S323 (11) and S331, S332 (12):
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Equations for states S411, S412, S413, (13), S421, 
S422 (14) and S431, S432 (15):
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Equations for states S11, S12, (16), S21, S22, 
S23 (17), S31, S32, S33 (18) and S41, S42, S43 (19):

0
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Fig. 6. General view of the marked graph of the states of 
a reconnaissance-fire system
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Table 3

Letter notation for the intensities of the RFS transition 	
from state to state

Inten-
sity

Nota-
tion 

Inten-
sity

Nota-
tion 

Inten-
sity

Nota-
tion 

Inten-
sity

Nota-
tion 

Inten-
sity

Nota-
tion 

λ1→2 Q λ22→23 A λ43→41 Z λ231→232 o λ332→331 l

λ2→3 W λ23→21 S λ111→112 q λ232→231 a λ411→412 z

λ3→1 E λ31→32 D λ112→111 w λ311→312 s λ411→413 x

λ3→4 R λ32→31 F λ121→122 e λ312→311 d λ412→413 c

λ4→3 T λ32→33 G λ122→121 r λ321→322 f λ413→411 v

λ4→1 Y λ33→31 H λ211→212 t λ322→321 g λ421→422 b

λ11→12 U λ41→42 J λ212→211 y λ322→323 h λ422→421 n

λ12→11 I λ42→41 K λ221→222 u λ323→321 j λ431→432 m

λ21→22 O λ42→43 L λ222→221 i λ331→332 k λ432→431 p
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Equations for states S1, S2, S3 and S4 (20):
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The next, seventh, and eighth steps involve determining 
the probabilities of being in a certain state and checking the 
sensitivity of the resulting model (4). However, this is done 
in the case when the goal of the simulation is determined, 
that is, the determination of the state (states) that are direct-
ly investigated. Considering that this model carries a general 
interpretation of the process of RFS functioning, it is pro-
posed to consider these stages on a specific example.

Further use of the received intensities (Table 2) allows us 
to transform equations (5) to (20) to determine the probabi
lities of the occurrence of certain events.

Accordingly, equations for the probabilities P111, P112 (21) 
and P121, P122 (22):
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Equations for probabilities P211, P212 (23), P221, P222 (24) 
and P231, P232 (25):
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Equations for probabilities P311, P312 (26), P321, P322, 
P323  (27) and P331, P332 (28):
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Equations for probabilities P411, P412, P413, (29), P421, 
P422 (30) and P431, P432 (31):
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Equations for probabilities P11, P12, (32), P21, P22, P23 (33), 
P31, P32, P33 (34) and P41, P42, P43 (35):
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Equations for probabilities P1, P2, P3 and P4 (36):

Based on the derived equations (21) to (36), the numeri-
cal values of the probabilities of finding RFS in a certain state 
were obtained (Table 4).

Analysis of the results (Table 4) reflects a separate study 
on the aggregates of states of RFS. However, considering that 
the value of this model lies precisely in the complex study of 
the states of the system, it is appropriate to determine the 
probabilities precisely in the set of states (Table 5).

Table 4

Numerical values of the probabilities of finding RFS 	
in a certain state when considering each set 	

of states separately

Probability Value Probability Value Probability Value 

P1 0.468 P42 0.240 P312 0.219

P2 0.234 P43 0.158 P321 0.511

P3 0.186 P111 0.444 P322 0.185

P4 0.112 P112 0.556 P323 0.305

P11 0.667 P121 0.377 P331 0.595

P12 0.333 P122 0.623 P332 0.405

P21 0.498 P211 0.595 P411 0.168

P22 0.199 P212 0.405 P412 0.276

P23 0.302 P221 0.286 P413 0.556

P31 0.583 P222 0.714 P421 0.569

P32 0.278 P231 0.569 P422 0.431

P33 0.139 P232 0.431 P431 0.333

P41 0.602 P311 0.781 P432 0.667

Table 5

Numerical values of the probabilities of finding RFS 	
in a certain state when considering the entire set of states

Probability Value Probability Value Probability Value

P1 0.468 P42 0.027 P312 0.024

P2 0.234 P43 0.018 P321 0.026

P3 0.186 P111 0.139 P322 0.010

P4 0.112 P112 0.174 P323 0.016

P11 0.312 P121 0.059 P331 0.015

P12 0.156 P122 0.097 P332 0.010

P21 0.117 P211 0.070 P411 0.011

P22 0.047 P212 0.047 P412 0.019

P23 0.071 P221 0.013 P413 0.037

P31 0.108 P222 0.033 P421 0.015

P32 0.052 P231 0.040 P422 0.012

P33 0.026 P232 0.031 P431 0.006

P41 0.067 P311 0.085 P432 0.012

Analysis of the results given in Table 5 
reveals that the specified model can be used 
both for the study of individual groups of 
RFS states (Table 4) and according to the 
level of the hierarchy (Table 5).

The next step, according to the con-
ditions of the example, is to check the 
achievement of the set probability level, in 
particular, the given probability of being 
in a certain state Pset = 0.01<P421 = 0.015. 
Thus, the goal of researching RFS func-
tioning with the help of an adapted model 
of RFS functioning has been achieved.

The next step of the research is to check the model for 
adequacy. It is proposed to carry out this check by comparing 
the simulation results with the results obtained on the tes
ted models [37, 42]. For verification, the state characterized 
by the maneuver on FP was chosen: S41, according to the 
proposed model, S1 – the model proposed in paper [37], and 
S4 – the model proposed in report [42].

With regard to the parameters that were used in RFS mo
dels, these are states that are directly related to ensuring the 
preservation of the combat-ready state of RFS (S4) [30]. The 
state of the maneuver on FP (S41) was directly considered.  
Accordingly, transitions from the state of maneuvering on FP 
to occupying FP (λ41→42), from occupying FP to maneuver-
ing to another FP (λ42→41). Also, transitions from occupy-
ing the FP to leaving the FP (λ42→43), from leaving FP to the 
maneuver on FP (λ43→41).

The results of the simulation of the process of RFS 
operation using proven models were carried out on 10 dif-
ferent sets of input data (Table 6). This makes it possible to 
achieve a confidence probability of at least 0.82 according  
to rule (37) [43, 44]:

Pcon ≤
−
+

Ω
Ω

1
1

,	 (37)

where Ω is the number of experiments.
Analysis of the simulation results (Table 6) reveals that 

the deviation of the results is in the range from 2 to 9 %, 
which does not exceed the limit of statistical error (10 %). 
For a better interpretation of the simulation results, the 
simulation results are shown in Fig. 7.

The results of the experimental studies were obtained 
by modeling the process of RFS operation, in particular the 
state of the maneuver on FP, using existing models No. 1 [42], 
No. 2 [37], and the proposed adapted model.

Analysis of the simulation results using different mo
dels (Table 6, Fig. 7) reveals that the deviation of the data is 
within the limits of statistical error and does not exceed 10 %.  
Thus, the proposed adapted model is adequate and can be 
used to model the processes related to RFS functioning.

The main advantages of the proposed model are its mo
dularity, i.e., it is possible to model both the general process 
of RFS functioning and its elements. This is explained by 
the fact that the model is built according to the levels of the 
hierarchy of functioning processes.

Another advantage of the proposed adapted model is the 
detailed simulation of the process of RFS operation with 
39 system states, which is too difficult to do when using 
existing approach. This is explained by the fact that the 
processes are considered as a set of separate sub-processes, 
which makes it possible to distribute the modeling process 
and simplify it, respectively.
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The main disadvantage of this model is that if it is neces
sary to introduce a new state into the existing model, it is 
necessary to review all formula dependences because they 
are interconnected. However, this drawback can be overcome 
using machine programming or a simulation environment 
similar to MATLAB (USA).

The main assumption regarding is that the flow of transi-
tions from state to state of the system is the simplest (Pois-
sonian) and is subject to restrictions on aftereffect, ordinari-
ness, and stationarity [45].

The main simplification adopted in the work is that the 
list of states is constant and requires the formalization of all 
processes under these states. However, considering that the 
states are determined based on the generalization of existing 
studies and based on the results of the test of the adequacy of 
the adapted model, it can be argued that this does not signifi-
cantly affect the result.

6. Discussion of results related to devising approaches  
to the construction of an adapted operational model  

of a reconnaissance-fire system

An improved procedure for building an adapted model 
of RFS functioning has been proposed (Fig. 4). It has been 
established that its application could significantly simplify 
the processes, significantly simplify the modeling of the pro-
cess of RFS operation and, accordingly, ensure the accuracy 
of forecasting while maintaining relative simplicity. This is 

explained by the fact that the distribution of states 
by hierarchy levels (Fig. 3) allows simulation with  
a relatively small number of states, taking into account 
their relationship with other levels of the hierarchy.

The application of this procedure will make it pos-
sible to adapt the model of RFS functioning directly to 
the conditions and goals of the study (Fig. 2). More-
over, this approach makes it possible to overcome the 
shortcomings of existing approaches, in particular, low 
modeling accuracy (4) and high complexity of model 
formalization (Fig. 3).

The essence of the developed and improved metho
dology for building an adapted model of RFS function-
ing is the formalization of processes through the deter-
mination of system states and intensities of transitions 
from state to state. The improved procedure is based on 
the Kolmogorov-Chapman equations (1), (2), and the 
method of building a goal tree (Fig. 3).

A feature of the developed improved methodology for 
building an adapted model of RFS functioning is the division 
of RMS states by hierarchy levels (Fig. 3), which allows tak-
ing into account more system states.

Unlike studies [8, 10–12, 15], which consider a limited 
number of states of one level of the hierarchy, the proposed 
methodology considers the aggregation of states at different 
levels of the hierarchy. The specified feature of the developed 
improved methodology resolves the task associated with the 
impossibility of taking into account the required number of 
states according to the existing approaches to modeling the 
process of RFS operation. This is explained by the fact that 
the modeling is proposed to be carried out in accordance with 
the levels of the hierarchy of objectives defined using the tree 
method. This makes it possible to adapt existing scientific and 
methodical apparatus to the needs of modeling the process 
of RFS functioning in accordance with existing conditions.

The limitations of the developed improved methodology 
are that the simulation results can be applied under the condi-
tion that the functioning of the support subsystems is limited. 
That is, the simulation results will reflect the functioning 
process with a certain accuracy in the event that the support 
subsystems will fully and timely perform their functions. 
However, these limitations can be overcome by introducing 
additional states of RFS, in particular, taking into account the 
refusals to perform tasks due to non-provision. When using 
the approach proposed in the study, these limitations must be 
taken into account in order to obtain accurate data.

Table 6
Results of simulating the process of functioning of RFS elements according to the adapted and existing models

No. Ω
Intensity of transitions Simulation results

Mean Δ
λ41→42 λ42→41 λ42→43 λ43→41

Adapted model Model 1 [41] Model 2 [36]
P41 P4 Δ P1 Δ

1 0.33 0.50 0.33 0.50 0.602 0.584 0.03 0.554 0.08 0.06

2 0.50 0.33 0.25 0.33 0.400 0.396 0.01 0.372 0.07 0.04

3 0.50 0.50 0.50 0.50 0.500 0.460 0.08 0.485 0.03 0.06

4 0.25 0.25 0.33 0.50 0.583 0.554 0.05 0.577 0.01 0.03

5 0.25 0.20 0.33 0.20 0.444 0.431 0.03 0.417 0.06 0.05

6 0.20 0.20 0.17 0.50 0.579 0.544 0.06 0.538 0.07 0.07

7 0.33 0.17 0.50 0.17 0.333 0.326 0.02 0.326 0.02 0.02

8 0.25 0.33 0.17 0.25 0.545 0.512 0.06 0.501 0.08 0.07

9 0.20 0.25 0.33 0.20 0.522 0.485 0.07 0.512 0.02 0.05

10 0.50 0.50 0.50 0.17 0.333 0.310 0.07 0.303 0.09 0.08

Fig. 7. Graphic representation of results of simulating the process 	
of functioning of RFS elements according to the adapted and 

existing models
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The disadvantage of the developed improved methodo
logy is the dependence of the formalization of states on the 
level of experience of the researcher. However, it should be 
noted that the use of expert evaluation methods could sig-
nificantly reduce the level of subjectivity in the formalization 
of RFS states.

The improved methodology for building an adapted 
model of RFS functioning can be advanced by studying the 
non-stationary flows of events (transitions). This would 
significantly expand the limits of application of the proposed 
improved procedure.

An adapted model of RFS operation has been built (Fig. 6, 
(5) to (20)), which is based on the improved methodology 
for building an adapted model of RFS operation (Fig. 4). 
The essence of the model is to determine the probabilities 
of RFS being in a certain state on the basis of the Chap-
man-Kolmogorov equations (21) to (36), taking into ac-
count the necessary degree of detailing of RFS functioning 
process (Fig. 5, 6). The refined model was constructed based 
on the generalization of existing approaches to the modeling 
of individual functioning processes or the modeling of ge
neral processes. In contrast to existing models, the developed 
adapted model makes it possible to model both the system as 
a whole (Table 5) and separate subsystems (Table 4).

Checking the adequacy of the model for the accepted 
conditions (Table 1) by comparing the simulation results 
with known models (Table 6, Fig. 7) proves that the develo
ped adapted model is adequate. This is explained by the fact 
that the discrepancy of the results is within the statistical 
error from 2 to 9 %. Also, the number of conducted exper-
iments makes it possible to ensure the condition when the 
confidence probability is within 0.82 (37). However, it is 
possible to assume that increasing the number of experiments 
to ensure a higher confidence probability would not signifi-
cantly change the trend.

The peculiarity of the developed adapted model of RFS 
functioning (Fig. 6, (5) to (20)) is that it is based on the 
Chapman-Kolmogorov equations and the goal tree method.

Unlike studies [13–16], in which general modeling is per-
formed, the developed model allows for both general (Table 5)  
and distributed (Table 4) simulation. This will significantly 
expand the limits of this model’s application and unify the 
modeling processes of various subsystems (subprocesses).

The developed adapted model resolves the task regarding 
the complexity of the formalization of the process of RFS 
functioning due to the limited number of states that can be 
taken into account according to the existing approaches. 
There is also a lack of approaches to building a model of RFS 
functioning, which would take into account the influence of 
all subsystems. This is explained by the fact that the combi-
nation of the goal tree method and the Chapman-Kolmogo
rov equations allows one to combine the modeling of pro-
cesses at different levels of the hierarchy while preserving the 
integrity of the overall functioning process.

This makes it possible to increase the degree of detailing 
of the processes of RFS operation during the planning of mi
litary operations and the study of processes related to combat 
operations.

The advantage of the developed model is its modularity, 
i.e., it is possible to simulate both the general process of RFS 
functioning and its elements. This is explained by the fact 
that the model is built according to the levels of the hierarchy 
of functioning processes. Also, the advantage of the model 
is the detailed simulation of the process of RFS operation 

with 39 states of the system, which is too difficult to do 
using existing models. This is explained by the fact that the 
processes are considered as a set of separate sub-processes, 
which makes it possible to distribute the modeling process 
and simplify it, respectively.

The limitations of this model are that the flow of tran-
sitions from state to state of the system is the simplest and 
is subject to aftereffect, ordinariness, and stationarity con-
straints. Also, the list of states is permanent and requires 
the formalization of all processes specifically for these states. 
However, considering that the states are determined based 
on the generalization of existing studies and based on the 
results of the test of the adequacy of the adapted model, it 
can be argued that this does not significantly affect the result.

The disadvantage of the model is the need to review all 
model elements in the case of introducing a new state into the 
existing model. However, this disadvantage can be overcome 
using machine programming or a simulation environment 
similar to MATLAB.

Another area of our future research may be the develop-
ment of approaches to the modeling of the process of RFS 
operation, taking into account the support subsystems. This 
could significantly expand the range of application scope of 
this approach and create prerequisites for the construction of 
a comprehensive model of the functioning of an operational 
group of troops during activities.

7. Conclusions

1. An improved methodology for building an adapted 
model of RFS operation has been proposed. It has been es-
tablished that its application could significantly simplify the 
processes, significantly simplify the modeling of the process 
of RFS operation and, accordingly, ensure the accuracy of 
forecasting while maintaining relative simplicity. A feature 
of the proposed methodology is the breakdown of the states 
of the system by hierarchy levels, which makes it possible 
to take into account more states of the system. In contrast 
to previous studies, which consider a limited number of 
states of one level of the hierarchy, the proposed methodo
logy considers the aggregation of states at different levels of 
the hierarchy. The proposed algorithm makes it possible to 
resolve the task associated with the lack of an approach to 
the construction of a model of RFS operation, taking into 
account the necessary set of states. It also makes it possible 
to adapt existing scientific and methodological apparatus to 
the needs of modeling the process of RFS operation in accor-
dance with existing conditions. The field of application of the 
proposed improved methodology is planning and manage-
ment processes while developing action algorithms during 
combat operations.

2. An adapted model of RFS operation has been deve
loped. The essence of the model is to determine the pro
babilities of RFS being in a certain state based on the Chap-
man-Kolmogorov equations, taking into account the necessary 
degree of detailing of the RFS functioning process. The adap
ted model built allows simulation both for the system as  
a whole and separately for subsystems. The peculiarity of the 
proposed model is that it is based on the Chapman-Kolm-
ogorov equations and the goal tree method. A distinctive 
feature of the model is that it makes it possible to model with 
a relatively large number of states with the required accuracy. 
This is explained by the fact that the test of the adequacy 
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of the model showed that the discrepancy of the results is 
within the statistical error from 2 to 9 %. Also, the number of 
conducted experiments makes it possible to ensure the con-
dition when the confidence probability is within 0.82. The 
field of application of the adapted model of RFS functioning 
is the process of making a decision on the use of RFS during 
hostilities and their management during military operations.
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